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Top left: LLE and LANL collaborated on the development 
of a new gas Cherenkov detector (GCD-3) for gamma-ray 
spectroscopy on OMEGA. OMEGA Experimental System 
Technician (EST) Dan Neyland is shown with the GCD-3 
(nearest Dan) and an earlier instrument (GCD-2) on the 
OMEGA target chamber platform.

Middle left: Photograph of the inside of the OMEGA target 
chamber during a cryogenic target implosion experiment. 
OMEGA logged its 25,000th target shot in FY14 since it’s 
activation as a 60-beam UV laser in 1995.

Bottom left: An equivalent-target-plane diagnostic is shown 
being used to evaluate a new distributed phase plate (DPP) 
for the OMEGA Laser System. The diagnostic is situated on 
the same optical table that is used for ultraviolet holographic 
recording. An off-axis parabola (OAP) is used to expand a laser 
beam to the required clear aperture, while a second OAP and 
a series of interchangable optics are used to form a magnified 

focal spot. An R80 DPP (left), is being characterized within this 
test facility by Charles Kellogg, a member of the Optical and 
Imaging Sciences Group. The mirror in the background is used 
to direct the expanded beam through the test optic.

Top right: Leva McIntire (Optics Ph.D. student) aligns a pro-
grammable spatial light modulator system that will shape the 
intensity and wavefront of laser beams used to pump optical 
parametric chirped-pulse amplifiers.

Bottom right: LLE scientist Matthias Hohenberger discussing 
a just-completed NIF (National Ignition Facility) polar-drive 
implosion. Matthias is stationed at Lawrence Livermore 
National Laboratory and is the Principal Investigator for the 
LLE polar-drive campaign on the NIF. The data is being used 
to validate modeling of ignition-scale, direct-drive implosions 
in anticipation of a polar-drive–ignition campaign by the end 
of the decade.
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Executive Summary

The fiscal year ending September 2014 (FY14) concluded the 
first 18 months of the fourth five-year renewal of Coopera-
tive Agreement DE-NA0001944 with the U.S. Department of 
Energy (DOE). This annual report summarizes work carried 
out under the Cooperative Agreement at the Laboratory for 
Laser Energetics (LLE) during the past fiscal year including 
work on the Inertial Confinement Fusion (ICF) Campaign; 
laser, optical materials, and advanced technology develop-
ment; operation of the Omega Laser Facility for the ICF and 
High-Energy-Density (HED) Campaigns, the National Laser 
Users’ Facility (NLUF), the Laboratory Basic Science (LBS) 
Program, and other external users; and programs focusing on 
the education of high school, undergraduate, and graduate 
students during the year.

Inertial Confinement Fusion Research
One of LLE’s principal missions is to conduct research 

in ICF with particular emphasis on supporting the goal of 
achieving ignition on the National Ignition Facility (NIF). 
This program uses the Omega Laser Facility and the full 
experimental, theoretical, and engineering resources of the 
laboratory. During FY14, a record total of 2104 target shots 
were taken at the Omega Laser Facility (comprised of the 
60-beam OMEGA UV laser and the four-beam, high-energy 
petawatt OMEGA EP laser). More than 42% of the facility’s 
target shots in FY14 were designated as ICF experiments or 
experiments in support of ICF. The OMEGA and OMEGA EP 
lasers attained average experimental effectiveness of 93.3% and 
92.8%, respectively, in FY14.

LLE plays a lead role in validating the performance of cryo-
genic target implosions, essential to all forms of ICF ignition. 
LLE is responsible for a number of critical elements within the 
Integrated Experimental Teams that support the demonstration 
of indirect-drive ignition on the NIF and is the lead laboratory 
for the validation of the polar-direct-drive (PDD) approach to 
ignition on the NIF. LLE has also developed, tested, and con-
structed a number of diagnostics that are being used at both 
the Omega Laser Facility and the NIF. During this past year, 
progress in the inertial fusion research program continued in 

three principal areas: ICF experiments and experiments in 
support of ICF; theoretical analysis and design efforts aimed 
at improving direct-drive–ignition capsule designs (including 
polar-direct-drive–ignition designs) and advanced ignition 
concepts such as shock ignition and fast ignition; and devel-
opment of diagnostics for experiments on the NIF, OMEGA, 
and OMEGA EP.

1. Inertial Confinement Fusion Experiments in FY14
The physics of direct-drive implosions that are hydrodynam-

ically equivalent to ignition designs on the NIF were studied on 
the OMEGA Laser System and reported in an article on p. 18. 
It is shown that the highest hot-spot pressures (up to 40 Gbar) 
are achieved in moderate-fuel-adiabat (a + 4) target designs, 
which are well understood using 2-D hydrocode simulations. 
The performance of lower-adiabat implosions is significantly 
degraded relative to the code predictions, and simplified theo-
retical models are developed to gain a physical understanding 
of the implosion dynamics that dictate the target performance.

In an article on p. 58, the experimental evidence for mul-
tibeam laser–plasma instabilities of relevance to laser-driven 
ICF at the ignition scale is reviewed for both the indirect- and 
direct-drive approaches. The instabilities described are cross-
beam energy transfer (CBET), multibeam stimulated Raman 
scattering, and multibeam two-plasmon–decay instability. 
Advances in theoretical understanding and the numerical 
modeling of these multibeam instabilities are discussed.

A novel experimental method that is used to measure key 
physical properties for fibers used to mount cryogenic implo-
sion targets is reported in an article on p. 103. Young’s modulus 
and the critical damping ratio of such fibers, at temperatures 
from 295 K to 20 K, are needed to design stable targets that are 
required for high-yield implosions, but these property values do 
not exist in the literature. The method described enables one to 
accurately measure the properties of interest for fiber diameters 
as small as 12 nm at +20 K, and measurements are reported 
for fibers made of the following materials: Nicalon™ ceramic 
grade [silicon carbide (SiC)], Zylon®HM {poly[p-phenlyne-
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2,6-benzobisoxazole] (PBO)}, M5 {dimidazo-pyridinylene 
[dihydroxy] phenylene (PIPD)}, and polyimide.

Radiography with +10- to 50-MeV protons is used to inves-
tigate electric and self-generated magnetic fields in direct-drive–
implosion experiments at the Omega Laser Facility (p. 110). 
The experiments used plastic-shell targets with imposed surface 
defects to enhance self-generated fields. The proton radiographs 
show multiple ring-like structures produced by electric fields 
of +107 V/cm, as well as fine structures from surface defects, 
indicating self-generated fields up to +3 MG. These electric and 
magnetic fields show good agreement with 2-D magnetohydro-
dynamic simulations.

The equation of state (EOS) and optical reflectivity of 
shock-compressed polystyrene (CH) are measured up to the 
unprecedented high pressure of 62 Mbar along the principal 
Hugoniot (p. 142). The results from a first-principles quan-
tum molecular dynamics (QMD) method are compared with 
existing experimental measurements as well as the SESAME 
EOS model. The predicted pressure/temperature and optical 
reflectivity of shocked CH from QMD calculations agree well 
with experiments for pressures below 10 Mbar; above 10 Mbar, 
the QMD-predicted polystyrene is stiffer than that predicted 
by the SESAME model.

Two approaches to increasing the ablation pressure are 
demonstrated (p. 158) that can help to achieve implosion per-
formance on the OMEGA laser, which is hydrodynamically 
scalable to ignition on the NIF. A target design that uses a 
Be ablator is shown to increase the hydrodynamic efficiency, 
resulting in a +10% increase in the ablation pressure, com-
pared to the standard CH ablator. Reducing the beam size is 
shown to recover all of the ablation pressure lost to CBET, 
but the illumination uniformity reduces the integrated target 
performance. The hydrodynamic efficiency is measured for the 
current cryogenic design, multiple ablator material design, and 
various beam focal-spot sizes.

Measurements of pressure and fuel–shell mix in compressed 
isobaric hydrogen implosion cores using x-ray continuum 
are described (p. 166). The x-ray emissivity depends almost 
entirely on the pressure when measured within a restricted 
spectral range. In this way, the measured free–free emissivity 
profile becomes a direct measure of the hot-core pressure at 
the time of peak emission. A simple scaling of the total filtered 
x-ray emission as a constant power of the total neutron yield is 
explained. The hot-spot “fuel–shell” mix mass can be inferred 

by attributing the excess emission to the higher emissivity of 
shell carbon mixed into the implosion’s central hot spot.

Picosecond time-resolved, monochromatic 8-keV x-ray 
radiographic measurements of imploded cone-in-shell targets 
on OMEGA are reported on p. 191. They provide for the first 
time a detailed quantitative study of the hydrodynamic evolu-
tion of nonsymmetrically imploded, high-density matter up 
to peak compression. This work is an important step forward 
for fast ignition because it demonstrates that sufficient areal 
density can be compressed in nonspherical implosions to stop 
that part of the fast-electron spectrum (+mega-electron volt) 
that is relevant for fast ignition.

The first experimental demonstration of the capability to 
launch shocks of several-hundred Mbars in spherical targets—
a milestone for shock ignition—is reported beginning on p. 213. 
Using the temporal delay between launching the strong shock 
at the outer surface of the spherical target and the time when 
the shock converges at the center, the shock-launching pressure 
can be inferred using radiation–hydrodynamic simulations. 
Peak ablation pressures exceeding 300 Mbar are inferred at 
absorbed laser intensities of +3 # 1015 W/cm2. The shock 
strength is shown to be significantly enhanced by coupling 
suprathermal electrons with a total converted energy of up to 
8% of the incident laser energy. At the end of the laser pulse, 
the shock pressure is estimated to exceed +1 Gbar because of 
convergence effects.

Studies of the channeling of multikilojoule high-intensity 
laser beams in an inhomogeneous plasma are reported (p. 233). 
Experiments have been performed that investigate the transport 
of high-intensity (>1018 W/cm2) laser light through a millimeter-
sized, inhomogenous, kilojoule, laser-produced plasma up to 
overcritical density. The high-intensity light evacuates a conical-
shaped cavity with a radial parabolic density profile that is 
observed using a novel optical probing technique—angular filter 
refractometery. The experiments showed that 100-ps infrared 
pulses with a peak intensity of +1 # 1019 W/cm2 produced a 
channel to plasma densities beyond critical, while 10-ps pulses 
with the same energy but higher intensity did not propagate as 
far. The plasma cavity forms in less than 100 ps, using a 20-TW 
laser pulse, and advances at a velocity of +3 nm/ps, consistent 
with a ponderomotive hole-boring model.

A study of the dependence of tritium release on tempera-
ture and water vapor from stainless steel is reported (p. 238). 
In general, increasing either the sample temperature or the 



ExEcutivE Summary

FY14 Annual Report vii

relative humidity causes an increased quantity of tritium to 
be removed. Increasing the temperature to 300°C in a dry 
gas stream results in a significant release of tritium and is, 
therefore, an effective means for reducing the tritium inven-
tory in steel. For humid purges at 30°C, a sixfold increase in 
humidity results in a tenfold increase in the peak outgassing 
rate. Increasing the relative humidity from 0% to 20% when 
the sample temperature is 100°C causes a significant increase 
in the tritium outgassing rate. Finally, a simple calculation 
shows that more activity is available than is actually removed 
in an experiment, suggesting that the surface oxide acts as a 
barrier to tritium removal.

2. Theoretical Design and Analysis
We report (p. 1) on the development of the theory of hydro-

dynamic similarity, which is used to scale the performance of 
direct-drive cryogenic implosions conducted at the Omega 
Laser Facility to NIF energy scales. The theory of hydrody-
namic similarity is tested with hydrodynamic simulations and 
is then used to determine the requirements for demonstrating 
hydro-equivalent ignition (implosions with the same implosion 
velocity, adiabat, and laser intensity) on OMEGA. Hydro-
equivalent ignition on OMEGA is represented by a cryogenic 
implosion that would scale to ignition on the NIF at 1.8 MJ 
of laser energy symmetrically illuminating the target. It is 
found that a reasonable combination of neutron yield and 
areal density for OMEGA hydro-equivalent ignition is 3 to 
6 # 1013 and +0.3 g/cm2, respectively, depending on the level 
of laser imprinting.

New QMD calculations for the thermal conductivity (l) of 
deuterium, over the broad density (t = 1.0 to +700 g/cm3) and 
temperature (T = 5 # 103 K to T = 8 # 106 K) conditions under-
gone by ICF imploding fuel shells are presented (p. 1). Over 
the wide ranges of conditions in such coupled and degenerate 
plasmas, the extensively used Spitzer model and a variety of 
other thermal conductivity models break down. The differences 
resulting from the use of lQMD are shown to be particularly rel-
evant for lower-adiabat implosions and shell conditions during 
the early stages of an implosion.

The linear stability for multiple coherent laser beams is 
studied with respect to the two-plasmon–decay instability in 
an inhomogeneous plasma in three dimensions (p. 129). Coop-
eration between beams leads to absolute instability of long-
wavelength decays, while shorter-wavelength shared waves are 
shown to saturate convectively. Nonlinear calculations show 
that Langmuir turbulence created by the absolute instability 

modifies the convective saturation of the shorter-wavelength 
modes, which are seen to dominate at late times.

Direct-drive–ignition designs with mid-Z ablators are pre-
sented (p. 220). Ablator materials of moderate atomic number 
Z reduce the detrimental effects of laser–plasma instabilities in 
direct-drive implosions. To validate the physics of moderate-Z 
ablator materials for ignition target designs at the NIF, hydro-
equivalent targets are designed using pure plastic, high-density 
carbon, and glass ablators. The hydrodynamic stability of these 
targets is investigated through 2-D single-mode and multimode 
simulations. The overall stability of these targets to laser imprint 
perturbations and low-mode asymmetries allows for the devel-
opment of high-gain target designs using uniform illumination. 
Designs using polar-drive illumination are developed within 
the NIF Laser System specifications. Mid-Z ablator targets are 
attractive candidates for direct-drive–ignition designs since 
they present better overall performances than plastic ablators 
through reduced laser–plasma instabilities and a similar hydro-
dynamic stability.

3. Diagnostics 
An article on p. 50 reports on angular filter refractometry 

(AFR), a novel diagnostic technique that has been developed 
and used on OMEGA EP to characterize high-density, long-
scale-length plasmas relevant to high-energy-density physics 
experiments. AFR is used to study the plasma expansion from 
CH foil and spherical targets that are irradiated with +9 kJ of 
ultraviolet (351-nm) laser energy.

The completion of the absolute calibration of the optical 
response of the streaked optical pyrometer on the OMEGA 
laser using a NIST-traceable tungsten-filament lamp is  
discussed (p. 122). Laser-driven, high-energy-density-physics 
experiments typically have time scales of tens of picoseconds, 
requiring the use of a streak camera, which complicates the 
already formidable task of absolute calibration. The article 
reports a simple closed-form equation for the brightness tem-
perature as a function of streak-camera intensity derived from 
this calibration.

A narrowband x-ray imager with an astigmatism-corrected 
bent quartz crystal for the Si Hea line was developed to 
record backlit images of cryogenic direct-drive implosions 
(p. 184). With backlighter laser energies of +1.25 kJ at a 10-ps 
pulse duration, the radiographic images show a high signal-
to-background ratio of >100:1 and a spatial resolution of the 
order of 10 nm. The backlit images can be used to assess the 
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symmetry of the implosions close to stagnation and the mix of 
ablator material into the dense shell.

A new neutron time-of-flight (nTOF) detector was installed 
on the OMEGA Laser System for fuel-areal-density measure-
ments in cryogenic DT implosions. Four gated photomultiplier 
tubes (PMT’s) with different gains are used to study tertiary 
neutrons and to measure primary DT and D2 neutrons, down-
scattered neutrons in nT, and nD kinematic edge regions. The 
design details of the nTOF detector, PMT optimization, and test 
results on OMEGA are presented on p. 208.

High-Energy-Density Science
The first demonstration of magnetic reconnection between 

colliding plumes of externally magnetized laser-produced, 
high-energy-density plasmas is reported (p. 153). Two counter-
propagating plasma flows are created by IR-radiating, oppo-
sitely placed plastic targets with 1.8-kJ, 2-ns laser beams on 
the OMEGA EP Laser System. The two plumes are magnetized 
by an externally controlled magnetic field. The interaction 
region is prefilled with a low-density background plasma.  
The counter-flowing plumes sweep up and compress the mag-
netic field and the background plasma into a pair of magnetized 
ribbons, which collide, stagnate, and reconnect at the midplane, 
allowing for the first detailed observation of a stretched current 
sheet in laser-driven reconnection experiments. This work was 
the result of a collaboration of scientists from LLE, The Fusion 
Science Center, Princeton University, and the University of 
New Hampshire.

Lasers Optical Materials and Advanced Technology
In an article on p. 97, cascaded nonlinearities in a regenera-

tive laser amplifier are demonstrated to compensate for intra-
cavity self-phase modulation. Without compensation, self-phase 
modulation limits the generation of high-quality, short optical 
pulses because of spatial self-focusing and spectral broadening. 
Experimental results obtained on two Nd:YLF regenerative 
amplifiers achieve a significant reduction in spectral broadening 
and are in good agreement with predictions from simulations 
performed as part of this study.

In an article on p. 135, we present evidence that the absorp-
tion of near-UV photons by HfO2 monolayer films is reduced 
by up to 70% following irradiation by continuous-wave (cw) 
near-UV laser light. Hafnium oxide is the most frequently 
used high-index material in multilayer thin-film coatings for 
high-power laser applications; absorption in this high-index 
material is known to be responsible for nanosecond-pulse 

laser-damage initiation in multilayers. Nanosecond-pulse laser-
damage tests confirm a reduction of absorption by measuring 
up-to-25%-higher damage.

A new collimated ion-beam–sputtering process was used to 
demonstrate conformal deposition of a multilayer reflector over 
the surface relief of a sinusoidal diffraction grating (p. 148). 
This process is attractive for high-laser-damage-threshold 
applications, with each layer acting as a diffractive element that 
contributes to the overall diffraction efficiency. By depositing 
hafnia and silica dielectric layers to enhance the reflectance of a 
silver film on a 1740-lines/mm sinusoidal grating, a diffraction 
efficiency of 93% (p-polarized light) and 1-on-1 laser-damage 
threshold of 2.66!0.15 J/cm2 (1053-nm, 65°-incidence, 10-ps 
pulse) have been achieved.

A programmable liquid crystal beam-shaping system was 
installed for a 200-mJ optical parametric chirped-pulse–ampli-
fication system front end and was used to dramatically improve 
the beam uniformity in the subsequent amplifier (p. 198). A 
highly nonuniform beam profile caused by gain inhomogene-
ity in the amplifier was precompensated by the beam-shaping 
system. The issues of running a liquid crystal device with a 
high-energy, ultrashort-pulse laser, such as damage risk and 
temporal contrast degradation, are addressed.

Omega Laser Facility Users Group (OLUG)
A capacity gathering of over 100 researchers from 25 uni-

versities and laboratories met at LLE for the Sixth Omega 
Laser Facility Users Group (OLUG) workshop. The purpose 
of the 2.5-day workshop was to facilitate communications and 
exchanges among individual Omega users, and between users 
and the LLE management; to present ongoing and proposed 
research; to encourage research opportunities and collabora-
tions that could be undertaken at the Omega Laser Facility 
and in a complementary fashion at other facilities [such as the 
NIF or the Laboratoire pour l’Utilisation des Lasers Intenses 
(LULI)]; to provide an opportunity for students, postdoctoral 
fellows, and young researchers to present their research in an 
informal setting; and to provide feedback from the users to 
LLE management about ways to improve and keep the facility 
and future experimental campaigns at the cutting edge. The 
interactions were wide ranging and lively, as illustrated in the 
accompanying photographs.

OLUG consists of over 400 members from 44 universities 
and many research centers and national laboratories. Names 
and affiliations can be found at http://www.lle.rochester.edu/
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media/about/documents/OLUGMEMBERS.pdf. OLUG is by 
far the largest and one of the most active users group in the 
world in the field of HED physics.

The first two mornings of the workshop comprised six sci-
ence and facility presentations. The facility talks proved espe-
cially useful for those unfamiliar with the art and complexities 
of performing experiments at the Omega Laser Facility. Since 
the facility is constantly evolving and improving, even expe-
rienced users significantly benefited from these updates. The 
overview science talks, given by leading world authorities, 
described the breadth and excitement of HED science either 
being currently undertaken at the Omega Laser Facility or well 
within the reach of the facility with improvements or upgrades.

A total of 63 students and postdoctoral fellows, 53 of whom 
were supported by travel grants from the National Nuclear 
Security Administration (NNSA), participated in the workshop. 
The content of their presentations encompassed the spectrum 
from target fabrication to simulating aspects of supernovae.

A detailed report on the 2014 OLUG workshop may be found 
beginning on p. 243.

FY14 Omega Facility Operations
During FY14, the Omega Laser Facility conducted 1405 tar-

get shots on OMEGA and 699 target shots on OMEGA EP 
for a total of 2104 target shots [see Tables 140.III and 140.IV 
(p. 250)].

OMEGA averaged 11.1 target shots per operating day with 
Availability and Experimental Effectiveness averages for FY14 
of 95.8% and 93.3%, respectively.

OMEGA EP was operated extensively in FY14 for a variety 
of internal and external users. A total of 638 target shots were 
taken into the OMEGA EP target chamber and 61 joint target 
shots were taken into the OMEGA target chamber. OMEGA EP 
averaged 7.6 target shots per operating day with Availability 
and Experimental Effectiveness averages for FY14 of 95.7% 
and 92.8%, respectively.

Per the guidance provided by DOE/NNSA, the facility 
provided target shots for the ICF, HED, NLUF, and LBS pro-
grams. The facility also provided a small number of shots for 
CEA and for the Defense Threat Reduction Agency (DTRA) 
(see Fig. 1). Nearly 69% of the target shots in FY14 were taken 
for the ICF and HED programs.

Highlights of the Omega Laser Facility activities in FY14 
included the following:

 • Installation of IR transmission diagnostics on OMEGA EP
 • Replacement of the OMEGA laser alignment video 

system with a digital imaging system
 • Implementation of a short- and long-pulse late-cycle 

wavefront control system on OMEGA EP
 • Installation of OMEGA EP active shock breakout (ASBO) 

laser and ASBO/VISAR (velocity interferometer system 
for any reflector) diagnostic tune up

 • Implementation of an arbitrary waveform generator on 
the OMEGA SSD driver

 • Activation of the 4~ probe polarimetry diagnostic
 • Activation of OMEGA EP beam co-propagation
 • Prototype testing of the 3~ beam-timing system for OMEGA
 • Qualification of ten experimental systems on OMEGA 

and OMEGA EP

National Laser Users’ Facility and External Users 
Programs

Under the facility governance plan implemented in FY08 
to formalize the scheduling of the Omega Laser Facility as 
an NNSA User Facility, Omega Facility shots are allocated 
by campaign. The majority (+69%) of the FY14 target shots 
were allocated to the ICF Campaign conducted by integrated 
teams from the national laboratories and LLE and the HED 
Campaigns conducted by teams led by scientists from the 
national laboratories.

Figure 1
Chart showing the distribution of Omega Laser Facility target shots by program 
for FY14.
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The fundamental science campaigns accounted for 26.9% 
of the shots taken in FY14. Nearly half of these were dedicated 
to university fundamental science under the NLUF Program, 
and the remaining shots were allotted to the LBS Program, 
comprising peer-reviewed fundamental science experiments 
conducted by the national laboratories and by LLE, including 
the Fusion Science Center (FSC).

The Omega Laser Facility is also used for several campaigns 
by teams from the Commissariat à l’Énergie Atomique et aux 
Energies Alternatives (CEA) of France and the Atomic Weapons 
Establishment (AWE) of the United Kingdom. These programs 
are conducted at the facility on the basis of special agreements 
put in place by DOE/NNSA and participating institutions.

The facility users during this year included 11 collabora-
tive teams participating in the NLUF Program; 16 teams led 
by Lawrence Livermore National Laboratory (LLNL) and 
LLE scientists participating in the LBS Program; many col-
laborative teams from the national laboratories conducting 
ICF experiments; investigators from LLNL and Los Alamos 
National Laboratory (LANL) conducting experiments for high-
energy-density-physics programs; and scientists and engineers 
from CEA.

In an article beginning on p. 253, the external user activity 
on OMEGA during FY14 is reviewed.

1. FY14 NLUF Program 
FY14 was the second of a two-year period of performance 

for the NLUF projects approved for the FY13–FY14 funding 
and OMEGA shots. Eleven NLUF projects [see Table 140.V 
(p. 254)] were allotted Omega Laser Facility shot time and 
conducted a total of 266 target shots at the facility. This NLUF 
work is summarized beginning on p. 253.

DOE issued a solicitation in late FY14 for FY15–FY16 
experiments; in response to this call, 23 proposals were 
received. The proposals were to be reviewed by a technical 
evaluation panel in October 2014 so that DOE may decide 
which proposals can be accepted and receive shots at the 
Omega Facility.

2. FY14 Laboratory Basic Science Program 
In FY14, LLE issued a solicitation for LBS proposals to 

be conducted in FY15. A total of 25 proposals were submit-
ted. An independent review committee reviewed and ranked 

the proposals; on the basis of these scores, 14 proposals were 
allocated 20 shot days at the Omega Laser Facility in FY15. 
Table 140.VI (p. 270) lists the approved FY15 LBS proposals.

Seventeen approved LBS projects were allotted Omega 
Facility shot time and conducted a total of 269 target shots at 
the facility in FY14 [see Table 140.VII (p. 271)]. This work is 
summarized beginning on p. 269.

3. FY14 LLNL OMEGA Experimental Programs
In FY14, LLNL’s HED Physics and Indirect-Drive Inertial 

Confinement Fusion (ICF-ID) Programs conducted several 
campaigns on the OMEGA and OMEGA EP Laser Systems, 
as well as campaigns that used the OMEGA and OMEGA EP 
beams jointly. Overall these LLNL programs led 324 target 
shots in FY14, with 246 shots using only the OMEGA Laser 
System, 62 shots using only the OMEGA EP Laser System, 
and 16 joint shots using OMEGA and OMEGA EP together. 
Approximately 31% of the total number of shots (62 OMEGA 
shots, 42 OMEGA EP shots) supported the ICF-ID Campaign. 
The remaining 69% (200 OMEGA shots and 36 OMEGA EP 
shots, including the 16 joint shots) were dedicated to experi-
ments for the HED Campaign. Highlights of the various HED 
and ICF campaigns are sum marized beginning on p. 283.

4. FY14 LANL Experimental Campaigns 
In FY14, LANL scientists conducted 218 target shots at the 

Omega Laser Facility including 206 shots on OMEGA and 
12 shots on OMEGA EP. The ICF program accounted for 40 of 
these shots and the HED program 174 shots. The LANL-led 
campaigns are summarized beginning on p. 303.

Education
As the only major university participant in the National ICF 

Program, education continues as an important mission for LLE. 
The Laboratory’s education programs cover the range from high 
school (p. 248) to graduate education.

1. High School Program
During the summer of 2014, 16 students from Rochester-

area high schools participated in the Laboratory for Laser Ener-
getics’ Summer High School Research Program. The goal of 
this program is to excite a group of high school students about 
careers in the areas of science and technology by exposing them 
to research in a state-of-the-art environment. Too often, students 
are exposed to “research” only through classroom laboratories, 
which have prescribed procedures and predictable results. In 
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LLE’s summer program, the students experience many of the 
trials, tribulations, and rewards of scientific research. By par-
ticipating in research in a real environment, the students often 
become more excited about careers in science and technology. 
In addition, LLE gains from the contributions of the many 
highly talented students who are attracted to the program.

The students spent most of their time working on their 
individual research projects with members of LLE’s technical 
staff. The projects were related to current research activities at 
LLE and covered a broad range of areas of interest including 
laser physics, computational modeling of implosion physics, 
radiation physics, experimental diagnostic development, cryo-
genic targets, theoretical and experimental chemistry, tritium 
capture, electronics, image display, and 3-D virtual modeling 
(see Table 140.II on p. 249).

The students attended weekly seminars on technical topics 
associated with LLE’s research. Topics this year included laser 
physics, fusion, holography, nonlinear optics, atomic force 
microscopy, electronic paper, and attosecond science. The 
students also received safety training, learned how to give sci-
entific presentations, and were introduced to LLE’s resources, 
especially the computational facilities.

The program culminated on 27 August with the “High 
School Student Summer Research Symposium,” at which the 
students presented the results of their research to an audience 
including parents, teachers, and LLE staff. The students’ writ-
ten reports will be made available on the LLE Website and 
bound into a permanent record of their work that can be cited 
in scientific publications.

Three hundred and twenty-eight high school students have 
now participated in the program since it began in 1989. This 
year’s students were selected from nearly 70 applicants.

At the symposium LLE presented its 18th annual William D. 
Ryan Inspirational Teacher Award to Dr. Jeffrey Lawlis, Chair 
of the Science Department at Allendale Columbia High School. 
This award is presented to a teacher who motivated one of the 
participants in LLE’s Summer High School Research Program 
to study science, mathematics, or technology and includes a 
$1000 cash prize. Teachers are nominated by alumni of the 
summer program. Dr. Lawlis was nominated by Alex Frenett, 
a participant in the 2013 program. Describing his physics class, 
Alex wrote, “Dr. Lawlis began the year challenging the students, 

not spoon-feeding them information. He not only taught them to 
derive the necessary equations (instead of having us memorize 
them), but also used his background in science to make the class 
entertaining, as he constructed many of the lab setups himself.” 
He proceeded to say, “Dr. Lawlis’ dedication to students is rare 
to find. Throughout the year, you could find his students in his 
classroom, working one-on-one with him for help…His class, 
his help, and his distinctive puns somehow inspired intelligent 
thinking.” He concluded, “This combination of intellect, sup-
port, and talent exemplifies how this man has devoted himself 
to his school, his community, and, most of all, his students in a 
way that only the best teachers ever do.” Dr. Lawlis also received 
strong support from Mr. Michael Gee, principal of Allendale 
Columbia High School, who described him as “a knowledge-
able person who has raised the bar of the Science Department.”

2. Undergraduate Student Program
Thirty-two undergraduate students participated in work or 

research projects at LLE this past year. Student projects include 
operational maintenance of the Omega Laser Facility; work 
in laser development, materials, and optical thin-film coating 
laboratories; computer programming; image processing; and 
diagnostics development. This is a unique opportunity for 
students, many of whom will go on to pursue a higher degree 
in the area in which they gained experience at LLE.

3. Graduate Student Programs
Graduate students are using the Omega Laser Facility as well 

as other LLE facilities for fusion and HED physics research and 
technology development activities. These students are making 
significant contributions to LLE’s research program. Twenty-six 
faculty members from five University of Rochester academic 
departments collaborate with LLE scientists and engineers. 
Presently, 64 graduate students are involved in research projects 
at LLE, and LLE directly sponsors 37 students pursuing Ph.D. 
degrees via the NNSA-supported Frank Horton Fellowship 
Program in Laser Energetics. Their research includes theo-
retical and experimental plasma physics, HED physics, x-ray 
and atomic physics, nuclear fusion, ultrafast optoelectronics, 
high-power–laser development and applications, nonlinear 
optics, optical materials and optical fabrication technology, 
and target fabrication. In addition, LLE directly funds research 
programs within the MIT Plasma Science and Fusion Center, 
the State University of New York (SUNY) at Geneseo, and 
the University of Wisconsin. These programs involve a total 
of approximately 6 graduate students, 25 to 30 undergraduate 
students, and 10 faculty members.



ExEcutivE Summary

FY14 Annual Reportxii

Over 323 graduate students have now conducted their grad-
uate research work at LLE since its graduate research program 
began. In addition, 120 graduate students and post-graduate 
fellows from other universities have conducted research at 

Robert L. McCrory
Director, Laboratory for Laser Energetics

Vice President, University of Rochester

the LLE laser facilities as part of the NLUF program. Over 
60 graduate students and undergraduate students were involved 
in research at the Omega Laser Facility as members of partici-
pating NLUF teams in FY14.
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Theory of Hydro-Equivalent Ignition for Inertial Fusion  
and Its Applications to OMEGA and the  

National Ignition Facility

Introduction
In inertial confinement fusion (ICF),1 a spherical capsule is 
illuminated either directly with laser light2 or indirectly within 
x rays generated by laser irradiation of the walls of a container 
(hohlraum) enclosing the capsule.3 The capsule consists of a 
cryogenic layer of deuterium and tritium (DT) frozen onto the 
inner surface of a spherical shell of ablator material. Photons 
are absorbed in the coronal plasma surrounding the shell via 
inverse bremsstrahlung, and the energy is thermally conducted 
to the surface of the shell, causing it to ablate. The ablating mass 
creates an equal and opposite force that causes the remaining 
shell material to implode. This mechanism is typically known 
as the “rocket effect.” The imploding shell attains a peak implo-
sion velocity before converting a fraction of its kinetic energy 
into internal energy upon stagnation. The compressed core of 
an ICF capsule consists of a low-density (tens of g/cm3) and 
high-temperature (several keV’s) DT plasma (the hot spot) sur-
rounded by a dense (hundreds of g/cm3) and cold (hundreds of 
eV’s) DT shell. If the thermal energy and areal density of the hot 
spot are large enough, the alpha particles generated from fusion 
reactions deposit their energy within the hot spot, triggering a 
thermal runaway process called “thermonuclear ignition.” A 
robust ignition would launch an alpha-driven burn wave in the 
surrounding dense fuel, leading to a significant fusion-energy 
output. The resulting energy gain (target gain = fusion energy/
laser energy on target) depends on the shell’s areal density (tR), 
which determines the fraction of fuel burned (U) according to 
the expression R R7g/cm g/cm2 2t tU = +` j (Ref. 4). The shell’s 
areal density is a critical parameter for the onset of ignition since 
it provides the inertial confinement for the hot-spot pressure. 

To date, no significant fusion gain has been achieved in a 
laboratory setting, although experiments at the National Igni-
tion Facility (NIF) have achieved core conditions, where the 
fusion energy released exceeds the energy in the fuel and the 
alpha-particle heating approximately doubles the number of 
fusion reactions.5 The Lawson criterion is the metric used to 
determine how close these implosions are to ignition.6 This 
criterion is obtained by balancing the energy lost from the 

plasma to the total energy gained via fusion reactions, thereby 
determining the minimum values of performance metrics 
required to sustain a burning plasma. The Lawson criterion 
has long been used in magnetic confinement7 and only more 
recently has it been applied to ICF implosions in a useful form 
that depends on experimentally measured quantities.8–10 The 
criterion can be expressed through an overall ignition parameter 
| / Px/Pxig, where P is the hot-spot pressure, x is the hot-spot 
energy’s confinement time, TP 24 2

igx f vo= a  is a function 
of ion temperature only with GvoH representing the fusion 
reactivity ,Tvo ^ h8 B  and fa = 3.5 MeV is the alpha-particle 
birth energy. The ignition condition is defined such that when 
| = 1, the target gain = 1. Other performance metrics such as 
the ignition threshold factor (ITF and ITFx)11 or the minimum 
energy required for ignition12,13 can be easily related to the 
Lawson criterion.10 The generalized Lawson criterion for ICF 
was first derived in one dimension by Zhou and Betti10 and 
later generalized to three dimensions by Chang et al.9 and 
Betti et al.8 Throughout the remainder of this article, we will 
consider only the generalized Lawson criterion.

The 1.8-MJ NIF Laser System is unique in its ability to field 
ignition-scale indirect- and direct-drive implosions. Because of 
high costs and low shot-repetition rates, most of the fundamen-
tal physics must be investigated at smaller-scale laser facilities 
such as the Omega Laser Facility.14 Experiments on the 30-kJ 
OMEGA laser are not expected to achieve ignition since the 
amount of laser energy that couples to the target is not enough 
to achieve the performance metrics required by the Lawson cri-
terion. This gap in laser energy can be bridged using the theory 
of hydrodynamic equivalence. Hydro-equivalent implosions 
share a set of performance metrics that enable one to compare 
two implosions scaled in laser energy. Because the performance 
metrics scale hydro-equivalently, the Lawson criterion can be 
scaled up in energy from OMEGA to the NIF. The core idea 
of this work is to determine the performance required on an 
OMEGA-scale implosion to predict the achievement of ignition 
on a hydro-equivalently scaled NIF-sized target. The extrapo-
lation on which this work is based is from the OMEGA Laser 
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System to a symmetric direct-drive NIF Laser System with two-
dimensional (2-D) smoothing by spectral dispersion (SSD).15 It is 
important to emphasize that the NIF is currently not configured 
for symmetric illumination but could be with significant resource 
investment. This extrapolation will provide both guidance and a 
goal for OMEGA-scale cryogenic experiments.

The remaining four sections of this article (1) develop the 
theory of hydrodynamic equivalence in both one and three 
dimensions, establish design criteria for hydro-equivalent targets, 
and discuss the limitations of the theory; (2) present hydro-equiv-
alent designs for the NIF and OMEGA laser-energy scales and 
confirm the theory developed in the previous section; (3)  discuss 
the Lawson criterion parameter and its hydro-equivalent scaling, 
develop an analytical derivation of the scaling between hydro-
equivalent implosions, present 2-D computational simulations 
supporting this simple model, and draw conclusions from the 
results; and (4) summarize the implications of this article.

Theory of Hydrodynamic Equivalence
In this section the theory of hydrodynamic equivalence is 

developed, showing how it connects to existing scaling relations 
and describing some of its limitations. As previously stated, 
hydrodynamic equivalence provides a tool for comparing the 
performance of implosions driven with different energies. 
The subsections (1) define hydro-equivalency in one dimen-
sion; (2) show that one-dimensional (1-D) hydro-equivalent 
implosions conserve their equivalency in three dimensions; 
(3) establish design criteria for hydro-equivalent targets; and 
(4) discuss the limitations of the theory.

1. One-Dimensional Hydrodynamic Equivalence
The simplest model for a 1-D implosion of a thin shell 

(D % R) driven by an applied pressure Pabl includes the evolu-
tion equation for the shell radius R and the shell thickness D:

 ,M R P R4 2
sh abl- r=p  (1)

 ,
R

M

8

5
2

abl

sh

rt
D =  (2)

where tabl is the density at the ablation surface. This simple 
model neglects the fraction of ablated mass and assumes that 
the shell mass is constant. Equation (1) is Newton’s law applied 
to a thin shell driven by a constant pressure Pabl; Eq. (2) shows 
that the shell expands like 1/R2 to conserve mass since the 
applied pressure maintains a fixed density profile given by 

/P r Rd d -t= p  and P + t5/3 for an isentropic implosion. The 

resulting density profile is t = tabl(1–x/D)3/2, where D is given 
by Eq. (2) and x / Rabl-r with Rabl being the radial location of 
the shell’s outer surface. Equations (1) and (2) can be solved 
using the initial conditions for R and D. We define the initial 
time of the acceleration phase (t = 0) as the time soon after the 
main shock breaks out of the inner shell surface after the shell 
is set in motion by the initial shock (or shocks merging near the 
inner shell surface). For a strong shock, the post-shock veloc-
ity of the shell is approximately Vps . p0Cs(0), where Cs(0) is 
the shell’s sound speed after the shocks have passed through 
the shell. The factor /1 5P P3 50 sh abl/p ` `j j  is of the order 
of unity and depends on the ratio of the pressure used to drive 
the initial shock Psh and the peak ablation pressure Pabl used to 
implode the target. The initial conditions for Eqs. (1) and (2) are 

 ,R R0 0=^ h  (3)

 .R C0 00 s-p=o ^ ^h h  (4)

By multiplying Eq. (1) by Ro  and integrating between t = 0 and 
the end of the acceleration phase when the velocity has reached 
its maximum value Vimp and the radius has shrunk by the con-
vergence ratio CRa / R(0)/Ra, where Ra is the radius at the end 
of the acceleration phase (note CRa is the convergence ratio at 
the end of the acceleration phase and not the total convergence 
ratio at stagnation), the following energy relation is obtained:

 ,M V
M

P R2
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3sh imp abl
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where M V C 0imp s=) ^ h is the implosion Mach number. 
Substituting the mass of a thin shell Msh = 4rGtHDR2 (with 

2 5ablt=t ) into Eq. (5) yields the relation between the in-
flight aspect ratio (IFAR) and the Mach number M:
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 (6)

In the limit of large Mach numbers and large values of ,CR3
a  

Eq. (6) reduces to the well-known scaling relation MIFAR 2. ) 
(Ref. 16). The implosion model in Eqs. (1) and (2) and their 
initial conditions can be rewritten using the dimensionless 
variables ,R R R 0=t ^ h  ,t tV R 0imp=t ^ h  and :0D D D=t ^ h  

 ,R
M

R2
3

1 1

1

CR3

0
2 2
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a
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-
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p )
tp t  (7)
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D =t t  (8)

 , , .R R M0 1 0 0 1
0

-
p

D= = =
)

t to t^ ^ ^h h h  (9)

Equations (3)–(6) show that implosions with the same M*, p0, 
and CRa exhibit the same dimensionless trajectories and the 
same IFAR; therefore, this family of implosions is labeled 
“hydrodynamically equivalent.” By neglecting the term CR3

a1  
in Eqs. (7)–(9), the dimensionless trajectory of a thin shell is 
uniquely determined by the Mach number M*. Interestingly, in 
the limit of large Mach numbers and large convergence ratios, 
the dimensionless trajectories of both the radius and thickness 
approach a universal curve. Note that the thin-shell Eqs. (7)–(9) 
are valid only for large values of M* and IFAR and as long as 
the shell’s time-dependent aspect ratio R/D is of the order of .M2

)  
Since R/D decreases like R3, it will eventually become smaller 
and of the order of M* (instead of M2

)). At this point, Eqs. (7)–(9) 
are no longer valid and the shell thickness will stop increasing; 
the shell density will start increasing, while the shell pressure 
will exceed the applied pressure. This limit is considered by 
Basko:17 the resulting final pressure at stagnation is proportional 
to the applied pressure amplified by a power law of the Mach 
number. According to Basko, that power law is ,P P M4

stag abl= )  
but according to the self-similar solution of Kemp et al.,13 

.P P M3
stag abl= )  The important point is that by fixing the Mach 

number M* and the applied pressure Pabl, all hydro-equivalent 
thin-shell implosions lead to the same final stagnation pressure.

In laser-driven implosions, a significant portion of the shell 
mass is ablated by the laser. The model [Eqs. (1) and (2)] of 
laser-driven implosions must be modified to include the effect 
of mass ablation. In the presence of mass ablation, the equations 
of motion are well described by the rocket model:18

 ,M R V Msh ex sh=p o  (10)

 ,M m R4 2
sh abl- r=o o   (11)

where mablo  is the mass ablation rate and Vex is the exhaust veloc-
ity. Since the exhaust velocity is approximately the sound speed at 
the critical surface and proportional to a power of the laser inten-
sity or radiation temperature, for a fixed laser intensity, Eq. (10) 
leads to the well-known rocket equation for the shell velocity,

 l .R C V M
M

0
0

n0 s ex
sh

sh
- -p=o ^ ^h h

 (12)

Equations (11) and (12) can be rewritten in dimensionless form 
using the same variables used in Eqs. (7)–(9), leading to
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V

M
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 ,M R2
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where M M M 0sh sh sh=t ^ h is the dimensionless shell mass and
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Since m Vabl exo  is the ablation pressure, the dimensionless pa-
rameter W can be rewritten as 

 .
M V
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2
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If we consider a family of implosions with the same final frac-
tion of unablated mass (same M f

sh
t ), the final implosion velocity 

is given by Eq. (12):

 .V C V
M

0
1

ln f0imp s ex
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p= +
t

^ fh p  (17)

Notice that for this family of implosions,

 V
V

M M
1 1ln f

0

imp

ex

sh

-
p

=
) t

d n  (18)

and the remaining mass fraction M f
sh
t  depends on the Mach 

number M*, the parameter p0, and the ratio .V Vex imp  In 
the limit of large Mach numbers, the remaining mass frac-
tion depends only on .V Vex imp  After substituting Eq. (18) 
into Eq. (16), 

 .
M M M2

3 1
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IFAR
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sh
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) t
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To achieve the same dimensionless trajectory and the same 
unablated mass fraction, Eqs. (13) and (14) require the same val-
ues of M*, p0, and W. An explicit relation between Msh

t  and Rt  can 
be derived by integrating Eq. (13) after multiplying by Eq. (14):
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Rewriting Eq. (20) at the end of the acceleration phase yields 
a simple relation for the parameter W:
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indicating that for large Mach numbers and convergence ratios, 
the parameter W depends only on the final fraction of unablated 
mass. Substituting Eq. (20) for W leads to a relation between 
the IFAR and the Mach number,
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In the limit of large M*, the factor H depends only on 
the remaining mass fraction. In the limit of ,M1 1f

sh- %t  
M1 0" pH + )` j and Eq. (21) reproduces Eq. (6) for the 

“no-ablation” case. For arbitrary ,M 1<f
sh
t  the rocket model 

maintains the MIFAR 2+ ) scaling of the no-ablation case, but 
the proportionality factor depends mostly on the unablated 
mass fraction. To preserve hydro-equivalence in the presence 
of ablation, one must preserve the value of ,M f

sh
t  thereby requir-

ing that V Vex imp be constant. Within the framework of the 
rocket model, hydro-equivalence requires constant values for 
M*, ,V Vex imp  p0, and CRa. Targets with these same dimen-
sionless parameters exhibit the same dimensionless trajectory, 
IFAR, and unablated mass fraction. 

It is useful to consider the ablation velocity Vabl, defined as 
the penetration velocity of the ablation front into the imploding 
shell. The ablation velocity is given by the ratio 

 .V
m

abl abl

abl
t=
o
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Equation (24) can be normalized to the implosion velocity and 
rewritten as 
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where the relation P m Vabl abl ex. o  has been used. This shows 
that the ratio V Vimp ex depends on the Mach number and the 
ratio .V Vabl imp  Therefore, the requirements for 1-D hydro-
equivalency can also be satisfied by fixing the values of M*, 

,V Vabl imp  p0, and CRa.

For optimized implosions, the value of the convergence ratio 
at the end of the acceleration phase is not an arbitrary quantity. 
Typically the shell is driven inward until the remaining implo-
sion time is of the same order of the sound speed’s traveling 
time through the shell:

 ,V
R

Cimp

a

sa

a
+
D

 (26)

where the subscript “a” indicates the end of the acceleration 
phase. This condition implies that for R < Ra, the shell density 
and pressure increase, with the latter exceeding the applied 
pressure. Therefore, even if the laser is still on for R < Ra, the 
effects on the implosion dynamics are negligible since the 
shell pressure exceeds the applied pressure. For a constant 
ablation pressure Csa = Cs(0), Eq. (26) requires that the IFAR 
at the end of the acceleration phase scales as the Mach number 
(rather than M2

)): IFARa = oM*, where o is a constant of pro-
portionality. Since the unablated mass fraction can be written 
as ,M CRf 2

sh a aD=t t  ,MIFAR IFAR CR f3
a a sh= ta k  leading to an 

end-of-acceleration convergence ratio 
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where the last term on the right-hand side is obtained in the 
large M* limit. 

In summary, 1-D hydro-equivalence is obtained for fixed 
values of M*, ,V Va imp  and p0. Implosions with equal values 
of these three dimensionless parameters exhibit the same 
unablated mass fraction, the same IFAR (both initial IFAR and 
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at the end of the acceleration phase), the same dimensionless 
trajectory, and the same dimensionless thickness. Given the 
importance of the stagnation pressure to the ignition conditions, 
we consider hydro-equivalent implosions driven by the same 
ablation pressures Pabl, achieving the same final stagnation 
pressure .P P M3

stag abl+ )  

The last step is to translate the hydro-equivalence require-
ments into constraints on the physical parameters. Using the 
isentropic relation P /5 3+ at  (where a is the adiabat), the Mach 
number and the ratio V Vabl imp can be rewritten as 

  , .M
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V

V
V

P V

m
/ / /

/
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3 5 2 5

2

3 5

3 5

abl

imp

imp

abl

abl imp

abl
+ +

a

a
)

o
 (28)

Since both the ablation pressure and ablation rate depend on the 
laser intensity IL (for direct drive) or radiation temperature Trad 
(for indirect drive), Eq. (28) shows that fixing Pabl (and mao ), M*, 
and V Vabl imp requires setting the values of implosion velocity 
Vimp, adiabat a, and laser intensity IL (or radiation temperature 
Trad). Once the ablation pressure and shell adiabat are set, the 
parameter p0 is not an independent parameter since the shock 
pressure Psh is directly proportional to the adiabat ,P /5 3

sh ps+ at  
where the post-shock density tps is roughly 4#  the initial 
density for a strong shock. It follows that all hydro-equivalent 
implosions designed to achieve the same stagnation pressure in 
one dimension require equal values of the implosion velocity, 
shell adiabat, and laser intensity (for direct drive) or radiation 
temperature (for indirect drive). 

2. Three-Dimensional Hydrodynamic Equivalence
In this subsection, we show that the requirements for 1-D 

hydro-equivalence guarantee equivalence in three dimensions 
provided that the initial seeds for the hydrodynamic instabili-
ties scale proportionally to the size of the target radius R. The 
departure from spherical symmetry is caused primarily by 
the Richtmyer–Meshkov19,20 (RM) and Rayleigh–Taylor21,22 
(RT) instabilities. Below, we will apply the hydro-equivalence 
concepts to only the RT instability since the RM instability 
follows similar arguments.

In ICF implosions, the RT instability develops on the abla-
tion front during the acceleration phase and at the inner shell 
surface during the deceleration phase. We first consider the 
acceleration phase. Depending on the initial level of nonunifor-
mities and the unstable spectrum, the RT instability can either 
be contained within the linear regime or develop a fully nonlin-
ear bubble front. We will consider these two cases separately.

In the linear regime, the RT growth rates approximately 
follow Takabe’s formula.23,24 The number of e foldings of 
growth is the integral of the growth rates over the duration of 
the acceleration phase (t0), leading to

 ,N t kg kV t3d d
tt

e
RT

RT abl
00

-c= =
00
_ i##  (29)

where k is the wave number k /  /R,  is the mode number, R is 
the time-dependent shell radius, g R-= p  is the shell acceleration, 
and Vabl is the ablation velocity. Given that all hydro-equivalent 
targets have the same dimensionless radius Rt  and are driven 
up to the same convergence ratio CRa, taking the dimensions 
out of the expression on the right-hand side of Eq. (29) yields
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where .R R R0=t  As discussed in the previous subsection, 
1-D hydro-equivalence requires equal values of ;V Vabl imp  
therefore Eq. (30) shows that hydro-equivalent implosions 
exhibit the same RT growth factors for all mode numbers. 
The effects of the RT instability on target performance can be 
assessed by comparing the mode amplitude 



a
h  with the target 

thickness Da at the end of the acceleration phase for each mode. 
Using the results of the rocket model for the target thickness 

,MCR f
0

2
a a shD D= ta k  the ratio 
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ah D  can be written as
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 (31)

Since CRa and M f
sh
t  are the same for hydro-equivalent implo-

sions, Eq. (31) shows that three-dimensional (3-D) hydro-
equivalence for the linear RT instability is attained when the 
initial seeds h



(0) are proportional to the initial target thickness.

While Eqs. (30) and (31) prove 3-D equivalence in the linear 
phase of the RT instability, the most important effects of the 
RT instability occur when the RT bubble front becomes non-
linear and penetrates deeply into the target. It is well known 
that a fully developed RT bubble front grows proportionally 
to the distance traveled by the shell during the acceleration 
phase. By defining the bubble front’s penetration distance hb, 
the well-known scaling relation hb = bgt2 applies for a fully 
developed, fully nonlinear multimode bubble front with the 
coefficient b . 0.05 to 0.07 (Refs. 25–28). For a time-dependent 
acceleration, the dimensionally correct bubble-front penetration 
would be .h t t g t2 d db b= tt

00
l m m
l ^ h##  At the end of the accel-
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eration phase, the parameter hb can be written in terms of the 
distance traveled by the shell during the acceleration phase:

 .h R R R2 2 1 CR0 0
1

b
a

a a- -b b= = -_ _i i  (32)

The figure of merit that measures the effects of the RT instabil-
ity on the target performance is the ratio between the bubble-
penetration distance and the shell thickness at the end of the 
acceleration. Using the results of the rocket model that ratio is

 .
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2 1
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f 2
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b
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sh a
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D
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t

_ i
 (33)

Since all 1-D hydro-equivalent implosions exhibit equal val-
ues of ,M f

sh
t  IFAR, and CRa, the nonlinear RT figure of merit 

hb
a

aD  will be the same for hydro-equivalent implosions. It 
follows that the effects of the acceleration-phase RT instabil-
ity on target performance are the same for hydro-equivalent 
implosions regardless of whether the RT perturbation growth 
remains within the linear phase or grows into the fully devel-
oped nonlinear regime provided that the initial RT seeds scale 
with the target thickness.

While the acceleration-phase RT instability is fully hydro-
equivalent, the deceleration-phase RT instability is not. The 
growth rate of the deceleration-phase RT has a similar form to 
Eq. (30) with the exception that the coefficient of the ablative 
stabilization is 1.4 instead of 3 (Ref. 29) and that mass ablation 
is driven by the heat leaving the hot spot rather than the heat 
flux coming from the laser (or x rays). The RT growth rate in 
the constant deceleration phase on the inside of the shell was 
fit to the following equation:

 v. . ,
k L

k g
k0 9

1
1 4

m
RT abl-c =

+
 (34)

where k is the wave number, GgH is the average acceleration, 
G LmH is the density scale length, and vabl  is the deceleration-
phase ablation velocity. In this case the deceleration-phase 
ablation velocity depends on the Spitzer conductivity30 of the 
hot spot: v ,T R/

0
5 2

abl hs sh+ t  where T0 is the central hot-spot 
temperature, Rhs is the hot-spot radius, and tsh is the shell 
density. It is possible to show that the ablative stabilization term 
for the deceleration phase is not hydro-equivalent but instead 
depends on the target size like v .R .0 5

abl + -  The ablative 
stabilization of the deceleration-phase RT is important only for 

implosion velocities exceeding 400 km/s or when the alpha-
particle heating is significantly close to ignition conditions, 
leading to large ablation velocities. Since alpha-particle heating 
is clearly not hydro-equivalent, as long as hydro-equivalent 
targets without alpha-particle energy deposition are compared, 
the effects of the ablative stabilization on the deceleration-
phase RT growth can be neglected for Vimp < 400 km/s and 
the conditions for hydro-equivalency of the RT instability are 
retained as well for the deceleration phase. A more-detailed 
analysis of hydro-equivalency of the deceleration phase is the 
subject of a forthcoming publication. 

In summary, the conditions of 1-D hydro-equivalency 
(see One-Dimensional Hydrodynamic Equivalence, p. 2) 
requiring equal values of implosion velocity Vimp, shell 
adiabat a, and laser intensity IL (for direct drive) or radiation 
temperature Trad (for indirect drive) guarantee 3-D hydrody-
namic equivalence provided that the initial level of surface 
roughness scales proportionally to the target size. If the main 
source of nonuniformities is laser imprinting (as in the case of 
direct drive), 3-D hydro-equivalence requires that the relative 
size of the laser-intensity variations (dI/I) be the same among 
hydro-equivalent targets. 

3. Design Criteria for Hydro-Equivalent Targets
This section highlights the design criteria for direct-drive 

hydro-equivalent implosions. To design a family of implosions 
with the same Vimp, a, and IL, one must specify the target 
radius and thickness, as well as the laser pulse shape. The latter 
consists of an initial low-intensity pulse (also called the “foot”) 
that sets the adiabat of the shell through one or more shocks 
and a main drive that accelerates the shell to the final implo-
sion velocity. While there are different ways of designing the 
foot of the pulse, the main drive is defined by the total energy 
EL, the peak power PL, and the main pulse length tL. Most 
of the pulse energy is contained within the main pulse. The 
energy, power, and length of the main pulse are related through 
EL . PLtL. Since the laser power is ,P R I4 0

2
L L. r  keeping the 

same intensity on target requires scaling the laser power, with 
the target surface .P R0

2
L +  To drive the capsule to the same 

final implosion velocity, the pulse length must be proportional 
to the implosion time t R V0L imp+  and, therefore, the laser 
energy must scale as .E R I V4 0

3
L L imp+ r  It follows that for 

hydro-equivalent implosions, the laser energy must scale as the 
target volume .E R0

3
L +  For hydro-equivalent targets, the final 

shell kinetic energy scaling is proportional to the laser energy 
in the main drive, leading to / .M V E1 2 2

sh imp L+^ h  To achieve 
the same implosion velocity, the target mass must, therefore, 
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scale with the laser energy .M E R0
3

sh L+ +  Since the target 
mass is proportional to the shell volume ,M R4 0

2
0 0sh + r tD  for 

the same initial density, the shell thickness must scale with the 
target radius D0 ? R0.

The basic design criteria for hydro-equivalent implosions 
consist of specifying the foot of the laser pulse to launch shocks 
of the same strength to set the shell on the same adiabat a, using 
a total laser energy proportional to the target volume, ;E R0

3
L +  

a peak laser power proportional to the target surface, ;P R0
2

L +  

a pulse length proportional to the target radius, tL + R0; and a 
shell thickness proportional to the shell radius, D0 ? R0. One 
can express these criteria in terms of laser energy rather than 
target radius, leading to ,R E /

0
1 3
L+  ,E /

0
1 3
L+D  ,P E /2 3

L L+  and 
.t E /1 3

L L+  This scaling can be applied to various performance 
metrics that have been analytically derived and fit to power laws 
from simulation databases previously developed.8,31 Table 137.I 
reviews most of the important ICF performance metrics and 
their hydro-equivalent scaling with laser energy. 

Table 137.I: Hydrodynamic scaling relations for ICF implosions and their hydro-equivalent scaling relations 
for 350-nm light. ( ;I I 1015

15
L=  Tn is the neutron-averaged ion temperature.)
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4. Non-Hydro-Equivalent Physics
Although the hydro-equivalent scaling relations hold well 

over nearly two orders of magnitude in laser energy (see the 
next section below), not all of the physical processes that 
occur in ICF implosions scale hydrodynamically. Hydrody-
namic equivalence breaks down when nonscalable physics 
significantly impact target performance. A nonexhaustive list 
of nonscalable physics includes radiation transport, thermal 
conduction, fusion reactions, and laser–plasma interactions 
(LPI’s). Radiation transport can significantly impact radia-
tion and shell-ablation physics in both the acceleration and 
deceleration phases. If the mean free path of photons is larger 
than the stopping power of the ablator of an implosion capsule, 
these photons will penetrate into the DT fuel and deposit their 
energy, thereby raising the adiabat. This occurs on smaller-
scale targets, such as those on OMEGA. 

Thermal transport in the hot spot is not hydro-equivalent. 
As shown by Zhou and Betti,31 the hot-spot temperature scales 
weakly with laser energy (or target size): .T E R. .0 07 0 21

hs L+ +  
Since the fusion yield is a strong function of temperature, this 
weak dependence becomes important when scaling ICF implo-
sions from OMEGA to the NIF. Another non-hydro-equivalent 
effect is the ablative stabilization of the deceleration-phase 
RT instability as discussed in the next section.

Fusion-energy deposition and laser scattering caused by LPI’s 
are inherently nonscalable hydrodynamically since alpha-particle 
energy deposition depends on the shell’s areal density relative to 
a fixed mean-free path as well as on the proximity to the ignition 
conditions, and the LPI’s are threshold-dependent instabilities. 
This means that all hydrodynamic quantities (except the gain) 
must be calculated without alpha-particle deposition (no-alpha 
quantities). Therefore, when scaling up in size and energy to 
assess the target performance with respect to the ignition condi-
tions, one must use an ignition criterion given in terms of no-alpha 
quantities.8,9 LPI’s will not be considered in this work. Although 
a significant amount of work has been invested in understanding 
LPI effects on direct-drive target performance32–36 and two-
plasmon–decay thresholds,37-41 this work will assume that if 
any threshold is exceeded on some energy scale versus another, 
a mitigation strategy will be employed to address it.

Hydro-Equivalent Implosion Design
In this section we will cover the design and performance of 

the two hydro-equivalent implosion designs that will be used for 
the remainder of this article. The latter half of this section will 
compare the designs to the hydro-equivalent scaling predictions 
outlined in Theory of Hydrodynamic Equivalence (p. 2).

The OMEGA-scale target is based on current cryogenic 
targets that are routinely imploded on OMEGA.42 The OMEGA-
scale target [shown in Fig. 137.1(a)] has +10 nm of plastic ablator, 
41 nm of DT ice, and an outer radius of 430 nm. This design 
is imploded with 27 kJ of laser energy, and when simulated 
with the multidimensional hydrocode DRACO,43 it achieves an 
implosion velocity of +350 km/s, has an average in-flight adiabat 
of 3, and an IFAR /R R2 3 0=  of 26. The IFAR is calculated when 
the shell radius is approximately 2/3 of its initial inner radius. 
It achieves a neutron-averaged areal density of 300 mg/cm2 and 
a neutron yield of 1.6 # 1014 in 1-D simulations. The NIF-scale 
target [shown in Fig. 137.1(b)] is geometrically scaled from the 
OMEGA-scale target using the hydro-equivalent scaling rela-
tions developed on p. 2. This results in a factor-of-4 increase in 
the target radius when scaling the laser energy up to 1.84 MJ. 
Because of differences in radiation transport at these two laser-
energy scales, a small change in the target design is required 
to compensate for deviations from hydro-equivalence. The 
OMEGA-scale target has insufficient preheat shielding in the 
CH ablator, which results in an increase in the fuel adiabat when 
the ablator prematurely ablates. Some of the plastic ablator in 
the NIF-scale design is mass-equivalently exchanged for DT ice. 
This leads to lower preheat shielding, resulting in the adiabat 
remaining the same for the two implosions. The NIF-scale target 
has the same implosion velocity, adiabat, and IFAR but is pre-
dicted to achieve a neutron-averaged areal density of 1.2 g/cm2  
and a 1-D yield of 8.6 # 1016 without alpha-particle deposition. 
When alpha-particle deposition is turned on, the implosion 
achieves a neutron yield of 3.3 # 1019, resulting in a gain of 49.
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Figure 137:1
Cryogenic target geometry and composition for (a) OMEGA-scale and 
(b) NIF-scale targets.

When plotted in terms of laser intensity and dimensionless 
time t/tbang, the laser pulses for the NIF and OMEGA are virtu-
ally identical as shown in Fig. 137.2. Here, tbang is the so-called 
“bang time,” defined as the time of peak neutron rate. The time 
evolution of the implosion velocity and IFAR are the same for 
NIF-scale and OMEGA-scale targets. Figure 137.3 shows the 
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shell velocity versus normalized time for the NIF-scale and 
OMEGA-scale designs in solid black and dashed red lines, 
respectively. The two curves are nearly identical, illustrating 
that they have the same 1-D hydrodynamics. Figure 137.4 plots 
the IFAR against normalized time and it too shows hydro-equiv-
alent behavior, illustrating that they have the same acceleration-
phase RT growth in three dimensions since the adiabats and 
implosion velocities are the same. Figure 137.5 shows the areal 

density versus normalized time for the NIF-scale target (solid 
black) and the OMEGA-scale target (dashed red) scaled by the 
energy ratio of the two designs, ,E EL

NIF
L/f Ω  to the one-third 

power. This scaling comes from the laws described in Theory 
of Hydrodynamic Equivalence (p. 2) and shows the 1-D 

TC11095JR

In
te

ns
ity

 (
10

14
 W

/c
m

2 )
10

6

8

4

2

0
0.0 0.2 0.4 0.6 0.8 1.0

Time/bang time

TC10869JR

Sh
el

l v
el

oc
ity

 (
km

/s
)

0

–100

–200

–300

–400
0.0 0.2 0.4 0.6 0.8 1.0

Time/bang time

Figure 137.2
Triple-picket laser-intensity pulses versus normalized time (t/tbang) for the 
NIF-scale (solid black line) and OMEGA-scale (dashed red line) targets.

Figure 137.3
Shell velocity versus normalized time for the NIF-scale (solid black line) and 
OMEGA-scale (dashed red line) targets.
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Figure 137.4
In-flight aspect ratio (IFAR) versus normalized time for the NIF-scale (solid 
black line) and OMEGA-scale (dashed red line) targets.
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areal density and neutron rate scale as predicted. Figure 137.6 
compares the neutron rate versus normalized time, where the 
NIF neutron rate is shown as a solid black line and the scaled 
OMEGA neutron rate as a dashed red line, which scales as 
f7/6. The neutron rate scales with E /7 6

L  because the neutron 
yield scales as E /3 2

L  and time scales as .E /1 3
L  This shows good 

agreement between the theory and simulations.
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Figure 137.6
Scaled total neutron rate versus normalized time for the NIF-scale (solid black 
line) and OMEGA-scale (dashed red line) targets multiplied by f7/6.

In terms of multidimensional performance, the two designs 
are very nearly hydro-equivalent. Two-dimensional DRACO 
simulations were run to assess the performance of the implo-
sions and compare it with the hydro-equivalent scaling theory. 
All simulations used the SESAME44,45 equation of state for 
the plastic ablator and FPEOS46 for the DT fuel. Single-mode 
simulations were performed in half-wavelength wedges with a 
minimum of 20 azimuthal cells and sufficient radial zoning to 
ensure a minimum of six points in the 1/k distance away from the 
ablation surface. The radial zoning was increased with  -mode 
number to keep the same spatial aspect ratio in the Lagrangian 
mesh throughout the entire set. This ensured that the amplitudes 
of the higher harmonics were typically smaller than one tenth 
of the fundamental-mode amplitude. It is important to note that 
the seed amplitude between the two designs was kept hydro-
equivalent by a factor of f1/3 in accordance with the change in 
target size. It should also be mentioned that all of the simulations 
containing an inner-surface ice roughness had a power spectrum 
whose amplitude scaled as  –2, where  spanned every even 

mode from 2 to 50, unless otherwise specified. These simulations 
were performed in 90° wedges, and the minimum number of azi-
muthal cells required to adequately resolve the physical impact 
of these perturbations was ten per half-wavelength at mode 50.

In the acceleration-phase RT growth, the seed amplitude 
was set by a single cosine surface perturbation on the outside 
of the shell such that the growth of the mode was always in 
the linear stage. Simulations of the single-mode linear growth 
factor confirm that the acceleration-phase RT growth factors 
scale approximately hydro-equivalently. Figure 137.7 shows 
the acceleration-phase linear growth factor versus the  mode 
for the NIF-scale (solid black) and OMEGA-scale (dashed red) 
designs. The two curves are close together for  modes ranging 
from 10 to 300. The small difference between the two curves 
is attributed to the non-hydro-equivalent radiation transport 
that increases the scaled density gradient scale length on the 
OMEGA-scale target with respect to the NIF-scale target. The 
initial amplitude of the mode is chosen just after the beginning 
of the acceleration phase, where the effect of any phase inver-
sions resulting from shock breakout have already taken place. 
Despite these differences, the acceleration-phase growth factors 
of the two designs are within 20% of each other, justifying the 
statement of their hydro-equivalence. 

A series of single-mode growth factor simulations in the 
deceleration phase were performed and verified that the decel-
eration phase is not exactly hydro-equivalent as expected (see 
Non-Hydro-Equivalent Physics, p. 8). In this case the seed 
perturbation was set as a single cosine-mode density perturbation 
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Single-mode linear growth factors versus  mode for acceleration-phase RT 
growth for the NIF-scale (solid black line) and OMEGA-scale (dashed red 
line) targets.
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on the inside of the target at the DT gas/ice interface. Figure 137.8 
shows the total linear growth factor versus  mode for the two 
designs. It shows that the linear growth factors are comparable 
for low- modes but diverge for  > 10. A phase inversion first 
occurs at mode  = 4 (and for every mode greater than 4), giving 
the illusion that the mode does not grow. The difference between 
the growth factors of the two designs can be explained by apply-
ing the theory developed in Ref. 29, as outlined in Theory of 
Hydrodynamic Equivalence (p. 2). The difference in the lin-
ear RT growth factors has little impact on the yield-over-clean 
(YOC) when performing more-representative simulations, where 
we define the YOC as the multidimensional yield divided by the 
1-D yield. A series of multimode ice spectrum simulations were 
performed to study their effect on the YOC, where the amplitudes 
of the modes were not constrained to be within the linear regime. 
As shown in Fig. 137.9, the YOC decreases at the same rate for 
both the NIF-scale (solid black line) and OMEGA-scale (dashed 
red line) targets as a function of the normalized ice roughness. 
This is the case for both spectrums where the  mode ranged 
from 2 to 36 (squares) and 10 to 36 (circles). Altering the starting 
mode in the spectrum made it possible for a different  mode 
to dominate the hot-spot dynamics to ensure the YOC was the 
same for any implosion. Choosing an end mode of 36 in this case 
instead of 50 had no significant effect in the simulations other 
than decreasing the required computation time.

To summarize, hydro-equivalent designs were presented 
and tested against the hydro-equivalent theory to ensure hydro-
equivalence. In terms of 1-D hydro-equivalence, the designs 
had identical implosion velocities, laser intensities, adiabats, 

and IFAR’s. The target geometry scaled with the laser energy, 
and when applied to the scaling laws shown in Table 137.I, the 
simulated performance metrics were in good agreement with 
theory (Figs. 137.3 and 137.4). In terms of multidimensional 
hydro-equivalence, similar RT growth in the acceleration 
phase (Fig. 137.7) was predicted by theory and corroborated 
by simulations. Slight differences in the deceleration phase 
were predicted by linear theory and seen in simulations 
(Fig. 137.8); however, this effect is negligible in terms of per-
formance for these two designs (as shown in Fig. 137.9). The 
OMEGA-scale and NIF-scale designs presented are approxi-
mately hydro-equivalent.
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Hydro-Equivalent Ignition Scaling of ICF Implosions
In this section, the hydrodynamic equivalence theory 

developed on p. 2 is applied to the Lawson criterion to create 
hydro-equivalent ignition-scaling relations for ICF implosions. 
A simple clean-volume analysis will be derived to estimate the 
scaling. Numerical simulations at the NIF and OMEGA scales 
are shown to support this result. Finally, ignition threshold 
performance metrics for hydro-equivalent ignition on OMEGA 
will be presented and discussed.

The Lawson criterion parameter defines the performance 
threshold required for an igniting plasma. It is defined as 
| / Px/Pxig, where P is the plasma pressure, x is the confine-
ment time, and Pxig is the product of the two required for 
ignition. The Lawson parameter can be expressed in terms of 
measurable parameters for ICF:8,9
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where 2Rg/cmt  is the 3-D neutron-averaged areal density in 
units of g/cm2, Y16 is the 3-D neutron yield in units of 1016, 
mmg

DT is the mass of the DT fuel in milligrams, and YOC is 
the yield-over-clean defined as the measured yield over the 
simulated 1-D yield. All hydrodynamic quantities are calcu-
lated without alpha-particle deposition. The YOC is used as 
a measure of the impact of the 3-D nonuniformities such that 
Y3-D = Y1-D # YOC. The YOC is also used to account for 3-D 
degradation of the areal density, where

 DD -- #+ .R R YOC .
1

0 17
3t t  (36)

The power index of 0.17 is derived by fitting the areal-
density degradation from several 2-D simulations as shown 
in Fig. 137.10. This stipulates the Lawson parameter to scale 
as YOC0.5:
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The Lawson parameter can be scaled from OMEGA to the NIF 
using the hydro-equivalence scaling laws derived in Theory 
of Hyrdodynamic Equivalence (p. 2), where tR1-D + E1/3, 
Y1-D + E3/2, and m + E, to find

 .E YOC. .0 37 0 5+|  (38)

Taking the ratio of Eq. (38) from two different implosions, 
we can compare one hydro-equivalent implosion to another 
in terms of the Lawson parameter. In this way it is possible 
to determine how close non-igniting implosions would be to 
achieving ignition if the laser energy and target geometry were 
hydro-equivalently scaled to an implosion that could ignite. 
Taking the definition of ignition to be when the implosion 
achieves marginal gain (| = 1), and assuming that ignition 
will occur at NIF’s laser energy, the Lawson parameter for an 
OMEGA-scale implosion considered to be hydro-equivalently 
igniting would be

 eq ig- . .0 21 YOC
YOC .0 5

NIF
| =

-

Ω Ω
e o  (39)

The YOC ratio in Eq. (39) is inferred using both an analyti-
cal clean volume analysis and 2-D hydrodynamic simulations. 

A rough estimate of the YOC can be obtained by assuming 
that the YOC is proportional to the ratio of the clean volume 
to the 1-D volume: D D--R RYOC 3 3

3 1.  (Ref. 47). Using 
this approximation, it is possible to estimate the YOC ratio 
resulting from the RT growth in the deceleration phase. If we 
assume that the clean radius will decrease with the amplitude 
of the largest RT spike R3-D = R1-D-v0GRT, where v0 is the 
initial nonuniformity amplitude for the deceleration-phase 
RT and GRT is the growth factor for RT modes, then a simple 
set of algebraic steps can relate the YOC’s for the two hydro-
equivalent implosions:

 ,
E

E
1 1YOC YOC

/
/

0

0
1 3

1 3

3

NIF

NIF

L
NIF
L

- -
v

v
= Ω

Ω

Ωf `p j> H  (40)

where the growth factors are identical for the two hydro-
equivalent implosions. Equation (40) recovers the results from 
the simulations shown in Fig. 137.9, where equal YOC’s are 
obtained when using the same normalized v0. In most ICF 
implosions, however, laser-imprinting feedthrough will domi-
nate the RT growth in the deceleration phase. It is possible to 
take this into account by setting ,0

2 2
ice laser/v v v+  where 

vlaser is the deceleration-phase nonuniformity seed amplitude 
resulting from laser imprinting. If the RT amplitude resulting 
from laser imprinting scales with the target size and the number 
of overlapping beams (Nb) such that ,E N/ /1 3 1 2

laser b+v -  then
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where .laser ice/v v vΩt  Large values of vΩt  indicate that laser 
imprinting dominates the deceleration-phase nonuniformity 
seeds over the inner-ice-surface roughness. Inserting Eq. (41) 
into Eq. (40) and dividing by YOCX gives an analytic expression 
for the YOC ratio and is shown in Fig. 137.11 for ,N 192b

NIF =  
,N 60b =Ω  and YOCX = 0.3. YOCX is set to a value of 0.3 because 

this is a typical YOC experimentally inferred from the current 
best-performing cryogenic implosions on OMEGA.42 This 
function asymptotes to a YOC ratio of 1.8 for large values of 

,vΩt  representing the realistic regime where laser imprinting 
dominates over ice roughness. The YOC improvement of 1.8# 
is a result of the lower imprinting level in a NIF symmetric illu-
mination configuration caused by the larger number of overlap-
ping beams. Inserting this YOC ratio into Eq. (39) indicates that 
hydro-equivalent ignition would occur on an OMEGA-scale 
target obtaining |X–eq ig = 0.15. It is important to emphasize 
that this conclusion is valid only within the simple YOC model 
shown above and assumes that the NIF imprinting level is lower 
than on OMEGA by a factor of / .60 192
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Analytic calculation of the YOC ratio versus perturbation parameter vΩ

t  
using a simple clean volume analysis. Large values of vΩ

t  are expected 
in experiments. 

Two-dimensional multimode ice and imprinting simulations 
can be used to determine the YOC scaling ratio. These simu-
lations have an imprint spectrum for a range of even  modes 
from 2 to 100, a 1-nm root-mean-square ice roughness spec-
trum, and 2-D SSD laser-beam smoothing. Figure 137.12 plots 
the YOC of several simulations with varying degrees of laser 

imprinting for both the NIF-scale and OMEGA-scale designs. 
The x axis is an amplitude multiplier on the imprint spectrum, 
where an imprint multiplier of zero indicates the simulation has 
perfectly smooth beams and an imprint multiplier of 1 indicates 
the expected level of imprint modulations being applied to the 
target for the 60-beam OMEGA or 192-beam symmetric NIF 
Laser Systems. The NIF-scale target with an imprint multiplier 
of zero has a YOC of 0.98, as a result of the relatively small 
effect of ice roughness, and decreases with increasing imprint 
multiplier. At an imprint multiplier of 2.67, the NIF-scale tar-
get achieves marginal ignition (gain = 1) when alpha-particle 
deposition is turned on. On the OMEGA-scale target, the 
reduction in YOC related to ice roughness only (+75%) is sig-
nificantly larger than on the NIF-scale target. This is because 
the relative size of the ice roughness is larger by a factor of 
f1/3 on OMEGA with respect to the NIF, while the absolute 
magnitude of the ice roughness remains the same. The YOC 
of the OMEGA-scale target decreases as the imprint multiplier 
increases, albeit at a faster rate because the imprint spectrum 
is smoothed by a smaller number of beams. Above an imprint 
multiplier of 1, the OMEGA-scale target can be considered 
to be broken up. The OMEGA-scale line in Fig. 137.12 is an 
average of two sets of simulations where the phases of the ice 
roughness are reversed. Phase coupling’s impact on target 
performance between the ice-roughness spectrum and the RT 
modes driven by laser imprinting can be significant and may 
lead to misinterpretation of the set of simulation results. For 
example, if the phases of the ice spectrum and laser imprinting 
destructively interfere, increasing the amount of laser imprint-
ing can appear to have a positive effect on the YOC. Similarly, 
if the modes constructively interfere, the YOC reduction could 
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be grossly exaggerated. Averaging the YOC’s from these two 
ice spectrums generalizes the impact of phase coupling and 
allows one to compare targets where phase coupling does not 
have a significant impact on target performance (such as the 
NIF-scale target). 

The two curves in Fig. 137.12 contain all of the information 
necessary to infer the YOC ratio numerically. It is important 
to notice that the OMEGA-scale target exhibits a cliff in 
YOC when the imprint multiplier is above +0.6. This occurs 
because the OMEGA-scale target begins to break up for such 
levels of nonuniformities, while the corresponding NIF target 
maintains its macroscopic integrity. Although the growth of 
hydrodynamic instabilities is essentially identical (i.e., hydro-
equivalent) between the OMEGA-scale and NIF-scale targets, 
the seeds are not, resulting in very different behavior of the 
YOC as shown in Fig. 137.12. The difference in the relative 
level of nonuniformities between OMEGA-scale and NIF-scale 
targets breaks the hydro-equivalency. Even in the absence of 
laser imprinting, the relative size of the ice roughness is 4# 
larger on OMEGA than on the NIF. Therefore, both seeds 
of the RT instability (ice roughness and imprinting) are not 
hydro-equivalent. To achieve a final assessment of the perfor-
mance requirements on OMEGA, we identify three possible 
extrapolations from OMEGA to the NIF:

1. A quasi-hydro-equivalent extrapolation corresponding to 
values of the YOC for OMEGA above 0.6 in Fig. 137.12. 
As shown in Fig. 137.12, in the range of YOC = 0.6 to 1.0, 
both the OMEGA and NIF targets remain integral dur-
ing the implosion and are both above the shell’s breakup 
“cliff.” Full hydro-equivalency is not achieved because 
of the difference in relative ice roughness. The behavior 
of the YOC versus imprint multiplier is similar, however, 
even though the two curves are shifted and maintain 
an approximately constant ratio of 1.3. In this regime, 
extrapolations from OMEGA scales to NIF scales are 
likely to be quite reliable since the departure from hydro-
equivalency is rather small (a factor of 1.3# in YOC and 
1.05# in areal density).

2. A semi-hydro-equivalent extrapolation corresponding 
to values of the YOC for OMEGA between 0.3 and 0.6 
in Fig. 137.12. The OMEGA shell is highly distorted 
and within the cliff in YOC. The OMEGA YOC is still 
reasonably high, however, and the clean hot-spot radius 
is larger than about 60% to 70% of its 1-D value. In this 
case, extrapolating from OMEGA scales to NIF scales 
requires a reliance on the hydrocode. This is not an 

optimal or robust extrapolation since it relies on a large 
difference in calculated YOC’s when extrapolating from 
OMEGA to the NIF.

3. A non-hydro-equivalent extrapolation corresponds to 
values of the YOC for OMEGA below 0.3 in Fig 137.12. 
The OMEGA shell is broken in flight and its performance 
is at the bottom of the YOC cliff, while the NIF target 
is still integral. The departure from hydro-equivalency 
is so great that it would be unreasonable to attempt an 
extrapolation from OMEGA experimental results to the 
NIF scale. We do not consider this regime viable for 
performance extrapolation.

We restrict our analysis to quasi- and semi-hydro-equivalent 
implosions [(1) and (2)] and limit the OMEGA-scale target YOC 
to values $0.3. Note that YOC’s of 30% to 40% are the typical 
YOC’s inferred from current high-performance implosions on 
OMEGA.42 Figure 137.13 plots the YOC ratio versus YOCX. It 
is observed that the YOC ratio varies from 1.3 to 2.7, depending 
on the level of laser imprinting. For smooth beams leading to a 
YOCX $ 0.6 (quasi-hydro-equivalent regime), the YOC ratio is 
approximately 1.3—the predicted value given by the analytic 
scaling from Eq. (40) (for a YOCX of 0.7). Larger imprinting 
levels increase the YOC ratio up to a factor of 2.7 at a YOCX 
of 0.3 (semi-hydro-equivalent regime). It is important to note 
that the YOC ratio is not necessarily 2.7 but can range from 
1.3 to 2.7, depending on the beam uniformity that is present 
on the NIF scale.
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The areal densities and neutron yields required for quasi- 
and semi-hydro-equivalent ignition on OMEGA follow from 
the 3-D Lawson criterion. Given the bounding values for the 
YOC ratio, |X–eq ig can be calculated to be +0.19 for quasi-
hydro-equivalent ignition (YOC ratio of 1.3) and between 
0.13 and 0.19 for semi-hydro-equivalent ignition (YOC ratio 
between 1.3 and 2.7). This indicates that any implosion occur-
ring on OMEGA that obtains | $ |X–eq ig would equate to 
either quasi- or semi-hydro-equivalent ignition. Figure 137.14 
is a contour plot of the 3-D Lawson criterion plotted against 
its two dependent variables—the 3-D neutron yield and the 
neutron-averaged areal density; the YOC0.06 dependence is 
small enough to be ignored within a 10% error. For comparison, 
the white diamond indicates OMEGA’s current best-performing 
shot in terms of the Lawson criterion (| = 0.10) (Ref. 42). 
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In summary, to claim quasi-hydro-equivalent ignition in 
a NIF symmetric illumination configuration, OMEGA’s per-
formance must increase from at least | = 0.10 to a minimum 
value of | = 0.19. To claim semi-hydro-equivalent ignition in 
a symmetric NIF illumination configuration, OMEGA’s per-
formance must increase from at least | = 0.10 to a minimum 
value of | = 0.13. It is important to emphasize that semi-hydro-

equivalent ignition for |X–eq ig = 0.13 uses a large enhancement 
(2.7#) in calculated yields from OMEGA to the NIF, thereby 
decreasing the reliability of such a conclusion. Table 137.II 
provides reasonable sample values required to demonstrate 
ignition on a quasi- and semi-hydro-equivalent symmetric NIF-
scale target at the OMEGA scale in terms of neutron-averaged 
areal density and total neutron yield.

Table 137.II: Current OMEGA record performance metrics for 
experimentally measured neutron yields and neutron-
averaged areal densities along with its calculated 
Lawson parameter |. Sample values required to dem-
onstrate hydro-equivalent ignition on OMEGA-scale 
cryogenic implosions are also provided.

Neutron Yield 
(#1013)

Areal Density 
(mg/cm2) |X–eq ig

OMEGA’s current 
record (shot 69514)

3.0 173 0.10

Hydro-equivalent 
ignition (2.7 # YOC 
improvement)

3.0 240 0.13

Hydro-equivalent 
ignition (1.3 # YOC 
improvement)

6.0 300 0.19

Conclusions
Hydro-equivalence combined with ignition theory allows 

one to compare OMEGA-scale implosions to ignition-scale 
targets on a symmetric NIF illumination configuration with 
the same 2-D SSD smoothing as OMEGA. Hydro-equivalent 
implosions are energetically scalable and have identical implo-
sion velocities, laser intensities, and adiabats. Hydro-equivalent 
implosions exhibit the same 1-D dynamics and the same hydro-
dynamic instability growth. The measurable Lawson criterion 
was used to assess the performance of an implosion using 
experimental observables and can also be used in conjunction 
with hydro-equivalent scaling relations. Analytical derivations 
were developed and numerical simulations were performed to 
predict the hydro-equivalent ignition threshold on OMEGA-
scale targets and are in good agreement with one another.

While OMEGA and NIF targets can be designed to be 
approximately hydro-equivalent, the difference in the initial 
level of nonuniformities prevents an exactly hydro-equivalent 
extrapolation. Ice roughness is inherently non-hydro-equivalent 
since the ice vrms is the same for OMEGA and the NIF while 
the OMEGA-scale’s target size is roughly 4# smaller. Laser 
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imprinting is also non-hydro-equivalent because of the different 
number of beams between OMEGA and the NIF. In the absence 
of perfect hydro-equivalency, two OMEGA-to-NIF extrapola-
tions have been identified: (a) a quasi-hydro-equivalent extrapo-
lation including realistic ice roughness and relatively low levels 
of laser imprinting; (b) a semi-hydro-equivalent extrapolation 
applicable for a larger level of laser imprinting. A quasi-hydro-
equivalent extrapolation requires OMEGA target performance 
characterized by YOC $ 0.6. The performance of such targets 
can be reliably extrapolated from OMEGA scale to the NIF 
scale since it requires a relatively small improvement in YOC 
of only 30%. A semi-hydro-equivalent extrapolation requires 
an OMEGA YOC of 0.3 to 0.6. The extrapolation to NIF scales 
from OMEGA-scale semi-hydro-equivalent implosions is less 
reliable since it requires a large calculated YOC improvement for 
ignition at NIF scales (up to 2.7# for an OMEGA YOC of 0.3). 

In summary, the theory of hydro-equivalency and 2-D simu-
lations of hydro-equivalent implosions indicates that a reliable 
extrapolation to ignition (quasi-hydro-equivalent ignition) 
on a symmetrically illuminating NIF configuration requires 
OMEGA target performance with an areal density of about 
0.3 g/cm2 and a neutron yield of about 6 # 1013. As a short-term 
goal, semi-hydro-equivalent ignition on OMEGA requires less-
demanding implosions that achieve areal densities and neutron 
yields as low as 0.24 g/cm2 and 3 # 1013, respectively. 
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Introduction
To ignite the deuterium–tritium (DT) fuel in an inertial con-
finement fusion1,2 (ICF) implosion, the ion temperature and 
areal density of the central, lower-density region (hot spot) of 
the compressed DT fuel assembly must be sufficient to create 
self-heating by alpha particles produced as a result of fusing 
D and T. A typical ICF target consists of a higher-density shell 
filled with a lower-density fuel vapor. The shell has outer layers 
of ablator materials and an inner layer of frozen DT fuel. To 
compress the main fuel and initiate burn, the shell is acceler-
ated inward by a temporally shaped pressure drive created by 
laser energy that is delivered either directly to the target (direct 
drive) or indirectly by converting its energy to x rays inside a 
hohlraum (indirect drive).1,2 

The peak hot-spot pressure is a critical parameter in ICF 
implosions. It determines the minimum shell kinetic energy 
required to create an igniting hot spot. This follows from a sim-
ple argument2 that if the shell’s kinetic energy is converted into 
the internal energy of the hot spot at stagnation, ,E p Rmax

3
k hs"  

then ,E TR p3 3 2
k hs max+ t_ i  where Rhs, pmax + tT/mi, t, and 

T are the hot-spot radius, maximum pressure, mass density, 
and temperature, respectively, and mi is the average ion mass. 
Since the hot spot must satisfy1–3

 .R T 0 3 5g/cm keV> 2
hs # #t_ i  (1)

to ignite, the fuel’s kinetic energy must exceed a threshold value 
Ek > Ek,min, which depends on the peak pressure

 .E p 2
k,min max+

-  (2)

Equation (2) shows that achieving higher pressures in the hot 
spot relaxes the requirement for the shell’s kinetic energy and 
the laser drive energy. Equation (1) sets the requirement for the 
hot-spot pressure in an igniting target. Since p = (1 + Z)tT/mi 
(for DT fuel, Z = 1 is the ion charge, mi - 2.5 mp is the average 
ion mass, and mp is the proton mass), Eq. (1) gives

 .p R200
50

Gbar
m

>hs
hs

nf p  (3)

The peak pressure also determines the neutron yield for 
subigniting ICF implosions. Indeed, the DT fusion reaction 
rate is vn t V nd d 2

i hs i# #+ v  and the reaction cross section 
is GvvH + T 4.5 (at temperatures T + 2 to 4 keV, which are typical 
for sub-ignition ICF implosions). This leads to a total neutron 
yield of

 ,Y V T tp .
max
2 2 5

hs burn# # #+ D  (4)

where ni is the ion density, Vhs is the hot-spot volume, and 
Dtburn is the burn duration. Using the adiabatic condition for 
the hot spot3,4 Vp /5 3

hs+ -  (see also the discussion later in the 
text), Eq. (4) becomes

 .Y T tp /
max
7 5

burn# #+ D
.2 5  (5)

Equation (5) shows that higher hot-spot pressures lead to higher 
target yields. 

The maximum pressure depends mainly on the following 
two effects: first, the conversion efficiency of the shell’s kinetic 
energy into the hot-spot internal energy at shell stagnation; 
second, the hot-spot size since larger hot-spot volumes lead 
to smaller peak pressures for a given hot-spot internal energy 
Eint, .E Vpmax int hs+  The first effect depends on the fraction 
of shell mass that stagnates at peak compression. At the begin-
ning of shell deceleration [see Fig. 137.15(a)], the pressure of 
the central vapor region of an imploding target (which, together 
with the material ablated from the inside of the shell during 
acceleration, forms a hot spot at the peak compression) exceeds 
the shell pressure and an outgoing shock wave is formed at the 
inner edge of the shell. The vapor (hot-spot) pressure increases 
while the inner part of the shell converges, performing the pdV 
work on the vapor region. The inward shell motion is limited 
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by the deceleration force caused by the pressure gradient in 
the shock-compressed region [see Fig. 137.15(b)]. This pres-
sure gradient is determined first by the pressure behind the 
shock front (which depends on density t and velocity v of the 
incoming shell ahead of the shock, pshock + tv2) and second, 
by the hot-spot pressure, which depends on the hot-spot con-
vergence ratio .Vp /5 3

hs hs+ -  If two implosions are considered 
where the shells have different tv2, the pressure behind the 
shock is lower and the pressure gradient (for a given hot-spot 
volume) is higher in the shell with a smaller tv2. This shell, 
therefore, experiences a stronger deceleration force, leading 
to a larger hot-spot volume at stagnation. The amount of shell 
material overtaken by the outgoing shock is smaller in this 
case, resulting in a reduced fraction of the shell’s kinetic energy 
being converted into hot-spot internal energy. Since the shell’s 
deceleration depends on the density of the incoming shell, the 
excessive decompression of the shell by either the Rayleigh–
Taylor (RT) instability growth5,6 or preheat caused by radiation 
and suprathermal electrons must be prevented.

Predicting the evolution of the hot-spot pressure using hydro-
dynamic code simulations requires accurate modeling of many 
physical processes that take place during the target implosion. 
It is essential, therefore, to validate code predictions of key 
target-performance characteristics at each stage of the implosion 
against the experimental data. In addition, experiments can help 
to identify new physical phenomena (not included in the code 
simulations) that limit target performance. For such purposes, 
cryogenic DT capsules are being imploded on the OMEGA 
Laser System7 using direct-drive laser illumination. The targets 
are 7.3- to 12-nm-thick deuterated plastic (CD) shells with outer 
diameters of 860 nm and 40- to 65-nm-thick cryogenic DT 
layers. These targets are driven using single and multiple-picket 
pulses8 with laser energies of 23 to 27 kJUV at a peak intensity 
of 0.4 to 1 # 1015 W/cm2, reaching implosion velocities (defined 
as the peak mass-averaged shell velocity) of 2.2 to 4 # 107 cm/s.

This article describes recent progress in understanding 
cryogenic implosion performance on OMEGA. The following 
sections (1) describe the cryogenic target designs and the exper-
iments carried out to validate one-dimensional (1-D) implosion 
parameters; (2) discuss target performance; (3) present hydro-
dynamic modeling results; and (4) discuss the performance 
degradation mechanisms, where we also present the strategies 
for demonstrating the ignition hydrodynamic equivalence on 
OMEGA, followed by the conclusions.

Target Designs and Validation  
of 1-D Implosion Parameters

This section describes the cryogenic target designs and 
discusses the experimental campaigns carried out on OMEGA 
to validate the key predicted implosion parameters. The simula-
tion results discussed here are obtained using the 1-D hydro-
code LILAC.9 These simulations include nonlocal electron ther-
mal transport10 and the cross-beam energy transfer model.11–13

The compression of cryogenic DT fuel is studied for a range 
of shell adiabat values of 1.5 < a < 6 [adiabat a is defined as a 
ratio of the shell pressure to Fermi-degenerate pressure at shell 
density (see Target Performance, p. 23, for more details)], 
implosion velocities, and the peak laser intensities. Implosion 
velocity is controlled by varying the CD thickness in a range 
from 7.2 to 12 nm and an ice thickness from 40 to 65 nm. 

Two OMEGA cryogenic target designs are shown in 
Fig. 137.16. The shell adiabat and the in-flight aspect ratio 
(IFAR) in implosions are controlled by changing the energies 

TC11083JR

8

7

6

5

4

3

2

1

0

D
en

si
ty

 (
g/

cm
3 )

Vapor region Shell

Laser
(a)

200

160

120

80

40

0 0

20

40

60

80

100

120

0 20 40 60 80 100 120

D
en

si
ty

 (
g/

cm
3 )

Pr
es

su
re

 (
M

ba
r)

Pr
es

su
re

 (
G

ba
r)

Distance (nm)

(b)

400

300

200

100

0

Shock-compressed
shell

Shock front

pshock

phs

Unshocked shell

Figure 137.15
The mass-density (solid lines, left axes) and pressure (dashed lines, right 
axes) profiles at (a) the beginning of shell deceleration and (b) the maximum 
hot-spot compression for OMEGA cryogenic targets.



ImprovIng Hot-Spot preSSure and demonStratIng IgnItIon HydrodynamIc equIvalence

LLE Review, Volume 13720

and separating of intensity pickets ahead of the main drive 
pulse. The lower-adiabat design, shown as a dashed line in 
Fig. 137.16, has lower-intensity pickets and larger picket-to-
picket and picket-to-main-pulse separations. 

The plastic overcoat is ablated during the main drive pulse 
either fully or partially, depending on its thickness. For a given 
laser energy, there is an optimum CD layer thickness that 
maximizes the drive (ablation) pressure. This is determined by 
the interplay of the laser absorption efficiency, radiation losses, 
electron thermal conduction from the laser-absorption region 
to the ablation front, and ablation efficiency. 

Inverse bremsstrahlung absorption2 is proportional to the 
average square of the ion charge GZ2H. Consequently, having CD 
plasma in the laser-deposition region is beneficial for the overall 
laser absorption because . .Z Z 18 52 2

CD DT -  The higher 
absorption also leads to a larger coronal temperature and an 
increased threshold for the two-plasmon–decay (TPD) instabil-
ity.14,15 Furthermore, the higher average ion charge GZH and the low 
fraction of hydrogen atoms in the plasma corona give an additional 
reduction in TPD growth because of the lower damping rates of 
ion-acoustic waves.16 A thicker CD layer also shields the main fuel 
against radiation preheat from the plasma corona (despite the small 
opacity of DT, calculations indicate that the amount of radiation 
from the plasma corona absorbed in the main fuel is sufficient to 
raise the fuel adiabat by 30% to 50% during target acceleration). 

Using ablator materials with higher GZ2H, on the other hand, 
leads to larger radiation losses. Higher-Z materials also reduce 
the heat conduction from the plasma region, where laser energy 
is absorbed to the ablation front since the thermal conductivity 
is proportional to .Z Z2  This reduces the mass ablation rate 
and the ablation pressure. 

The ablation efficiency, which depends on the ratio of 
atomic weight A and the averaged ion charge G ZH, is higher 
in DT. This dependence follows from the steady-state abla-
tion model,17 where the incoming absorbed laser power flux 
(laser intensity) I is balanced by the outgoing energy flux 
of expanding plasma flow, tv3. Here, t is the plasma mass 
density and v is the expansion velocity. Such a model predicts 
the ablation-pressure and the mass-ablation-rate scalings to 
be pa + I2/3 (A/Z)1/3 and / ,m I A Z/ /1 3 2 3+o ^ h  respectively. Since 

/ / . ,A Z A Z 1 25DT CH -^ ^h h  the ablation pressure and mass abla-
tion rate, as a fraction of absorbed laser energy, are higher in 
DT by 8% and 16%, respectively. 

Considering these competing effects leads to the conclusion 
that absorbing the laser energy in CD and ablating DT result 
in a higher ablation pressure. Since the ablation and absorption 
regions are spatially separated, an optimum CD thickness for 
which the ablation pressure is maximized requires the ablation 
front to propagate in DT while the ablated CD plasma is still 
present in the laser-deposition region. For an OMEGA-scale 
laser system, the optimum CD thickness is +7.5 to 8 nm. This 
is shown in Fig. 137.17, where the ablation pressure is plotted 
as a function of the CD thickness for targets with a fixed shell 
mass and a different ratio of CD to DT layer thicknesses. The 
squares in the figure represent the ablation pressure calculated 
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at the beginning of the shell acceleration and the circles repre-
sent pressures when the shell has converged by a factor of 2.5. 
The CD thickness that maximizes the ablation pressure changes 
from +6 nm earlier in the pulse to 7.5 nm at later times. This 
change occurs because a CD layer thicker than 6.5 nm is still 
being ablated at earlier times, resulting in a lower rocket effi-
ciency. By the time the shell has converged by a factor of 2.5, a 
CD layer thinner than +10 nm is completely ablated, resulting 
in an increased rocket efficiency. If the initial CD thickness is 
less than 7 nm, however, the ablated DT plasma expands into 
the laser-absorption region, significantly reducing the absorp-
tion fraction .Zas a result of a reduced 2` j  

Since the physics of the ablatively driven implosions is com-
plex, it is important to verify that the key implosion parameters 
are modeled correctly. The predicted ablation pressure and the 
mass ablation rate are validated by comparing the simulated shell 
trajectory, the power and spectrum of the scattered laser light, 
and timing of the neutron-production history (bang time) with the 
data. The shell trajectory is verified by comparing the measured 
spatial profile of the x-ray emission from plasma corona18 with 
the predictions. Figure 137.18(a) shows a schematic of the x-ray 
emission map together with a lineout of the self-emission image 

as measured by an x-ray framing camera. Figure 137.18(b) plots 
the simulated electron density (solid line), electron temperature 
(dashed line), and the line-integrated self-emission projected on 
the detector plane (dotted line) for a typical cryogenic implosion 
on OMEGA. This figure shows that the ablation front is in very 
close proximity to the peak in the x-ray emission. Therefore, 
comparing the measured and simulated positions of the peak or 
the inner edge of the emission profile provides a good measure of 
the accuracy in predicting the ablation-front trajectory. Taking the 
time derivative of the ablation-front trajectory gives the ablation-
front velocity.19 It peaks at a value smaller than the implosion 
velocity vimp since the convergence effects move the location 
of the peak pressure from the ablation front to the inner part of 
the shell, creating a force that decelerates only the ablation-front 
region while the average shell velocity continues to increase 
(see Implosion Modeling, p. 27, for more details). Figure 137.19 
shows, as an example, (a) one of the 16 gated self-emission images 
taken during a cryogenic implosion, together with (b) inferred 
ablation-front trajectory, and (c) its velocity. There is excellent 
agreement between the simulation results and the measurements. 

Laser absorption and the ablated plasma evolutions are 
inferred by measuring the power and spectrum of the scattered 
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light.20 Figure 137.20 shows the measured scattered power 
(dashed line), which agrees very well with predictions (solid 
line). The measured and predicted laser-absorption fractions 
are 55!4% and 55%, respectively.

The measured time-resolved scattered-light spectrum is 
compared with the simulations in Fig. 137.21. The temporal 
shifts in the scattered laser light are caused by changing the 
optical path length in the plasma traversed by the laser rays. 
LILAC modeling of the scattered-light spectrum includes cal-
culating frequency shifts21 and convolving the results with the 
incident laser spectrum resulting from smoothing by spectral 
dispersion (SSD).22 Except for a discrepancy at the beginning 
of the main drive, both spectra agree very well. 

The temporal behavior of the spectrum can be understood 
by using a simplified description based on a frequency shift of 
the light reflected from a moving surface (which corresponds 
to the critical surface where the electron density is equal to 
ncr - 9 # 1021 cm–3). The velocity of the critical surface is 
plotted in Fig. 137.22(a). At the early times, t < 0.3 ns, this 
velocity is positive, making the reflecting surface move toward 
the observer and causing a blue shift in the spectrum. Later, 
as the laser intensity begins to rise during the main pulse, the 
velocity rapidly changes to a negative value, causing a red shift 
in the spectrum at t - 1.3 ns. An additional sharp velocity shift 
occurs at t - 1.9 ns. This is caused by the onset of the laser 

Figure 137.20
The measured (dashed line) and predicted (solid line) scattered-light power 
for the OMEGA cryogenic implosion (shot 69514).
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Figure 137.22
(a) Simulated velocity of the critical surface. The posi-
tive velocity early in the pulse (t - 0.1 to 0.3 ns) results 
in a blue-shifted part of the scattered-light spectrum 
(see Fig. 137.21). The sharp velocity variations at 
t - 1.3 and t - 1.9 ns lead to the sharp red-shifted 
features in the spectrum. The pulse shape is shown 
in Fig. 137.21(b) with the white line. (b) The electron 
density (solid lines) and flow velocity (dashed lines) 
in a cryogenic implosion as predicted by LILAC. 
The two vertical lines indicate the positions of the 
critical electron density at two different times during 
the implosion.
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deposition in the ablated DT plasma and a mismatch in the 
electron density across the CD/DT interface, which is a conse-
quence of the continuity in pressure (resulting from momentum 
conservation) and the electron and ion temperatures (because 
of thermal conduction):

 ,n n
T Z T

T Z T
n

1

1
<e,DT e,CD

i DT e

i CD e
e,CD=

+

+

_
_

i
i

 (6)

where ne,CD(DT) and ZCD(DT) are the electron density and the 
ion charge of the plasma on the CD(DT) side of the CD–DT 
interface, and Ti and Te are the ion and electron temperatures, 
respectively. This is illustrated in Fig. 137.22(b), where the 
electron density profiles (solid lines) predicted by LILAC are 
plotted at two different times for a typical cryogenic implo-
sion. After the electron density in the expanding CD plasma 
drops below the critical density at the CD/DT interface, the 
critical surface position jumps farther inward. This is shown 
in Fig. 137.22(b) as the critical density (dotted horizontal line) 
at t = t0 is inside the CD plasma at R - 340 nm. At t = t0 + Dt, 
the critical density moves into DT at R - 324 nm. The separa-
tion between the two density profiles in the CD region is only 
+5 nm. Therefore, an additional +10-nm shift in the critical-
surface position is caused by a transition from the CD to DT 
plasma. As the CD/DT interface travels through the plasma 
corona region toward the lower electron densities (because of 
the ablated-plasma expansion), Ti becomes much smaller than 
Te (the electron–ion energy exchange rate is reduced at lower 
plasma densities), leading to continuity in the electron density. 
When the interface is at the critical density, however, T T 2i e-  
and ne,DT < ne,CD.

The jump in the position of ncr leads to a reduction in 
the expansion flow velocity [shown with the dashed lines in 
Fig. 137.22(b)] at the critical density. Such a reduction is caused 
by the continuity in the mass flux, tv (where ,Am n Zp et =  
A is atomic mass, and mp is proton mass). Without the material 
change, the velocity at the critical density would change from 
a value marked by the solid circle at t = t0 to the open circle at 
t = t0 + Dt. With the transition from CD to DT, the flow velocity 
is reduced to a value marked by the solid circle at R = 324 nm:
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The reduction in the expansion velocity at the critical sur-
face causes the critical surface to move inward faster, lead-

ing to a sharp variation in the critical-surface velocity [see 
Fig. 137.22(a)] and the red-shifted feature in the scattered-light 
spectrum at t - 1.9 ns. Figure 137.21 shows that the observed 
red-shifted part in the spectrum at the end of the pulse is 
delayed and has a somewhat slower rise than that predicted by 
LILAC. This suggests a more-gradual transition from CD to 
DT at the interface, likely a result of mixing of CD and DT in 
the expanding plasma corona. 

In summary, the 1-D dynamics of cryogenic imploding 
shells is modeled correctly using LILAC. This is achieved by 
including the nonlocal electron thermal transport10 and the 
cross-beam energy transfer12 models. This result is very impor-
tant since the measured performance degradation relative to 
the 1-D predictions can be attributed to the multidimensional 
effects, mainly the growth of hydrodynamic instabilities.

Target Performance
Target performance is quantified by several key observables, 

including the neutron-averaged areal density, neutron yield, 
neutron-production history, neutron-average ion temperature, 
and hot-spot pressure.

1. Neutron Yield and Ion Temperature
Figure 137.23 shows the calculated and measured neutron 

yields and the neutron-averaged ion temperatures as functions 
of the calculated implosion velocity. The implosion velocity 
in the simulations is defined as the peak in mass-averaged 
shell velocity:
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where r1 and r2 are the positions where the shell density equals 
emaxt  at the inner and outer sides from shell peak density, 

and t and v are mass density and flow velocity, respectively.

The neutron-averaged ion temperature is calculated using 
the width of the neutron spectrum fn, which includes both the 
thermal and bulk velocity broadenings:23–25
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where i is the angle between flow velocity and the neutron 
detector, GvvH12 is the reaction cross section between spe-
cies 1 and 2, n1 and n2 are the ion densities of species 1 and 2, 
respectively, ,E E E E0-a D=^ _h i  Ma = v/cs is the flow Mach 
number, v is the flow velocity, c T ms i i=  is the ion sound 
speed, m m m 2i n= + a` j  is the average ion mass of reaction 
products, ,E m m m Q0 n= +a a` j  Q is the nuclear energy 
released in a fusion reaction (Q = 17.6 MeV for D + T reaction), 
mn and ma are the masses of the reaction products (neutron and 
alpha particle for DT), and 
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m T E

2
0

n

n i
D = + a

 

Taking the integral over the angles [assuming the spherical 
symmetry in Eq. (9)] yields
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where erf(x) is the error function and R is the site of the neu-
tron-production region. Integrating Eq. (10) over the neutron-
production time and fitting the result with a Gaussian with a 
full width at half maximum (FWHM) = DEfit, 
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defines an effective temperature 
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which for DT reactions leads to25 .T E 177 2
i n,fit fitD= ` j  Both 

DE and Ti in the latter equation are in keV. The ion temperature 
is inferred in an experiment by measuring the temporal width 
of the neutron time of flight, DTOF.  Using the relation between 
the neutron energy spread DE and DTOF, 
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L2 2TOF where TOF

0 0

TOF nD D
= =f p (12)

in Eq. (11) gives
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For DT, Eq. (13) reduces to
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Figure 137.23
(a) The measured (diamonds) and 1-D predicted (circles) neutron yields; (b) the neutron-averaged ion temperatures for OMEGA cryogenic implosions. The 
typical error bar for the measured ion temperature is !4%.



ImprovIng Hot-Spot preSSure and demonStratIng IgnItIon HydrodynamIc equIvalence

LLE Review, Volume 137 25

where L is the distance from detector to target in meters and 
DTOF is in nanoseconds.25 

The predicted neutron yield in Fig. 137.23(a) scales as 

 D- v ,Y .6 0 8
1 imp+ a

-  (15)

while the best fit to the experimental yield gives

 v ,Yexp
5
imp+ a  (16)

where a is defined as the mass-averaged adiabat
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calculated using LILAC, dm = 4rtr2dr is a differential of the 
mass coordinate, mb is the position in the mass coordinate 
where m emaxbt t=` j  at the inner shell surface, tmax is the 
peak density, mshk is the shell mass (shocked mass) overtaken 
by the return shock at the time of the peak neutron production 
(bang time), 
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mi and me are the average ion and electron masses, respectively, 
Z is the average ion charge, and  is the Planck constant. In 
general, a increases with time during the shell acceleration, 
mainly because of radiation heating from the plasma corona. In 
this article, adiabat a is calculated near the beginning of shell 
acceleration, when Ra = 2/3 Rvapor,  where Ra is the ablation-
front radius and Rvapor is the radius (initial radius) of the vapor 
region of an undriven shell. 

The lower-adiabat implosions are predicted to result in 
higher fuel compression and higher ion temperatures. This 
leads to higher yields if the multidimensional effects are not 
taken into account. The target performance in an experiment 
is strongly degraded, however, as the adiabat is reduced26 
(because of a weaker ablative stabilization and, consequently, 
the larger growth of the RT instability), leading to a linear 
dependence of the measured yields on a. Figure 137.24 plots 
the neutron yields normalized to LILAC predictions. As the 
fuel adiabat gets smaller, the yields drop with respect to the 
1-D predictions. This indicates that the shell stability plays a 
crucial role in determining target performance. 

2. Areal Density
In addition to the target yields, the performance degradation 

is quantified by plotting the neutron-averaged areal-density 
reductions (with respect to the 1-D predictions) as a function 
of adiabat and the target IFAR. Here, 
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is defined near the beginning of shell acceleration, when the 
ablation front is at Ra,2/3 = 2/3 Rvapor. The shell thickness D is 
defined as the distance between the inner and outer positions 
where the shell density equals the initial density of the ablator 
(t = 1.08 g/cm2 for CD). Figure 137.25(a) shows the map of 
the absolute values of the areal density averaged over two inde-
pendent measurements using the magnetic recoil spectrometer 
(MRS)27 and a highly collimated neutron time-of-flight (nTOF) 
detector.28 The black points represent the individual OMEGA 
shots. The map was created by interpolating the tR values 
between the experimental points. 

As the fuel adiabat gets smaller and the shell IFAR larger, 
the measured tR drops with respect to the 1-D predictions. 
Figure 137.25(b) shows that a stability boundary, defined by

 ,20 3IFAR .1 1
boundary - a_ i  (20)

separates the region where more than 85% of the 1-D–predicted 
areal density is observed (on the right side from the boundary) 
and the region where shell compressibility is compromised by the 
nonuniformity growth and the measured areal density is reduced.

Figure 137.24
Experimental yields normalized to LILAC predictions. Only data for shells 
with CD thicknesses of 7.5 to 8.3 nm are shown.

TC10812JR2

0.4

0.3

0.2

0.1

0.0
2.0 2.5 3.0 3.5 4.0 4.5

Y
ex

p 
/Y

1-
D

Adiabat



ImprovIng Hot-Spot preSSure and demonStratIng IgnItIon HydrodynamIc equIvalence

LLE Review, Volume 13726

3. Hot-Spot Pressure
The hot-spot pressure evolution in the experiments is esti-

mated using the ratio of the predicted and measured neutron-
production histories. With the help of Eq. (5), the neutron-
production rate can be written as

 .N
t
N

Tpd
d / .7 5 2 5

hs i+=o  (21)

Then, taking the ratio of the experimental and predicted No  and 
using the result to obtain the hot-spot pressure inferred in the 
experiment pexp

hs  gives

 .p T
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exp exp exp
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theory theory
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o

o

f fp p  (22)

The neutron-production measurement is time resolved,29 while 
the neutron-averaged ion temperature is a time-integrated 
quantity. In evaluating Eq. (22), therefore, the time-integrated 
neutron-averaged temperatures are used in both the measured 
Texp and predicted Ttheory ion temperatures. Figure 137.26 
shows the temporal evolutions of the measured and 1-D–pre-
dicted neutron-production rates; the predictions include the 
instrumental as well as the thermal and bulk-velocity broaden-
ing, as shown in Eq. (10). The calculated and inferred hot-spot 
pressures are plotted in Fig. 137.27 for two OMEGA shots with 
similar 1-D implosion parameters (a + 4). The figure indicates 
that 35% to 40% of the hot-spot pressures predicted by LILAC 
is achieved in OMEGA cryogenic implosions at these moderate 
adiabat values. These pressure values are consistent with the 
results of the hot-spot model described in Ref. 30. 

The hot-spot pressure evolution for a lower-adiabat implo-
sion (a + 2) is shown in Fig. 137.28. Although the predicted 
peak pressure increases to 150 Gbar, the pressure inferred in 
the experiment is reduced compared to that in the inferred 
higher-adiabat implosions. 

A two-dimensional (2-D) map of the neutron-averaged 
hot-spot pressures and the ratios of the inferred and predicted 
pressures is shown in Fig. 137.29. The hot-spot pressure peaks 
at a + 4 and an IFAR + 22. The pressure is lower in implosions 
with a smaller IFAR because of the reduced predicted values 
[lower implosion velocities or higher adiabats lead to lower hot-
spot pressures (see Discussion, p. 35)]. A reduced pressure for 
the higher-IFAR implosions is due to a loss in the target stabil-
ity. This will be discussed in more detail in the next section. 

Figure 137.25
(a) Contour map of the measured areal density as 
a function of calculated adiabat and IFAR. The 
contours represent a linear fit to the experimen-
tal data (black points). (b) Contour map of the 
measured areal density normalized to LILAC 
predictions. The dashed line (a stability bound-
ary) separates the region where more than 85% of 
the 1-D–predicted areal density is observed and 
the region where the shell areal density is sig-
nificantly reduced because of the hydrodynamic 
instability growth.
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Figure 137.26
The measured (dashed line) and predicted (solid line) neutron-production 
histories for an a = 4 cryogenic implosion (shot 69514).

TC10956JR

1.0

0.8

0.6

0.4

0.2

0.0
2.3 2.4 2.5 2.6 2.7

Time (ns)

1-D calculation

Data

N
eu

tro
n 

ra
te

 (
s–

1 )
 (
×1

02
4 )



ImprovIng Hot-Spot preSSure and demonStratIng IgnItIon HydrodynamIc equIvalence

LLE Review, Volume 137 27

Implosion Modeling
This section describes the analysis of the cryogenic target 

performance based on 2-D simulations in the next subsection 
and using simplified analytic models, see p. 28). 
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Figure 137.27
The calculated (solid lines) hot-spot pressure and the pres-
sure inferred (dashed lines) using the measured neutron-
production history and ion temperature for two a - 4 
implosions. The predicted and inferred peaks in the central 
pressure pmax are 100 Gbar and 41 Gbar (shot 69514) and 
100 Gbar and 33 Gbar (shot 68951), respectively. The 
predicted and inferred neutron-averaged hot-spot pressures 
G pH n are 72 Gbar and 29 Gbar (shot 69514) and 66 Gbar 
and 24 Gbar (shot 68951), respectively. 
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Figure 137.28
The predicted (solid line) and inferred (dashed line) hot-spot pressure for an 
a - 2.1 implosion (shot 69236).

1. Integrated Two-Dimensional Simulations
To improve the target performance and demonstrate the 

ignition hydrodynamic equivalence of cryogenic implosions on 
OMEGA, it is important to understand the trends in the experi-
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mental data shown in Figs. 137.24 and 137.29. As a first step, the 
2-D hydrocode DRACO31 was used to calculate the effects of 
the target-surface roughness, the short-wavelength, single-beam 
nonuniformity (laser imprint), and the long-wavelength illumina-
tion nonuniformities caused by the beam power imbalance, the 
beam-overlap pattern, the beam mistiming, and target offset. 
Figure 137.30 shows the simulation results32 of the mid-adiabat 
(a + 4) implosion (OMEGA shot 69514). Table 137.III sum-
marizes the predicted and measured performance parameters. 
Table 137.III and Fig. 137.30 indicate that the neutron yield, 
areal density, and burnwidth are in very good agreement with 
the observables. The size of the x-ray image calculated using the 
DRACO simulation post-processed with the radiative transfer 
code Spect3D33 is also in good agreement with measurements 
made using the gated x-ray imager (GMXI).34 

Simulations of lower-adiabat (a + 2) implosions, however, 
fail to reproduce the experimental data. The measured areal 
densities are significantly lower than the simulated values (by 

a factor of 1.5 to 2), the experimental burn width is larger by 
almost a factor of 2, and the size of the x-ray emission region 
is significantly larger as well. The results of simulations are 
compared with the data in Table 137.IV.

Table 137.III: Summary of the measured and DRACO-calculated 
target performance parameters for an a = 4 cryogenic 
implosion (shot 69514).

Observables Simulation Experiment

Yield (#1013) 3.9 3.0!0.1

Ti (keV) 3.7 3.6!0.3

tR (mg/cm2) 180 175!15

phs (Gbar) 32 30!5

Table 137.IV: Summary of the measured and DRACO-calculated 
target performance parameters for an a = 2 cryogenic 
implosion (shot 69236).

Observables Simulation Experiment

Yield (#1013) 1.7 1.1!0.1

Ti (keV) 2.9 3.0!0.2

tR (mg/cm2) 190 110!13

Burnwidth (ps) 80 115!10

phs (Gbar) 41 18!5

This limited ability of the hydrodynamic simulations to 
explain the observables in the low-adiabat implosions on 
OMEGA is common to that in indirect-drive cryogenic implo-
sions35 at the National Ignition Facility (NIF).36 To understand 
the factors limiting the target performance, it is not sufficient 
to rely solely on the simulations because of uncertainties in 
the physical models used in these codes. In addition, not all 
the sources of the target and illumination nonuniformities can 
be identified and characterized with the precision required to 
resolve the performance-relevant spatial scales. Simplified 
theoretical models can help in developing a physical under-
standing of the implosion dynamics and failure mechanisms. 
Such models will be described in the next section. 

2. Simplified Models of the Implosion Dynamics
The peak hot-spot pressure can be estimated using the argu-

ment that stopping the incoming shell with density tshell and 
velocity vimp by a strong shock requires a shock pressure of

 v3t .pmax
2

shell imp- 4  (23)

E22296JR

Time (ns)

N
or

m
al

iz
ed

 n
eu

tr
on

 r
at

e

2.3 2.4 2.5 2.6

x (nm)

y 
(n

m
)

0

20

0

1

0

–20

–40

–60
–50 50

260  

4.0

0.6

Intensity
(arbitrary units)

(a)

(b)

Figure 137.30
(a) Measured (solid line) and simulated using the 2-D hydrocode DRACO (dashed 
line) neutron-production history for a mid-adiabat (a + 4 shot 69514) implosion. 
(b) A lineout of the measured time-integrated x-ray emission (red dashed line) 
and the results of a DRACO simulation post-processed using Spect3D [shown as 
a contour map of intensity and a lineout of this map (black line)].
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Using the in-flight shell quantities (an ablation pressure of 
100 Mbar, fuel adiabat a + 1, and shell velocity vimp = 4 # 
107 cm/s), Eq. (23) gives only 
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an order of magnitude lower than the peak pressure predicted 
in a hydrodynamic code simulation at these conditions. The 
source of the pressure deficiency in using this simple argument 
is the spherical convergence effects that are important during 
the final stages of the hot-spot formation (tshell & tin flight). The 
shell convergence increases the density of the incoming shell 
during the deceleration. Because peak stagnation pressures 
exceeding 100 Gbar are required in an igniting hot spot, it is 
crucial to understand the dynamics of shell deceleration and 
the hot-spot pressure amplification near stagnation. 

The hot-spot pressure’s dependence on the shell convergence 
provides a starting point in describing the deceleration dynam-
ics. Since the thermal conduction losses from the hotter central 
region to the colder shell material are balanced by the internal 
energy flux of the ablated material back into the hot spot, pres-
sure inside the hot spot is not affected by the ablation and can 
be calculated using the adiabatic approximation3 ,Vp /5 3

hs hs+ -  
where Vhs is the hot-spot volume. If Vhs,0 and phs,0 are the 
volume and pressure of the vapor region at the beginning of 
shell deceleration, the time evolution of the hot-shot pressure 
can be described by

 .p V

V
p ,

,
/

0
0

5 3

hs hs
hs

hs
= f p  (24)

As the hot spot approaches stagnation and the electron tem-
perature starts to rise (the electron–ion energy exchange rate 
increases with the hot-spot density), the hot-spot mass increases 
because of the mass ablation from the inner part of the shell. 
Consequently, the temporal behavior of the ventral pressure 
cannot be described by the central density alone, ,p /5 3

hs hs? t  
even though Eq. (24) is satisfied. The central pressure peaks as 
the hot-spot volume reaches its minimum value Vmin,

 .p V
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0
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5 3

hs
hs

= f p  (25)

Calculating the peak central pressure, therefore, reduces to 
determining the vapor pressure phs,0 at the beginning of the 
shell’s deceleration and the hot-spot volume reduction fraction 
during deceleration V V, min0hs  [this is related to the hot-spot 
convergence ratio (CR), pmax + CR5, in a 1-D implosion].

The shell position and the vapor volume Vhs,0 at the start of 
deceleration are the key parameters since the farther the shell 
moves inward before it begins to decelerate, the higher the shell 
density tshell (because of the convergence effects) and, accord-
ing to Eq. (23), the higher the maximum pressure ( v2

shell impt  is 
larger because of the higher tshell). The shell deceleration begins 
when the vapor pressure, amplified by the shell convergence, 
exceeds the shell pressure (which is higher for the higher ablation 
pressures). Therefore, the onset of shell deceleration depends on 
the vapor and shell pressure evolutions during the shell accelera-
tion. The vapor pressure history will be discussed first.

a. Vapor-pressure evolution.  Three main effects contribute 
to the increase in vapor pressure during the implosion: (1) the 
compression of the initial vapor mass introduced into the 
central part of the target during the cryogenic-layer forma-
tion; (2) the density rarefaction (material release) at the inner 
part of the shell during the acceleration; and (3) the excessive 
nonuniformity growth that leads to the shell breakup, inject-
ing the cold shell and plasma-corona materials into the vapor 
region. The first contribution can be calculated using the pres-
sure–density relation 

 ,p ,
/

1
5 3

v v vna t=  (26)

where av is the adiabat of the vapor region, pv,1 and tv are the 
vapor pressure and density, respectively, and n is defined in 
Eq. (18). The vapor volume Vv gets smaller during the shell’s 
convergence, so the average vapor density increases as 

 ,Vp V,, 00v vv vt=  (27)

where tv,0 and Vv,0 are the density and volume of the vapor 
region in an undriven target. Neglecting the kinetic effects of 
ions, the vapor adiabat is determined mainly by shock heating: 

 ,
p

/5 3v
v,shk

v,shk
a

nt
=  (28)

where pv,shk and tv,shk are the pressure and density behind 
the leading shock that travels in the vapor and n is defined 
in Eq. (18). Since the leading shock is strong, tv,shk - 4tv,0; 
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it can be shown that the relation between the ablation and shock 
pressures takes the form

 ,pp 1 2 5 1,
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where pa,0 is the ablation pressure at the beginning of shell 
acceleration and t0 is the initial (undriven) main fuel density 
(t0 - 0.25 g/cm3 for DT ice). Using Eqs. (26)–(29) gives the 
vapor adiabat
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and the contribution to the vapor pressure related to the con-
vergence of the initial vapor mass becomes

 .V

V
p

p

4
1 2 5 1, /

, , ,
/

,
/

1 5 3
0

0

0

0

0
1 5

0
5 3

v
a v v

v

v
-- t

t

t

t
+ f fp p> H* 4  (31)

The convergence effects of the leading shock wave break the 
validity of Eq. (29) near the target center, so Guderley’s solu-
tion37 must be used. The volume of the vapor region where this 
occurs, however, is small compared to the total vapor volume. 
A correction to the vapor pressure caused by an increase in the 
shock strength near the origin, therefore, is small. 

Strictly speaking, the shock convergence effects near the 
target center cannot be described using Guderley’s solution 
either because of ion heating that becomes strong enough to 
raise the ion temperatures to a few keV at the shock front. The 
ions in the high-energy tail of the distribution function travel 
ahead of the shock in this case,38 preheating the vapor region 
and raising its adiabat. The higher adiabat leads to an increase 
in the vapor pressure (for a given vapor mass), causing shell 
deceleration to start sooner. 

Equation (31) shows that the vapor pressure decreases when 
the initial vapor mass and density are reduced. Therefore, mini-
mizing the initial vapor mass improves the areal densities at peak 
compression by increasing the shell convergence prior to the onset 
of the deceleration. The lower limit of the vapor pressure (when 

the initial vapor mass is very small) is determined by the density 
rarefaction formed at the inner part of the shell during the implo-
sion. A low-density tail of the released material travels ahead 
of the higher-density part of the shell, contributing to the vapor 
mass. A simplified scaling for the vapor mass with the implosion 
parameters can be obtained by assuming that a strong shock with 
a pressure pa breaks out of a material with the post-shock sound 
speed csa and density ta into the material with density tv,0. The 
released material moves inward with the velocity39

 v v ,c p
p

3 1
/1 5

tail shell sa a

v,shk
-= + f p> H  (32)

where pv,shk is calculated using Eq. (29). The accumulated mass 
in the rarefaction tail calculated from the lowest-density point 
up to the density t is
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4
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rf sa a a a

v,shk
--t r t t

t` f fj p p> H  (33)

where R is shell position and t is time. Since the tail expands 
with a velocity greater than the shell’s velocity [see Eq. (32)], 
the accumulated mass in the rarefaction increases with time, 
as shown in Eq. (33). Using the total shell acceleration time 
t t E R I4 2

imp L+ r= ^ h (where EL is the laser energy and I is 
the laser intensity) in Eq. (33) and writing the mass density as 

p /3 5
a a inner+t a` j gives the scaling for the mass in the rarefac-

tion tail at the end of the shell acceleration:
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where ainner is the adiabat of the inner part of the shell. Then, 
the contribution to the vapor pressure caused by the mass 
buildup from the rarefaction tail (the second contribution to 
the vapor pressure in our notation) 

 p V

m
,

/

2

5 3

v inner
v

rf
na= f p  (35)

with the help of Eq. (34) and the scaling for the initial vapor 
size [see Eq. (71) later in the text] becomes
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Matching Eq. (36) with the simulation results leads to using  
t/ta + 0.1 in the coefficient Ct. As the fill pressure (vapor den-
sity) increases, p pv,shk a increases as well and the contribution 
to the hot-spot pressure from the material release into the target 
center becomes small. Equation (36) tends to overestimate the 
pressure because Eqs. (32) and (33) are written in the shell’s 
frame of reference, assuming that vshell is a constant in time. 
The shell velocity in ICF implosions, however, increases with 
time, reducing the velocity difference between the shell and the 
trailing edge of the rarefaction wave. This makes the mass in 
the rarefaction tail smaller than predicted by Eq. (34). 

Since the rarefaction’s contribution to the vapor pressure 
depends on the adiabat ainner,  material heating at the inner 
part of the shell caused by the shock mistiming, radiation, or 
suprathermal-electron preheat can result in a greater material 
expansion. In addition, significant reduction in the hot-spot 
pressure can occur compared to the case when such heating is 
not taken into account. In an optimized design, the gain in mass 
of the vapor region from the release is minimized by accurately 
timing shocks emerging from the cold fuel shell.

The third contribution to the pressure and the mass enhance-
ment in the vapor region is due to multidimensional effects. 
These include jets of material created by local shell nonuni-
formities as well as fluxes of the ablated plasma through the 
holes in the shell that result from the excessive RT growth at the 
ablation front. These effects lead to an injection of the material 
with relatively high adiabat amix & ashell (Ref. 40). The vapor 
pressure contribution caused by the mix is

 ,p V

m
,

/

3

5 3

v mix
v

mix
na= f p  (37)

where mmix is the injected mix mass.

The effect of shell breakup and the ablator mass injection 
into the vapor region was studied in Ref. 40, where a series of 
2-D DRACO simulations were performed assuming localized 
mass perturbations of 5 to 30 nm in diameter and 0.5 to 1 nm 
in height as an initial nonuniformity source on the outside of 
the target. The simulations show that these features signifi-
cantly distort the first shocks launched by the intensity pickets 
early in the laser pulse, introducing significant modulations in 

the lateral mass flow and creating low-density bubbles inside 
the ablator and the main fuel layer at the beginning of shell 
acceleration. Since the ablation stabilization is not efficient 
inside the cold bubbles,41 the bubble growth is significantly 
enhanced as the shell starts to accelerate. The bubble veloc-
ity42 v d gbubble bubble+  (where dbubble is the bubble diameter 
and g  is the shell acceleration) competes with the material 
release rate at the inner surface of the shell [see Eq. (34)] and 
shell thickening resulting from convergence. When the bubble 
amplitude exceeds the in-flight shell thickness, the bubble 
“bursts” into the vapor region, injecting the ablator and the 
cold fuel mass into the central part of the target. In addition, 
the pressure difference between the ablation front and the vapor 
region creates a flow of ablated material from the plasma corona 
into the vapor region. Since the material releases more slowly 
in lower-adiabat shells and the main shell is thinner, the shells 
in such implosions are more likely to break up because of the 
bubble growth. 

The simulation results, summarized in Fig. 9 of Ref. 40, 
indicate that to reduce the peak areal density by a factor of 2, the 
ablator and cold fuel material must be injected with a mass that 
is +15# larger than the initial vapor mass. For the DT vapor at 
the triple point, the initial mass density is +0.6 mg/cm3, which 
corresponds to the initial vapor mass of 0.12 ng for OMEGA 
cryogenic targets. 

Next, the inferred hot-spot pressure and the measured 
neutron-production rate in an a + 2 cryogenic implosion are 
compared with the results of DRACO simulations. The level of 
the pre-imposed local defects in such simulations was varied to 
match the observed areal density and neutron yield. This leads 
to 2 ng of ablator and main fuel material being injected into 
the vapor region because of hydrodynamic instability growth 
during acceleration. The simulation results and the data are 
compared in Fig. 137.31. Observe the excellent agreement 
between simulation results and the data. This suggests that, 
indeed, the degradation in the performance of the low-adiabat 
implosions results from a significant mixing of the ablator 
material into the vapor region. The main source of the local-
ized nonuniformities in OMEGA cryogenic targets, however, 
remains unknown. Significant shock distortions can be caused 
by either surface features or ice defects localized at the CD/
DT interface created, for example, as a result of the early-time 
laser shinethrough.43

In summary, the pressure buildup inside the converging 
target is caused by compression of the original vapor mass, the 
material release from the inner part of the shell during accelera-
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tion, and mixing of the ablator and cold fuel inside the target’s 
vapor region because of the RT growth at the ablation front. 
The central pressure increase causes the early shell decelera-
tion and stagnation, resulting in lower final fuel compression.

b. Shell acceleration and shell-pressure evolution.  The onset 
of the shell deceleration depends not only on the vapor but also 
on the shell pressures because the shell begins to slow down 
when the radial pressure gradient pointing toward the target 
center is formed. During the early stages of an implosion, when 
the convergence effects are not important, the maximum shell 
pressure is equal to the ablation pressure and the pressure peak 
is localized near the ablation front. When convergence becomes 
important, the pressure maximum exceeds the ablation pres-
sure and the pressure peak moves inside the shell. The basic 
features of the shell dynamics in convergent geometry can be 
studied using a model based on an approximate solution of the 
momentum–conservation equation. This model is described 
in Appendix A, p. 43, where the shell pressure is written as a 
second-order polynomial in the mass coordinate: 

 , ,p m t p p t M
m

p t M
m

1 1 11 2

2

a - -= + +t t_ ^ d ^ di h n h n> H  (38)

where m is the mass coordinate defined by a differential equa-
tion dm/dr = 4rtr2 and M is the shell mass. The maximum 
shell pressure pshell equals the ablation pressure pa when 

;p 0<1t  pshell exceeds pa when p1t  becomes positive because 
of convergence effects [see Eq. (A2) for the dependence of 
p1t  on the implosion parameters]. In the latter case, the peak 
pressure moves inside the shell and, consequently, the ablation 
front stops accelerating [see Eq. (A9)]. The time at which the 
pressure gradient at the ablation front changes from a positive 
to a negative value plays an important role in designing a target 
because this is when the absorbed laser energy no longer con-
tributes to the shell’s acceleration. Therefore, in an optimized 
implosion, the end of the laser drive must occur when .p 01 -t  

The ablation-front position at this time can be calculated 
with the help of Eq. (A13):
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where Ra is the ablation-front radius and pa,0 is the ablation 
pressure at the beginning of the shell’s acceleration. The power 
index of the ablation-pressure evolution b and parameter e are 
defined in Eqs. (A5) and (A7), respectively. Equation (39) can 
be rewritten as
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where V R4 3 3
a ar= _ i  is the target volume and ta is the shell 

density at the ablation front (peak shell density). The first term 
in the left-hand side of Eq. (40) is proportional to the ratio of 
the shell’s thickness to the ablation-front radius (this ratio is 
inversely proportional to the IFAR). The second term is the 
ratio of the shell’s kinetic energy Ek and the internal energy 
Ein,a = (3/2)paVa. The IFAR decays and the ratio of energies 
increases as the shell converges and accelerates. Therefore, the 
ablation front stops being accelerated when 
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Figure 137.31
(a) The hot-spot pressure evolution inferred from the measurements 
(shot 66613, a = 2) using Eq. (22) (solid line) and predicted using LILAC 
(dotted line) and DRACO (dashed line). (b) The neutron-production history 
measured (solid line) and predicted (dashed line) using DRACO simulations 
with the pre-imposed local defects on the outer surface of the target.
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The shell’s kinetic energy and the ablation pressure do not 
depend on the shell adiabat, and, for a given shell radius, the 
IFAR is larger when the shell adiabat is lower. According to 
Eq. (41), compared to the higher adiabat, the lower-adiabat 
shells accelerate for longer distances. 

Equation (40) can also be written in terms of the ablation-
front Mach number :R ca s

o  

 ,V M c
R

3
1

10 3
5

3a a s

a
- -t

b b
=

o

d dn n  (42)

where c p5 3s a at= _ `i j is the shell’s sound speed. The 
numerical factor in Eq. (42) varies from 0.45 to 0.65 for values 
of b relevant to the ICF implosions. During the implosion, the 
shell’s density times the target volume taVa decreases (mainly 
because of a reduction in volume) and the shell’s Mach number 
increases .Rbecause of an increase in a

o` j  The ablation pressure 
stops accelerating the ablation front when these two terms are 
equal: .V M R ca a a s+t o  Even though the ablation-front veloc-
ity does not increase after that time, the parts of the shell where 
the pressure gradient is positive are still being accelerated. The 
total shell kinetic energy, therefore, keeps increasing until the 
vapor pressure exceeds the shell’s pressure and a return shock 
is launched into the incoming shell. The longer the time delay 
between the end of the ablation-front acceleration and the return 
shock formation, the larger the velocity gradient in the shell and 
the lower the shell density, which results in lower stagnation 
pressures (for more details, see the discussion in Shell Decel-
eration below). Furthermore, the longer acceleration distances 
in the lower-adiabat implosions lead to enhanced RT growth 
factors at the ablation front. Note that the onset of ablation-front 
deceleration can be measured experimentally by imaging the 
x-ray emission from the plasma corona, as discussed in Target 
Designs and Validation of 1-D Implosion Parameters, p. 19.

After the location of the peak pressure moves from the abla-
tion front inside the shell (because of the convergence effects), 
the shell mass coordinate of this location and the value of the 
peak pressure become
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respectively. Note that pshell is positive because p2t  is negative. 
At this stage in the implosion, p2t  can be simplified to
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where the coefficient 3/5 3/5 3/5C 2 4 13- - - -b b b=b _ _ _i i i  
changes from 0.8 to 1.2 for the values of b relevant to the direct-
drive implosions.

In summary, the start of shell deceleration is determined by 
the relative evolutions of the vapor [Eqs. (31), (36), and (37)] and 
the shell [Eq. (44)] pressures. The target performance increases 
when the onset of deceleration is delayed. This is achieved by 
maximizing the shell and ablation pressures and minimizing 
the vapor pressure. The ablation front stops accelerating when 

.V M R ca a a s+t o  The early ablation-front deceleration 
in the shells with higher adiabats, larger masses, and lower 
ablation-front densities leads to larger shell-velocity gradients 
and lower shell densities during the shell deceleration, resulting 
in lower stagnation pressures. 

c. Shell deceleration.  Soon after the vapor pressure exceeds 
the shell pressure [see Fig. 137.15(a)], a shock is formed at the 
inner surface of the shell, as illustrated in Fig. 137.32. The 
shock travels from the vapor region toward the ablation front. 
The inner part of the shell overtaken by the return shock 
(the shocked shell) is being decelerated by a force that is a 

TC11088JR

12

10

8

6

4

2

0
0 20 40 60 80 100

D
en

si
ty

 (g
/c

m
3 )

Pr
es

su
re

 (G
ba

r)

Vapor
Incoming

shell

Distance (nm)

1.2

1.0

0.8

0.6

0.4

0.2

0.0

tshock,0

Ablation
front

Return
shock

Figure 137.32
The density (solid line, left axis) and pressure (dashed line, right axis) profiles 
at the time when the return shock is launched into the incoming shell.



ImprovIng Hot-Spot preSSure and demonStratIng IgnItIon HydrodynamIc equIvalence

LLE Review, Volume 13734

consequence of the higher pressure at the hot spot phs and the 
lower pressure at the shock front pshock (see Fig. 137.33). The 
hot-spot pressure continues to increase while the shocked shell 
converges inward, reducing the hot-spot volume (if the multi-
dimensional effects are taken into account, the volume history 
depends also on the hot-spot distortion growth). 
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Snapshots of the density (solid line, left axis) and pressure (dashed line, right 
axis) profiles during shell deceleration. The following three regions can be 
identified at this time: (I) the unshocked shell, (II) the shocked shell, and 
(III) the vapor region (hot spot).

The model describing the shell and hot-spot evolutions dur-
ing the shell deceleration is presented in Appendix B (p. 45). 
Here, the main results are summarized. 

The hot-spot radius Rhs is determined by the momentum–
conservation equation (Newton’s law)
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t
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where Shs is the surface area of the hot spot, tshock,0 and Vhs,0 
are the shell’s density at the inner edge of the shell and hot-spot 
volume at the beginning of shell deceleration, respectively (see 
Fig. 137.32), and Ms is the mass of the shocked shell (shocked 
mass). The factor inside the brackets in Eq. (46) is due to the 
nonlinear variation of the shell’s pressure with the mass coor-
dinate. The shocked mass, shock pressure, and shock position 
are determined by Hugoniot conditions:39

 ,
t

M
p p S3 4d

d s shell,s
shock shell,s shock

t
= +  (47)

 

v v

p p p p3 4shock shell,s
shell,s

shock,s shell,s

shell,s shock#

-

-

t
= +

,

`

a

j

k
 

(48)

and

 v ,
t

R p p

3

4

d

d shock

shell,s

shock shell,s
shell,st

=
+

+  (49)

where Sshock is the shock-front area. Refer to Fig. 137.33 for 
definitions of tshell,s, vshell,s, and vshock. In the strong-shock 
approximation, these relations are reduced to the expressions 
shown in Eq. (B9).

The shock pressure pshock increases during the decelera-
tion because of an increase in tshell (resulting from the shell 
convergence) and the deceleration of the shocked shell (which 
leads to a reduction in v .shock h  The rate of increase in pshock 
is reduced by the deceleration of the unshocked shell (which 
leads to a reduction in v .shock h

Because of convergence, the density of the unshocked shell 
increases as 
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(50)

where the numerical coefficient 3/5C 2 2 5d - -b b= _ i  
ranges from 0.8 to 0.9 for the values of b relevant to the direct-
drive implosions, cs,0 is the shell’s sound speed at the beginning 
of deceleration, t0(m) and r0(m) are the shell density and posi-
tion as functions of mass coordinate at the beginning of shell 
deceleration, and td is the starting time of the shell deceleration. 
The deviation from a 1/r2 dependence in the density evolution 
is due to the velocity gradient inside the unshocked shell. 

The reduction in the shocked shell velocity vshock is 
calculated by relating it to the convergence rate of the hot spot, 
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The velocity slowdown in the unshocked region is calculated 
using the momentum conservation v ,t S p md dshell shock- 2 2+  
where the pressure gradient is 
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and 
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The second term in Eq. (52) grows faster than the first term. 
This leads to a negative pressure gradient and deceleration of 
the unshocked shell.

Equations (46)–(51), together with the hot-spot pressure’s 
dependence on shell convergence [see Eq. (24)], define the 
deceleration model. It can be used to study the effects of differ-
ent implosion parameters on the peak hot-spot pressure. Using 
these equations, simplified scalings for the hot-spot pressure and 
shocked mass are derived in Implosion Scaling Laws (below) 
to guide a physical understanding of deceleration dynamics.

In summary, the maximum hot-spot pressure depends on the 
convergence ratio of the shocked shell, which, in turn, depends 
on the shell’s deceleration rate. The larger the pressure gradient 
inside the shocked shell (larger difference between phs and 
pshock) and the smaller the rate of increase in the shocked mass 

,M td ds` j  the larger the shell deceleration rate and the smaller 
the final convergence ratio of the shell. The pressure gradient 
increases and the rate of the shocked mass growth is reduced 
if the density and velocity of the incoming shell are reduced. 
The pressure gradient is also increased in implosions with a 
larger vapor mass and pressure at the onset of shell deceleration. 

Discussion
This section derives the simplified scaling laws for the hot-

spot pressure and the shocked mass at stagnation. Then, to 
quantify the effects of the ablation-front mix and the ablator-

to-vapor mix on target performance, the measured areal density 
is shown as a function of the predicted unshocked-shell mass.

1. Implosion Scaling Laws
The model described in the previous section suggests the fol-

lowing simplified description of shell deceleration and hot-spot 
formation: The hot-spot pressure continues to increase until the 
shell’s material overtaken by the return shock stagnates. If the 
duration of shell deceleration is Dtdec, Eq. (46) gives
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The shell mass overtaken by the shock (the shocked mass), 
according to Eq. (B9), is
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Eliminating the mass Ms and the time Dtdec from Eqs. (53) and 
(54) yields a relation between the hot-spot and shock pressures:

 v .p p S S p1 2 2
hs shock shock hs shock shell imp-+ + t+` j  (55)

Neglecting the velocity gradient inside the unshocked shell, 
the density increase caused by the shell’s convergence becomes 
[see Eq. (50)] 
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and the hot-spot pressure scales with the convergence ratio as 
[see Eq. (25)]
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Eliminating phs from Eqs. (55) and (57) gives the hot-spot 
convergence ratio
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Equation (58) shows that having a larger vapor pressure (because 
of a larger initial vapor mass, higher shell adiabat, or ablator-
to-vapor mix) at the start of shell deceleration leads to a lower 
hot-spot convergence ratio and a smaller peak pressure. 

Combining Eq. (58) with Eq. (25) gives a scaling for the 
hot-spot pressure:
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Similar to Eq. (58), Eq. (59) also demonstrates the benefit of 
reducing the vapor pressure phs,0 at the start of shell decel-
eration. Since the vapor pressure at that time equals the 
shell’s pressure (which scales as the ablation pressure pa), 
phs,0 = pshell,0 + pa, ,p , ,

/
0 0

5 3
shell shell shell+ a t  and the scaling 

for the maximum pressure reduces to
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Using Eq. (60) in Eq. (2) leads to a scaling for the minimum 
shell kinetic energy required for ignition,

 v .E p/ /20 3 2 3 2
k,min imp a shell+ a

- -  (61)

This scaling is similar to that obtained using simulation results.44

Because of its limited region of validity, the scaling law given 
in Eq. (60) should be used mainly as a guiding tool in understand-
ing the effects of different implosion parameters on the shell’s 
properties at peak compression. The limitations in applicability 
of Eq. (60) include the following: According to Eq. (50), the 
shell density’s dependence on the convergence ratio is somewhat 
weaker than that shown in Eq. (56). This leads to a smaller power 
index in the velocity dependence than shown in Eq. (60). 

Second, as the implosion velocity increases or the shell 
adiabat decreases, Eq. (60) becomes invalid since the shocked 
mass predicted by Eq. (54) exceeds the total shell mass. To 
clarify the latter statement, the shocked mass is estimated by 
using the energy-conservation equation. The kinetic energy 
of the shocked shell vM 22

s imp  is converted into the inter-
nal energy of the hot spot 3/2 phsVhs and the shocked shell

.E p V3 2 dshell = #  The latter term is estimated by using the 
expression for the pressure profile as shown in Eq. (B1):
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where ml = m/M is the normalized mass coordinate, t =  
(p/nashock)3/5, and ashock is the adiabat of the shocked 
shell. It can be shown that the integral in Eq. (62) scales as 

v .E M 2
shell s imp+  As a result, energy conservation leads to

 v ,M p V2
s imp hs hs+  (63)

which, in combination with Eq. (55), gives

 .M Vs shell hs+ t  (64)

Substituting the scalings for the shell’s density and the hot-spot 
volume from Eqs. (56) and (58) gives

 
v

.M
p R

/ /

/
,

2 5 2 3

11 15
0

3

s
imp

a hs
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a
 (65)

The scaling for the shocked mass must be compared with the 
scaling for the total shell mass. The latter is derived by com-
bining the relations between the initial shell radius and the 
implosion velocity, R + vimptimp, and the shell mass and the 
ablation pressure (Newton’s law), v .M t R p2

imp imp a+  The 
implosion time can be written as the ratio of the laser energy 
and laser power, ,t E R I2

imp laser+  where I is the laser inten-
sity. This gives

 v
v

, .M I

p E
R I

E /1 3

imp

a laser laser imp
+ + f p  (66)

Substituting Eq. (66) into Eq. (65) and assuming that the scal-
ings of Rhs,0 and the initial shell radius R are the same yield,
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 (67)

To increase vimp for a given laser energy and intensity, the shell 
mass, according to Eq. (66), must be reduced. The shocked 
mass, however, increases with vimp [see Eq. (67)]. Conse-
quently, as vimp keeps increasing, Eq. (67) becomes invalid at 
some point when Ms exceeds M. This defines the validity region 
for the scaling laws shown in Eqs. (67) and (60).
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2. Relating Target Performance to the Unshocked Mass
In optimizing the target performance, there is a trade-off 

between maximizing 1-D performance and controlling the 
hydrodynamic instabilities. Indeed, the larger the fraction of 
the shell overtaken by the return shock at the hot-spot stagna-
tion, the larger the fraction of the shell’s kinetic energy being 
converted into the hot-spot internal energy. Equation (67) 
shows that increasing the implosion velocity and reducing the 
shell’s adiabat results in a larger shocked mass and, according 
to Eq. (60), a higher hot-spot pressure. 

The lower-adiabat shells, however, are more susceptible 
to the RT growth during the acceleration because of reduced 
ablative stabilization. The larger instability growth leads to a 
larger region of relaxed density at the outer part of the shell. 
As the outgoing shock travels through such a lower-density 
mix region during shell deceleration, the shock pressure 

vp 2
shock shell imp+ t  is reduced and the shell’s deceleration 

rate increases [see Eq. (53)]. The stronger deceleration force 
stops the shell while the hot spot is at a larger radius, leading 
to a reduction in the hot-spot pressure. This also follows from 
Eq. (59), which shows that .p /5 3

hs shell+ t

Degradation of the target performance depends on the mass 
(or size) of the mix region that contributes to the shocked mass 
at stagnation. If the hot spot stagnates before the return shock 
reaches the mix zone, the effect of the RT growth is small, as 
illustrated in Fig. 137.34. Vice versa, if the shocked mass at 
stagnation includes a significant fraction of the mixed mass, 
the hot-spot convergence and peak pressure are reduced. This 

is illustrated in Fig. 137.35, which plots the results of a series 
of LILAC simulations of cryogenic implosions where the shell’s 
density was artificially relaxed (without changing the shell 
velocity or mass) at the beginning of shell deceleration. A reduc-
tion in the hot-spot pressure in these simulations depends on the 
fraction of relaxed material in the shocked mass at peak com-
pression. In the case where the mix region extends to include 
60% of the shocked mass (as calculated in the no-mix run), the 
peak areal density is reduced by 50% and the peak pressure by 
60% compared to the results of the no-mix simulation. 
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LILAC predictions of (a) the areal density and (b) the peak hot-spot pres-
sure fractions as functions of the relaxed shell fraction in the shocked mass 
at peak compression. Different symbols indicate different target designs.

To quantify the effects of hydrodynamic instability growth 
on target performance, the measured areal-density reduction 
relative to 1-D predictions is plotted as a function of the cal-
culated unshocked mass at bang time. Figure 137.36 shows 
the experimental areal-density (normalized to LILAC predic-
tions) contours in the shell adiabat/unshocked mass parameter 
space. A stability boundary can be identified (plotted with a 
thick solid line) that separates the region where more than 
85% of the predicted areal density is measured and the region 
of reduced areal densities, where the effect of the instability 
growth is significant. 
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According to Fig. 137.36, the measured areal-density frac-
tion, for a given shell adiabat, increases with the unshocked 
mass. The 1-D–predicted values are achieved, however, only 
if a > 2.3. For these implosions, a vertical line representing 
a fixed adiabat always intersects with the stability boundary. 
The mass given by a point of intersection of the vertical line 
with the stability boundary represents the mass Mmixa of the 
mix region at the ablation front. A line with a = 3, for example, 
intersects the stability boundary at Mmix(3) = 8 ng, indicating 
that the shell compression is not degraded if the unshocked 
mass is larger than Mmix. Then, according to Fig. 137.35, Mmix 
is equal to the mass of relaxed density at the ablation front (mix 
mass), and the stability boundary represents the points where 
the mix mass is equal to the shocked mass. The dependence 
of the mix mass on shell adiabat (the position of the stability 
boundary) is shown in Fig. 137.37.

For implosions with a < 2.3 (the region to the left of the 
dashed vertical line in Fig. 137.36), a line of constant adiabat 
never intersects the stability boundary. This indicates that, 
in addition to the density relaxation at the ablation front, a 

different performance degradation mechanism limits the tar-
get compression. A possible mechanism is suggested by the 
observed correlation between the measured x-ray emission and 
the shell adiabat. This is shown in Fig. 8 of Ref. 23, where the 
calculated and measured core x-ray emission in the sensitivity 
range of the gated x-ray imager (4 to 7 keV) and normalized 
to neutron yield to the power of 0.57 is plotted for different 
values of the shell adiabat. The enhanced x-ray emission from 
the target core is observed in the low-adiabat implosions with 
a < 2.3 and can be explained by the presence of carbon in the 
hot spot at the peak of x-ray production. This is due to shell 
breakup and the CD ablator penetrating into the vapor region 
during the shell’s acceleration. Breakup of the shell increases 
the vapor mass and reduces the shell’s density. Both effects 
lead to an early shell deceleration and a significant reduction 
in the peak areal densities and hot-spot pressures. Because the 
CD layer in these implosions is totally ablated by the end of 
the drive pulse, the only mechanism that is capable of mixing 
the CD ablator into the vapor region is the nonlinear evolution 
of the localized surface defects (or ice features) at the early 
stages of the implosion.40 The bubbles of the lower-density 
material break shell integrity at the beginning of the shell’s 
acceleration, bringing the cold fuel, the ablator material, and 
the ablated plasma into the vapor region and compromising 
target performance. This result suggests that the bubble velocity 
v d gbubble bubble+  (where g is the shell acceleration and dbubble 
is the bubble diameter) in the implosions with a < 2.3 exceeds 
the rate of increase in the in-flight shell thickness. 

3. Toward Demonstration of the Ignition Hydrodynamic 
Equivalence in Cryogenic Implosions on OMEGA
a. The hot-spot pressure requirement for an igniting target.  

As shown in Target Performance (p. 23), cryogenic implosions 

Figure 137.36
Contour map of the measured areal-density reduction relative to 1-D predic-
tions. The unshocked mass is calculated at bang time using LILAC. The verti-
cal dashed line separates the parameter space into a region (on the right from 
the line) where a line representing implosions with a fixed adiabat intersects 
with the stability boundary (thick solid line) and a region (on the left from 
the dashed line) where the measured areal densities are below 70% of 1-D 
predictions for all values of the unshocked mass.
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on OMEGA have reached maximum hot-spot pressures of up to 
+40 Gbar. The pressure requirement for ignition demonstration 
on the NIF can be derived using Eq. (3), which, with the help 
of Eq. (24), reduces to

 .
p p

R100 100
100

Gbar Gbar
m

>
/

,
/

,

4 5
0

1 5

0

hs hs

hs

nf fp p  (68)

The size of the vapor region at the beginning of shell deceleration 
Rhs,0 is determined by equating the vapor and shell pressures. 
Assuming that the convergence of the original vapor mass has 
the largest contribution to phs,0 (see Vapor Pressure Evolution, 
p. 29), Eq. (31) is used to obtain
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where Rv,0 is the initial (undriven) size of the vapor region, tv,0 
and tice,0 are the initial densities of the vapor and the main fuel, 
respectively, and the function F(x) is defined as

 .F x
x

x
4

1 2 5 1/
/

5 3
1 5-= +_ _i i: D  (70)

At the DT triple point, tv,0 - 0.6 mg/cm3 and tice,0 - 0.25 g/cm3, 
so F - 10–3. The initial vapor radius scales with the target radius. 
The latter is given in Eq. (65), which, including the numerical 
coefficients, takes the form
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Combining Eqs. (68)–(71) leads to the following requirement 
for the minimum hot-spot pressure in an igniting target:
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(72)

where I15 is the incident laser intensity in 1015 W/cm2. Equa-
tion (72) shows that the cryogenic implosions, hydrodynami-

cally equivalent to an igniting target on the NIF, must achieve 
central pressures in excess of +100 Gbar. Therefore, the maxi-
mum hot-spot pressures inferred in the cryogenic implosions on 
OMEGA are lower by a factor of 2 to 3 than what is required 
for ignition demonstration on the NIF. 

According to Figs. 137.25 and 137.29, the reduction in the 
central pressure is larger than the reduction in areal density. 
More than 85% of the 1-D–predicted tR values are observed in 
the implosions without significant ablator mixing into the vapor 
region or density relaxation at the ablation front. In contrast, the 
inferred central pressures in such implosions are reduced by 
more than 60%. This is a result of the hot-spot distortion growth 
during the shell’s deceleration. When integrity of the in-flight 
shell is not compromised by the RT growth, a large fraction 
of predicted areal density is observed if the mix mass at the 
ablation front does not exceed the unshocked mass at bang time 
(see Fig. 137.36). Perturbations at the inner edge of the shell 
(seeded because of the feedthough from the ablation front) grow 
during the deceleration as a result of the RT instability since the 
pressure and density gradients have opposite signs at the inner 
surface of the shell. Such a growth leads to an increase in the 
hot-spot volume and the surface area. The larger surface area 
of the colder shell leads to enhanced thermal-conduction losses 
from the hotter central region and larger mass ablation from the 
shell into the hot spot. This reduces the hot-spot temperature 
and truncates the neutron production before the hot spot reaches 
its minimum volume. Since the hot-spot pressure is inferred 
from the nuclear-reaction products, the early burn truncation 
prevents sampling the pressures at higher hot-spot convergence 
ratios, thereby reducing the inferred pressure values. 

The second multidimensional effect that leads to a reduc-
tion in the hot-spot pressure is the growth of the nonradial flow 
caused by the shell’s distortion growth. This reduces the frac-
tion of the shell’s kinetic energy that is converted into hot-spot 
internal energy. In a spherically symmetric implosion, the full 
kinetic energy of the shocked shell, v/ ,M1 2 2

s shell  is converted 
into the internal energy of the hot spot and shocked shell:

 vM p V2
1

2
32

s shell hs hs$  (73)

(spherically symmetric implosion). In the presence of asym-
metries, there is a residual fluid motion in the shocked region 
because of the RT growth. This leads to

 v vM p V M2
1

2
3

2
12 2

s shell hs hs s RT$ +  (74)
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(asymmetric implosion) and a reduction in phsVhs compared 
to the symmetric implosion. In addition, only the velocity 
component normal to the shock front vshell,9 contributes to the 
shock pressure shown in Eqs. (B7) and (55), so only a fraction 
of the incoming shell dynamic pressure is converted into shock 
pressure pshock: 

 v p3
4

,
2

shell shell shock"t =  (75)

(asymmetric implosion). This reduces the shock pressure and 
increases the pressure gradient inside the shocked shell, lead-
ing to a larger deceleration force, larger hot-spot volume, and 
smaller hot-spot pressure at peak compression.

b. Direct-drive target designs with improved shell stability.  
Since the numerical simulations and the experimental data 
suggest that only +40% of the 1-D–predicted peak pressures 
are observed in the presence of the perturbation growth, dem-
onstrating the ignition hydrodynamic scaling on OMEGA 
with peak pressures of +100 Gbar requires a 1-D design that 
reaches phs + 200 Gbar at stagnation. Such a design is shown 
in Fig. 137.38 (the pulse shape is plotted in red and the target is 
labeled “nominal CBET”). This design is driven at a peak laser 
intensity of 9.5 # 1014 W/cm2 and reaches an implosion velocity 

of 3.7 # 107 cm/s. The calculated unshocked mass, fuel adia-
bat, and in-flight aspect ratio are munshocked = 6 ng, a = 1.65, 
and IFAR = 30, respectively. Figures 137.25(b) and 137.36 
both show, however, that such a design is unstable, assum-
ing the nonuniformity seeds currently present in OMEGA 
cryogenic implosions. Therefore, the shell’s stability must 
be improved to demonstrate the hydrodynamic equivalence. 
This can be achieved by reducing the level of the nonunifor-
mity seeds [which will move the stability boundary shown in 
Figs. 137.25(b) and 137.36 to a region with lower adiabat values, 
unshocked shell masses, and higher IFAR’s] and by increasing 
the hydrodynamic efficiency of the imploding target. At higher 
hydrodynamic efficiency of the laser drive, the required peak 
hot-spot pressure can be reached in the implosions with the 
higher-adiabat values, unshocked masses, and lower IFAR’s, 
moving the hydro-equivalent design into the stable region in the 
adiabat/IFAR and adiabat/unshocked mass parameter spaces.

Identifying the dominant nonuniformity seed is currently 
underway at LLE. The possible sources include the target defects 
introduced during the fill, cooling, and layer formation, as well 
as the early laser shinethrough, and the first shock interaction 
with modulations in the solid-state properties of the ablator. 

Improving the shell’s stability by raising its adiabat and IFAR 
(keeping the hot-spot pressure fixed) can be achieved [according 
to the scaling shown in Eq. (60)] by increasing the ablation pres-
sure pa. The main factor limiting the laser absorption and ablation 
pressure in direct-drive implosions is cross-beam energy transfer 
(CBET).12 Therefore, the most-efficient mechanism in raising 
pa is to mitigate the CBET. LLE is currently pursuing several 
mitigation approaches,12,45 including reducing the laser-beam 
size relative to the target size, increasing the laser bandwidth, and 
introducing layers of mid-Z (Si, for example) materials inside the 
ablator. The benefit of CBET mitigation on target characteristics 
is illustrated in Fig. 137.38, where the designs with various frac-
tions of laser-deposition reduction caused by CBET are shown. 
The maximum hot-spot pressure, shell velocity, and peak areal 
density in these designs are kept constant. The effect of CBET 
in simulations is varied by introducing a multiplication factor in 
front of the growth rate for the stimulated Brillouin scattering 
(SBS)14 (the design labeled “1/2 CBET” is simulated using a fac-
tor of 1/2 in front of the SBS growth rate, and the simulation of the 
“no CBET” design shows no effect from CBET). Reducing CBET 
increases the ablation pressure, leading to a hydro-equivalent 
design with an increased fuel adiabat. The shell parameters for 
these designs are summarized in Table 137.V. The shell IFAR, 
fuel adiabat, and unshocked mass for the three designs are 
indicated in Fig. 137.39 by the solid circles. Also shown are the 

Figure 137.38
OMEGA cryogenic target designs with 1-D central pressures of 180 Gbar 
at stagnation, the implosion velocity of 3 # 107 cm/s, and neutron-averaged 
areal density of 300 mg/cm2.
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best fits to the simulation data. The IFAR scales with the abla-
tion pressure as ,pIFAR .1 36

a+  while the fuel adiabat and the 
unshocked mass scale as .p .1 5

a  

c. CBET mitigation strategies.  Different CBET mitigation 
strategies are compared by calculating the ablation pressure 
using the CBET model in LILAC.12 As discussed in Refs. 12 and 
45, reducing the beam size relative to the target size mitigates 
the effect of CBET. Figure 137.40 shows the predicted ablation 
pressure in OMEGA cryogenic implosions as a function of 
the ratio of the beam to the target radii. .R R 0 8beam target +  is 
equivalent to the 1/2 CBET design; reducing the beam radius 
to Rbeam + 0.6 Rtarget leads to an ablation pressure similar to 
that of the no CBET design shown in Fig. 137.38. This does not 
mean, however, that CBET is completely suppressed at such 
a beam radius. Two effects cause an increase in the ablation 
pressure with a reduction in the beam size.12 The first is a reduc-
tion in CBET; the second is a decrease in the average angle 
of incidence in the laser illumination. The beam rays, which 
have a smaller incident angle to the target surface, propagate 
farther toward the higher electron densities,14 depositing their 
energy more efficiently. Consequently, a combination of CBET 
reduction and a decrease in the average angle of incidence in 
the illumination leads to matching the ablation pressure in the 

.R R 0 6beam target -  design with a pressure when the CBET is 
fully mitigated at .R R 1beam target -

The smaller beams produce, however, an increased illumina-
tion asymmetry. Using the smaller beams at the beginning of the 
laser drive increases nonuniformity caused by the limited beam 
overlap. The reduced beam overlap also increases the sensitivity 

Table 137.V:  Summary of the shell parameters for the designs 
shown in Fig. 137.38. All designs have a peak hot-
spot pressure of 180 Gbar, a neutron-averaged areal 
density of 300 mg/cm2, and an implosion velocity of 
3.7 # 107 cm/s. 

Parameters
Nominal 

CBET 1/2 CBET No CBET

Ablation pressure (Mbar) 138 162 213

IFAR 30 23 17

In-flight adiabat 1.6 2.2 3.2

Unshocked mass (ng) 6.0 7.5 11.3

Total unablated shell 
mass (ng)

17.4 19.4 23.7

Initial shell mass (ablator 
and DT) (ng)

47.1 53.1 63.4

Figure 137.39
(a) Shell IFAR, (b) fuel adiabat, and (c) the unshocked mass at peak neu-
tron production as functions of ablation pressure for the designs shown in 
Fig. 137.38. Solid lines represent the best fit to the simulation results. Solid 
circles show the simulation results.
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of the target design to the power imbalance and beam mistim-
ing. To mitigate the increased early-time overlap nonuniformity, 
a two-stage zooming scheme has been proposed,45 where 
R R 1beam target -  is used until the onset of the main drive and 

.R R 0 7<beam target  is used thereafter. Controlling the single-
beam uniformity for modes 20 <  < 100 is the main challenge 
for this mitigation scheme. To optimize the target design, one 
must find a compromise between improving the target stability 
properties (reduced IFAR but increased adiabat and unshocked 
mass) and increasing illumination nonuniformity seeds (but 
keeping them at a tolerable level). Several zooming implementa-
tion options are currently being pursued on OMEGA.

Mitigating CBET by increasing the laser bandwidth12 
requires wavelength separation in excess of 5 Å at a laser 
wavelength of m = 351 nm. The CBET model implemented in 
LILAC suggests12 that this effectively reduces the SBS gain by 
a factor of 2, leading to the 1/2 CBET target design shown in 
Fig. 137.38. Currently, this is considered to be the best option 
in mitigating CBET in the polar-drive implosions on the NIF. 

There are several beneficial effects from introducing a mid-Z 
layer inside the ablator: First, having a higher-Z material inside 
the laser-absorption region leads to increased inverse brems-
strahlung absorption, as discussed in Target Designs and 
Validation of 1-D Implosion Parameters, p. 19. Consequently, 
even if the laser-deposition reduction caused by CBET is held 
constant, the higher-Z ablators lead to higher absorption. This 
also increases the coronal temperature, which, in turn, reduces 
the SBS gain that governs the CBET. 

An additional benefit in using a mid-Z layer is the mitigation 
of TPD instability. Again, as mentioned on p. 19 and discussed 
in detail in Ref. 16, the higher-Z plasma at quarter-critical sur-
face reduces the ion-wave damping rate, leading to a reduction 
in TPD growth. An increase in the coronal temperature caused 
by the higher laser absorption is also beneficial for the mitiga-
tion of TPD instability. 

The higher-Z materials have several disadvantages [such 
as low hydroefficiency, radiation losses, radiation preheat, 
etc. (see discussion on p. 19)] that diminish the benefits of the 
CBET reduction. To overcome these shortcomings, a relatively 
thin layer of a mid-Z material (such as Si) is introduced inside 
the lower-Z materials to combine the higher laser absorption 
with the larger ablation efficiency of the innermost layer in 
the ablator. DT has the highest ablation efficiency (because of 
the large ratio of atomic mass to the ion charge) but the lowest 
ion charge and, therefore, the smallest inverse bremsstrahlung 

absorption. Having the mid-Z layer extended all the way to 
the DT layer causes either significant radiation preheat of the 
main fuel because of radiation from the plasma corona (if the 
layer is thick) or a significant loss in the laser absorption by 
depositing laser energy in the DT during the main pulse (if the 
layer is thin). Both reduce the benefits of having a higher ion 
charge in the plasma corona. 

The best design option is to introduce an intermediate layer 
between the mid-Z layer and the DT ice. The material in this 
layer must have high ablation efficiency, while the ion charge 
must be larger than 1 to avoid significant losses in laser absorp-
tion. From a target-manufacturing point of view, beryllium is the 
best choice for such a purpose.19 The hydro-equivalent “multi-
layer” design for OMEGA and the ignition design for the NIF 
are shown in Fig. 137.41. The OMEGA multilayer cryogenic 
design is predicted to absorb 60% of the incident laser energy. 
This is compared with the 54% absorption achieved in the 
plastic-ablator designs. The higher absorption fraction results 
in an increase in the ablation pressure to 147 Mbar, fuel adiabat 
to a - 2, and the unshocked mass to 7 ng. These indicate a 
moderate improvement in the design parameters compared to 
the “nominal CBET” design shown in Table 137.V. The NIF 
multilayer design, shown in Fig. 137.41, is predicted to ignite in 
1-D and produce a gain of 5 if no additional CBET mitigation 
strategies are used. Employing a laser wavelength separation of 
5 Å in the UV further reduces CBET and increases the gain to 
20. Additional strategies that will increase the shell’s conver-
gence and target gain are currently being considered at LLE. 
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Figure 137.41
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Although much more work is required to validate the 
predicted benefits and access the stability properties of the 
multilayer design, the first experiments performed on OMEGA 
using the multilayer warm targets, where a cryogenic layer is 
replaced by an extra layer of Be, have confirmed an increased 
coronal temperature compared to that in implosions using the 
pure plastic shells.47 The generation of suprathermal electrons 
caused by TPD instability is also observed to be reduced in 
the multilayer design.

Conclusions
The target performance of cryogenic implosions on OMEGA 

has been discussed. The implosion velocity was varied from 
2.2 to 3.8 # 107 cm/s and the shell adiabat from 1.5 to 5. Based 
on the results of these experiments, the stability boundaries in 
the IFAR adiabat and unshocked mass-adiabat parameter spaces 
were identified. These show that the target designs operating 
above the boundary achieve more than 85% of the 1-D–pre-
dicted areal densities. The hot-spot pressures and yields are 
up to 35% and 40% of the predictions, respectively. The target 
performance of the implosions in this stability regime is well 
understood using DRACO simulations. 

A measure of the effect that ablative RT growth has on tar-
get performance is the fraction of the mix-region mass in the 
shocked mass. If the return shock has not reached the mixed 
region at peak neutron production and the mix mass is smaller 
than the unshocked mass, the effect of the ablative RT mix on 
the target performance is small. Despite this, the target yield 
and peak pressure are reduced in such implosions to ~30% to 
40% of the 1-D–predicted values because of the growth non-
uniformities during the shell’s deceleration. 

To demonstrate the ignition hydrodynamic equivalence, 
OMEGA implosions must reach central pressures in excess of 
100 Gbar. With the current laser-absorption limitations caused 
by CBET, the fuel adiabat in the hydro-equivalent designs must 
be at a < 2 and the shell IFAR + 30, both of which are currently 
outside the shell’s stability region. The target performance 
of such designs is significantly degraded with respect to 1-D 
predictions. Two-dimensional simulations using the known 
sources of target and illumination nonuniformities also fail 
to reproduce the experimental data. This limited ability of 
the hydrodynamic simulations to explain the observables in 
the low-adiabat implosions on OMEGA is also common in 
indirect-drive cryogenic implosions on the NIF. 

To understand the factors limiting the target performance, 
simplified models describing implosion dynamics have been 

developed. Such models revealed that the vapor pressure evo-
lution during shell acceleration and shell density relaxation 
caused by hydrodynamic instability growth and preheat are the 
main factors controlling the target performance. It was shown 
that 2-D DRACO simulations that use the localized features 
on the target surface as the nonuniformity seed reproduce the 
observables for a - 2 implosions. The shells in these simula-
tions are totally broken, and the cold shell material, ablator, and 
blowoff plasma are injected into the target center, significantly 
reducing the final shell convergence and hot-spot pressure. 

Based on the analysis using the simplified models and 
the simulations with the localized defects, it was concluded 
that ignition hydrodynamic equivalence can be achieved on 
OMEGA by making the cryogenic designs more robust against 
the hydrodynamics instabilities. This requires a reduction 
in nonuniformity sources and an increase in hydroefficiency 
by mitigating the CBET. LLE is currently pursuing several 
CBET-mitigation strategies, including a reduced beam size 
relative to the target size, an enhanced laser bandwidth, and 
multilayer ablators.
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Appendix A: Shell Acceleration Model
The momentum–conservation equation in the mass–time 

coordinate system has the form
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where p is shell pressure, r is position, m is the mass coor-
dinate defined as dm = 4rtr2dr, and t is mass density. 
A rigorous approach for finding r(m,t) requires solving 
a nonlinear partial differential equation by substituting 

, ,p m t m t r r m4 22 2na r= /5 3_ _ _i i i9 C  into Eq. (A1). Here, the 
shell’s adiabat a(m,t) is a function of time during shell accelera-
tion because of secondary shocks, radiation, or suprathermal 
electron preheat, and n is defined in Eq. (18). Instead, an 
approximate solution of Eq. (A1) is obtained by using the fol-
lowing simplifications: First, the pressure profile inside the shell 
is written as a second-order polynomial in the mass coordinate, 

 , ,p m t p t p t p t1 1 2
2

a- h h+ +t t_ ^ ^ ^i h h h9 C  (A2)
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where h = (1–m/M) is the normalized mass with zero value at 
the ablation front, pa is the ablation pressure, and M is the total 
shell mass. Second, a solution of Eq. (A1) is obtained near the 
ablation region as an expansion in h, assuming h % 1. Finally, 
the adiabat is assumed to be determined by the early shock 
propagation through the shell and does not change significantly 
during the shell’s acceleration. The relation between the posi-
tion and mass is determined by substituting 

 ,p m t /5 3
nat=_ i  (A3)

into the mass-conservation equation [here, n is defined in 
Eq. (18)]. The result is

 .
m
r

p4
3 / /3 3 5 3 5

2
2

r

n a
= d n  (A4)

Next, the ablation pressure is written as a function of the 
ablation-front position Ra. Since the critical surface and 
the laser-deposition region move inward during the shell’s 
implosion, the ablation pressure (or drive pressure) increases 
with the shell convergence. Assuming that the ablation 
pressure scales with the laser intensity as a ,p Ia + b  the 
pressure change with the ablation-front radius Ra becomes 

a a a ,p P R P R2 2
a laser a laser a+ = -b b b` j  where Plaser is the laser 

power. The power index ba depends on the details of the 
laser-absorption mechanism and thermal conduction (see, for 
example, Ref. 48). To generalize, we write the drive pressure as 

,p Ra a+ -b  where the values of power index b typically range 
from 0.5 to 1.5 for various laser-deposition and thermal-con-
duction models and ablator materials. Introducing the normal-
ized position , , ,t r t R0p h h=_ _i i  where R0 is the ablation-front 
position at the beginning of the shell’s acceleration, the ablation 
pressure can be written as 

 p pa ,0a ap= -b (A5)

and Eq. (A4) takes the form 
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where aa is the shell’s adiabat in the ablation-front region and 
.R R0a ap =  The small parameter e is defined as

 ,p R

M

R

M

4
3

4 3
1

/

,

/

,

3 5

0

3 5

0
3

0 0
3a

a shell

a

shell
%e

r

n a

rt
= =f p  (A7)

where pa,0 and ta,0 are the ablation pressure and the peak shell 
density at the beginning of shell acceleration, respectively. 
Keeping only the terms up to the order of h, the solution of 
Eq. (A6) becomes

 , .t t t1 3
/3 5 3

a a-p h p
e
p h= -b_ ^ ^i h h< F  (A8)

Substituting Eq. (A8) back into Eq. (A1) determines the tem-
poral evolution of the normalized ablation-front radius pa and 
shell pressure p:
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Assuming that the pressure at the inner shell boundary (h = 1) 
is p(h = 1) = pbk(t) (pbk % pa during the shell acceleration) 
relates p2t  with p :1t

 .p p p p11 2bk a- -= +t t  (A11)

The shell pressure at the inner surface pbk is determined from 
Eq. (29):
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where Vbk and Vbk,0 are the volume surrounded by the inner 
surface of the shell and its value at the beginning of the shell’s 
acceleration, respectively. The volume ratio in Eq. (A12) is due 
to the convergence effects. Then, Eq. (A10) gives
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where 
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When the shell convergence is not significant (Ra + R0, pa + 1), 
p 11 --t  and the ablation-front velocity, obtained by integrating 
Eq. (A9), reduces to
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Since the velocity gradient inside the shell is small at this 
stage in the implosion, the mass-averaged shell velocity 
vshell can be approximated by the ablation-front velocity 

.v .R R0shell a a- p= lo This gives the shell’s kinetic energy as a 
function of the ablation-front radius: 
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Equation (A15) shows, as expected, that as the shell converges 
and Ra gets smaller, the shell’s kinetic energy increases and 
the larger values of b [which correspond to a faster rise in the 
ablation pressure during the shell convergence; see Eq. (A5)] 
lead to increased kinetic energy. Note that Eq. (A15) is not valid 
for b = 3. Integrating Eq. (A9) in this case leads to 
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Appendix B: Model of Shell Deceleration
1. Equation for the Hot-Spot Radius

Following the analysis used in modeling the shell’s accel-
eration [see Eqs. (A2)–(A10)], pressure of the shocked shell 
is written as

 ,p p t p M
m

p M
m

1 1 2

2

hs
hs hs= + +t t^ dh n> H  (B1)

and the solution of Eq. (A1) is found near the inner surface of the 
shell as a series expansion in m/M % 1. If Ms is the mass of the 

shocked shell and the pressure at the shock front is p(Ms) = pshock, 
substituting phs(t) from Eq. (24) into Eq. (B1 gives
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and the hot-spot radius is determined by 
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where Shs is the surface area of the hot spot and tshock,0 and 
Vhs,0 are the shell density at the inner edge of the shell and hot-
spot volume at the beginning of the shell’s deceleration, respec-
tively (see Fig. 137.32). As described earlier [see Eq. (25)], the 
maximum hot-spot pressure depends on the hot-spot conver-
gence ratio during deceleration. Equation (B4) shows that the 
hot-spot convergence is determined by the pressure difference 
between the hot spot and the shock fronts, phs–pshock, and the 
shocked-shell mass (the shocked mass Ms). If the vapor pres-
sure for a given hot-spot radius is increased in an experiment 
compared to the code predictions (as a result of the larger vapor 
mass, for example), the shell’s deceleration is stronger and the 
shocked mass is smaller. This results in a smaller fraction of 
the shell’s kinetic energy being converted into the internal 
energy of the hot spot, leading to reduced hot-spot pressures.

2. Equations for the Shocked Mass and Shock Pressure
The conservation laws at the shock front are used to determine 

Ms and pshock. The change in momentum of the shell’s material as 
it passes through the shock surface, v v ,M td ds shell,s shock- -` j  
is balanced by the pressure force, –(pshell,s – pshock) Sshock, yielding

 v v ,
t

M
p p Sd

d s
shell,s shock shell,s shock shock- -=a ak k  (B5)

where vshock, pshock, and vshell,s < 0, pshell,s are the velocity and 
pressure at the shock front in the shock-compressed (region II 
in Fig. 137.33) and unshocked (region I in Fig. 137.33) regions, 
respectively, and Sshock is the surface area of the outgoing shock 
wave. The mass flux across the shock is determined from the 
Hugoniot conditions,39
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Eliminating M td ds  from Eqs. (B5) and (B6) gives 
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The position of the outgoing shock wave Rshock is determined by
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In the strong-shock approximation pshock & pshell, these equa-
tions reduce to
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The shock pressure pshock continues to increase while the 
shell converges inward. This is a result of two effects: first, an 
increase in shell density ahead of the shock tshell (because of 
the shell’s convergence); second, a decrease in the absolute value 
of the post-shock velocity vshock caused by the shell’s decelera-
tion. The rate of increase in pshock is limited, however, by the 
deceleration of the unshocked shell and a reduction in KvshellK. 
The shell density and pressure evolutions will be discussed next. 

3. Equation for the Unshocked Shell Density
The velocity gradient across the shell is calculated by taking 

the time derivative of Eq. (A4):
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Assuming that the velocity gradient is uniform across the shell, 
Eq. (B10) is evaluated at the ablation front. This gives an esti-
mate of the velocity difference Dv across the shell:
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Equation (B11) shows that the velocity difference between 
the outer and inner parts of the shell is amplified during the 
implosion because of convergence (taVa decreases). This effect 
is absent, for example, in planar geometry where the shell’s 
velocity profile is nearly flat. The ablation pressure scales 
with the ablation radius as p Ra a+ -b [see Eq. (A5)], leading 
to .p R R pd da a a a -b=` j  Then, Eq. (42) is used to evaluate 
Eq. (B11) at the end of the ablation-front acceleration, giving

 v
/

.c
5

2 2 3 5
s-

-
-

b

b
D _

_
i
i

 (B12)

For the values of b relevant to the ICF implosions, Dv - 
0.8 cs–0.9 cs. Equation (B12) shows that at the end of the 
ablation-front acceleration, the velocity variation across the shell 
is proportional to the shell’s sound speed. Therefore, as the return 
shock starts propagating through the shell at the beginning of the 
shell’s deceleration, it first interacts with the shell’s inner part, 
which moves inward with the larger velocity. Then, as the shock 
travels through the shell, the incoming shell velocity at the shock 
front decreases with time because of the velocity gradient shown 
in Eq. (B12). An additional decrease in the incoming shell velocity 
is caused by the pressure gradient that creates a force decelerating 
the unshocked shell. 

To calculate the pressure gradient and the density evolution 
in the unshocked shell, the mass-conservation equation is used:
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Then, substituting ∂v/∂m - Dv/M and using Eq. (B12) gives
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where the coefficient /C 2 2 3 5 5d - -b b= _ _i i ranges from 
0.8 to 0.9 for the values of b relevant to the direct-drive implo-
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sions, cs,0 is the shell’s sound speed at the beginning of decel-
eration, t0(m) and r0(m) are the shell’s density and position, 
respectively, as functions of mass coordinate at the beginning 
of shell deceleration, and td is the starting time of shell decel-
eration. Strictly speaking, the velocity gradient Dv/M is not 
a constant. It increases during shell deceleration because of 
the pressure gradient along the radial direction. This pressure 
gradient decelerates the ablation-front region, increasing Dv. 
Consequently, Eq. (B14) overestimates the density increase. 
Results of the hydrodynamic simulations indicate, however, 
that Eq. (B14) is accurate within a few-percent error. 

4. Equations for the Unshocked Shell Velocity and Pressure
The velocity slowdown ahead of the outgoing shock wave 

is calculated using v .t S p md dshell shock- 2 2+  Assuming 
that the shell adiabat does not change significantly inside the 
unshocked shell, the shell pressure is calculated by substituting 
Eq. (B14) into p + t5/3, giving
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and the pressure gradient becomes
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5. Relation Between the Post-Shock Velocity  
and the Hot-Spot Convergence Rate
To complete defining the model for the shell’s decelera-

tion and the hot-spot formation, the hot-spot convergence rate 
Rhs
o  must be related to the post-shock velocity vshock. This is 
accomplished using the mass-conservation equation in the form 
shown in Eq. (B13). The shell’s density at the inner edge of the 
shell satisfies tshellVhs = const. Therefore,
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and the shocked-shell velocity at the shock front becomes

 v .R V

M
1 3shock hs

shock,0 hs,0

s
t

= +o f p  (B18)

Since R 0<hs
o  prior to shell stagnation, the velocity gradient is 

negative inside the shock-compressed region. 
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Introduction
An understanding of the underdense plasma conditions in 
laser–plasma experiments at large laser facilities is important 
for many high-energy-density (HED) physics studies.1 The 
growth of laser–plasma instabilities depends on the coronal 
plasma density profile, flow, and temperature. When they are 
above threshold, they can feed back onto the hydrodynamics 
often requiring ad hoc modeling of the laser absorption or heat 
transport.2 In high-temperature plasmas, the primary instabili-
ties of interest are stimulated Brillouin scattering,3 stimulated 
Raman scattering,3 and two-plasmon decay.4

Quantitative characterization of HED plasma density profiles 
in the corona where the laser–plasma interactions are most active 
is challenging. Incoherent x-ray sources are useful for diagnos-
ing cold (Te # 10 eV) and dense (ne . 1023 cm–3) plasmas, where 
absorption and scattering techniques such as radiography/pen-
umbral imaging5 and x-ray Thomson scattering6 are employed. 
Optical wavelengths are typically employed to probe lower-
density ranges where the plasma density is inferred from the 
phase change of the probe beam. These diagnostics are designed 
to access the plasma density by measuring the probe beam’s 
phase (interferometry7), refraction angle (schlieren imaging,8 
grid image refractometry,9 and Moire deflectometry10), or 
displacement (shadowgraphy8). In the range of densities above 
1020 cm–3, typical HED plasmas present large integrated optical 
phases that make it difficult to quantitatively measure the density 
profile. Soft x-ray lasers present an alternative to access these 
density ranges,11 but are a complex radiation source and often 
not practical for application to large-scale diagnostic systems.

A qualitative picture of the underdense plasma gradients can 
be made using shadowgraph and schlieren imaging, although 
these techniques are not precise enough to extract the plasma 
density profile.8 In shadowgraphy, the displacement of probe 
rays is mapped by imaging a plane behind the object in ques-
tion. An image is recorded not of the object, but of its shadow, 
which does not have a 1:1 spatial correspondence with the 
object. Extracting the plasma density would involve decon-
volving the spatial correspondence, calculating the absorption 

Measurements of Electron Density Profiles  
Using an Angular Filter Refractometer

profile of the probe beam, and a double integration to achieve 
the probe’s phase. This typically introduces an unacceptable 
amount of error into the density measurement. Schlieren 
techniques map the refraction of the probe beam by blocking 
all or part of the unrefracted probe beam with a knife edge 
or a circular stop. In the case of using a coherent probe pulse 
produced by a laser, only a single refraction angle is measured, 
lending this technique to be used for the observation of sharp 
density gradients such as in the presence of a shock,12 where the 
binary response of the diagnostic is useful. Extracting quantita-
tive information from the density gradients with a significant 
dynamic range involves the use of an incoherent probe pulse 
such as a light-emitting diode with an extended source size.13

Interferometry is the most-common technique used for 
measuring plasma density profiles in underdense plasmas. 
As the probe passes through higher-density regions of the 
plasma, the interferometric fringes become closer and are 
eventually unresolvable. It is difficult to quantify this limita-
tion in resolution, but for a particular profile, synthetic inter-
ferograms can be generated to study the peak plasma density 
that can be resolved using interferometry. Taking a typical 
HED laser–plasma plume from a planar target modeled as 

exp expn n x y L z L0
2 2 2

e g n- -= +_ _i i8 B  with Lg = 400 nm 
and Ln = 300 nm, the maximum peak density resolvable with 
a 263-nm probe on a standard detector is +1020 cm–3, which is 
consistent with the peak densities measured by D. Ress et al.14 
for a comparable-sized plasma.

Angular filter refractometry (AFR),15,16—a novel diagnos-
tic—has been developed to characterize the plasma density 
profile up to densities of 1021 cm–3 by producing a contour map 
of refraction angles. This is accomplished by using angular 
filters that block certain bands of refraction angles, casting 
shadows in the image plane. The plasma density is calculated 
from the measured refraction angles of a probe beam after 
passing through the plasma. The maximum measured density 
is limited by the f number of the optical collection system, the 
length of plasma in the direction of the probe, and the mag-
nitude of the transverse gradients. AFR provides an accurate 
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diagnosis of the underdense plasma profiles in experiments 
relevant to laser–plasma instabilities.

The following sections (1) describe the operation of the AFR 
diagnostic and how the experimental images can be analyzed 
to produce two-dimensional (2-D) plasma density profiles; 
(2) review experiments in which the diagnostic was used to 
characterize the plasma expansion from ultraviolet irradiated 
CH planar and spherical targets; and (3) present the conclu-
sions. The error analysis of the AFR diagnostic is presented 
in the Appendix.

Angular Filter Refractometry
The AFR diagnostic is a part of the fourth-harmonic probe 

system17 on OMEGA EP.18 A simplified optical schematic of 
the system is shown in Fig. 137.42. The red lines represent the 
incoming ray path of the probe beam. It originates from the 
conversion of a Nd:glass laser pulse to its fourth harmonic 
(probe wavelength mp = 263 nm) and has a pulse width of 10 ps 
with 10 mJ of energy. The beam passes through the target 
chamber center (TCC) slightly diverging at f/25 with a beam 
diameter of +3.5 mm. After passing through the TCC, the probe 
is collected at f/4 and collimated for transport over >4 m to 
the diagnostic table, where the plasma plane is relay imaged 
to a charge-coupled–device (CCD) camera with a resolution 
of +5 nm over a 5-mm field of view.15

1. Diagnostic Setup and Calibration
The AFR diagnostic uses an angular filter [Fig. 137.43(a)] 

placed at the focus of the unrefracted probe beam (Fourier 
plane19). The opaque regions of the angular filter block bands 
of refraction angles, resulting in shadows in the image plane. 
The diagnostic relies on the direct proportionality between 
the angle of refraction of a probe ray at the object plane and 
its radial location in the Fourier plane. This relation correlates 
the shadows produced by the angular filter to contours of the 
constant refraction angle. For a single-lens imaging system and 
a collimated probe beam, it can be shown that a ray refracted at 
the object plane passes through the Fourier plane at a distance 
from the optical axis r, which is equal to the focal length of the 
collection lens f, times the refraction angle i, regardless of its 
spatial origin in the object plane [assuming paraxial propaga-
tion cos(i) . 1] (Ref. 20). For the case of a diverging probe 
beam (used in the AFR diagnostic), a more-general relation is 
determined using geometric optics where r is equal to a con-
stant times the refraction angle iref, according to

 ,r
d d f

d f

1
ref

s

s
#

-
i= +

f p  (1)

where iref = itot–i0, itot is the ray angle with respect to the 
optical axis, i0 is the initial unrefracted angle, d1 is the dis-
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Figure 137.42
A schematic representation of angular filter refractometry using the fourth-harmonic probe on OMEGA EP (distances not to scale). The unrefracted probe 
(red) focuses at the Fourier plane, where distinct refraction angles are filtered out by an angular filter. Shadows from the opaque regions of the angular filter 
form contours of constant refraction angle in the image plane. TCC: target chamber center.
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tance from the object plane to the collection lens, and ds is the 
distance from the point source to the object plane (ds = 3 for 
the collimated beam). The direct proportionality of the spatial 
location of a ray to the amount of refraction allows for filtration 
of specific refraction angles in a deterministic manner.

To accurately determine the constant of proportionality in 
Eq. (1) (bracketed term), the diagnostic is calibrated by placing 
a planoconcave lens with a focal length of –20 mm at TCC that 
imparts a known amount of refraction as a function of space 
transverse to the propagation direction (x,y). Probe rays that exit 
the lens with a refraction angle of iref = 0.09° graze the edge of 
the central dot at r = 250 nm and return to their location ,x yl l_ i 
in the magnified image plane, where they form the edge of 
the central blue circle seen in Fig. 137.43(b). Higher refraction 
angles are either blocked by the opaque rings or transmitted 
between them, forming the other light and dark bands in the 
image. By measuring the radial distance of each band, the posi-

tions of the rays at the calibration lens are determined, allowing 
one to calculate the refraction angles. The resultant calibration 
for the image shown relates the angle of refraction to the radial 
position on the angular filter, iref = [0.368!0.0029] # r.

Figure 137.43(c) shows an image created by using a cylin-
drical calibration lens where the probe light is refracted only 
in the vertical direction. At the Fourier plane, the beam has 
a vertical line focus. Upon returning to the image plane, the 
filtered regions form bands in the horizontal direction showing 
the contours of constant refraction of a cylindrical lens.

2.  Analysis
The angle of refraction of a probe ray exiting a plasma is 

related to the transverse gradient of phase accrued by that ray 
according to7

 ,2
p

2

2
i

r

m

a

z
=a  (2)

where a (= x or y) represents the spatial component of the 
measured refraction in the x–y plane (see Fig. 137.42), mp is 
the probe laser wavelength, z = #kpdz is the total accumulated 
phase of a probe ray passing through the plasma, kp is the probe 
wave number, and z is the propagation direction of the probe. 
The phase of the probe is related to the plasma density since 
the refractive index is given by /1 2,n n1 e cr-_ i  giving

 , , , ,x y
n

n x y z zd
p cr

ez
m
r

=
-3

3

a ak k#  (3)

where ne (x,y,z) is the plasma density and

 . .n 1 1 10 1 6 10m cm cm21 2 3 22 3
cr p# #m n= =- -a k  

is the critical plasma density for a probe wavelength of mp = 
263 nm. It is assumed that ne % ncr. In Eq. (3), changes in x and 
y along the ray path are ignored. Assuming the plasma density 
profile is axisymmetric around the y axis, this equation can be 
Abel inverted for a fixed y coordinate to solve for the density 
as a function of the probe phase:

 .n R x z
n

x s R

sd2 2
2 2 2

0

e
p cr

-
2

2

r

m z
= + =

+

-3

'` j  (4)

To arrive at Eq. (4) from the standard Abel integral, the sub-
stitution s x R2 2-=  was made to eliminate the singularity 
at x = R. 
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Figure 137.43
(a) An angular filter consisting of a central opaque dot of 500-nm diameter 
surrounded by 2-mm-wide concentric rings alternating between transparent 
and opaque. (b) An image formed when a negative-focal-length ( f = –20 mm) 
spherical lens placed at target chamber center (TCC) is used to deterministi-
cally refract the probe beam to calibrate the system. The light rings correspond 
to specific bands in the angular filter, and their spatial locations correspond 
to specific refraction angles on the surface of the lens. (c) A similar image 
is formed as in (b) but with a cylindrical lens of negative focal length ( f = 
–20 mm). The refraction takes place in one direction, producing the lines in 
the image plane.
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For the circular angular filter shown in Fig. 137.43(a), the 
total refraction angle is measured, .x y

2 2
toti i i= +  Owing to 

the shape of the plasmas expanding from the flat and spherical 
targets studied here, the direction of the refraction is assumed to 
be radial; therefore, Eq. (2) is integrated in the radial direction 
about the assumed center of the plasma to solve for the phase of 
the probe beam exiting the plasma. The gradient of the phase 
in the x direction (perpendicular to the axis of symmetry) is 
used to solve for the plasma density using Eq. (4). An error 
analysis of the data reduction and calibration is presented in 
Appendix A (p. 56).

To reduce the numerical error introduced by calculating the 
gradient in phase, an angular filter with straight lines parallel 
to the y axis can be used to directly determine the component 
of the refraction in the x direction (2z/2x). In this case the 
measured refraction angle (ix) can be directly inserted into 
Eq. (4) so that both the integration in Eq. (2) and the derivative 
in Eq. (4) are skipped.

Experimental Results
The plasma density profiles for flat and spherical plastic CH 

targets driven by four ultraviolet laser beams (m0 = 351 nm) 
incident at an angle of 23° with respect to the target normal 
were measured. Each beam had +2 kJ of energy in a 2-ns square 
temporal pulse shape. Distributed phase plates21 were used to 
produce a 9.5-order super-Gaussian spot with 430-nm (1/e) 
width on the target surface, resulting in a total peak overlapped 
intensity of 8 # 1014 W/cm2. The fourth-harmonic probe pulse 
passed transverse to the target normal. The short probe pulse’s 
duration of 10 ps ensures that there is minimal hydrodynamic 
movement of the plasma over the course of the measurement. 
The timing of the probe is defined from the 2% intensity of 
the ultraviolet drive beams to the peak intensity of the probe.

Figure 137.44 illustrates the AFR technique. Figure 137.44(a) 
shows the AFR image obtained from probing an irradiated flat 
CH target (3 mm # 3 mm # 0.125 mm) at 1.5 ns. The contour 
lines of the total refraction angle show the general shape of the 
plasma plume expanding from the surface of the target located 
at y = 0. The diffraction pattern seen in the image is a result 
of the sharp edges of the angular filter aperturing the beam in 
between image planes. This effect can corrupt the spatial loca-
tion of the edges of the refractive bands; therefore, the analysis 
was based on the central location of the refractive band, which 
is unaffected by diffraction. The spatial registration of the image 
to the target surface is described in Appendix A. Images similar 
to Fig. 137.44(a) but with only one angular band were reported 
from a schlieren setup in Ref. 22. These images did not contain 

enough information to allow for reconstruction of the plasma 
density but they compared well with hydrodynamic simulations.

The phase map was calculated by radially integrating the 
refractive contours using Eq. (2) and applying a 2-D interpo-
lation to obtain a phase value on each pixel [Fig. 137.44(b)]. 
It is instructive to note that absolute phases of greater than 
1000  rad are observable by this diagnostic before the f/4 
cutoff of the collection lens is reached. This is equivalent to 
over 150 fringe shifts across +1 mm of plasma, illustrating 
the challenges of using interferometry with these types of 
plasmas. Figure 137.44(c) shows the calculated plasma den-
sity profile that reaches densities up to 1021 cm–3. This may 
be compared with the density profile in Fig. 137.44(d) from 
a 2-D DRACO23,24 hydrodynamic simulation. The DRACO 
simulations reported here use a flux-limited heat transport 
model that limits the Spitzer–Harm flux to a fraction (0.06) of 
the free-streaming value.25

1.  Flat CH Foil Experiments
Figure 137.45 shows the temporal evolution of the plasma 

expansion from flat CH targets irradiated under nominally iden-
tical conditions and probed at different times. The expansion 
of the plasma is illustrated by the movement of the contours 

E22426JR

0.0
0.5
1.0
1.5
2.0

y 
ax

is
 (

m
m

)

–1
0.0
0.5
1.0
1.5
2.0

0

x axis (mm)

y 
ax

is
 (

m
m

)

1

Density (1020 cm–3)

0 5 10

(c)

–1 0

x axis (mm)

1

(d)

(b)(a)

Phase (radians)

0 500 1000

Figure 137.44
(a) An angular filter refractometry (AFR) image obtained by probing a CH 
target irradiated with +9 kJ of 351-nm light at 1.5 ns into the drive. (b) Two-
dimensional phase map calculated from the refraction angles in (a) using 
Eq. (2). (c) Abel-inverted 2-D plasma density profile calculated from (b) using 
Eq. (4). (d) The 2-D density profile produced by a DRACO hydrodynamic 
simulation using the laser and target parameters from (a). In all frames the 
original target surface was located at y = 0.
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in the radial direction away from the target surface (y = 0). 
Figure 137.45(d) is from the same shot as Fig. 137.44(a). An 
estimate of the plasma expansion is obtained by assuming a 
2-D Gaussian-shaped plasma in the target plane direction and 
an exponential profile in the target normal direction of the 
form ne(y) = n0 exp(–y/Ln), where Ln is the plasma scale length. 
Taking two points in the center of the profile at x = 0, Eqs. (2) 
and (3) can be used to show .lnL y y1 2 2 1n - i i= a `k j  Fol-

lowing two points of constant refraction yields the proportional-
ity Ln ? y1–y2. As time increases, the widening and separating 
of the refractive bands signify a proportionate increase in the 
plasma scale length as the plasma expands away from the target.

Figure 137.46 shows 1-D density profiles along the y axis 
obtained from the experimental images shown in Fig. 137.45. 
Density data are extracted over almost two orders of mag-
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nitude ranging from +3 # 1019 to 1021 cm–3. The upper end 
is limited by refraction of the probe beam outside of the f/4 
collection optics, and the lower end is limited by the smallest 
measurable refraction angle by this angular filter (0.21°). The 
profiles are approximately exponential,26 and for the early 
times (#1.1 ns) shown in Fig. 137.46(a), the plasma expands 
away from the surface driven by the ablation. This is evident 
in the increase in the position for a given value of density as 
time increases. The expansion ceases at later times ($1.5 ns) 
shown in Fig. 137.46(b) except at the low-density region of the 
profile. The shaded regions in Fig. 137.46 represent lineouts 
from the DRACO-simulated plasma profiles, where the width 
of the shaded region accounts for the !20-ps timing error in 
the probe pulse. The experimental data agree very well with 
the simulations for early times (<1 ns). For times $1.1 ns, the 
simulations predict higher plasma densities than are experi-
mentally measured. This can also be seen from a comparison 
between Figs. 137.44(c) and 137.44(d).

2. CH Spherical Experiments
Experiments designed to change the density profiles while 

maintaining a constant drive intensity varied the radius of cur-
vature of the targets using spheres of different diameters. As the 
radius of curvature is decreased, the plasma flow becomes more 

three dimensional, reducing the density scale length along the 
target symmetry axis. Figure 137.47 compares the plasmas from 
irradiated CH spheres with diameters varying from 0.4 mm to 
8 mm. In the three AFR images of Figs. 137.47(a)–137.47(c), 
the contour spacing and thickness increase with the diameter of 
the spheres, indicating that the plasma scale length is increas-
ing. This is a result of the plasma expansion becoming more 
divergent with decreasing radius.

Figure 137.47(b) compares the measured density profiles 
with profiles calculated with DRACO. At the smallest diameter 
of 0.4 mm, the calculated profile agrees well with the measured 
profile. For the larger diameters of 1.9 mm and 8 mm, there are 
clear discrepancies between the profiles. This observation is con-
sistent with the discrepancy seen at 1.5 ns for the flat CH target 
[Fig. 137.46(b), purple line]. The profiles for a diameter of 8 mm 
are very close to the corresponding profiles in Fig. 137.46(b).

Conclusion
A characterization of the density profiles in HED-relevant 

long-scale-length plasmas was presented. Angular filter refrac-
tometry—a novel diagnostic—was used to map the refraction 
angle of a 263-nm probe after it passed through a plasma, 
enabling one to measure densities of 1021 cm–3 in millimeter-
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scale plasmas. The plasma expansion from kilojoule-level, 
ultraviolet-irradiated CH targets was studied as a function of 
time for planar targets and radius for spherical targets. These 
results were compared with 2-D DRACO hydrodynamic simu-
lations showing good agreement for the planar targets at early 
times and for the spherical targets at small radii. The hydro-
dynamic simulations predict higher densities for the planar 
targets at late times and for the spherical targets with larger 
radii. The difference between the experimental and simulation 
data is under active investigation and focused on correlations 
to laser–plasma instabilities that could possibly modify the 
plasma profile at large scale lengths.
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Appendix A: Error Analysis
The calibration of refraction angles and the post-analysis 

process are the two significant sources of error in the calcula-
tion of plasma density from the AFR images. To estimate the 
error in the calibration process, the system was calibrated 
four times over a two-month period to take into account the 
reproducibility of the lens placement at TCC and the accuracy 
of marking the edges of the refractive bands. For each calibra-
tion, a constant of proportionality relating the refraction angle 
iref to the radial location on the angular filter r was calculated. 
The standard deviation in that constant was found to be v = 
0.0029°/mm. This error was propagated through the analysis 
process and yielded a corresponding standard deviation error 
in the plasma density of 2%.

The reduction of an experimental AFR image to a plasma 
density profile includes many steps: locating the refraction 
bands, radially integrating the refraction angle to produce a 
phase, and Abel inverting the phase to produce plasma den-
sity. There is an error in the optical imaging system caused by 
the continuous refraction by an extended plasma around the 
object plane. It is difficult to estimate the contribution of each 
of these effects to the error. The error was therefore extracted 
by analyzing a synthetic AFR image created by an optical 
model. The optical ray-trace code FRED27 was used to assess 
the performance of the optical probe system and data-reduction 
method. FRED is a nonsequential ray-trace package that pro-
vides synthetic probe images for an assumed plasma density 

profile. The full diagnostic system was simulated in FRED. An 
analytic plasma density profile was used in the optical model to 
create a synthetic AFR image. This image was post-processed 
and the resulting plasma density profile was compared to the 
original to extract the error. The standard deviation of the error 
in a pixel-by-pixel comparison of the two profiles was 12.2%. 
Adding this to the error in calibration gives a total error in the 
plasma density calculation of !14.2%.

It is important to register the AFR images with respect 
to the original position of the target surface, especially for 
comparing to hydrodynamic simulations. For this purpose a 
background shot (without the drive beams) is taken to produce 
a shadow of the target onto the CCD by removing the angular 
filter. The front surface of the target is determined by measur-
ing the position of an alignment fiber (80-nm diameter) that 
is attached to the middle of the flat target on the rear surface. 
In this manner, any diffculty in clearly observing the front 
surface, which extends about a millimeter beyond the object 
plane, is mitigated. The fiber tip resides at TCC and is imaged 
sharply. With prior knowledge of the separation between the 
fiber tip and the front surface of the target, the position of the 
original surface is accurately determined within !10 nm, near 
the resolution limit of the diagnostic. For spherical targets, 
the surface is sharply imaged and therefore directly observed 
without a fiducial.

The timing of the optical probe is measured with respect 
to the ultraviolet drive laser beams by comparison to a timing 
fiducial used to synchronize all laser beams on OMEGA EP. 
A small portion of each beam is picked off upstream of TCC 
and measured on a UV streak camera to compare to the fiducial 
on shot. The absolute calibration of the distance between these 
timing diagnostic signals and TCC is measured periodically 
with a time-resolved x-ray target diagnostic, also referenced to 
the facility timing fiducial. Multiple calibrations measured over 
several months have shown a scattering of !20 ps. This error 
is taken into account when comparing to DRACO simulations 
by using two time steps and shading the area between t0–20 ps 
and t0 + 20 ps, where t0 is the measured experimental timing 
of the optical probe.

REFERENCES 

 1. National Research Council (U.S.) Committee on High Energy Den-
sity Plasma Physics, Frontiers in High Energy Density Physics: The 
X-Games of Contemporary Science (The National Academies Press, 
Washington, DC, 2003). 

 2. P. Michel et al., Phys. Plasmas 20, 056308 (2013).



MeasureMents of electron Density Profiles using an angular filter refractoMeter

LLE Review, Volume 137 57

 3. W. L. Kruer, in The Physics of Laser Plasma Interactions, Frontiers in 
Physics, Vol. 73, edited by D. Pines (Westview Press, Boulder, CO, 2003).

 4. M. V. Goldman, Ann. Phys. 38, 117 (1966).

 5. S. Fujioka et al., Rev. Sci. Instrum. 73, 2588 (2002).

 6. S. H. Glenzer, G. Gregori, F. J. Rogers, D. H. Froula, S. W. Pollaine, 
R. S. Wallace, and O. L. Landen, Phys. Plasmas 10, 2433 (2003).

 7. I. H. Hutchinson, Principles of Plasma Diagnostics, 2nd ed. (Cam-
bridge University Press, Cambridge, England, 2002).

 8. G. S. Settles, Schlieren and Shadowgraph Techniques: Visualizing 
Phenomena in Transparent Media (Springer, Berlin, 2001).

 9. R. S. Craxton, F. S. Turner, R. Hoefen, C. Darrow, E. F. Gabl, and 
Gar. E. Busch, Phys. Fluids B 5, 4419 (1993).

 10. J. Ruiz-Camacho, F. N. Beg, and P. Lee, J. Phys. D: Appl. Phys. 40, 
2026 (2007).

 11. D. Ress et al., Science 265, 514 (1994).

 12. M. T. Carnell and D. C. Emmony, Opt. Laser Technol. 26, 385 (1994).

 13. D. Estruch et al., Rev. Sci. Instrum. 79, 126108 (2008).

 14. D. Ress et al., Phys. Fluids B 2, 2448 (1990).

 15. D. Haberberger, S. Ivancic, M. Barczys, R. Boni, and D. H. Froula, in 
CLEO: Applications and Technology, CLEO 2013: Technical Digest 
(Optical Society of America, Washington, DC, 2013), Paper ATu3M.3.

 16. U. Kogelschatz and W. R. Schneider, Appl. Opt. 11, 1822 (1972).

 17. D. H. Froula, R. Boni, M. Bedzyk, R. S. Craxton, F. Ehrne, S. Ivancic, 
R. Jungquist, M. J. Shoup, W. Theobald, D. Weiner, N. L. Kugland, 
and M. C. Rushford, Rev. Sci. Instrum. 83, 10E523 (2012).

 18. J. H. Kelly, L. J. Waxer, V. Bagnoud, I. A. Begishev, J. Bromage, 
B. E. Kruschwitz, T. J. Kessler, S. J. Loucks, D. N. Maywar, R. L. 
McCrory, D. D. Meyerhofer, S. F. B. Morse, J. B. Oliver, A. L. Rigatti, 
A. W. Schmid, C. Stoeckl, S. Dalton, L. Folnsbee, M. J. Guardalben, 
R. Jungquist, J. Puth, M. J. Shoup III, D. Weiner, and J. D. Zuegel, 
J. Phys. IV France 133, 75 (2006).

 19. J. W. Goodman, Introduction to Fourier Optics, 3rd ed. (Roberts and 
Company Publishers, Englewood, CO, 2005).

 20. J. T. Verdeyen, Laser Electronics, 3rd ed. (Prentice-Hall, Englewood 
Cliffs, NJ, 1995).

 21. T. J. Kessler, Y. Lin, J. J. Armstrong, and B. Velazquez, in Laser Coher-
ence Control: Technology and Applications, edited by H. T. Powell and 
T. J. Kessler (SPIE, Bellingham, WA, 1993), Vol. 1870, pp. 95–104.

 22. W. Seka, R. S. Craxton, R. E. Bahr, D. L. Brown, D. K. Bradley, P. A. 
Jaanimagi, B. Yaakobi, and R. Epstein, Phys. Fluids B 4, 432 (1992).

 23. D. Keller, T. J. B. Collins, J. A. Delettrez, P. W. McKenty, P. B. Radha, 
B. Whitney, and G. A. Moses, Bull. Am. Phys. Soc. 44, 37 (1999).

 24. P. B. Radha, T. J. B. Collins, J. A. Delettrez, Y. Elbaz, R. Epstein, V. Yu. 
Glebov, V. N. Goncharov, R. L. Keck, J. P. Knauer, J. A. Marozas, 
F. J. Marshall, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, S. P. 
Regan, T. C. Sangster, W. Seka, D. Shvarts, S. Skupsky, Y. Srebro, and 
C. Stoeckl, Phys. Plasmas 12, 056307 (2005).

 25. R. C. Malone, R. L. McCrory, and R. L. Morse, Phys. Rev. Lett. 34, 
721 (1975).

 26. S. Atzeni and J. Meyer-ter-Vehn, The Physics of Inertial Fusion: Beam 
Plasma Interaction, Hydrodynamics, Hot Dense Matter, International 
Series of Monographs on Physics (Clarendon Press, Oxford, 2004).

 27. Photon Engineering, LLC, Tucson, AZ  85711.



MultibeaM laser–PlasMa interactions in inertial confineMent fusion

LLE Review, Volume 13758

Introduction
Of the many challenges facing laser-driven inertial confinement 
fusion (ICF),1,2 controlling the impact of laser–plasma interac-
tions (LPI’s) is one of the most difficult and uncertain.3 The 
importance of LPI’s in indirect-drive–ignition experiments at 
the National Ignition Facility (NIF) is now widely appreciated 
because of the dramatic impact of instabilities on the capsule 
implosion symmetry.4,5 Perhaps less well known are the effects 
in the alternative direct-drive approach.6 This article highlights 
some of the discoveries and recent advances in understand-
ing these instabilities—the most important of which is the 
realization that the collective interaction of multiple beams is 
ubiquitous throughout laser fusion.

It is important to understand the instabilities resulting from 
intense LPI’s in ICF because they place bounds on the available 
ignition regimes/design space. For example, higher radiation 
temperatures in indirect drive or higher ablation pressures in 
direct drive, minimize hydrodynamic instabilities and improve 
target performance, but they require higher laser intensities, 
which are more vulnerable to instability.7 Instabilities involving 
the cooperation between multiple laser beams are particularly 
dangerous because their onset can occur at intensities signifi-
cantly below that of non-cooperative, i.e., single-beam, interac-
tions. The mitigation of multibeam instabilities is therefore of 
great importance to the success of ICF.

Laser–plasma instabilities are fundamentally difficult to 
understand and predict because they involve a severe coupling 
of spatial and temporal scales. Large-scale plasma hydrody-
namics are evolved with radiation–hydrodynamics codes (e.g., 
LASNEX8 or DRACO9) over spatial regions that are millimeters 
in extent and over times that span tens of nanoseconds. On 
the other hand, LPI’s involve the coherent interaction between 
waves that have high characteristic frequencies (+1015 s–1) 
and short wavelengths (+0.1 nm). The plasma conditions and 
laser irradiation determine the conditions under which LPI’s 
can grow,10 but the instabilities, in turn, modify the hydrody-
namics by redirecting the laser light,11 modifying absorption, 
or producing hot electrons. The only practical approach to 

Multibeam Laser–Plasma Interactions  
in Inertial Confinement Fusion

addressing these problems is by developing simplified models 
that can be run self-consistently in the hydrodynamics codes 
(for examples of such “in-line” models, see SBS-Mediated 
CBET in ICF Experiments, p. 63).

The difficulties of multiple scales exist even in numerical 
models of LPI’s that do not attempt to describe large-scale 
hydrodynamic evolution. Explicit particle-in-cell (PIC) 
codes,12,13 such as OSIRIS14 and VPIC,15 are highly detailed 
plasma-kinetic models that make few simplifying assumptions 
regarding the plasma response; however, they are too expensive 
to run in three dimensions for scale lengths and times of rel-
evance for ignition conditions (the advent of petascale comput-
ing may change this in the future). These problems have been 
partially addressed by the development of reduced models that 
exploit temporal and/or spatial enveloping (multiple scales)16 
and either ignore the particle kinetics (i.e., plasma-fluid codes) 
or treat the kinetics in a simplified way (e.g., the codes pF3D,17 
Harmonhy,18 and ZAK3D.19,20 Several examples of the applica-
tion of these models will be described in this article. 

The above comments apply to single-beam interactions 
as well as to situations involving the cooperative interaction 
between multiple laser beams. The importance of multibeam 
interactions places a much-greater emphasis on the three-
dimensional (3-D) geometry than before and requires numeri-
cal simulations to be more “realistic.” This article will review 
recent advances in this regard.

The following sections (1) introduce LPI’s in laser fusion, 
describing the two major approaches and discussing the 
similarities and differences with respect to LPI conditions; 
(2)  describe three-wave parametric instabilities, focusing on 
the interaction of instabilities occurring in different beams; 
(3) introduce cross-beam energy transfer (CBET), describing 
the effect and reviewing the experimental impact in both direct- 
and indirect-drive experiments; (4) describe multibeam stimu-
lated Raman scattering and two-plasmon decay; (5) describe 
strategies that have been designed to mitigate multibeam insta-
bilities; and, finally, (6) present our summary and conclusions.
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Two Approaches to Laser Fusion  
at the National Ignition Facility

There are two primary approaches to laser-driven ICF: 
indirect drive, where the laser energy is first converted to 
x rays in a hohlraum (Fig. 137.48) that subsequently drives 
the target,21 and direct drive, where the laser light deposits its 
energy directly onto the capsule (Fig. 137.49).

A major effort22,23 is underway to demonstrate indirect-
drive ignition on the NIF.24 Since the NIF beamlines are not 
configured for spherically symmetric direct drive, LLE has 
developed the polar-drive (PD) concept.25 This concept makes 
it possible to explore direct-drive ignition on the NIF while the 
beamlines are in the indirect-drive configuration.

LLE’s Omega Laser Facility26–28 performs direct-drive 
ICF research in both the favored spherically symmetric and 
polar-drive configurations at relatively modest driver ener-
gies with the goal of validating designs that, when scaled to 
the NIF, would show ignition and gain (i.e., hydro-equivalent 
designs).29 Recent progress has led to a series of PD designs 
that are predicted to marginally ignite on the NIF,30 provided 
LPI’s at the NIF scale do not present new challenges.

1. Indirect Drive
The NIF is currently configured for the polar illumination 

that is required for indirect-drive experiments. The individual 
192 beams are clustered into groups of four (called quadruplets, 
or “quads”) that share a common entrance port on the target 
chamber. At each pole of the target chamber the quads are 
grouped into two cones. There are eight quads in each inner 
cone and 16 in the outer cones. With this arrangement one-
third of the laser energy is in the inner cones that preferentially 
drive the waist (or equator) of the capsule, while the remaining 
two-thirds of the energy preferentially drives the polar regions 
of the indirect-drive target/capsule. Figure 137.48 shows this 
arrangement, together with the specific beam angles.

The cylindrical NIF hohlraum (Fig. 137.48) is +10 mm long 
and slightly more than 5 mm in diameter. The laser beams 
enter through two laser entrance holes (LEH’s), one at each 
end, propagate through the gas-filled interior, and deposit their 
energy at the high-Z hohlraum walls, generating soft x-ray 
radiation. These x rays drive the implosion of the capsule that 
is suspended in the hohlraum. By design, the beam pointing 
and dynamically varying relative power between the two cones 
of beams are chosen so that the x-ray drive, as seen by the cap-
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sule, is uniform (to within 1% time averaged).31 The cryogenic 
ignition hohlraum is filled with a low-density helium gas fill 
that is quickly ionized and becomes a high-temperature, low-
density plasma. Its purpose is to retard the inward expansion 
of the gold hohlraum walls as they are heated.

As will be described in Cross-Beam Energy Transfer 
(p. 63), the frequencies (or, equivalently, the wavelengths) of 
the NIF quads may be shifted with respect to one another. The 
two-color separation on the NIF consists of shifting the wave-
length of the outer cone of beams with respect to that of the 
inner cones by +Dm = 0 to 8 Å (at 1~0). A three-color option 
also exists, where there are two tunable wavelength separations: 
(1) the separation between the frequency of the outer cones and 
the inner 30° quads; and (2) the separation between the inner 
30° quad and the inner 23.5° quad.11,32

2. Polar Drive
The NIF was designed so that an option remains for implod-

ing spherically symmetric direct-drive–ignition targets.31 
In direct drive, the laser beams illuminate and implode the 

target directly without the intermediate step of converting to 
x rays. As a result, direct drive is predicted to couple 7# to 9# 
more energy to the compressed capsule than indirect drive.33 
Because reconfiguration of the NIF beam architecture is very 
invasive, the PD scheme was conceived so that directly driven 
experiments can be performed while the NIF remains in the 
indirect-drive configuration.25

Polar-drive–ignition designs rely on repointing the NIF 
beams (Fig. 137.48) toward the equator of the target (Fig. 137.49) 
by using different pulse shapes for different rings of the NIF 
configuration and using specialized phase plates to achieve 
sufficient implosion symmetry in the absence of equatorial 
beams. Accurate modeling of oblique-beam energy deposition, 
the effect of beam obliquity on LPI’s in the underdense corona, 
and heat transport to the ablation surface are critical to achieving 
sufficient symmetry, implosion velocity, and shell adiabat.6,30

3. Comparison of LPI Between Indirect-Drive  
and Polar-Drive Schemes
Figure 137.50(a) shows a contour plot of the coronal elec-

tron plasma density (normalized to the critical density) for 
an ignition-scale direct-drive target, with the approximate 
dimensions indicated. Sample ray trajectories, approximately 
corresponding to three cones of beams, are overlaid. For 
comparison, a NIF-scale indirect-drive hohlraum is shown in 
Fig. 137.50(b). Again, the electron plasma density is shown 
with the laser-beam trajectories overlaid. The two figures are 
not shown on the same scale.

The plasma conditions differ quite significantly between 
the two cases. The plasma density scale length for the direct-
drive target is Ln + 500 to 600 nm (the density decreasing with 
radius r), the coronal electron temperature is approximately 
isothermal with Te = 3 to 4 keV, and the baseline design uses a 
CH ablator. The plasma-flow velocity is directed radially out-
ward, increasing with radius. The Mach-1 surface is located at 
a radius where the electron plasma density ne is approximately 
one quarter of the critical density ( )n r n 4e c.  (the quarter-
critical surface), where n m e40

2 2
c e~ r= ^ h  is the density 

at which electromagnetic (EM) waves of frequency ~0 are 
reflected (see Fig. 137.50).3 The quantities e and me are the 
electron charge and mass, respectively. This is to be contrasted 
with the indirect-drive hohlraum. The plasma density inside the 
hohlraum is more homogeneous (Ln + mm’s) and the plasma 
flow structure is quite complicated, with the Mach-1 surface 
falling just outside the LEH’s. [The LEH has been shown to act 
like a sonic nozzle (in analogy with gas dynamics) so the flow 
external to the nozzle is quite insensitive to changes within the 
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hohlraum.34] The electron temperature is Te = 2 to 4 keV and 
is highest in the beam-overlap region near the LEH. The laser 
light interacts with a mixture of different materials: the He (or 
He/H) gas that fills the hohlraum, Au plasma ablated from the 
hohlraum walls, and CH plasma ablated from the target.

The laser-beam intensities are quite different between the 
two schemes. In indirect drive, the single-beam intensities 
are nominally 1 # 1015 W/cm2 for the outer cone quads and 
0.5 # 1015 for the inner cone at the LEH, while in direct drive, 
the single-beam intensities are lower: +1 # 1014 W/cm2. The 
differences in laser intensity are determined by design consid-
erations. In indirect drive, the LEH’s through which the beams 
propagate must be as small as possible since the area of the 
LEH is a sink for x rays. This requires small beam spots and 
high beam intensities. In direct drive, the beam spots should be 
as large as possible, to maximize beam overlap to ensure drive 
uniformity, leading to lower single-beam intensities.

The gains for LPI’s that are driven by single-beam interac-
tion can be computed by ray-based methods.35,36 For indirect 
drive, the largest single-beam gains correspond to stimulated 
Raman scattering (SRS) on the inner cone of beams deep 
inside the hohlraum and to stimulated Brillouin scattering 
(SBS) from the outer beam cones near the hohlraum wall.37 
For direct-drive designs, the single-beam gains/thresholds are 
not generally exceeded—a result of the lower beam intensities 
and the shorter plasma scale lengths relative to indirect drive.

In both approaches, there are ample opportunities for mul-
tibeam instabilities. In indirect drive, all beams from one side 
must overlap to get through the LEH, and the two rings of the 
inner cone overlap well into the hohlraum’s interior. In direct 
drive, beams overlap everywhere in the underdense corona with 
a wide range of crossing angles. An understanding of the degree 
to which different beams can become cooperatively unstable 
with respect to LPI’s is now realized to be crucial. 

Three-Wave Interactions
Unmagnetized plasmas support EM waves, electron plasma 

waves (EPW’s), and ion-acoustic waves (IAW’s).3 The incident 
laser light is the source of large-amplitude EM waves. The 
quadratic nonlinearities associated with the plasma response, in 
the coronal or hohlraum plasma, result in the coupling between 
a given EM wave and the other linear waves supported by the 
plasma. As will become evident later, interactions that involve 
the coupling of three waves are seen as the most important for 
current ignition experiments.

A parametric instability involving three waves is possible 
when the frequency- and wave-number–matching conditions 
are satisfied:

 ,0 1 2~ ~ ~= +  (1)

 ,k k k0 1 2= +v v v  (2)
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(a) In direct-drive targets, multiple laser beams overlap 
everywhere in the underdense corona over a wide range of 
angles (rays corresponding to three representative beams 
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with a limited number of angles. The color bars indicate 
the electron plasma density normalized to the critical den-
sity (note the different density scales on the left and right).
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where ~ i and ki
v  (i = 0,1,2) are the frequencies and wave 

numbers satisfying the dispersion relation for the ith wave. 
Typically, wave “0” represents the large-amplitude (pump) 
wave that drives the instability, while waves “1” and “2” are 
the decay (or daughter) waves.

The particular form of instability for coherent waves satis-
fying the matching conditions [Eqs. (1) and (2)] can be deter-
mined by solving the canonical coupled-mode equations.38,39 
Schematically, these are

 ,L A i A A0 0 0 1 2c=  (3)

 ,L A i A A1 1 1 0 2c= )  (4)

 ,L A i A A2 2 2 0 1c= )  (5)

where Li represents the linear propagator for wave i, Ai is the 
corresponding wave action (related to the wave amplitude), 
and the c’s are the coupling constants that depend on the wave 
type.39 Instability, if present (i.e., wave growth is sufficient to 
overcome the effective dissipation or damping), can be either 
absolute or convective. Absolute instability corresponds to 
unstable eigenmodes that grow temporally, while convective 
instability is limited to spatial amplification.40–42 The effects 
of plasma inhomogeneity, or deviation from exact resonance, 
result in the appearance of phase factors on the right-hand side 
of Eqs. (3)–(5). Plasma inhomogeneity, which is always present 
experimentally (see Fig. 137.50), introduces a threshold condi-
tion on the intensity of the pump wave. Absolutely unstable 
couplings can become convective in its presence. The expres-
sion for Rosenbluth gain43 is the most well-known:

 , ,expA A G G
V V

2
where

, ,
1

1 2

2

1,seed
g gl

rc
= =

l
_ i  (6)

which describes the finite amplification of wave amplitudes 
arising from wave convection out of the region where the three 
waves are resonantly matched [i.e., where Eqs. (1) and (2) are 
satisfied]. The gain exponent G depends on the square of the 
homogeneous temporal growth rate c, the spatial derivative 
of the phase mismatch / ,x k k k0 1 2- -2 2l =l v v v` j  where x is the 
direction of the inhomogeneity, and the group velocities of the 
two daughter waves, Vg,i. If the gain is large enough, the seed 
large enough, or the instability absolute, it will no longer be 
possible to neglect nonlinear effects such as particle trapping, 
nonlinear frequency shifts, harmonic generation, etc., which 
are not described by Eqs. (4) and (5). In this case, one must 

often resort to numerical calculations of the type discussed in 
Numerical Investigations of Multibeam TPD (p. 72).

The following possibilities are specific to the case where the 
primary wave (0) is a large-amplitude EM wave: SBS results 
when the decay waves are EM and ion acoustic; SRS when they 
are EM and electron plasma waves; and two-plasmon decay 
(TPD) when both decay waves are EPW’s. The decay into an 
EPW and an IAW can occur, but it is not seen to be important, 
while decay into two EM waves or two IAW’s is not possible.

There are several ways in which multiple beams can cooper-
ate to produce instability of the above types. Daughter waves 
can be shared between decays occurring in different beams44 
or instability can be seeded (or induced) because one of the 
daughter waves is present, either in the laser drive or as a result 
of decays occurring elsewhere in the plasma (see Fig. 137.51).45 
In this way, rescatter and multibeam amplification of back-
scatter can occur.46 When daughter waves can be shared, the 
growth rates (or convective gains) can be expected to depend 
on the combined EM wave intensities.44
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Figure 137.51
Wave-vector diagram for cross-beam energy transfer. The decay of the pump 
electromagnetic (EM) wave (with wave vector k0

v ) into an ion-acoustic wave 
kIAW
v` j and a scattered-light wave k1

v` j is induced because the light wave 
k1,seed
v  is already present at levels greatly exceeding the thermal noise.

Although filamentation has been a concern, particularly for 
indirect drive, and important work has been done to understand 
filamentation driven by multiple beams47,48 and the related 
effect of beam bending,49,50 which was experimentally con-
firmed,51 it will not be described here.

Cross-beam (or multibeam) interactions in plasmas and their 
potential uses have quite a long history. Examples include the 
beat-wave generation of EPW’s52 or IAW’s53 by crossing EM 
beams, or four-wave mixing and phase conjugation.53,54 More 
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recently there has been great interest in the use of cross-beam 
interactions to achieve laser-pulse compression55 or Raman 
amplification.46,56,57 These topics are beyond the scope of this 
article and will not be discussed nor will many other subscale 
experiments or theory that were performed under conditions 
that are not directly relevant to ICF ignition. The recent review 
articles by Kirkwood46,58 address these.

Cross-Beam Energy Transfer
1. Description of the Mechanism

Cross-beam energy transfer (CBET) can be thought of as 
an induced SBS process,45 occurring when multiple EM waves 
of similar (or equal) frequencies overlap in a plasma. This can 
be understood most simply for the case of two crossing plane 
EM waves (“beams”) of frequencies ~0, ~1 and wave vectors 

, ,k k0 1
v v  respectively (Fig. 137.51). Therefore, with reference to 
Eq. (2), both wave vectors k0

v  and k1
v  are EM waves (defined 

by the illumination geometry), while k k2 IAW/v v  is the wave 
vector of an IAW defined by .k k k0 1IAW -=v v v  

The frequencies (or, equivalently, wavelengths) of the over-
lapping EM beams (i.e., ~0 and ~1) control the proximity of 
the plasma response at the frequency ~0–~1 to the ion-acoustic 
resonance ~2,

 v .c k k0 1 2 IAW s IAW IAW! :- /~ ~ ~ ~= = +v v v  (7)

Here cs is the ion-acoustic speed and vv  is the plasma (hydro-
dynamic) flow velocity. At (or near) resonance, the system 
[Eqs. (3)–(5)] becomes parametrically unstable (convectively), and 
substantial power can be transferred from the higher-frequency 
EM wave to the lower-frequency wave (where “higher” and 
“lower” refers to the frequencies determined in the reference frame 
where the plasma flow velocity vanishes). Energy transfer can 
occur if both laser beams have the same frequency (wavelength) 
in the presence of a Mach-1 flow v cs+v` j aligned with .kIAW

v  

Interest arising from indirect-drive ICF (see the next sub-
section) stimulated a great deal of both theoretical/numeri-
cal34,45,59–63 and experimental64–72 activity in CBET starting 
in the mid-90s. Experiments were performed for frequency-mis-
matched beams67,73 and equal-frequency beams.65,68,69,72,74,75

2. SBS-Mediated CBET in ICF Experiments
The potential importance of induced SBS (CBET) was rec-

ognized early in both indirect- and direct-drive approaches to 
ICF. Haan’s paper in 1995 (Ref. 31) cites forward SBS resulting 
in energy transfer between the NIF beam cones (Fig. 137.48) 
as a concern for indirect drive. At the time, the baseline pro-

posal for indirect drive on the NIF incorporated a four-color 
scheme that was proposed as an option for the control of LPI’s 
occurring in the hohlraum.31 Kruer showed theoretically that 
the intensity and frequency separation of the beams in this 
baseline proposal were such that ion waves could be driven 
resonantly, causing a significant energy transfer among the 
beams.45 Kruer’s calculations highlighted the effectiveness of 
detuning by wavelength shifting the NIF beams and determined 
that nonlinear effects would not play a strong role in limiting 
energy transfer for the parameters of interest. The ability to 
induce a wavelength shift between the two beam cones was 
implemented on the NIF, specifically to reduce vulnerability of 
the NIF point design to this energy transfer.34,76,77 In practice, 
the frequency shift was applied to the outer cones, resulting in a 
“two-color” capability that could be used to prevent unwanted 
changes to the illumination symmetry caused by CBET. The 
frequency shifts were chosen to be sufficient to prevent IAW 
resonances inside the beam-crossing volume (see Indirect 
Drive, p. 59 and Fig. 137.50).

In the context of direct drive, Randall et al.78 showed that 
unabsorbed light reflected from the critical surface could act 
as an EM seed to induce SBS in the corona. The importance 
of cross-beam interactions in direct-drive implosions on 
OMEGA was first investigated experimentally by Seka,79 and 
numerical investigations of these experiments were performed 
in two dimensions using the paraxial pF3D code80 and a non-
paraxial model.81 It was not possible to make more-general 
3-D numerical calculations of the kind made for indirect drive 
(and described later in CBET in Indirect Drive on the NIF, 
p. 64)76,77 because the complex beam geometries precluded 
the use of the paraxial approximation for the crossing beams.

A detailed spectroscopic analysis of the scattered light in 
spherical implosion experiments was performed on OMEGA, 
and the spectral shifts were compared with the expected 
Dewandre shift,82 arising from the time-varying optical path, 
based on LILAC83 predictions for the hydrodynamic profiles 
assuming collisional absorption3 of the laser light alone.84 This 
provided experimental evidence of the CBET effect in spherical 
implosion experiments.84–87 The spectroscopy helped guide the 
development of a ray-based model of CBET that generalized 
Randall’s earlier analysis to the complex illumination geom-
etry present in direct-drive experiments (Fig. 137.50).84–87 
The model solves the coupled-mode equations [Eqs. (3)–(5)] 
pairwise along rays, making use of the strong damping approxi-
mation for the IAW, which is physically motivated and makes 
the model practical to implement. Reference 35 gives a detailed 
description of ray-based calculations in indirect drive.
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CBET has turned out to be of major significance in ICF 
experiments over the past few years, both in direct- and 
indirect-drive geometries. Because of differences in the drive 
(Comparison of LPI Between Indirect-Drive and Polar-
Drive Schemes, p. 60), its behavior is somewhat different in 
each case and is described separately below.

a. CBET in direct drive.  When a detailed ray-based CBET 
model was self-consistently incorporated into one-dimensional 
(1-D) radiation–hydrodynamics calculations (LILAC83), its 
impact on target performance for spherically symmetric 
implosions could be computed and compared with OMEGA 
experimental data.88,89 

It was realized that, in direct drive, CBET preferentially 
transfers energy from the central portion of each laser beam 
to the outer portions (or “wings”).85,90 Light rays in the wings 
of each beam, with large impact parameters, are not well 
absorbed and turn at densities below critical3 (e.g., the purple 
ray in Fig. 137.52). On their outward trajectory, after turning, 
these rays cross incoming rays (e.g., the blue ray in Fig. 137.52), 
where they provide an enhanced EM seed for SBS side- or 
backscatter (Fig. 137.51). Since the hydrodynamic flow veloc-
ity is directed radially outward in the underdense corona, the 
outgoing rays are red shifted relative to the incoming rays in 
the frame where the plasma is locally at rest. If all beams have 
the same frequency in the lab frame, the energy transfer is 
directed from the incoming rays to the outgoing rays (shown 
schematically by the green arrow in Fig. 137.52). This repre-
sents a loss in laser coupling. The process becomes resonant 
near the Mach-1 surface, for equal-frequency beams (in the lab 
frame) [Eq. (7)], although the gains are small because of the 
strong radial gradients in flow velocity [large ll in Eq. (6)]. The 
EM seed provided by the reflected light is very large relative 
to thermal fluctuation levels, so even small gains can have a 
significant effect on the absorbed energy. 

The best agreement between 1-D LILAC calculations and 
measured absorption and scattered-light spectra was obtained 
for OMEGA spherical implosions when the CBET model was 
used in conjunction with nonlocal thermal transport.88,89,91 
Figure 137.53 compares the (a) measured and the calculated 
implosion trajectory with (b) the scattered power for a spherical 
implosion on OMEGA (shot 63912).

The implosion trajectory (defined as the radius of the 
ablation surface as a function of time), which is a gauge of 
the hydrodynamic efficiency of the target, is inferred from 
x-ray self-emission images,92 while the time-dependent laser 

absorption fraction and scattered-frequency spectra (not shown) 
tightly constrain the laser coupling.87 Both of these observ-
ables are well matched by the 1-D LILAC CBET model, while 
calculations with collisional absorption alone fail to reproduce 
the results (Fig. 137.53). 

These observations led to the conclusion that between 10% 
to 20% of the laser drive could be lost relative to expectations 
based on collisional absorption alone. This motivated further 
work to test the predictions of these models and to search for 
mitigation strategies.89,93 Experiments were performed on 
OMEGA that demonstrated the expected enhancement in laser 
coupling in implosions with narrow-beam illumination relative 
to the target size.89,93 The effect of narrowing the beam is to 
reduce the EM seed (the purple rays in Fig. 137.52) and mitigate 
the CBET effect. Mitigation strategies are discussed in more 
detail in Mitigation of Multibeam Instabilities (p. 74).

b. CBET in indirect drive on the NIF.  The first com-
prehensive assessment of CBET in indirect drive was made 
prior to the NIF ignition campaign using a 3-D steady-state 
paraxial model for the nonlinear interaction between pairs of 
NIF quads.76,77 The energy transfer between the NIF beam 
cones was calculated by summing the contribution from 
nearest-neighboring quads in the forward-scattering geometry 
(a geometry similar to that shown in Fig. 137.51) (this was 
predicated on the interquad power transfer being small). The 
nearest-neighbor interaction was greatly simplified because 
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Figure 137.52
The coronal electron density ne, normalized to the critical density nc, is plotted 
in one quadrant of an OMEGA-scale spherically symmetric implosion. Two 
sample ray trajectories (shown as blue and purple lines) serve to illustrate the 
transfer of beam energy (see text).
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into account the expected hohlraum hydrodynamics conditions 
(obtained with LASNEX8) and laser-beam smoothing.76,77

The energy transfer in these calculations reached sig-
nificant levels (L15%) because of the high laser intensities 
and the long propagation distances over which the coupling 
takes place (Comparison of LPI Between Indirect-Drive 
and Polar-Drive Schemes, p. 60), despite the forward SBS 
coupling being off resonance [Eq. (7) is not satisfied]. (Note: 
In direct drive, the interaction distance is much shorter but 
the coupling is resonant.) The ion-wave amplitudes remained 
small dn/n . 10–4, which justified the neglect of nonlinearity 
in the IAW response.34

These calculations indicated that the two-color scheme 
[wavelength shifting of the outer cone relative to the inner 
cone (SBS-Mediated Cross-Beam Energy Transfer in ICF 
Experiments, p. 63)] could mitigate CBET to a level sufficient 
to maintain the required implosion symmetry while keeping 
the coupling in the linear, or small-gain, regime. At the same 
time, it was foreseen that CBET could be used for symmetry 
control (by shifting laser power between the beam cones) if 
the margin for cone balance94 on the laser system was limited 
for some reason.76,77

With the first experiments of the ignition campaign in 2009 
(+200-TW “emulator” targets),95 it became clear that the NIF 
cone fraction was unsuitable for creating symmetric implo-
sions. The cone fraction, defined as the ratio of inner-cone 
energy to the total energy, needed to be 40% to 45% to obtain 
a round implosion.32 This could not be achieved because the 
inner beams did not propagate to the hohlraum wall as well 
as expected,4,96 and the cone fractions could not be adjusted 
to compensate for the loss related to power limitations of the 
inner cone of beams.

It was experimentally demonstrated that wavelength shifting 
could be used to compensate for the impaired propagation of 
the inner beams.4 Figure 137.54 shows two snapshots of the 
capsule x-ray self-emission at the time of peak emission. The 
pole–equator asymmetry variation is measured by the ratio 
of the second- to the first-Legendre polynomial coefficients 
P P2 0  in the spherical harmonic expansion of the x-ray flux 
isocontours from the self-emission images. Note that the 
hohlraum axis is vertical in these images, as in Fig. 137.48. 
Figure 137.54 shows that the implosions were oblate (P2 < 0) 
for small wavelength shifts, P P2 0  varied linearly with the 
wavelength shift, and implosions became round (P2 = 0) at 
Dm . 1.7 Å (at 1~0).

Figure 137.53
(a) The implosion trajectory for a spherical implosion on OMEGA (shot 63912). 
The experimentally determined trajectory (solid squares) is compared against 
two 1-D LILAC calculations: collisional absorption of laser light only (blue 
curve) and the CBET model (red curve). (b) The scattered power as a function 
of time. The solid black curve is the measured scattered power and the red 
(blue) curves are the corresponding LILAC predictions. The laser pulse shape 
is shown for reference.

neighboring quads are close in angle (<14°) (Fig. 137.48), which 
permitted a paraxial treatment of the beam propagation (such 
an approximation is invalid for the direct-drive geometry). (The 
induced SBS process is forward scattering for indirect drive, 
unlike the dominant process in spherically symmetric drive 
where it is predominantly backscatter.) These calculations took 
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The linear dependence of the P P2 0  symmetry with 
wavelength was predicted by a simpler CBET model that was 
developed for use in “rapid assessment.”96 While this model 
neglected refraction and the beam speckle structure/smooth-
ing of the earlier paraxial work, the coupling of all quads was 
calculated simultaneously, i.e., all interquad couplings were 
computed, including pump depletion. As before, LASNEX8 (or 
HYDRA97) hydrodynamics were used, but the hydrodynamics 
were not evolved self-consistently (cf., e.g., direct-drive cal-
culations described in CBET in Direct Drive, p. 64). These 
calculations using the linear response of an ion wave to the 
beat ponderomotive force were in reasonable agreement with 
the 2009 experiments where NIF was operating at 200 TW of 
peak laser power with small wavelength shifts (Dm = 1.5 to 5 Å 
at 1~0), leading to small amounts of transfer. When the NIF 
reached its design energy (laser powers in the range of 400 to 
500 TW), combined with changes to the LEH (CH liners were 
removed modifying the flow structure), the Dm required to 
achieve good symmetry became very large (Dm = 6 to 9 Å at 
1~0) as did the energy transfer.

The successful demonstration of outer- to inner-beam energy 
transfer for P2 symmetry control was followed by a demon-
stration of two successive CBET steps.11,32 This involved an 
additional transfer step between the two rings of quads that 

comprise the inner cone (Fig. 137.48), which was accomplished 
by introducing a second wavelength shift (i.e., three colors).

For the three-color operations on the NIF, the wavelength 
of the 23.5° quads was placed between that of the outer cone 
and the 30° inner cone of beams. As before, power was trans-
ferred from the outer quads to the inner quads near the LEH 
(where all quads overlap) to maintain P2 symmetry. Because 
of the second frequency shift, the 23.5° quads were higher in 
frequency compared to the 30° quads and a second transfer 
(from the 23.5° to the 30.0° quads) occurred deeper in the 
hohlraum when the outer cones had separated (the separation 
can be seen in Fig. 137.48).

This redirection of energy toward the 23.5° quad was 
motivated by experimental evidence that showed a decrease 
in laser–target coupling as energy was transferred to the inner 
beams as a result of SRS. This was not unexpected since the 
inner cones are the most prone to SRS backscatter instabilities 
(see Stimulated Raman Scattering in Indirect Drive, p. 67). 
However, the loss was specifically identified as resulting from 
increases in SRS on the 23.5° quads.32 Redirecting energy 
from the 23.5° quads to the 30° quads (keeping the inner-cone 
energy constant) before the SRS gain region (p. 67) decreased 
backscatter and improved the coupling to the target, thereby 
increasing the radiation drive.11,32

Although the ignition campaign started out in the linear 
gain regime and the models had a good degree of predict-
ability, it ended with large gains and the linear models were 
no longer predictive.32,98,99 Indeed, the linear calculations 
fail to reproduce the experimental observables, and usually 
predict full pump depletion of the outer beams, which has 
never been observed.98,99 To obtain an integrated working 
model, an ad hoc adjustment parameter was applied to the 
density response: a saturation amplitude of dn/n = 3 to 4 # 10–4 
(Ref. 32). Michel et al.98,99 have recently shown that stochastic 
ion heating can occur when multiple laser beams overlap in 
plasma. The electrostatic field created in response to the pon-
deromotive force of multiple overlapping beams was shown to 
transfer energy and momentum to the ions. For typical NIF 
conditions, it was calculated that such stochastic heating is an 
important mechanism driving hydrodynamic evolution in the 
beam-overlap region. The modifications to the ion temperature 
were predicted to reduce the CBET linear gains by a factor of 
4 to 5 over the course of a nanosecond. Such considerations 
may remove the ad hoc density saturation parameter and restore 
agreement with experimental observations. In this same work, 
a simplified model of the effect in a form suitable for inline 
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implementation in hydrocodes was presented (see comments 
in the Introduction, p. 58).

Interactions in Competition with CBET
In laser-driven fusion experiments, CBET occurs before 

the laser beams have fully deposited their energy in the target 
(i.e., the walls of the hohlraum in indirect drive or at the critical 
surface in direct drive).

In indirect drive, CBET occurs in the beam-overlap region 
near the LEH (as previously described). Gain calculations 
show that backscattering and filamentation instabilities occur 
deeper in the hohlraum, outside of the volumes where the 
beams cross and transfer energy.76 SRS in the NIF hohlraum 
has been identified to occur midway between the LEH and 
the hohlraum wall along the path of the inner beam cones 
(Fig. 137.55).37 All potential interactions taking place in the 
hohlraum’s interior are therefore “downstream” of CBET. An 
understanding of these downstream instabilities should take 
into account not only the changes in hydrodynamics caused by 
CBET but also the angular and spatial redistribution of energy 
within the beams. These problems highlight the complexity 
of LPI’s in general and show how the nonlocal and scale mix-
ing can occur between the macroscopic (hydrodynamic) and 
microscopic (plasma physics) scales.

Figure 137.55 shows an example of how these problems 
can be tackled through the sequential combination of multiple 
numerical models. The intensity of a 30° inner-cone quad is 
shown, in cross section, both before and after the energy transfer 
has occurred. CBET distorts the transverse intensity profile 
of the laser beam and gives rise to an effective shift in point-
ing.77 The propagation from the LEH to the region where SRS 
occurs, including refraction, absorption, and CBET, has been 
calculated using a steady-state paraxial model.96 When the SRS 
gain region is reached, the spatially dependent laser intensity 
is used as input for a second calculation using the code pF3D, 
which is able to compute the SRS coupling (the results of these 
types of pF3D calculation are discussed in the next subsection). 
Both of these stages assume plasma hydrodynamic profiles 
calculated using LASNEX (or HYDRA). The self-consistency 
between LPI calculations and hydrodynamics calculations was 
discussed previously in CBET in Direct Drive and CBET in 
Indirect Drive on the NIF (p. 64).

Similar arguments are expected to apply in directly driven 
targets, although the degree of spatial separation between dif-
ferent instability regions is less clear. The correct modeling of 
CBET is a prerequisite for the understanding of instabilities 
occurring deeper in the target. The most important of these 
are considered to be SRS (in indirect drive) and two-plasmon 
decay (in direct drive).

1. Stimulated Raman Scattering in Indirect Drive
Analyses of SRS prior to the NIF ignition campaign were 

based mostly on the computation of single-beam gains and 
beam propagation31,35,102 that were tested in subscale OMEGA 
experiments.103,104 The results suggested that tolerable levels 
of SRS were to be expected. However, SRS from the inner 
cones of NIF hohlraums was routinely observed during the 
ignition campaign, with reflectivities of the order of 20% 
(ESRS L 100 kJ) (Ref. 95). As a result, SRS is the primary LPI 
mechanism responsible for the reduction in energy coupling 
in the hohlraum.95

A spectral analysis of SRS scattered light [diagnosed in 
a full-aperture backscatter station (FABS) on the 30° inner 
cone]105 pointed to lower hohlraum temperatures than pre-
dicted, which in part motivated an assessment of the way plasma 
conditions were calculated. This reassessment led to the imple-
mentation of the detailed configuration accounting (DCA)/
high-flux (HF) model in hydrodynamic modeling.106,107 With 
the HF model, SRS was predicted to occur halfway between the 
LEH and the hohlraum wall (Fig. 137.55), where there is still 
overlap between the inner cones, instead of closer to the wall, 

Figure 137.55
A drawing showing the path of a 30° inner-cone quad as it propagates from 
the LEH to the wall of a NIF hohlraum. The spatial regions where CBET 
and SRS occur are indicated. The intensity of the quad is shown, in cross 
section, just before entering the LEH and after propagation through the CBET 
region. The increase in the quad intensity is not spatially uniform.100,101 

(Figure taken from Ref. 101.)
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where there is none (as earlier predictions had suggested).102 
This new model removed the gross discrepancies between SRS 
observations and predictions.37

The modification in plasma conditions, as predicted by the 
HF model, did not fully explain the SRS spectra from the inner 
quads. It was noticed that a discrepancy between linear single-
beam gains and the observed spectra of SRS light could be 
improved by combining the intensities of neighboring beams/
quads. When the overlap intensity of the 23.5° and 30° quads 
was included in SRS gain calculations (Three-Wave Interac-
tions, p. 61), agreement with the experimental SRS scattered-
light spectrum was improved.37 It seems likely that multibeam 
SRS occurs through the sharing of the EM decay waves where 
the two inner cones overlap [Fig. 137.56(a]).37

A “proof-of-principle” calculation to test this multibeam 
effect was performed by simulating the propagation of two37 
and three101 overlapping quads using the code pF3D (as 
described above in Interactions in Competition with CBET, 
p. 67). The three overlapped quads used to initialize pF3D 

calculations of multibeam SRS are shown in Fig. 137.56(b). A 
30° quad at the center overlaps with two 23.5° quads (one on 
either side). The pF3D calculations demonstrated that the quads 
can share a reflected SRS light wave to which they resonantly 
match through separate electron plasma waves [Fig. 137.56(b)]. 
Furthermore, multibeam (three-quad) predictions for the 
SRS reflectivity on the diagnosed 30° quad approached mea-
sured values.101

While these results are compelling, pF3D is a fluid-based 
code and it is possible that some discrepancies may be kinetic in 
origin. It would be interesting to see how multibeam kinetic cal-
culations (e.g., including effects of the type described recently 
by Chapman et al.108 and Yin et al.109–111) affect agreement 
between multibeam predictions and measurements.

2. Two-Plasmon Decay (TPD) in Directly Driven ICF
TPD has been observed in the blow-down of the LEH 

windows in indirect drive,112 but it is generally considered to 
be more important for direct drive,113 where it is undesirable 
because of the anomalous absorption of laser light at densi-
ties below the critical density and the potential to accelerate 
electrons to high energies.114–118 High-energy electrons can 
preheat the target and severely degrade performance since 
efficient implosions require the fuel to remain on a low adiabat.

TPD43,119–123 is a three-wave–decay instability in which an 
EM wave parametrically decays into two longitudinal EPW’s 
in the neighborhood of the quarter-critical density surface 
(Three-Wave Interactions, p. 61). Its decay diagram is shown 
schematically in Fig. 137.57 for a single-plane EM wave pump. 
As described in on p. 61, the three waves satisfy the frequency- 
and wave-number–matching conditions [Eqs. (1) and (2)]. 
These conditions, together with the dispersion relations for the 
EM wave c k0

2 2 2
0

2
pe~ ~= + v7 A and the EPW’s 

 v, ,k3 T
2 2 2

EPW1 EPW2 pe EPW1, EPW2e
!~ ~ ~= + v  

where n e m4 2pe e er~ = /1 2a k  is the electron plasma frequency, 
define the allowable wave vectors for decays at a given density. 
The decay wave vectors must lie on a sphere centered on ,k 20

v  
having a radius that is a monotonically decreasing function of 
the density (shown by the red circle in Fig. 137.57).124 This 
defines the maximum density at which TPD can occur to be 
slightly below the quarter-critical density. Larger wave-number 
decays occur at lower densities, but for . ,k 0 25De Lmv  i.e., 
beyond the Landau cutoff (dashed circle in Fig. 137.57), EPW’s 
are very heavily Landau damped [ T n e4 2

De e e/m r /1 2_ i  is the 
electron Debye length].
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(a) A wave-vector decay diagram for SRS occurring in two beams (with wave 
vectors k ,0 1

v  and k ,0 2
v ) that share a common backscattered electromagnetic 
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ping NIF inner-cone quads. The sharing of scattered EM waves is possible 
where there is significant overlap between beams (lower panel was taken 
from Ref. 101).
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The linear stability of a single-plane EM wave subject to 
TPD in homogeneous plasma is well known.43,119–123,125,126 

The temporal growth rate c0 for a decay of wave vector kv  (in 
the absence of EPW damping) is given by

 
v

,
k

k k k

k k k

40
0

0
2 2

osc:

-

- -
c =

v v

v v

v v` j; E
 (8)

where v eE m0 0osc e~=v v _ i is the oscillation velocity of an 
electron in the electric field of the plane EM wave E0

v  (Ref. 3). 
The relation between k|| and k9 (parallel and perpendicular 
components of kv  with respect to k0

v ) corresponding to maxi-
mum growth defines a hyperbola in k space, k k k k|| ||

2
0-== ` j 

(shown by the solid blue hyperbolas in Fig. 137.57).

For homogeneous plasma, the square of the multibeam 
growth rate is the sum of the squares of the single-beam growth 
rates [Eq. (8)] for all beams (i) that share a common (symmetric) 
decay EPW ,i i

2
0
2c cR=a k (Ref. 127). This is a general result 

for three-wave instabilities.44 Figure 137.58 shows how two 
coherent, equal-frequency beams can share a common daughter 
EPW. It can be easily seen that the angle between the common 
wave kv  vector kEPW,c

v` j and the kv  vectors of participating 
beams k ,0 1

v_  and k ,0 2
v i must be the same. Maximum growth 

occurs when the single-beam maximum growth rate curves 
(the blue and red dashed hyperbolas in Fig. 137.58) intersect. 
This can occur only at a specific density.124
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Figure 137.58
A schematic TPD decay diagram for two overlapping EM waves (having kv  vec-
tors k ,0 1
v  and k ,0 2

v ) whose bisector is in the direction of a constant gradient 
in plasma density .nd  The multibeam homogeneous temporal growth rate is 
maximized for decays kEPW,c

v  occurring at densities that correspond to the 
intersection of the individual maximum growth rate curves (red and blue dashed 
hyperbolas). Since these waves are often associated with large group velocity, 
a linear analysis predicts convective instability in the presence of the density 
gradient, and a common-wave gain can be computed.127

In plasma with a linear inhomogeneity in the electron plasma 
density, even the single-beam case is complicated. The linear 
variation in plasma density can be shown to lead to convective 
saturation for most decays,128 leading to spatial amplification of 
unstable EPW’s by the Rosenbluth gain [i.e., Eq. (6)]. A careful 
linear stability analysis of small wave-number decays, which 
are near their turning point (invalidating the Rosenbluth analy-
sis), revealed the presence of absolute instability.120,123,125,129 
The threshold for the absolute instability was first calculated 
correctly by Simon et al.,123 resulting (for conditions of rel-
evance to direct-drive–ignition experiments) in an absolute 
threshold below the nominal convective threshold (G = 2r) 
(Ref. 128). For a single beam, absolute instability involves small 
kv -vector decays and is restricted to a narrow region of densi-
ties in the neighborhood of the quarter-critical density. Larger 
wave-number decays are convectively unstable and occur at 
lower densities. The very restricted range of purely convective 
growth means that single-beam TPD is inherently nonlinear.130

The linear stability analysis of multibeam TPD in a linearly 
varying density profile is more complicated, but significant 
progress has been made recently. The case of convective mul-
tibeam decays has been described by computing the expression 
for the multibeam homogeneous growth rate and applying the 

Figure 137.57
A wave-vector decay diagram showing the decay of a single EM plane-wave 
pump beam of wave vector k0

v  into two EPW’s having wave vectors kEPW1
v  

and k 2EPW
v  in the plane of polarization. The maximum growth rate for the 

instability in homogeneous plasma falls on a hyperbola which is parameter-
ized by the electron plasma density. For a given density, decay wave vectors 
lie on a circle (red) and the most-unstable modes occur at the intersection of 
the red circle and the blue hyperbolas. The dashed line is the Landau cutoff 

. .k k0 25 D=v  
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Rosenbluth gain formula [Eq. (6)].127,131 This allows one to 
compute a “common-wave gain” Gc that depends on the den-
sity scale length, the electron temperature, and the combined 
intensity of beams that contribute to the symmetric common 
wave (Fig. 137.58). The common-wave gain has been used as 
a figure of merit in the analysis of multibeam experiments127 

and to compare experiments having different density scale 
lengths and temperatures.131 This is reviewed in more detail in 
Experimental Evidence of Multibeam TPD below.

Detailed analyses have been performed for specific configu-
rations of one to six EM beams by numerical integration of the 
fundamental TPD equations in both real space132 and Fourier 
space.133 An absolutely unstable cooperative multibeam insta-
bility was found to exist (for the same reasons as in the single-
beam case). The origin of absolute instability for multibeam 
TPD is illustrated in Fig. 137.59. Figure 137.59 shows single-
beam decays occurring in two beams. These decays involve a 
small kv -vector plasmon and can be absolutely unstable, with 
a threshold that has been computed by Simon et al.123 These 
two decays share the small kv -vector plasmon and the decay 
can become cooperative. Results show that small wave-number 
decay EPW’s can often be shared among multiple beams. 
While the absolute multibeam threshold is found to depend 
on the specific beam configuration, it is generally below the 
common-wave convective threshold (as for a single beam).19,132

Numerical Investigations of Multibeam TPD (p. 72) on 
the nonlinear modeling of multibeam TPD saturation and hot-
electron production gives more details regarding the implica-

tions of these results, particularly with regard to nonlinear 
stability and the applicability of Rosenbluth gain.

3. Experimental Evidence of Multibeam TPD
Experimentally, signatures of TPD have been observed 

in the ionosphere134 and in LPI experiments.135,136 For the 
most part, either these experiments were carried out with 
a single interaction beam or the analysis did not consider 
multibeam effects. Only recently have these experiments 
observed signatures of multibeam interactions. Some of these 
are described below.

Several characteristic signatures of TPD instability include 
odd half-integer harmonics observed in the scattered light,136–144 
a hard component (>20 keV) in the x-ray bremsstrahlung spec-
trum,116,145 an energetic tail in the electron spectrum,114 and Ka 
emission from cold material.146,147 Many of these experiments 
were carried out at the Omega Laser Facility.26 In these experi-
ments, the coincidence of the above TPD signatures, combined 
with the absence of SRS backscattered light, is considered evi-
dence for the dominance of TPD instability.113

a. Multibeam TPD experiments using hard x-ray measure-
ments.  The multibeam nature of TPD in both planar and 
spherical targets was demonstrated on OMEGA in 2003 
based on observations of hard x-ray bremsstrahlung.148 X-ray 
bremsstrahlung is an indirect observation of TPD since it is 
produced by energetic electrons that have been accelerated in 
the electric field of TPD-produced EPW’s, most likely in the 
turbulent nonlinear state.149 These 2003 experiments showed 
that the overlapped intensity (defined as the incoherent sum of 
the single-beam intensities) governed the hot-electron produc-
tion, i.e., similar hard x-ray signals were obtained regardless 
of the number of beams involved, provided that the overlapped 
intensity was the same. It was proposed that overlapping beams 
could excite the same plasma wave. These results and more-
detailed spectroscopic analysis were discussed by Seka et al. 
in 2009 (Ref. 113).

More recently, experiments on OMEGA EP were used to 
produce long plasma density scale lengths (L300 nm) and 
explore TPD driven by one to four beams.118,150 These experi-
ments quantified the hot electrons produced by measuring the 
Ka emission excited in buried Mo layers, resulting in up to a 
few percent of the incident laser energy being converted to hot 
electrons at the highest laser intensities.150 The idea of shared, 
or common, plasma waves was explored based on the concept of 
common-wave gain (Fig. 137.58).127,131 A significant result was 
the demonstration that two beams, with similar polarization 
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directions, produce the same Ka signal as one beam when the 
overlapped intensities are equal (similar to 2003). These experi-
ments also demonstrated that four beams produce the same 
hot electrons as a single beam when the overlapped four-beam 
intensity is a factor of 2 higher—a result consistent with the 
expected reduction in growth rate based on common-wave con-
siderations for the polarization of the OMEGA EP beams.127 
The hot-electron production from a variety of different targets 
(on both OMEGA and OMEGA EP) with varying scale lengths 
and temperatures was compared by plotting the inferred hot-
electron fraction against the predicted common-wave gain for 
each configuration. Figure 137.60 shows the results taken from 
Ref. 131; when plotted against common-wave gain, a universal 
curve is obtained for the inferred hot-electron fraction.

b. Optical signatures of multibeam TPD.  Optical signatures 
of TPD are important because, unlike scattering instabilities 
(such as SBS or SRS), the direct products of the decay (two 
EPW’s) do not exit the plasma. Scattered light with frequencies 
near 3 20~  and 20~  has been used to investigate TPD for 
many years.136–144 Three-halves-harmonic emission 3 20~` j 
is generated by Thomson up-scattering of the incident laser light 
by TPD-produced plasma waves (i.e., self-Thomson scattering), 
or possibly by higher-order nonlinear processes. Half-harmonic 
emission 20~` j can be generated in a variety of ways. These 

include absolute Raman instability; the high-frequency hybrid 
instability, where the 20~  light is a primary decay product; 
inverse resonance absorption; Thomson down-scattering; and 
inverse parametric decay of TPD plasmons, where the 20~

light is generated as a secondary process.113

In Seka et al.113 the onset of half-integer harmonic emis-
sion in spherical implosion experiments on OMEGA was 
observed to be consistent with the single-beam threshold of 
Simon et al.,123 provided that the single-beam intensity in the 
threshold formula was replaced by the total overlapped intensity 
(i.e., by the incoherent sum of the intensities of all overlapping 
beams). Further analysis of the 3 20~  and 20~  signatures 
led to the conclusion that the unstable EPW spectrum is much 
broader than would be expected on the basis of linear theory 
[see Numerical Investigations of Multibeam TPD (p. 72) for 
comparisons with nonlinear TPD theory]. While the EPW spec-
trum was determined to be broad, it was shown that the Landau 
cutoff is respected. Similar broad EPW spectra were inferred by 
Meyer and Zhu in early single-beam CO2 laser experiments.139

As in earlier work,136 the multibeam nature of TPD was 
not explored beyond the threshold observation. More recently, 
images of the half-harmonic emission from similar OMEGA 
experiments have been obtained.151 Since the spatial regions 
that emit most brightly coincide with locations where mul-
tibeam TPD is expected to be driven most strongly, this has 
been interpreted as evidence of a multibeam effect in spherical 
implosion experiments.151

The most-direct observation of TPD EPW is obtained 
by Thomson scattering using a probe beam that is higher in 
frequency than the TPD interaction beam(s). For single-beam 
irradiation, the first such observations of TPD EPW’s were 
obtained by Schuss et al.152 and Baldis et al.153 for CO2 laser 
irradiation. The unstable TPD spectrum was determined by 
Meyer and Zhu using Thomson scattering, again for a single 
CO2 interaction beam.139 Very recently, Thomson-scattering 
experiments have been performed in multibeam planar experi-
ments on OMEGA at 0.351 nm using a 4~ (0.263-nm) Thom-
son-scattering probe beam.154 Plasma waves were observed 
and found to be localized near the quarter-critical surface. The 
intensity of these EPW depended on the overlapped intensity 
of all the interaction beams.154 These experiments promise 
to constrain numerical/theoretical predictions and provide a 
deeper understanding of multibeam interactions.

c. Angular properties of hot-electron production by multi-
beam TPD.  The angular divergence of hot electrons produced 
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as a result of TPD instability is an important factor in determin-
ing hot-electron preheat in direct-drive experiments. In typical 
cryogenic direct-drive experiments,155 the fast-electron energy 
deposited as preheat can be significantly less than the total 
energy of fast electrons produced. This is due to the factor-of-2 
difference in radii between the cold shell and the quarter-critical 
surface.156 It is therefore important to characterize the angular 
properties of hot electrons produced by multibeam TPD.

The directionality and energy spectrum of hot electrons 
produced by the TPD instability are difficult to predict because 
neither the saturated EPW wave-number spectrum nor the 
electron acceleration processes are well understood (see 
Numerical Investigations of Multibeam TPD below). The 
angular distribution of hot electrons and its dependence on 
the plane of polarization of a single-incident CO2 laser beam 
were determined in early experiments by Ebrahim et al.114 The 
results were obtained by measuring the spectra of hot electrons 
escaping the target at various angles. A strong peak in emission 
was observed at angles of !45° with respect to the wave vec-
tor of the incident light in the plane of polarization. This was 
thought to be consistent with the direction of the most-unstable 
TPD wave vectors for the parameters of the experiment [large 
wave-number decays consist of two plasmons propagating at 
angles of almost 45° and 135° with respect to the pump wave 
vector k0

v  (see Fig. 137.57)]. Similar single-beam experiments 
with a 0.351-nm interaction beam saw much weaker direc-
tionality, although emission was again stronger in the plane 
of polarization.116

Since the largest growth rates for multibeam interactions 
can involve TPD decay wave vectors that are symmetrically 
oriented with respect to the propagation direction of the interac-
tion beams,127 and experiments support the notion of common 
waves, a strong asymmetry might be expected in the direction 
of emission of hot electrons in multibeam experiments. An 
experimental technique was recently developed to estimate the 
angular divergence of hot electrons for conditions relevant to 
directly driven implosions.157 Molybdenum-coated glass balls 
of varying diameters were suspended concentrically inside 
CH shell targets, which were then irradiated on the 60-beam 
OMEGA laser at intensities I + 1 # 15 W/cm2. The hot-electron 
divergence was inferred from the dependence of the hot-elec-
tron–produced Mo Ka signal on the varying diameter of the 
Mo shell (while maintaining similar interaction conditions in 
the underdense corona). The relative Ka signal was best fit by a 
widely divergent hot-electron source, even after considerations 
of hot-electron recirculation,156 scattering, and return-current 
instabilities were taken into account. The results of nonlinear 

numerical models of TPD-produced hot electrons (described 
below) suggest possible reasons for these observations.

4. Numerical Investigations of Multibeam TPD
Although advances have been made in understanding the 

linearized theory of multibeam TPD instability,21,127,128,131–133 
which are important for defining thresholds, linear theory 
alone is not sufficient. The presence of absolute instability 
guarantees that a nonlinear theory is necessary to describe 
its evolution beyond the picosecond time scale (i.e., nonlin-
ear saturation) of importance to experiments that are several 
nanoseconds in duration. A nonlinear theory is required to 
describe hot-electron production and to interpret broad, odd 
half-harmonic emission spectra (see Optical Signatures of 
Multibeam TPD, p. 71).

Several numerical methods have been used to investigate the 
nonlinear evolution of TPD excited by a single EM wave. Since 
the TPD growth rate vanishes for decay wave vectors kv  that are 
parallel to the pump wave vector k0

v  [i.e., vk 00 osc: =v v  for EM 
waves in Eq. (8)], the instability must be studied in at least two 
dimensions. For a single EM wave, the maximum growth rate is 
obtained for decays in the plane of polarization (i.e., the plane 
defined by the vectors k0

v  and vosc
v ); consequently, the major-

ity of single-beam calculations performed to date have been 
two-dimensional (2-D) calculations in the plane of polarization. 
These include extended Zakharov models,130,137,156 Zakharov 
models with quasilinear evolution of the electron distribution 
function,149 explicit particle-in-cell calculations,129,158–161 and 
reduced particle-in-cell (RPIC) techniques employing time 
enveloping.124,162,163 These calculations have demonstrated 
the importance of ion-turbulence and profile modification in 
determining the saturated EPW spectrum158 and hot-electron 
production.159 For long-scale-length plasma relevant to ignition, 
the importance of collisional EPW damping has been noted, in 
both the linear and nonlinear turbulent states.149,159 Although 
computationally challenging, several 3-D PIC calculations of 
single-beam TPD have been performed.164

Comparatively little work has been performed to investigate 
the nonlinear evolution of TPD excited by multiple beams. In 
two dimensions, RPIC calculations considered two crossed 
beams124 and subsequent hot-electron production.162,163 

Calculations were performed with two EM waves arranged 
symmetrically about the density gradient with angles of !23°, 
both polarized in the simulation plane. These investigations 
determined the conditions for the existence of shared waves124 
and emphasized their importance in the nonlinear state. The 
scaling of hot-electron production with laser intensity was 
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obtained162 and described in terms of “cavitating” Langmuir 
turbulence163 (for a review of strong Langmuir turbulence 
see Robinson165 or Goldman166). These RPIC calculations 
motivated the quasilinear Zakharov model of TPD, where in 
addition to solving the extended Zakharov equations of TPD, 
the spatially averaged electron-velocity distribution is evolved 
in the quasilinear approximation, self-consistently determining 
the Landau damping of the EPW’s.149,167,168

The extended Zakharov model of TPD is a fluid-based 
model that describes the nonlinear coupling between EPW’s 
and IAW’s. Figure 137.61 shows the results of a 2-D extended-
Zakharov calculation of TPD driven by two overlapping EM 
waves, having a total intensity of 1.2 # 1014 W/cm2, taken from 
Zhang et al.19,169 The density scale length is ignition relevant 
(Ln = 660 nm), the electron temperature Te = 2 keV, and both 
EM waves are polarized in the plane (similar quasilinear calcu-
lations are described in more detail in Myatt et al.149). At early 
times t < 6 ps the EPW spectrum is consistent with linear theory 
[Fig. 137.61(a)]. Both the convectively saturated common EPW 
and the absolutely unstable collective modes are observed. The 
common EPW’s can be seen close to . , ,k k 1 5 00 =v _ i  where 
the single-beam growth-rate curves intersect (cf. Fig. 137.58). 
The amplitude of these EPW’s has convectively saturated 
and is no longer growing. The bright “doublets” in the figure 

,k k 0 00 +v _ i7  and . , .k k 0 9 0 40 !+v _ iA correspond to the multi-
beam absolute instability (cf. Fig. 137.59). These modes are 

temporally growing and saturate only by nonlinear processes. 
For this particular case, the parameters set the absolute instabil-
ity to be slightly above multibeam threshold, but the convective 
common wave is below threshold.

The late-time (t L 50 ps) EPW spectrum [Fig. 137.61(b)] 
is much broader than the linearly unstable spectrum. It is 
dominated by the common plasma waves (which are much 
greater in amplitude than before), while there are no obvious 
signatures of the cooperative absolute instability. It appears 
that a combination of profile modification and IAW turbulence 
excited by the nonlinear evolution of the absolutely unstable 
modes is able to restore growth to modes that were previously 
convectively saturated [Eq. (6)].19,169 The turbulent restoration 
of temporal growth in parametric instabilities has been noted 
in the past.170–173

The broad EPW spectrum predicted by the extended Zakha-
rov model in the nonlinear saturated state is consistent with 
experimental observations of half-harmonic optical emission 
and Thomson-scattering spectra (Optical Signatures of Mul-
tibeam TPD, p. 71). Similar calculations to those shown in 
Fig. 137.61, where the electron distribution function is evolved 
in the quasilinear approximation, also see a broad emission 
angle for TPD-produced hot electrons.149 In the quasilinear 
approximation, electron acceleration is a stochastic process. As 
described in Angular Properties of Hot-Electron Production 
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by Multibeam TPD (p. 71), a broad angular distribution of hot 
electrons is observed experimentally in multibeam interactions.

The computational efficiency of the quasilinear Zakharov 
model of TPD is such that 3-D calculations are quite practical 
to perform.132,169 Since it is in only three dimensions that the 
full effects of multibeam interactions can be investigated, this 
approach holds much promise.

Mitigation of Multibeam Instabilities
In general, despite the beneficial use of CBET in the 

indirect-drive–ignition campaign to control symmetry, it is 
preferable to avoid multibeam interactions wherever possible, 
i.e., mitigate their effects.

A few general principles apply to the mitigation of multi-
beam instabilities. If the instabilities are convective, and of the 
“induced” type (Three-Wave Interactions, p. 61), then for a 
given gain, the effect can be reduced by lowering the amplitude 
of the seed from which it grows. For CBET in indirect drive, 
this is not possible since the drive beams are themselves the 
seed. In direct drive, the seed is provided by unabsorbed light 
(CBET in Direct Drive, p. 64) that can be modified. This 
observation has led to concepts such as the use of smaller focal 
spots,89 or focal-spot zooming, where the spot sizes are reduced 
during the main drive.174–177

The gain for convectively unstable multibeam instabilities 
involving low-frequency daughter waves (IAW’s) (i.e., 
CBET) may be reduced by modifying the frequencies of the 
interacting beams on existing laser systems, as demonstrated 
in indirect drive on the NIF (CBET in Indirect Drive on 
the NIF, p. 64). Direct-drive implosions require a larger Dm 
among the beams to eliminate the resonant couplings relative 
to indirect drive because of the backscattering (compared 
with forward-scattering) geometry. Calculations performed 
by Igumenshchev et al.88,89 indicate that frequency shifts of 
Dm L 5 Å (at 3~0) can have a mitigating effect. Very large 
bandwidths are required to mitigate multibeam TPD,19 but 
there is no fundamental reason why future laser systems cannot 
be constructed with this in mind.178

Multibeam gain can be reduced by increasing the plasma 
temperature (since gains are usually inversely proportional to 
the plasma temperature)3 or by reducing the plasma density. 
This increase can be brought about by increasing absorption, 
through the use of higher-Z hohlraum fill gases,179 high-Z 
ablators, or ablators with high-Z layers.29,89,180 Other more-
exotic means, such as magnetizing thermal transport, may be 

possible.181 For multibeam instabilities that share decay waves 
(Three-Wave Interactions, p. 61), the above observations still 
hold, except it may be possible to additionally reduce the level 
of cooperation between beams by making suitable choices of 
beam pointing or by moving regions of high gain away from 
regions where the beams overlap.37

For instabilities that are not expected to be in the linearly 
convective regime, nonlinear models can provide insight into 
possible mitigation strategies. Figure 137.62 shows the results 
from 2-D quasilinear Zakharov calculations of TPD.149 It can 
be seen that hot-electron production differs between plasmas of 
different effective ionization states for the same plasma parame-
ters (Ln = 330 nm, Te = 2 keV). In these calculations,149 the TPD 
was driven by two overlapping EM waves (as in Fig. 137.61). 
There are two contributing effects: The higher-Z plasma has a 
higher collisional damping rate oe for EPW’s, which modifies 
both the linear threshold and the nonlinear saturation.149 Simi-
lar effects of EPW collisional damping on nonlinear saturation 
and hot-electron production were observed in PIC calculations 

Figure 137.62
The simulated hot-electron fraction (energy in hot electrons normalized by 
laser energy) generated by TPD for three materials is shown as a function 
of overlapped laser intensity (in units of 1 # 1014 W/cm2). The green curve 
corresponds to a CH plasma with Zeff = 5.3 and a normalized ion-acoustic 
damping rate . .0 1IAW IAWo ~ =  The blue solid (dashed) curves correspond 
to a material of higher effective Z (Zeff = 14) with . . .0 1 0 02IAW IAWo ~ = _ i  
In all cases, Ln = 330 nm and Te = 2 keV. These results have been taken 
from Ref. 149.
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of TPD.159 Lower hot-electron production in higher-Z ablators 
has been observed experimentally.182 A reduction in the ion-
acoustic damping rate oIAW is shown to lead to a reduction in 
hot-electron production. This is a nonlinear effect that arises 
because of the role played by IAW’s in the saturation of TPD.149 
Note that a similar effect has been observed experimentally for 
SRS in the small kmDe regime.64,183

In practice, it might be necessary to use some combination 
of all of these effects to limit the deleterious effects of multi-
beam interactions.

Summary and Discussion
A description of both the direct- and indirect-drive approaches 

to ICF has been presented, with an emphasis placed on the differ-
ences in conditions between the two and the resulting impact on 
laser–plasma instabilities involving multiple beams. The ability 
of different laser beams to become cooperatively unstable has 
been discussed in the context of three-wave interactions.

This article has reviewed the experimental evidence for 
three-wave multibeam LPI’s of relevance to laser-driven 
inertial confinement fusion at the ignition scale. The insta-
bilities described are cross-beam energy transfer, multibeam 
stimulated Raman scattering, and multibeam two-plasmon 
decay. Cross-beam energy transfer is seen to be common to 
both ICF approaches, and the similarities and differences 
were described, together with the different routes taken to 
numerically compute the effect. Multibeam SRS appears to 
be unique to indirect drive, while TPD is of more importance 
to direct drive.

Calculations of multibeam SRS that involve sharing a 
common EM wave were presented. These pF3D calculations 
involved the combination of three different numerical codes 
and highlight one of the problems with LPI’s in ICF—the scale 
mixing. The experimental evidence for multibeam TPD was 
discussed in some detail since it has recently become a very 
active area of experimental research. Similarly, advances in the 
theoretical understanding (both linear and nonlinear) were also 
presented. The linear theory of multibeam TPD was shown to 
be complicated by the presence of absolute instability, which 
necessitates the use of nonlinear models. The effect of nonlin-
earity on the EPW spectrum was shown, taking results from 
extended Zakharov models.

This article concluded with a discussion of the general prin-
ciples by which multibeam instabilities can be either avoided 
or mitigated. The final implication is that LPI’s in ICF should 

be viewed from a description based on multibeam rather than 
single-beam concepts.
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Introduction
As a grand challenge to harvest the “ultimate” energy source 
in a controlled fashion, inertial confinement fusion (ICF)1 has 
been actively pursued for decades using both indirect-drive2,3 

and direct-drive4–6 configurations. Understanding and design-
ing ICF capsule implosions rely on simulations using multi-
physics radiation–hydrodynamics codes, in which each piece 
of the physics models must be accurate. According to the ICF 
ignition criterion,7,8 the minimum laser energy required for 
ignition scales as 
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where the implosion velocity Vimp is in cm/s, Pa is the ablation 
pressure in Mbar, and the DT shell’s adiabat a is convention-
ally defined as a = P/PF, the ratio of plasma pressure to the 
Fermi-degeneracy pressure (PF). This scaling law indicates 
that the lower the shell adiabat, the less energy needed for igni-
tion. For lower-a implosions, however, the DT shell is in the 
regime in which strong coupling and degeneracy plasma effects 
are important and must be taken into account for meaningful 
implosion modeling.

The determination of accurate plasma properties is also 
very important for understanding low-adiabat (a # 2) ICF 
implosions. Precise knowledge of the static and dynamic 
properties of ICF target materials, including ablators and the 
deuterium–tritium (DT) fuel, is required under high-energy-
density conditions. For instance, the equation of state (EOS) 
of the target materials determines how much compression 
can be attained under external pressures generated by x-ray/
laser ablations.9 For this exact reason, state-of-the-art EOS 
experiments and calculations have been performed for ICF-
relevant materials10–16 over the past few years. The theoretical 
approaches have employed first-principles methods such as the 
path-integral Monte Carlo (PIMC),17 coupled electron–ion 
Monte Carlo (CEIMC),18 and quantum molecular dynamics 

First-Principles Thermal Conductivity of Deuterium  
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(QMD)19 based on the finite-temperature density-functional 
theory. Besides static EOS information, the dynamic transport 
properties of relevant materials are in high demand for accurate 
ICF simulations. Transport and optical properties (thermal and 
electrical conductivities) of DT and ablators not only affect the 
thermal conduction, but also determine the radiation transport 
in the imploding shell. 

Soon after the introduction of the ICF concept1 in 1972, 
studies followed to determine the most-appropriate models for 
thermal conductivity of strongly coupled and degenerate plas-
mas in the high-density, low-temperature regime.20 The Spitzer 
model21 of thermal conductivity l, formulated in the 1950s for 
ideal plasmas, breaks down in this regime since the Coulomb 
logarithm22–26 for electron–ion collisions becomes negative. 
Brysk et al.20 suggested in the 1970s that the Hubbard model27 
of degenerate plasma be “bridged” with the Spitzer model.21 
In the 1980s, Lee and More28 applied Krook’s model to the 
Boltzman equation and derived a set of transport coefficients, 
including l. Meanwhile, Ichimaru and colleagues29 developed 
the so-called “Ichimaru model” of thermal conductivity for 
fully ionized plasmas using the linear response theory. In addi-
tion, the average-atom model30 and its improved versions have 
been used to numerically calculate l for materials of interest 
to ICF and astrophysics, with tools such as the PURGATORIO 
package31 and the SCAALP model.32 As a result of recent 
progress in the first-principles method of quantum molecular 
dynamics,33–37 these various thermal-conductivity models of 
hydrogen/DT have been tested against QMD calculations.38–43 
For ICF stagnation plasma conditions near peak compression, 
the pioneering QMD calculations by Recoules et al.38 have 
shown an orders-of-magnitude increase in l for the coupled 
and degenerate regimes when compared with the extensively 
used Lee–More model28 for a corresponding deuterium density 
of tD - 160 g/cm3. 

These recent studies have motivated us to investigate how 
the more-accurate results of thermal conductivity l derived 
from QMD calculations could affect the hydrodynamic pre-
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dictions of ICF implosions. Apparently, the change in l for 
ablator materials40 (CH, Be, or C) can enhance heat flow into 
the cold shell from the hot coronal plasma. This may modify 
the mass ablation rate, thereby altering the implosion velocity. 
Data over a wide range of density and temperature condi-
tions do not currently exist from QMD calculations of l for 
ICF ablator materials. The effects of updated ablator thermal 
conductivities on ICF target performance are left for future 
studies. Here, we focus on how the QMD-calculated l of DT 
fuel might affect ICF simulations. Recently, Lambert et al.39 
extended their original QMD calculations of lDT for three dif-
ferent densities of tDT = 25, 200, and 400 g/cm3. They argued 
that the variation of lDT can change the thermodynamical path 
to ignition by modifying the ablation process at the boundary 
between the hot core and the dense cold shell. Under similar 
circumstances, Wang et al.43 also computed lDT for several 
other high-density points of tDT = 200 to 600 g/cm3, using the 
QMD simulation package ABINIT.44 They briefly discussed 
the effect of l variations on hydrodynamic simulations based 
solely on their high-density QMD results.

As we have shown previously,45 an imploding DT shell 
undergoes a wide range of densities from tDT - 1.0 g/cm3 at the 
shock transit stage and tDT - 5.0 to 10.0 g/cm3 during in-flight 
shell acceleration, up to tDT $ 300 g/cm3 at stagnation (i.e., 
at peak compression). To cover all the relevant density points 
in ICF, we have performed QMD calculations of the thermal 
conductivity l through the usual Kubo–Greenwood formula-
tion46 by spanning deuterium densities from t - 1.0 g/cm3 to 
t - 673.5 g/cm3 at temperatures varying from T = 5000 K to 
T = 8,000,000 K. We have compared the calculated lQMD with 
the following “hydrid” thermal-conductivity model currently 
used in our hydrocode LILAC:47
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In this hybrid model of lLILAC, the Spitzer prefactor is used 
in combination with the replacement of the Spitzer Coulomb 
logarithm by that of Lee and More, [lnK]LM. In addition, the 
Lee–More degeneracy correction function fLM(t,T) has been 
adopted in the following form:

 

,
,

. .

.
,

f T T

T

Z

Z

1
51 200

3

0 095 0 24

1 0 24

5 3

2

LM
F

eff

eff

#

#
#

t
r

= +

+

+

` f

`

j p

j> H
 

(3)

where TF = ( 2/2mekB)(3r2ne)
2/3 is the Fermi temperature of 

the electrons in a fully ionized plasma, kB is the Boltzmann 
constant, and me and ne are the mass and number density 
of electrons. The effective charge of ions is defined as 
Z Z Z2

eff =  averaging over the species (Zeff = 1 for fully 
ionized DT plasmas). In general, our QMD results showed a 
factor-of-3 to 10 enhancement in lQMD over lLILAC within the 
ICF-relevant density and temperature ranges. 

To test the effects of lQMD on ICF implosions, we have fit-
ted the calculated lQMD with a fifth-order polynomial function 
of the coupling parameter C = 1/(rSkBT) and the degeneracy 
parameter i = T/TF. The Wigner–Seitz radius rS is related to 
the electron number density .n r3 4 3

e Sr= _ i  The fitted formula 
of lQMD is then applied in LILAC to simulate a variety of 
cryogenic DT implosions on OMEGA as well as direct-drive 
designs at the National Ignition Facility (NIF). Compared with 
simulations using lLILAC, we found variations of up to +20% 
in the target-performance predictions using the more-accurate 
lQMD. The lower the adiabat of imploding shells, the stronger 
the coupling and degeneracy effects of lQMD. 

This article is organized as follows: The QMD method is 
described briefly in the next section, which also examines other 
methods and experiments on deuterium plasma properties; the 
calculated lQMD of deuterium for a wide range of density and 
temperature points is presented and compared with lLILAC; 
the lQMD effects on ICF implosion dynamics are discussed in 
detail, followed, in the final section, by the summary. 

The Quantum Molecular Dynamics Method
We have used the QMD method for simulating warm, dense 

deuterium plasmas. Since the QMD procedures have been well 
documented elsewhere,34,48–50 we present only a brief descrip-
tion of its basics. The Vienna ab-initio Simulation Package 
(VASP)51,52 has been employed within the isokinetic ensemble 
(number of particles, volume, and temperature constant). VASP 
is based on the finite-temperature density-functional theory 
(FTDFT). Specifically, the electrons are treated quantum 
mechanically by plane-wave FTDFT calculations using the 
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Perdew-Burke-Ernzerhof generalized gradient approximation 
(GGA) for the exchange-correlation term. The electron–ion 
interaction was modeled by either a projector argumented wave 
(PAW) pseudopotential53 or the pure Coulombic potential. The 
system was assumed to be in local thermodynamic equilibrium 
with equal electron and ion temperatures (Te = Ti). The ion 
temperature was kept constant by simple velocity scaling. 

A periodically replicated cubic cell was used with equal 
numbers of electrons and deuterium ions. The plasma density 
and the number of D atoms determined the volume of the cell. 
For the present simulations of densities below tD = 15.7 g/cm3, 
we employed 128 atoms and the PAW pseudopotential. For 
high densities (tD $ 15.7 g/cm3), a varying number of atoms 
(N = 216 to 1000) were used and incorporated with the pure 
Coulombic potential.54 For each molecular dynamics (MD) 
step, a set of electronic state functions for each k point was 
self-consistently determined for an ionic configuration. Then, 
the ions were moved classically with a velocity Verlet algorithm 
according to the combined ionic and electronic forces. Repeat-
ing the two steps propagated the system in time, resulting in 
a set of self-consistent ion trajectories and electronic state 
functions. These trajectories provide a consistent set of static, 
dynamical, and optical properties of the deuterium plasmas. 

All of our QMD calculations employed only a C-point 
(k = 0) sampling of the first Brillouin zone in the cubic cell; 
such a sampling has been shown to produce properties of suf-
ficient accuracy in this regime.39,43 For low-density points, a 
tight PAW pseudopotential was used with a maximum energy 
cutoff of Emax = 700 eV to avoid core overlap. The Coulombic 
potential for high-density points had a cutoff energy varying 
from Emax = 1000 eV to Emax = 8000 eV. A large number of 
energy bands Nb (up to 3500) were included to ensure high 
accuracy (the lowest population down to a level of 10–5). To 
benchmark our current QMD calculations, we first compare the 
EOS results with previous PIMC calculations11 for a deuterium 
density of tD = 5.4 g/cm3. Both the QMD calculation using 
PAW pseudopotential and the PIMC simulation used 128 atoms 
in the cell. The total pressure is a sum of the electronic pres-
sure (averaging over the MD times) and the classical ionic 
pressure; the internal energy is referenced to the ground-state 
energy (E0 = –15.9 eV) of a D2 molecule. The EOS results 
shown in Fig. 137.63 demonstrated excellent agreement within 
the overlapping temperature range where both methods are 
valid. In addition, we have also performed convergence tests 
of QMD calculations by using the Coulombic potential and 
more atoms (N = 343) for this density. The results are plotted 

by green open circles in Fig. 137.63, which are almost identical 
to the PAW calculations.

To calculate the electron thermal conductivity of a plasma, 
we consider the linear response of the plasma to an electric 
field E and a temperature gradient dT, which induce the electric 
current je and the heat flux jq:

 ,eL T

L T
ej E11

12
e -

d
= f p  (4)

Figure 137.63
The equation-of-state comparison between quantum molecular dynamics 
(QMD) and path-integral Monte Carlo (PIMC) calculations for deuterium 
density at t = 5.4 g/cm3: (a) pressure versus temperature and (b) internal 
energy versus temperature. PAW: projector-argumented wave.
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 .eL T
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d
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For plasmas having no electric current (je = 0), the above equa-
tions in combination with the definition of jq = –ldT give the 
thermal conductivity

 T L L
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22

11

12
2
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with the Onsager coefficients given by Lij. In the absence of 
temperature gradient (dT = 0), Eq. (4) reduces to Ohm’s law 
with the electrical conductivity of v = L11. The frequency-
dependent Onsager coefficients can be calculated using the 
Kubo–Greenwood formalism:46
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where V is the atomic volume, Em(En) is the energy of the 
mth (nth) state, and H is the enthalpy (per atom) of the system. 
The quantity of Fmn is the difference between the Fermi–Dirac 
distributions for the involved states m and n at temperature T. 
The velocity dipole matrix elements Dmn can be computed 
from the VASP wave functions. In practical calculations, the 

d function in Eq. (7) is approximated by a Gaussian function 
of width DE (-0.1 to 0.5 eV). In addition, Lij / Lij(0) is used in 
Eq. (6). The resulting l was averaged over at least ten snapshots 
of uncorrelated configurations along the MD trajectories. The 
determination of l required, for convergence, a much larger 
number of energy bands (+3#) than for the MD simulation.

Since no direct measurements exist for the thermal conduc-
tivity in deuterium plasmas, we compared our QMD calcula-
tions to a related optical property, the reflectivity, which has 
been determined along the principal Hugoniot in shock-timing 
experiments55–58 using the velocity interferometer system for 
any reflector (VISAR). The reflectivity is determined by 
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with the real and imaginary parts of refraction indices 
[n(~),k(~)] that can be computed from the dielectric function 
of e(~) = e1(~) + ie2(~). The dielectric functions are obtained 
from the real electric conductivity v1(~) = L11(~) and its imagi-
nary part v2(~) determined by a principal-value integral of 
v1(~). In Fig. 137.64, the calculated reflectivities of deuterium 
as a function of shock speed for different VISAR wavelengths 
are compared with both Nova55 and recent OMEGA measure-
ments along the principal Hugoniot. The OMEGA experiments 
were taken from a decayed shock in deuterium over many shots. 
This experimental confirmation, together with agreement with 
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Figure 137.64
The QMD-calculated reflectivity of deuterium 
shock as a function of shock speed along the 
principal Hugoniot, which is compared to both 
a previous Nova measurement55 and a recent 
OMEGA experiment for different VISAR wave-
lengths: (a) m = 404 nm, (b) m = 532 nm, (c) m = 
808 nm, and (d) m = 1064 nm.
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other first-principle results,59 lends credence to the L11 coeffi-
cients produced in this study and, in turn, to the other similarly 
calculated Onsager coefficients that determine l.

Thermal Conductivity of Deuterium for a Wide Range 
of Densities and Temperatures

The QMD calculations of deuterium thermal conductivity 
have been performed for a wide range of densities [t = 1.0 to 
673.5 g/cm3], at temperatures varying from T = 5000 K to T = 
8,000,000 K. For each density point, the lQMD calculations 
have been performed to the highest temperature approaching 
T - TF. (Tabulated results of lQMD are found in the Supple-
mentary Material, p. 92.) To test the effects of lQMD on ICF 
implosions, we have fitted the lQMD results to the following 
function (in a similar format of lLILAC):
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with the same Spitzer prefactor as used in lLILAC and Zeff = 1. The 
generalized QMD Coulomb logarithm has the following form:

 .ln exp ln lni
i
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This fifth-order polynomial function of coupling and degen-
eracy parameters (C,i) has been fitted to the lQMD data using 
multivariable least-squares fitting. To make lQMD converge 
to lLILAC at the ideal plasma conditions (C % 1 and i & 1), we 
have added the high-temperature points of lLILAC into the data 
set for the global fitting. The resulting fitting parameters are:
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The fit results of (lnK)QMD are plotted in Figs. 137.65(a) and 
137.65(b) as a function of ln(C) and ln(i), respectively. Overall, 

Figure 137.65
The generalized Coulomb logarithm, derived from QMD-calculated thermal conductivities for different densities and temperatures, is fitted with the poly-
nomial function [Eq. (10)] of (a) the coupling parameter (C) and (b) the degeneracy parameter (i). The values of lnK at high temperatures [i.e., log(lnK) > 0] 
are converged to the standard LILAC values. 
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the global fitting with the above parameters gives only a small 
error of +5%.

Comparisons of lQMD with lLILAC are plotted in Figs. 137.66 
and 137.67 for deuterium densities of t = 2.5, 10.0, 43.1, and 
199.6 g/cm3. The green dashed lines represent the thermal con-

ductivity currently used in our hydrocode LILAC, while the blue 
solid triangles represent the QMD results. The red solid line is 
the QMD fit discussed above. We observe that lQMD is higher 
than lLILAC by a factor of 3 to 10 in the coupled and degenerate 
regimes (C > 1, i < 1). The QMD-fit line merges into lLILAC at 
a high-T regime (T > 10 TF), as expected.
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Figure 137.66
The thermal conductivities from first-principles QMD calculations, the QMD-fitting formula [Eq. (10)], and the hybrid model used in LILAC are plotted as a 
function of temperature for deuterium densities of (a) t = 2.5 g/cm2 and (b) t = 10.0 g/cm2.

Figure 137.67
The thermal conductivities from first-principles QMD calculations, the QMD-fitting formula [Eq. (10)], and the hybrid model used in LILAC are plotted as a 
function of temperature for deuterium densities of (a) t = 43.1 g/cm2 and (b) t = 199.6 g/cm2.
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Effects of lQMD on ICF Implosions
To test how the QMD-predicted thermal conductivity of DT 

affects ICF implosions, we have incorporated the lQMD fit into 
our one-dimensional (1-D) radiation-hydrocode LILAC. The 
hydrodynamic simulations employed the flux-limited thermal 
conduction model60–63 with a flux limiter of f = 0.06. Two cryo-
genic DT target implosions on OMEGA and three NIF direct-
drive designs have been examined. These ICF implosions span a 
wide range of implosion velocities and adiabats. The adiabat (a) 
characterizes the plasma degeneracy degree of the imploding DT 
shell: the lower the adiabat, the more degenerate the DT plasma. 

First, we show simulations of two cryogenic DT implosions 
on OMEGA in Figs. 137.68 and 137.69. A typical OMEGA 
cryogenic DT target has a diameter of +860 nm, which consists 
of a plastic ablator with a thickness of 8 to 11 nm and a layer of 
45 to 65 nm of DT ice. In Fig. 137.68(a), the laser pulse has a 
relatively high first picket, which sets up the DT shell in a high 
adiabat of a - 4. The density and ion temperature profiles at 
the peak compression are plotted in Fig. 137.68(b). The blue 
dashed line represents the case of using standard lLILAC in the 
simulation, while the red solid line represents the lQMD simu-
lation. Figure 137.68(b) shows that there is little change in the 
target performance for this high-adiabat implosion. In the end, 
the neutron yields are predicted to be 3.32 # 1014 (lLILAC) and 
3.24 # 1014 (lQMD) for the two cases. 

Predictions for the low-adiabat (a - 2.2) implosion are 
shown in Fig. 137.69. Figure 137.69(a) plots the laser pulse used 
for this OMEGA implosion. The in-flight plasma conditions are 
illustrated in Fig. 137.69(b) at t = 2.7 ns, just before stagnation, 
in which the mass density and electron temperature are drawn 
as a function of the target radius. Noticeable differences in 
electron-temperature profiles are seen for the two cases using 
lQMD and lLILAC; the peak density changed slightly when lQMD 
was used. These differences can affect the target performance 
at stagnation (t = 2.84 ns), as shown by Fig. 137.69(c). Finally, 
Fig. 137.69(d) indicates that the neutron yield is +6% lower in 
the lQMD simulation than for lLILAC. Table 137.VI summarizes 
the comparison of other quantities for the two simulations. The 
neutron-averaged compression tR and Ti are hardly changed, 
but the peak density and neutron yield vary by +6%.

Figure 137.68
(a) The laser pulse shape used for a high-adiabat (a = 4) cryogenic DT implosion on OMEGA (the z = 868.8-nm capsule consists of 47 nm of DT ice with an 
8.4-nm-thick plastic ablator); (b) comparisons of the density and ion-temperature profiles at peak compression for the two hydrodynamic runs using lLILAC 
(blue dashed lines) and lQMD (red solid lines), respectively. Very little difference is seen in target performance for the two thermal-conductivity models used 
for such a high-adiabat implosion. Green arrows indicate the vertical axis that applies to each curve.
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Table 137.VI: Comparison of an OMEGA implosion (a - 
2.2) predicted using lLILAC versus lQMD.

lLILAC lQMD

GtRHn 298 mg/cm2 296 mg/cm2

GTiHn 4.66 keV 4.64 keV

GPHn 197 Gbar 194 Gbar

GtHpeak 380.8 g/cm3 361.7 g/cm3

Yield 5.34 # 1014 5.05 # 1014
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Figure 137.69
(a) The laser pulse shape used for a low-adiabat (a = 2.2) cryogenic DT implosion on OMEGA (the z = 860.6-nm capsule consists of 49 nm of DT ice with an 
8.3-nm-thick plastic ablator). [(b),(c)] Comparisons of the density and temperature profiles at the beginning of the deceleration phase and at peak compression, 
respectively, for the two hydrodynamic simulations using lLILAC (blue dashed lines) and lQMD (red solid lines). (d) The neutron yields as a function of time 
are plotted for the two cases. A modest variation (+6%) in target performance is seen in such low-adiabat OMEGA implosions, when lQMD is compared to 
the hybrid LILAC model. 
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Next we discuss the lQMD effects on three different direct-
drive–ignition designs for the NIF. These NIF designs have 
slightly different target sizes varying from z = 3294 nm to 
z = 3460 nm. The thickness of the DT-ice layer changes from 
d = 125 nm to d = 220 nm; all targets have a plastic ablator at 
somewhat different thicknesses of 22 to 30 nm. We discuss the 
lQMD effects on the performance of three NIF designs from 
a mid-adiabat (a = 3.2) implosion to a very low adiabat (a = 
1.7) design. Figure 137.70 shows first the mid-adiabat (a = 3.2) 
design: (a) the triple-picket pulse shape (total energy of 1.5 MJ) 
and (b) the density and ion-temperature profiles at the bang 
time (t = 13.78 ns, i.e., the time for peak neutron production). 
Similar to what was seen in Fig. 137.68, only small differences 
between lQMD and lLILAC simulations are observed for this 
mid-adiabat NIF design. The comparison of target performance 
is summarized in Table 137.VII, in which the differences in 
neutron-averaged tR, Ti, pressure GPHn, hot-spot radius Rhs, 
hot-spot convergence ratio Chs, neutron yield, and gain are all 
within +2%.

Table 137.VII: Comparison of a mid-adiabat (a = 3.2) NIF 
design simulated with lLILAC versus lQMD.

lLILAC lQMD

GtRHn 0.654 g/cm2 0.655 g/cm2

GTiHn 12.2 keV 12.1 keV

GPHn 250 Gbar 248 Gbar

GtHpeak 337.4 g/cm3 331.8 g/cm3

Rhs 91.4 nm 91.3 nm

Chs 18.9 18.9

Yield 6.45 # 1018 6.33 # 1018

Gain 12.1 11.8

Figure 137.71 illustrates the simulation results for a slightly 
lower adiabat (a - 2.5), high-convergence NIF design. Similar to 
Fig. 137.69 for the a = 2.2 OMEGA implosion, Figs. 137.71(a)–
137.71(d) plot (a) the pulse shape (total energy of 1.6 MJ), 
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Figure 137.70
Similar to Fig. 137.68 but for a NIF-scale implosion: (a) The laser pulse shape for a mid-adiabat (a = 3.2), 1.5-MJ direct-drive NIF design (the z = 3460-nm 
capsule consists of 220 nm of DT ice with a 30-nm-thick plastic ablator); (b) comparisons of the density and ion-temperature profiles at the peak compression 
for the two hydrodynamic runs using lLILAC (blue dashed lines) and lQMD (red solid lines), respectively. The effects of using different l are small for such 
mid-adiabat designs.

Figure 137.71
Tests on a high-implosion-velocity NIF design: (a) The laser pulse shape (a = 2.5) has a total energy of 1.6 MJ (the z = 3294-nm capsule consists of 125 nm 
of DT ice with a 22-nm-thick plastic ablator). Panels (b) and (c) compare the density and temperature profiles at the beginning of the deceleration phase and 
at peak compression, respectively, for the two hydrodynamic simulations using lLILAC (blue dashed lines) and lQMD (red solid lines). The neutron yields as a 
function of time are plotted in panel (d) for the two cases. The use of lQMD modestly changes the 1-D prediction of implosion performance (+6%).
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(b) the in-flight density and electron-temperature profiles at t = 
8.6 ns, (c) the bang-time density and ion-temperature profiles at 
t = 8.91 ns, and (d) the final neutron yield. Again, some slight 
differences in the electron temperature at the back surface of the 
shell can be seen in Fig. 137.71(b). The observables predicted 
by the two hydrodynamic simulations using lQMD in contrast 
to lLILAC are summarized in Table 137.VIII. Overall, a level of 
+6% increase in target performance is seen in the lQMD simula-
tion when compared to the standard lLILAC case. 

Table 137.VIII: Comparison of a low-adiabat (a = 2.5) NIF 
design simulated with lLILAC versus lQMD.

lLILAC lQMD

GtRHn 0.646 g/cm2 0.661 g/cm2

GTiHn 20.8 keV 21.5 keV

GPHn 715 Gbar 763 Gbar

GtHpeak 456.8 g/cm3 466.9 g/cm3

Rhs 56.2 nm 53.8 nm

Chs 29.3 30.6

Yield 6.3 # 1018 6.7 # 1018

Gain 11.1 11.7

We further analyze the implosion dynamics of the NIF 
design shown in Fig. 137.71. The noticeable t/Te differences 
at the back of the shell illustrated by Fig. 137.71(b) must come 
from the different shock dynamics in early stages of the 
implosion. To further explore the differences, in Fig. 137.72 
we have plotted the DT plasma conditions at the shock transit 
stage. In Fig. 137.72(a), the density and temperature profiles 
are displayed for a snapshot at t = 4.0 ns. To clearly see the 
differences, we have plotted these profiles as a function of the 
simulation Lagrangian cell number. At this snapshot, the first 
shock [dashed circle in Fig. 137.63(a)] has propagated to near 
the back surface (at the 150th cell) of the DT ice layer. An 
interesting difference between two simulations can be clearly 
seen at the first shock front (near the 165th cell), in which the 
temperature front (at the 175th cell) predicted by the lLILAC 
simulation does not follow the density front of the shock. This 
occurs because the standard lLILAC significantly underesti-
mates the thermal conductivity by an order of magnitude, for 
the shocked-DT plasma condition of tDT - 1 g/cm2 and Te - 1 
to 2 eV. The reduced thermal conductivity in lLILAC decreases 
the heat flow behind the shock front. On the contrary, the lQMD 
simulation (red solid lines) indicates the same shock-front loca-
tion for both density and temperature, as expected. Differences 
in both density and temperature are also seen after the second 
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Figure 137.72
The predicted shock conditions during the shock transit stage in the DT ice, 
for the NIF design plotted in Fig. 137.71. The density and electron temperature 
are plotted as a function of the Lagrangian cell numbers for times at (a) t = 
4.0 ns and (b) t = 4.8 ns. Again, the two cases of using lLILAC (blue dashed 
lines) and lQMD (red solid lines) are compared. The dashed circle highlights 
the first shock.

shock [near the 260th cell shown in Fig. 137.72(a)]. The lLILAC 
simulation predicts more “artificial” fluctuations in density and 
temperature after the second shock. Figure 137.72(b) shows 
another snapshot at t = 4.8 ns, when the first shock breaks out at 
the back of the DT ice layer into the DT gas. A large difference 
in electron-temperature profile is observed for the two simula-
tions: the instant heat conduction in the lQMD case results in 
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the immediate heating up of the releasing back surface, which 
is in contrast to the delayed heating in the lLILAC simulation. 
These different shock dynamics at the early stage of implosion 
cause the observable density–temperature variations late in the 
implosion, plotted in Fig. 137.71(b). This is the major contribu-
tion responsible for the final difference in target performance, 
which is discussed below.

Finally, the very low adiabat (a - 1.7) NIF design is exam-
ined in Fig. 137.73 and Table 137.IX. The implosion is designed 
to be driven by a 1.2-MJ pulse shape shown in Fig. 137.73(a), 
which has a ramping and low-intensity main pulse to avoid 
possible preheat from two-plasmon-decay–induced hot elec-
trons.64,65 The implosion velocity for this design is about 
3.3 # 107 cm/s. Since the adiabat is so low that the DT-plasma 
conditions for the in-flight shell lie deeply within the more-
degenerate and coupled regime, where lQMD is much higher 
than lLILAC, the effects of using lQMD are dramatically 
increased when compared to the higher-adiabat implosions 
discussed above. From Table 137.IX and Fig. 137.73, an +20% 
variation in target performance (yield and gain) is observed in 
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Figure 137.73
Similar to Fig. 137.71 but for a relatively lower adiabat (a = 1.7) and lower implosion velocity (Vimp = 3.3 # 107 cm/s) NIF design: (a) The laser pulse shape 
has a total energy of 1.2 MJ and the z = 3420-nm capsule consists of 180 nm of DT ice with a 30-nm-thick plastic ablator. [(b),(c)] Comparison of the density 
and temperature profiles at the beginning of the deceleration phase and at the peak compression, respectively. (d) Comparison of the neutron yields for the two 
cases, which shows an ~20% variation in the 1-D predictions of target performance using lLILAC and lQMD.

Table 137.IX: Comparison of a very low adiabat (a = 1.7) NIF 
design simulated with lLILAC versus lQMD.

lLILAC lQMD

GtRHn 0.679 g/cm2 0.69 g/cm2

GTiHn 13.1 keV 14.1 keV

GPHn 299 Gbar 335 Gbar

GtHpeak 475.7 g/cm3 495.1 g/cm3

Rhs 80.9 nm 79.3 nm

Chs 21.1 21.6

Yield 7.07 # 1018 8.41 # 1018

Gain 16.6 19.7

the predictions of the two cases. Figure 137.73(b) shows that the 
simulation using lQMD predicts a lower electron-temperature 
profile for the back of the shell (R - 420 nm). This results in a 
larger peak density of the shell and higher Ti at the bang time 
for the lQMD case, illustrated by Fig. 137.73(c), thereby leading 
to more neutron yields and gain. 
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To test the conventional speculation that lQMD affects 
mainly the hot-spot formation, we performed a “hybrid” simu-
lation for this design by switching lQMD to the standard lLILAC 
during the target deceleration phase and burn (t > 13.6 ns). This 
hybrid simulation gives a total neutron yield of 9.29 # 1018 

and a gain of 21.8. Comparing with the full lQMD simulation 
results (Y = 8.41 # 1018 and G = 19.7), the variation is modest 
with respect to the change from the full lLILAC simulation to 
the full lQMD case. This indicates that the major part of the 
lQMD effects on target performance comes from the shock 
dynamics during the early stage of the implosion, although 
the use of lQMD moderately decreases the target performance 
during the hot-spot formation. 

Summary
For inertial confinement fusion applications, we have per-

formed first-principles calculations of deuterium thermal con-
ductivity in a wide range of densities and temperatures, using 
the quantum molecular dynamics method. For the density and 
temperature conditions in an imploding DT shell, the QMD-
calculated thermal conductivity lQMD is higher by a factor 
of 3 to 10 than the hybrid Spitzer–Lee–More model lLILAC 
currently adopted in our hydrocodes. To test its effects on ICF 
implosions, we have fitted lQMD to a fifth-order polynomial 
function of C and i and incorporated this fit into our hydro-
codes. The hydrodynamic simulations of both OMEGA cryo-
genic DT implosions and direct-drive NIF designs have been 
performed using lQMD. Compared with the standard simulation 
results using lLILAC, we found the ICF implosion performance 
predicted by lQMD could vary by as much as +20%. The lower 
the adiabat of the DT shell, the more the effects of lQMD are 
observed. Analyses of the implosion dynamics have identi-
fied that the shock-dynamic differences at an early stage of 
the implosion, predicted differently by lQMD versus lLILAC, 
predominantly contribute to the final variations of implosion 
performance (neutron yield and target gain). This is in con-
trast to the previous speculation that lQMD might affect ICF 
mainly during the hot-spot formation. The thermal conductivi-
ties of deuterium reported here, together with the established 
FPEOS tables11,45 and opacity tables (future work) from such 
first-principles calculations, could provide complete physical 
information of fusion fuel at high-energy-density conditions 
for accurate ICF hydrodynamic simulations. The same strategy 
also applies for building self-consistent tables of ICF-relevant 
ablator materials. These efforts could increase the predictive 
capability of hydrodynamic modeling of ICF implosions. 

Supplementary Material

Table 137.X: The thermal-conductivity (lQMD) table of deuterium 
for a wide range of densities.

Temperature T (K) lQMD (W/m/K)

t = 1.000 g/cm3 (rS = 1.753 bohr)

5,000 59.87!4.93

10,000 127.3!10.3

15,625 202.1!13.2

31,250 451.6!18.7

62,500 1199.6!49.6

95,250 2227.5!90.3

125,000 3281.4!139.0

181,825 6041.6!144.3

250,000 10491.2!203.1

t = 1.963 g/cm3 (rS = 1.4 bohr)

5,000 239.77!21.7

10,000 374.07!34.46

15,625 492.57!43.67

31,250 (1.00!0.04) # 103

62,500 (2.17!0.09) # 103

95,250 (3.68!0.21) # 103

125,000 (5.17!0.25) # 103

181,825 (8.41!0.37) # 103

250,000 (1.30!0.02) # 104

400,000 (2.32!0.02) # 104

t = 2.452 g/cm3 (rS = 1.3 bohr)

5,000 345.5!39.5

10,000 499.2!47.6

15,625 676.5!41.6

31,250 (1.21!0.08) # 103

62,500 (2.74!0.11) # 103

95,250 (4.38!0.18) # 103

125,000 (6.26!0.29) # 103

181,825 (1.00!0.04) # 104

250,000 (1.53!0.04) # 104

400,000 (2.79!0.05) # 104
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Table 137.X  (continued).

Temperature T (K) lQMD (W/m/K)

t = 3.118 g/cm3 (rS = 1.2 bohr)

5,000 472.5!54.6

10,000 745.7!76.2

15,625 953.7!72.2

31,250 (1.61!0.10) # 103

62,500 (3.55!0.20) # 103

95,250 (5.53!0.25) # 103

125,000 (7.61!0.30) # 103

181,825 (1.24!0.04) # 104

250,000 (1.85!0.05) # 104

400,000 (3.47!0.08) # 104

t = 4.048 g/cm3 (rS = 1.1 bohr)

5,000 778.8!83.3

10,000 (1.03!0.08) # 103

15,625 (1.36!0.12) # 103

31,250 (2.12!0.05) # 103

62,500 (4.48!0.22) # 103

95,250 (7.17!0.28) # 103

125,000 (9.75!0.52) # 103

181,825 (1.51!0.06) # 104

250,000 (2.32!0.08) # 104

400,000 (4.36!0.12) # 104

t = 5.388 g/cm3 (rS = 1.0 bohr)

5,000 (1.19!0.17) # 103

10,000 (1.41!0.15) # 103

15,625 (1.84!0.27) # 103

31,250 (2.76!0.32) # 103

62,500 (5.60!0.25) # 103

95,250 (9.33!0.42) # 103

125,000 (1.27!0.06) # 104

181,825 (2.01!0.06) # 104

250,000  (2.91!0.11) # 104

400,000 (5.53!0.17) # 104

500,000 (9.48!0.13) # 104

Table 137.X  (continued).

Temperature T (K) lQMD (W/m/K)

t = 7.391 g/cm3 (rS = 0.9 bohr)

5,000 (2.00!0.37) # 103

10,000 (2.24!0.21) # 103

15,625 (2.67!0.28) # 103

31,250 (4.14!0.33) # 103

62,500 (7.59!0.59) # 103

95,250 (1.30!0.07) # 104

125,000 (1.75!0.10) # 104

181,825 (2.61!0.08) # 104

250,000 (3.80!0.17) # 104

400,000 (6.94!0.23) # 104

500,000 (9.52!0.33) # 104

t = 10.000 g/cm3 (rS = 0.814 bohr)

5,000 (3.01!0.48) # 103

10,000 (3.34!0.55) # 103

15,625 (3.77!0.43) # 103

31,250 (5.74!0.46) # 103

62,500 (9.65!0.69) # 103

95,250 (1.66!0.12) # 104

125,000 (2.32!0.13) # 104

181,825 (3.40!0.19) # 104

250,000 (4.78!0.29) # 104

400,000 (8.37!0.32) # 104

500,000 (1.24!0.04) # 105

t = 15.709 g/cm3 (rS = 0.8 bohr)

10,000 (7.29!0.70) # 103

15,625 (7.57!0.80) # 103

31,250 (1.20!0.09) # 104

62,500 (1.99!0.11) # 104

95,250 (2.78!0.17) # 104

125,000 (3.50!0.17) # 104

181,825 (5.24!0.21) # 104

250,000 (7.50!0.33) # 104

400,000 (1.34!0.05) # 105

500,000 (1.80!0.04) # 105

1,000,000 (3.79!0.11) # 105
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Table 137.X  (continued).

Temperature T (K) lQMD (W/m/K)

t = 24.945 g/cm3 (rS = 0.6 bohr)

15,625 (1.49!0.15) # 104

31,250 (1.71!0.13) # 104

62,500 (3.18!0.21) # 104

95,250 (4.24!0.27) # 104

125,000 (5.31!0.27) # 104

181,825 (7.06!0.49) # 104

250,000 (9.95!0.35) # 104

400,000 (1.68!0.07) # 105

500,000 (2.19!0.11) # 105

1000,000 (5.63!0.21) # 105

t = 43.105 g/cm3 (rS = 0.5 bohr)

31,250 (3.09!0.33) # 104

62,500 (5.14!0.40) # 104

95,250 (7.36!0.78) # 104

125,000 (8.82!0.64) # 104

181,825 (1.17!0.08) # 105

250,000 (1.44!0.15) # 105

400,000 (2.46!0.08) # 105

500,000 (3.14!0.24) # 105

1,000,000 (7.62!0.28) # 105

t = 84.190 g/cm3 (rS = 0.4 bohr)

31,250 (7.72!0.98) # 104

62,500 (7.52!0.64) # 104

95,250 (1.21!0.15) # 105

125,000 (1.64!0.17) # 105

181,825 (2.03!0.27) # 105

250,000 (2.65!0.33) # 105

400,000 (3.74!0.35) # 105

500,000 (4.66!0.24) # 105

1,000,000 (1.15!0.06) # 106

2,000,000 (3.12!0.05) # 106

Table 137.X (continued).

Temperature T (K) lQMD (W/m/K)

t = 199.561 g/cm3 (rS = 0.3 bohr)

125,000 (4.93!0.21) # 105

181,825 (6.18!0.24) # 105

250,000 (8.19!0.20) # 105

400,000 (1.25!0.05) # 106

500,000 (1.52!0.06) # 106

1,000,000 (2.86!0.09) # 106

2,000,000 (6.38!0.09) # 106

4,000,000 (1.57!0.10) # 107

t = 673.518 g/cm3 (rS = 0.2 bohr)

250,000 (2.43!0.17) # 106

400,000 (3.18!0.24) # 106

500,000 (3.76!0.26) # 106

1,000,000 (7.34!0.35) # 106

2,000,000 (1.44!0.07) # 107

4,000,000 (3.33!0.06) # 107

8,000,000 (8.92!0.08) # 107
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Laser systems delivering short optical pulses are commonly 
built using chirped-pulse amplification (CPA).1 CPA decreases 
the intensity of the pulse being amplified below the damage 
threshold of optical components and reduces the accumulated 
intensity-dependent nonlinearity. With or without CPA, an 
optical pulse propagating in a laser system can accumulate 
significant amounts of phase via self-phase modulation (SPM), 
i.e., a phase , , ,r t I r t{ C=v v_ _i i  at intensities well below the dam-
age threshold. SPM is a concern because it leads to spatial 
self-focusing and spectral broadening that can disrupt the 
amplification process. CPA is often space consuming because 
of the footprint of grating-based stretchers and compressors. 
It is difficult to implement on low-bandwidth pulses because 
of the large dispersion required to significantly stretch these 
pulses. SPM compensation methods are attractive for amplify-
ing picosecond pulses at intensities below the damage threshold 
without CPA.

In fiber-based systems2 temporal phase modulators can be 
used to compensate for SPM, but this compensation is limited 
to particular operating conditions. For a pulse propagating in 
free space, a phase that is negatively proportional to the inten-
sity can be induced by propagation at a specific wavelength 
in a semiconductor wafer3,4 or in a cesium vapor,5 but these 
processes have limited wavelength and nonlinearity tunability. 
Cascaded nonlinearities obtained by propagation in a nonlinear 
crystal detuned from phase matching introduce an intensity-

Self-Phase Modulation Compensation in a Regenerative Amplifier 
Using Cascaded Second-Order Nonlinearities

dependent phase.6 SPM compensation using a cascaded non-
linearity with a negative n2 is simple to implement, relies on 
commercially available nonlinear crystals that can be procured 
with high quality, has a small footprint, is usable at a wide 
range of optical wavelengths, and provides nonlinearity tun-
ability. The accumulated intensity-dependent phase is a linear 
function of the intensity only up to +1 rad. This compensation 
strategy is not suitable for large, accumulated nonlinear phase 
shifts, but it is well suited for iterative compensation of the 
small nonlinear phase shifts from multiple passes in a regen-
erative amplifier cavity, even if these phase shifts add up to a 
large phase shift in the absence of compensation. Intracavity 
nonlinearity compensation has been used to compensate for 
the pump–pulse time-dependent phase shift that decreases the 
enhancement factor of a cavity-enhanced optical parametric 
chirped-pulse–amplification system;7 to control low-power 
continuous-wave light via optical bistability;8 and to mode-
lock a continuous-wave (cw)–pumped laser;9 however, it has 
not been studied or demonstrated to control the properties of 
a pulse amplified by a laser amplifier.

Simulations have been conducted to understand the origin 
of SPM in the Nd:YLF regenerative amplifier schematized in 
Fig. 137.74. This regenerative amplifier architecture is used to 
amplify nanosecond pulses at 1053 nm suitable to seed large-
scale Nd:glass laser systems10 and for amplification with pulse 
durations limited by gain narrowing in the Nd:YLF (+12 ps), 
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Figure 137.74
Regenerative amplifier layout. HWP = half-wave 
plate; QWP = quarter-wave plate; BBO: beta-
barium borate.
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e.g., to generate short UV pulses after fourth-harmonic gen-
eration11 and optical-parametric-amplifier pump pulses after 
second-harmonic generation (SHG).12 The amplifier has a 
near-hemispherical cavity with an end-cavity plane mirror 
and an end-cavity spherical mirror (R = 5 m). The propagation 
simulations in the paraxial approximation are implementated 
with MATLAB13 in cylindrical coordinates, i.e., the field is a 
function of the radius r and time t. Nonlinearity in the deuter-
ated potassium dihydrogen phosphate (DKDP) Pockels cell 
(PC), the Nd:YLF crystal, air, and the Faraday isolator is 
taken into account. The PC is the largest SPM contributor. 
An intracavity pulse train measured behind one of the cavity 
mirrors is used to scale the pulse energy after each pass in the 
Nd:YLF crystal. The simulations show that the amplified pulse 
accumulates temporal phase (leading to spectral broadening) 
but no spatial phase (which could lead to self-focusing). The 
intracavity spectral broadening is uniform across the beam at 
the output of the regenerative amplifier but is slightly spatially 
varying after the isolator. The uniform intracavity spectral 
broadening and absence of a significant spatially varying 
wavefront are explained by the large number of passes in the 
cavity that constrain the spatial phase at the two end mirrors 
and constrain the beam to the highest-gain cavity eigenmode.

Without SPM compensation, amplification to 0.5 mJ after 
124 round-trips leads to +1.8 rad of accumulated phase, 
including +1.1 rad from propagation in the intracavity PC and 
+0.4 rad from the extracavity Faraday isolator. The intracavity 
beam remains approximately Gaussian with a flat spatial phase 
at mirror M2, but the waist size decreases by +5% when the 
intracavity energy reaches 0.5 mJ. Propagation in the PC at 
the last pass induces a nonlinear phase smaller than 0.1 rad. In 
this regime, the spatiotemporal phase induced by the cascaded 
nonlinearity is proportional to the intensity for an adequately 
detuned crystal. Simulations show that a compensating ele-
ment with nonlinear coefficient C = –3 # 10–15 m2/W located 
close to mirror M2 provides minimal spectral broadening at 
output energies up to +2 mJ (Fig. 137.75). The polarization 
at M2 is linear for all passes, as required for the operation of 
the cascaded nonlinearities, and this location is convenient to 
access. Compensation closer to the PC—the main contributor 
to intracavity nonlinearity—operates over a larger range of 
energies, but it was not experimentally attempted because of 
layout issues.

When a nonlinear crystal (nonlinear coefficient deff and 
refractive indices n~ and n2~ at the fundamental frequency 
~ and upconverted frequency 2~) is significantly detuned out 
of phase matching Dk(DkL & 1), cascaded nonlinearities lead 

to an effective nonlinear index on the field at the fundamental 
wavelength m (Ref. 6) given by
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Operating at large Dk allows one to precisely tune the non-
linearity by tuning the phase-matching angle. A 5-mm beta-
barium–borate (BBO) crystal antireflection coated at 1053 nm 
and 526.5 nm was placed in the cavity close to mirror M2, with 
phase matching around a vertical axis. 

Experimental results were obtained on two regenerative 
amplifiers seen in the layout in Fig. 137.74. These systems 
amplify the pump pulse for the optical parametric amplifier in 
the front end of the Multi-Terawatt Laser Facility12,14 and in the 
ultra-broadband front end.15 They are both seeded by +6-nm 
optical pulses centered at 1053 nm originating from mode-
locked lasers. The output energy decreased by +15% when the 
compensation crystal was introduced, most likely because of 
reflection losses. The optimal SPM compensation was deter-
mined by measuring the output spectrum after the Faraday 
isolator for various detuning angles. The narrowest spectrum 
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has a full width at half maximum (FWHM) equal to 0.14 nm 
and is similar to the fluorescence spectrum of the unseeded 
amplifier. Figure 137.76 shows the optical spectra measured 
at output energies of +0.5 mJ and +0.8 mJ without and with 
nonlinearity compensation. Operation at higher energy was 
obtained by increasing the pump-diode current and decreas-
ing the number of round-trips in the cavity to eject the pulse 
at the peak of the buildup. Very good SPM compensation was 
obtained at the higher energy without retuning the intracavity 
BBO crystal. SPM compensation was performed on a second 
regenerative amplifier that operated with a larger number of 
round-trips at an output energy of 0.8 mJ. Excellent compensa-
tion of the larger spectral broadening was also obtained.
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Figure 137.76
Optical spectra without compensation (solid lines) and with compensation 
(dashed line) for output energies of 0.5 mJ and 0.8 mJ, respectively. The data 
were measured on two different regenerative amplifiers.

Optimal compensation was obtained for these two ampli-
fiers when the internal angular detuning was +0.9° from phase 
matching (DkL + 90), corresponding to a nonlinear index –1.7 # 
10–15 cm2/W and nonlinearity C = –5.1 # 10–15 m2/W. The 

magnitude of the nonlinearity is larger than what has been 
identified by simulations, but the Kerr nonlinearity of the intra-
cavity BBO crystal (n2 = 5 # 10–16 cm2/W) (Ref. 16) reduces 
the compensating nonlinearity by +30%. The simulations 
ignore propagation in various short optical components such 
as wave plates and polarizers. Considering the uncertainties 
on the nonlinear index of DKDP and BBO,16,17 the detuning 
experimentally required for SPM compensation is in good 
agreement with expectations.

The output energy at 1053 nm and intracavity-generated 
energy at 526.5 nm were characterized when finely tuning the 
compensating crystal. The SHG energy was measured behind 
the end mirror M2 (transmission +85% at 526.5 nm) and was 
not temporally resolved, i.e., the reported value corresponds 
to the total SHG energy reaching the energy meter during 
amplification for all round-trips. Anticorrelated variations of 
these energies are observed (Fig. 137.77) because intracavity 
SHG is a loss mechanism for the pulse being amplified. The 
period of these variations is consistent with phase matching in 
a 5-mm BBO crystal, where the efficiency of the SHG process 
is proportional to [sinc(DkL/2)]2. Because of the +10% varia-
tion of the output energy, the crystal detuning angle must be 
controlled to +0.01° to maximize the output energy.
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Figure 137.77
Regenerative amplifier output energy (red line) and intracavity second-
harmonic-regeneration (SHG) energy generated in the BBO crystal leaking 
through mirror M2 (solid blue line) compared to arbitrarily scaled SHG 
efficiency [sinc(DkL/2)]2 (dashed blue line).

Another experiment was performed to highlight the advan-
tage of SPM compensation in a laser system composed of 
multiple amplifiers based on the same laser material. The high-
est efficiency for an amplifier, particularly in the unsaturated 
regime, is obtained when the amplifier gain is high over the 
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entire spectral density of the seed pulse. Without compensation, 
SPM in the regenerative amplifier broadens the spectrum of 
the pulse seeded in a custom-built flash-lamp–pumped power 
amplifier based on three Nd:YLF rods (total length = 265 mm). 
For this experiment, the regenerative amplifier output pulse 
energy was throttled down by 25% independently of the energy, 
to avoid damage at high energy; e.g., the input energy to the 
power amplifier is 0.6 mJ at the nominal regenerative-amplifier 
energy of 0.8 mJ. The power amplifier’s spectral gain was not 
measured, but by comparing its small signal gain to the gain 
of the regenerative amplifier [+102 and +108 = (102)4, respec-
tively], we estimated its FWHM to be twice the FWHM of the 
regenerative-amplifier gain; i.e., 0.28 nm, assuming Gaussian 
gain functions. This FWHM was significantly smaller than 
the width of the optical spectra observed in the absence of 
SPM compensation.

The regenerative amplifier’s pump-diode current was 
scanned to vary the accumulated intracavity nonlinearity of the 
output pulse and the energy injected into the power amplifier 
without modifying the ejection timing (examples shown in the 
inset of Fig. 137.78). Nominal operation corresponds to ejection 
at the peak of the intracavity buildup [(B) in Fig. 137.78]. Under 
the simplifying assumption that the accumulated nonlinear 
phase is proportional to the sum of the energy of all the pulses 
in the measured pulse train, the low-current and high-current 
configurations [(A) and (C) in Fig. 137.78] correspond to 32% 
and 308%, respectively, of the nominal nonlinear phase for 
the same injected energy of 0.3 mJ. The power-amplifier gain 
for a small amount of SPM is +135. Without compensation, 
the gain decreases steadily when the regenerative amplifier’s 
intracavity nonlinearity increases, reaching +40 at the maximal 
regenerative amplifier output energy [pumping condition (B)] 
and +20 for higher intracavity nonlinearity [pumping condition 
(C)]. Without compensation, the highest output energy, +40 mJ, 
is obtained when the injected energy is +0.4 mJ. Large spectral 
broadening of the regenerative amplifier’s output pulse was 
observed as the current was increased because of intracavity 
SPM. When the latter was compensated without retuning the 
cascaded nonlinearity, the regenerative amplifier’s pump-cur-
rent increase did not induce a significant decrease in the power 
amplifier’s efficiency. In particular, the energy gain remained 
higher than 120 in the three pumping conditions shown in 
Fig. 137.78. The highest output energy, +75 mJ, was obtained 
for the highest injected energy, 0.6 mJ, demonstrating a gain of 
125. These experimental results confirm that intracavity SPM 
compensation is suitable for SPM compensation over a large 
range of operating conditions, making efficient amplification 
possible in later amplification stages.

Intracavity nonlinearity compensation in a regenerative 
amplifier has been studied via simulations and experiments 
in the context of short-pulse amplification in Nd:YLF. DKDP 
Pockels-cell Kerr nonlinearity is the main contributor to the 
overall nonlinearity. Self-phase modulation leads mostly to 
spectral broadening because the large number of round-trips 
in the cavity constrains the beam profile to the spatial mode 
of the cavity having the smallest overall losses. Intracavity 
compensation of SPM with cascaded nonlinearities is a pow-
erful strategy to compensate for the small nonlinear phase 
shifts accumulated in optical components at each round-trip. 
Experimental results obtained with a BBO crystal in two 
Nd:YLF regenerative amplifiers confirm the validity of this 
approach. Significant reduction of spectral broadening allows 
for high-efficiency amplification of the generated pulses in two 
Nd:YLF power amplifier. 

This work can be extended in different directions: First, it is 
interesting to theoretically and experimentally test the limit of this 
approach, e.g., in terms of per-round-trip nonlinear phase shift and 
relative location of elements inducing nonlinearities. Applications 
to amplifiers with broader spectral gain capable of generating 
subpicosecond pulses are of practical interest, following the dem-
onstration that cascaded nonlinearities can be used at these shorter 
pulse durations.18 Cascaded nonlinearities can be precisely tuned 
to increase the spectral content of the amplified optical pulse and 
allow for pulse recompression, as demonstrated with intracavity 
nonlinear propagation in a Nd:glass amplifier,19 or seeding of 
another amplifier with gain centered at a different wavelength. 
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Introduction
The direct-drive laser approach to inertial confinement fusion 
(ICF) at the Laboratory for Laser Energetics (LLE) involves 
the use of high-power laser beams to uniformly compress a 
target capsule filled with hydrogen isotopes in a spherically 
symmetric implosion. The use of cryogenic (cryo) targets, 
filled with fuel and cooled to form an ice layer at +20 K on 
the capsule’s inner surface, results in higher fuel densities and, 
therefore, higher yields.1

A typical production cryogenic target assembly is shown in 
Fig. 138.1. The target shell’s outer diameter is +875 nm and, 

Method to Measure Young’s Modulus and Damping of Fibers 
at Cryogenic Temperatures

depending on ice thickness, has a filled mass of +55 ng. The 
design of cryogenic targets must meet the stringent stability 
requirement of remaining within 10 nm of target chamber 
center (TCC) at the time of the shot. Target position is a 
superposition of static alignment and vibration caused by the 
retraction of the thermal shrouds that maintain the temperature 
of the target prior to a shot. When the target offset with respect 
to TCC is increased, a compression asymmetry is introduced, 
resulting in a reduction of observed neutron yield.2

Target mount assemblies must be designed with a fundamen-
tal mode of >300 Hz at +20 K so that the capsule is minimally 
excited by the impulse created by the aforementioned shroud 
retraction. Designing a target mount with a specific natural 
frequency and transmissibility requires accurate values for 
Young’s modulus and the critical damping ratio at cryogenic 
temperatures. Data for these material properties at cryogenic 
temperatures are not available in the literature for the materials 
of choice in target mount design. The materials of interest for 
this study are Nicalon™ ceramic grade [silicon carbide (SiC)] 
(Ref. 3), Zylon®HM {poly[p-phenlyne-2,6-benzobisoxazole] 
(PBO)} (Ref. 4), M5 {diimidazo-pyridinylene [dihydroxy] 
phenylene (PIPD)} (Ref. 5), and polyimide.6 Table 138.I lists 
the room-temperature values of Young’s modulus taken from 
the literature for these materials of interest.

The method used in this study involves exciting a target 
mounted on a fiber of each of these materials over a range of 
temperatures from +295 K to +20 K. An SiC test target assem-
bly is shown in Fig. 138.2. The experimental setup records 
the displacement of the target capsule’s centroid, caused by 
an impulse load, with respect to time. From this data, the 
modulus and damping ratio can be calculated over a range 
of temperatures. Similar methods have been used to measure 
Young’s modulus in other studies;7 however, these tests have 
not included fiber sample shapes or the materials of interest 
in this study.

Dynamic mechanical analysis (DMA) is another viable 
method used to find these parameters; however, the results G10052JR

20- to 30-nm-diam
Dymax 921-GEL
adhesive spot

1.5-mm-long,
17-nm-diam SiC

7.2-mm-long,
150-nm-diam
polyimide tube

24.3-mm-long
SST tube

Figure 138.1
A typical production cryogenic target mount assembly. 
SST: stainless steel; SiC: silicon carbide.
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are extremely sensitive to the setup and test procedures when 
measuring fibers <20 nm in diameter. In addition, it is not 
possible to reach temperatures below +100 K (Ref. 10) with 
the equipment currently available. The method used here dem-
onstrates that these properties can be accurately measured for 
fiber diameters as small as 12 nm at +20 K. Targets with an 
+5-nm-diam carbon support have been manufactured at LLE. 
An extension of this method to these fibers should not present 
any unique challenges.

Table 138.I:  Room-temperature material properties of test target mount materials from the literature.

Material Form
Density 
(kg/m3)

Young’s Modulus 
(GPa)

Outside Diameter 
(nm)

Inside Diameter 
(nm)

Active Length of 
Fiber/Tube (mm)

Nicalon™ (Ref. 3) fiber 2550 210 17 N/A 2.0

Zylon® HM (Ref. 4) fiber 1560 270 12 N/A 1.3

M5 (Ref. 5) fiber 1700 330 12 N/A 1.55

Polyimide (Ref. 6) fiber 1430 2.5 168 122 7.62

304 Stainless tube 8000 193 711 483 6.74

Dymax 921-GEL (Ref. 8) adhesive 1000 2.2 N/A N/A N/A

CD strong plasma plastic 
(Ref. 9)

hollow sphere 1000 2.4 875 827 N/A

Experimental Methods
The Montana Instruments Cryostation11 provides a select-

able isothermal environment, from +295 K down to +20 K, 
to conduct vibration tests on sample targets. The test setup is 
shown in Fig. 138.3. A target capsule without fuel is supported 
by a fiber of the material of interest and cooled in a helium envi-
ronment to the desired test temperature. Figure 138.4 shows a 
test target mounted to the internal cryostation support structure. 
The entire support structure and target are shrouded in helium 
to maintain an isothermal environment among the support 
structure, target temperature sensor, and target assembly. The 
Montana Instruments Cryostation is designed to minimize 
steady-state target vibrations caused by the presence of its cold-
head [<25-nm rms (root-mean-square) background vibration]. 
The test target is excited by an impulse from a modal hammer 
hit on the body of the cyrostation at a given temperature set 
point. The cryostation’s low background vibration contributes 
to a high signal-to-noise ratio of the target’s response to the 
applied impulse.

Two high-speed cameras with perpendicular viewing 
angles capture video of target vibrations at a sampling rate of 
2000 frames per second. Post-processing software is used to 
record the displacement of the centroid of the target capsule 
in each frame, resulting in a displacement (along the x and 
y axes) versus time data set. Test targets were designed to 
have a fundamental frequency, at room temperature, of +3# 
lower than the Nyquist frequency of the measurement system. 
The modulus of the fiber is calculated from the fundamental 
frequency of the target assembly, and damping is calculated 
from the logarithmic decay of the waveform in the time domain.

Modal hammer hits are aligned with the y axis, and target 
vibration data are recorded along the x and y axes by using both 
cameras. A typical vibration response to an impulse aligned 

9.0-mm-long
SST tube

2.0-mm-long,
17-nm-diam SiC

20- to 30-nm-diam
Dymax 921-GEL
adhesive spot

G10053JR

Figure 138.2
A SiC test target assembly used to measure Young’s modulus and damping ratio.
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lower than the y-axis amplitude since the impulse is directed 
along the y axis. The x- and y-axes’ fundamental modes are 
283 Hz and 292 Hz, respectively. The difference is likely due 
to the fact that the fiber cross section is not perfectly circular. 
A subsequent impulse aligned with the x axis confirmed that 
the x-axis fundamental mode is 283 Hz.

Theory
The following equations describe the main theoretical 

concept of this experimental method: that the fundamental 
frequency of the test targets can be used to estimate Young’s 
modulus. The natural frequency ( fn) of a cantilevered beam 
supporting a point mass at its end is proportional to the square 
root of its modulus (E):12
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where I is the beam’s second area moment of inertia, L is the 
length of the cantilever beam, M is the point mass supported 
by the free end of the beam, and Mb is the fiber mass.

Solving Eq. (1) for E yields
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Using Eq. (2), the modulus can be estimated based on the 
measured fundamental mode of a cantilever beam structure. 
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Figure 138.3
Test setup used in this study.
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Figure 138.4
Image of a test target mounted to the internal cryostation support structure.

with the y axis is shown in Fig. 138.5 for a SiC fiber test target 
at 20 K. Damping is measured by the rate of vibration decay 
in the time domain [Fig. 138.5(a)]. The modulus of the fiber is 
calculated based on the fundamental vibration mode along the 
y axis [Fig. 138.5(b)]. The x-axis vibration amplitude is much 
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As a result of the nature of accounting for only one degree of 
freedom, this equation does not account for the moment caused 
by the offset of the point mass at the end of the fiber and the 
stiffness of the capsule, glue joint, and stainless-steel support 
tube. Finite element (FE) models are used to account for the 
additional flexibilities of the studied test target assemblies.

An ANSYS™ one-dimensional (1-D) FE model (beam ele-
ments) was used to compute the fundamental mode of each test 
setup. The target shell was treated as rigid, and its mass and 
rotational inertia were included using a point mass element. 
A rigid link, from the end of the fiber to the target’s centroid, 
accounts for the offset of the target’s center of gravity. Results 
from these models show that because of its large cross section 
relative to the test fiber, the stainless-steel tube’s effect on the 
resulting fundamental frequency is negligible (+0-Hz change) 
and can be treated as rigid.

An ANSYS™ three-dimensional (3-D) FE model (solid ele-
ments) was then created to investigate how the stiffness of the 
glue joint that connects the target capsule to the fiber and the 
stiffness of the capsule affect the fundamental frequency of 
the test target assembly. Figure 138.6 shows the model’s mesh, 
including a detailed view of the glue spot. This model shows 
that increasing the room-temperature value of Young’s modulus 
of the glue and target capsule by a factor of 10—much greater 

than it would experience if cooled down to +20 K—does not 
significantly change the fundamental frequency (<3-Hz change) 
of the system (see columns 3 and 4 of Table 138.II).

G10056JR

–40

–20

0

20

40

0 1 2 3 4
–400

–200

0

200

400

Time (s)

y 
di

sp
la

ce
m

en
t (
n

m
)

x 
di

sp
la

ce
m

en
t (
n

m
)

y 
di

sp
la

ce
m

en
t (
n

m
)

x 
di

sp
la

ce
m

en
t (
n

m
)

283 Hz 

0

5

10

15

0 200 400 600
0

40

20

60

80

100

Frequency (Hz)

292 Hz 

(a) (b)

Figure 138.5
Typical target vibration response data collected in this study for a Niclon™ fiber test. In this case (a) shows target vibration with respect to time and (b) shows 
the fast Fourier transform (FFT) of target vibration.
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Three-dimensional finite element (FE) model mesh with details of the glue spot.
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Table 138.II:  Comparison of finite element (FE) results and test data.

First Natural Frequency Young’s Modulus
Fiber Dimensional Change 
to Match Literature Values

1 2 3 4 5 6 7 8 9

Fiber material

1-D 
model 
(Hz)

3-D 
model 
(Hz)

3-D model 
10# stiffer 

(Hz)

Test at 
295 K 
(Hz)

Predicted E at 
295 K for the 
3-D FE model 

(GPa)

Literature 
E at 295 K 

(GPa)

Delta diameter to 
match literature 

(nm)

Delta length to 
match literature 

(nm)

Nicalon™ 287 280 282 288 222 210 0.2 -40

Zylon® HM 271 261 264 241 230 270 -0.4 90

M5 244 233 236 206 258 330 -0.7 150

Polyimide 363 361* 361* 370 2.6 2.5 2.0 -80
*Glue was not included in this model.

Based on the FE models, the stiffness of the stainless-steel 
tube, glue spot, and target capsule has a minimal effect on 
the test target’s fundamental frequency. Therefore, it can be 
stated that any change in the test target’s fundamental mode 
as a function of temperature is a result of a change in only the 
test fiber’s modulus.

Columns 3 and 5 of Table 138.II compare 3-D FE model 
estimates of the test targets’ fundamental frequency at room 
temperature [using modulus values (column 7) from the lit-
erature] with test results at room temperature. Column 6 of 
Table 138.II lists the values of Young’s modulus of the test 
fiber that are required for the 3-D FE model to match test 
results. Note that the predicted value of the modulus can vary 
significantly from what is published in literature, especially 
for Zylon®HM (230 versus 270 GPa) and M5 (258 versus 
330 GPa). Columns 8 and 9 provide insight into two possible 
causes. Fiber diameters used in this study are estimated from 
microscope images with a 200# magnification. Table 138.I 
lists the diameters of tested fibers; both Zylon®HM and  
M5 have a nominal diameter of +12 nm. Column 8 of 
Table 138.II lists the change in fiber diameter required for the 
3-D FE model to match the fundamental frequency test results. 
The inferred diameter differences are less than can be resolved 
by the fiber-diameter measurement technique used here. In 
addition, if the fiber diameter is left at its nominal value, col-
umn 9 lists the change in fiber length required for the 3-D FE 
model to match the fundamental frequency test results. The 
sensitivity of the fundamental mode to uncertainties in fiber 
diameter or length indicates that it is not possible to obtain 
accurate absolute measurements of Young’s modulus with this 
experimental technique.

However, if an accurate measurement of a test fiber’s 
Young’s modulus is available at one test temperature (room 
temperature in this article) and fundamental frequencies have 
been measured at multiple temperatures, additional values of 
the modulus at the measured temperatures can be calculated. 
Equation (2) shows that for a cantilever beam of constant 
cross section and modulus, the modulus is proportional to 
the fundamental frequency squared. Assuming the test fiber’s 
modulus and its test target’s fundamental frequency are known 
at room temperature, the modulus at a different temperature is 
computed as follows:

 ,E E
f

f
2

T RT

n
RT
n
T

= f p  (3)

where ET is the estimated Young’s modulus, ERT is the measured 
Young’s modulus at room temperature (RT), f n

T is the measured 
fundamental frequency at temperature of interest, and f n

RT is the 
measured fundamental frequency at room temperature.

Calculations
As stated in Experimental Methods (p. 104), data from 

the high-speed camera are post-processed, yielding a vibration 
waveform of the target capsule’s centroid displacement. A fast 
Fourier transform (FFT) of this waveform gives the funda-
mental mode of the test fiber. Equation (3) is used to compute 
Young’s modulus as a function of temperature. The logarithmic 
decrement (rate of decay of free vibration) is used to measure 
the critical damping ratio of the test fiber:13
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where x1 and x2 are the magnitudes of two peaks in the time 
domain and N is the number of cycles between these peaks.

Results
Figure 138.7(a) shows the minimum, equilibrium, and maxi-

mum displacements of an actual M5 target assembly vibrating 
at 20 K. The top of the stainless-steel tube in the images is a 
fixed reference point (i.e., it does not move). Figure 138.7(b) 
shows the corresponding images of a FE representation of an 
M5 target assembly vibrating at 20 K. The top of the stainless-
steel tube is fixed to ground in all six degrees of freedom. The 
mode shape, as one would expect, is the first bending mode of 
a cantilever beam. 

All four test assemblies were tested at multiple temperatures. 
At each temperature of interest, the target assembly was excited 
by a modal hammer hit on the exterior of the cryostat and the 
resulting target vibrations were recorded. Three measurements 
at each temperature were recorded. Using Eq. (3) and published 
values of Young’s modulus at room temperature, the modulus 
at the test temperature was determined. Table 138.III lists  
the average (of the three measurements taken) fiber modulus 
at each temperature tested. Using Eq. (4), the critical damp-
ing ratio was calculated for each test point. The averages of  
the three measurements at each temperature are listed in 
Table 138.IV. Figures 138.8 and 138.9 show plots of the modu-
lus and critical damping ratio, respectively, versus temperature. 
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Figure 138.7
Comparison of (a) test image and (b) FE model mode shapes for the M5 target 
test assembly at 20 K.

Table 138.III: Experimental values of Young’s modulus for each fiber material in GPa measured 
at various temperatures.

20 K 50 K 100 K 150 K 200 K 250 K 295 K*

Nicalon™ 217 217 216 216 214 212 210

Zylon® HM 346 331 323 314 303 297 270

M5 390 387 381 373 359 346 330

Polyimide 4.1 3.9 3.7 3.5 3.1 2.8 2.5
*The modulus at 295 K taken from literature.3–6

In both figures, the markers represent the average value and 
the error bars represent the range of measurements. (Note that 
the modulus of polyimide is given by the right ordinate axis 
in Fig. 138.8.) 

Table 138.IV: Experimental values of the critical damping ratio for each fiber material in GPa measured at various temperatures.

20 K 50 K 100 K 150 K 200 K 250 K 295 K

Nicalon™ 0.00031 0.00046 0.00070 0.00089 0.00113 0.00143 0.00207

Zylon®HM 0.00072 0.00107 0.00197 0.00263 0.00430 0.00630 0.01013

M5 0.00068 0.00099 0.00160 0.00253 0.00313 0.00390 0.00583

Polyimide 0.00096 0.00187 0.00280 0.00370 0.00783 0.00993 0.00730
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Figure 138.9
Critical damping ratio of test fibers as a function of temperature.
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Young’s modulus of test fibers as a function of temperature (note the modulus 
of polyimide is given by the right ordinate axis). 

Conclusions
The experimental method used in this article allows one to 

accurately measure Young’s modulus and the critical damping 
ratio for fiber diameters as small as 12 nm at +20 K. Significant 
changes are seen in Young’s modulus—stiffer at lower tempera-
tures—for the three polymeric fibers with respect to temperature, 
while Young’s modulus is relatively invariant to temperature for 
the ceramic fiber. Significant changes in the critical damping 
ratio—less damping at lower temperatures—are seen for all 
four fibers with respect to temperature. Below 50 K, all four 
fibers have a critical damping ratio of less than 0.002. This 
low-damping level makes it extremely difficult to design low-
vibration cryogenic targets because of their high transmissibility.
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Introduction
Self-generated magnetic fields in laser-produced plasma are 
developed by the rate uB/ut + dTe # dne (Ref. 1), where B is the 
magnetic induction and ne and Te denote the electron number 
density and temperature, respectively. Such fields were first 
observed in experiments using high-power laser beams focused 
into a gas2 and onto a solid target.3-5 In perfectly spherical 
direct-drive implosions,6 dTe # dne = 0; therefore, they can-
not develop self-generated fields. Fields are expected in real 
implosions where various perturbations are present, resulting 
in noncollinear dTe and dne. Such perturbations may be seeded 
by nonuniform laser irradiation (e.g., laser imprint), target 
defects (e.g., surface roughness and surface contaminations), 
target mounts, and other sources. The strong dependency on 
temperature makes the field-generation process most efficient 
in the hottest regions of implosion targets, such as the ablated 
corona during the laser drive and the target center at the 
moment of maximum compression. Self-generated magnetic 
fields cannot approach high, dynamically important values in 
laser-produced plasma because of the relatively low efficiency 
source (the energy density of the fields can be only a fraction 
of the thermal energy density) and typically significant resistive 
dissipations. Estimates show that the maximum energy density 
of the fields does not exceed a few percent of the plasma’s 
thermal energy density (i.e., plasma b L 100). Nevertheless, 
self-generated magnetic fields can alter implosions by suppress-
ing and redirecting heat fluxes.7

Heat transport provided by electrons8 is an important 
mechanism in direct-drive implosions that delivers the laser 
energy deposited near the critical radius Rcr, in which ne = ncr, 
to the ablation front through a conduction zone.6 Here ncr is 
the critical density when the laser frequency equals the plasma 
frequency. Self-generated magnetic fields in the conduction 
zone can affect heat fluxes and, therefore, affect target drive, 
symmetry, and implosion performance. Magnetic fields can 
considerably change the transport coefficients, such as the elec-
tron and thermal conductivity, when the Hall parameter ~exe L 
0.3 (Ref. 9), where ~e = eB/mec; c is the speed of light, me and 

e are the electron mass and charge, respectively, and xe is the 
electron-ion collision time. Simulations predict that magnetic 
fields in direct-drive-implosion experiments on the OMEGA 
laser10 can grow up to several MG and the Hall parameter can 
approach +0.3 near the ablation surface. This makes the field 
effects important in the conditions relevant to inertial confine-
ment fusion (ICF) and requires experimental validation.

Magnetic fields in laser-produced plasma have been mea-
sured using coils,2 Faraday rotation of optical probe beams,5 
polarimetry measurements of self-generated laser harmon-
ics,11 and proton radiography.12,13 The latter method infers 
electromagnetic fields by measuring deflection and energy 
loss of protons while traversing the plasma. Two techniques 
are typically employed to generate probe protons. In the first 
technique, a glass microballoon with D3He fuel is imploded to 
produce 14.7- and 3-MeV fusion monoenergetic protons.13 In 
the second technique, broad energy spectrum protons with an 
energy from zero up to several tens of MeV are generated via 
the target’s normal sheath acceleration (TNSA) mechanism, 
where strong sheath electric fields are produced using a high-
intensity (+1019 W/cm2) laser interaction with a solid target.14 
Divergent proton flows generated by the TNSA technique have 
a small virtual source size (about several microns) and good 
laminarity, providing better spatial and temporal resolutions 
than those provided by the fusion-based technique.15

Protons in the range of +10 to 60 MeV are suitable for prob-
ing +MG magnetic fields and electric fields of +107 V/cm in 
experiments with laser-produced plasmas.16-18 Experiments on 
OMEGA using the fusion-based proton backlighter and plastic 
planar foils driven at an intensity of 1014 to 1015 W/cm2 indicate 
the development of millimeter-scale magnetic loops19 local-
ized at the edge of the laser spot, which have been predicted 
theoretically.20 Rayleigh-Taylor-induced magnetic fields up to 
about 1 MG have been measured in accelerated foils during the 
linear growth for 120-nm-wavelength perturbations.21 Planar-
foil experiments on OMEGA using TNSA proton backlighters 
demonstrated about 10-nm resolution of electromagnetic field 
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structures. This resolution allows one to investigate small-scale 
magnetic fields associated with Rayleigh-Taylor spikes and 
bubbles in laser-accelerated foils.22,23

The first application of proton radiography to direct-drive 
implosions was demonstrated on the six-beam Vulcan laser.24 
Direct-drive-implosion experiments on OMEGA using 
fusion-based proton backlighters found a complex evolution 
of electromagnetic structures.25 Imploding capsules develop 
radial electric fields of +107 V/cm, reversing directions during 
the implosion following the evolution of the electron pressure 
gradient.26 More-recent OMEGA direct-drive–implosion 
experiments employing TNSA proton backlighters found that 
proton images at late implosion times (after the end of the laser 
pulse) are dominated by random filamentary structures formed 
by small-scale electromagnetic fields in the outer corona.15 
These fields screen the regular fields near the target surface 
and limit the applicability of the TNSA proton radiography.

This work focuses on measurements and simulations of 
electromagnetic fields in direct-drive OMEGA implosions 
during an early implosion time, when the screening effect of 
the fields in the corona is small. Various surface defects (wires, 
glue spots, and mount stalks) were imposed to enhance self-
generated magnetic fields, which were measured by the TNSA 
proton backlighter technique. Measured proton radiographs 
were compared with synthetic radiographs produced using the 
two-dimensional (2-D) magnetohydrodynamic (MHD) ICF 
code DRACO27 and a proton ray-trace code. The MHD model 
in DRACO is based on the Braginskii model1 and includes the 
field source, Nernst convection,28,29 anisotropic resistivity, and 
field-modified heat fluxes.

This article describes the experimental setup and measure-
ments; compares the measurements with DRACO simulations; 
and concludes with a discussion of the results of the experiment 
and simulations. Details of the MHD model in DRACO are 
presented in the Appendix.

Experiments
Figure 138.10 shows a schematic of the direct-drive-

implosion experiment employing the TNSA proton radiogra-
phy. A 860-nm-diam plastic-shell target was imploded using 
60 OMEGA laser beams with a 1-ns square pulse delivering 
about 28 kJ on target. This corresponds to an on-target intensity 
of I . 1.2 # 1015 W/cm2. Standard OMEGA SG4 distributed 
phase plates,30 polarization smoothing,31 and smoothing by 
spectral dispersion32 were employed to uniformly illuminate 
the target. The implosion was backlit at a specified time with a 
proton beam, which was generated by the interaction of a 10-ps, 
high-intensity (I + 2 # 1019 W/cm2) OMEGA EP33 beam with a 
10-nm-thick Au foil. The protons had an energy range of 0 to 
+60 MeV with an almost exponential distribution. They formed 
images on radiochromic films, which were arranged in packs 
that consisted of interleaved filters (Al or Ta) and films. Each 
film was sensitive to protons from a specific energy interval. 
More details of the employed radiography technique can be 
found in Ref. 15.

Four 27-nm-thick plastic-shell (CH) targets having different 
imposed surface defects were imploded. These targets were 
supported by mount stalks, each of which was an +80-nm-
diam carbon-silicon fiber glued normally to the target surface 
(see Fig. 138.11). The glue at the stalk and target joint formed a 
120- to 160-nm-diam circular spot on the target surface. These 
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Figure 138.10
Schematic of the experiment. A plastic-shell target was 
imploded using 60 OMEGA laser beams and backlit by 
protons having an energy range of 0 to +60 MeV. The pro-
tons were generated using a high-intensity OMEGA EP 
laser beam. Images from different energy protons were 
obtained using a radiochromic film pack.
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glue spots and stalks introduced perturbations that were the 
source of electromagnetic fields. A piece of 20-nm-diam Cu 
wire was glued to the surface of three of the targets. Each wire 
encircled the target, covering half of the equator. These wires 
were located on the targets’ hemispheres, which faced either the 
proton backlighter (source) or film pack (detector). One target 
had a 50-nm-diam glue spot located on the hemisphere, fac-
ing the detector. Figures 138.11(a) and 138.11(b) show pre-shot 
images of the targets with the wire and glue spot, respectively. 
The stalk mount forms a 42° angle with the imaging axis.

Figure 138.12 shows proton radiographs of the implosion 
targets from film #9 of the packs. These films are primarily 
sensitive to 36.8-MeV protons.15 The target center is pro-
jected in the center of the radiographs. The evolution times 
in Figs. 138.12(a)–138.12(d) are t = 300, 525, 770, and 770 ps, 
respectively, where t = 0 corresponds to the beginning of the 
laser pulse. This timing was estimated by accounting for the 
proton time-of-flight delays and has an uncertainty of Dt . 5 ps. 

The targets with the wire on the side facing the detector are 
shown in Figs. 138.12(a) and 138.12(c), and the target with the 
wire facing the source is shown in Fig. 138.12(d). The target 
with the glue spot located on the side facing the detector is 
shown in Fig. 138.12(b).

The radiographs in Fig. 138.12 reveal multiple ring struc-
tures around the targets. Similar structures were reported in 
previous studies using the fusion-based backlighters.25 The 
outer dark ring A appears only in Fig. 138.12(a) at the early 
implosion time t = 300 ps, while the white rings B are observed 
in the early and late time radiographs in Fig. 138.12. The radius 
of ring B is reduced with time, apparently following the reduc-
tion of the radius of the implosion targets. Simulations suggest 
(see Simulation Results, p. 114) that electric fields cause the 
observed ring structures to form. In particular, ring A is formed 
because of the fields localized at the front of the expanding 
corona. This front quickly moves, leaving the field of view of 
the proton diagnostics; therefore, the ring is not observed at the 

TC11163JR

(c) (d)

B
F

D
C E

F B

EC

D

(a) (b)

B

G

D

C EEC

D

E

F
B

A

Figure 138.12
Radiographs of implosion targets from film #9 (primarily sensitive to 37-MeV 
protons). Darker regions correspond to higher fluence. (a) Target with a Cu 
wire on the side facing the proton detector at t = 300 ps (shot 63035). (b) Target 
with a glue spot on the side facing the proton detector at t = 525 ps (shot 63043). 
[(c) and (d)] Targets with Cu wires on the sides facing the proton detector 
and source, respectively, at t = 770 ps (shots 63037 and 63039, respectively).
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Figure 138.11
Pre-shot images of implosion targets. (a) An 860-nm-diam plastic-shell 
target on a stalk mount. The stalk axis forms a 42° angle with the imaging 
axis. A piece of Cu wire, 20 nm in diameter and half the target diameter in 
length, was glued to the target surface. The dark image on the left is a proton 
backlighter assembly. (b) Target with a 50-nm-diam glue spot viewed from 
the proton-detector side.
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later times. Rings B are associated with the critical radius Rcr, 
where ne and Te experience significant variations, resulting in 
large electric fields.

The radiographs in Fig. 138.12 also reveal quasi-spherically 
distributed ripple structures E observed outside of rings B. 
These structures consist of many dark and light filaments 
elongated in the azimuthal direction. The ripple structure in 
Fig. 138.12(a) is located inside ring A and occupies a relatively 
narrow radial range. At a later time, in Fig. 138.12(b), this 
structure increases the radial range and develops a sharp outer 
edge at +800 nm from target center. At an even later time, in 
Figs. 138.12(c) and 138.12(d), the structure E is still seen to 
occupy about the same radial range as in Fig. 138.12(b) but is 
missing the sharp outer edge.

The white rings B in the radiographs from the same film 
pack show different diameters, depending on the proton energy. 
Figure 138.13 illustrates this effect by comparing films #9 and 
#6 (sensitive to 36.8- and 15.3-MeV protons, respectively) from 
shot 63035. The diameter of the white ring is reduced by about 
15% in film #6 with respect to that in film #9. This reduction 
is too significant to be explained by the variation of the image 
magnification factor because of the finite thickness of the film 
pack (this explains the less-than-1% difference) and by the dif-
ference of the evolution time between the films because of the 
proton time-of-flight difference. A plausible explanation of this 
effect is a negative charging of the target. The lower-energy 
protons are more susceptible to deflection by the force from the 

charge and form a smaller ring, while the higher-energy protons 
are less susceptible and form a larger ring. The measured ring 
diameters can be explained if the target charge Q . -7 # 1010 e, 
corresponding to an electric field .6 # 106 V/cm at the critical 
radius. A possible mechanism of this charging is presented in 
Discussion and Conclusions, p. 118.

Features from the stalk mount and related perturbations 
in the target corona can be seen in the lower part of the 
radiographs in Fig. 138.12. The vertical features denoted by 
C are projections of the stalk and do not significantly vary in 
time. The upper end of the stalk image in Figs. 138.12(a) and 
138.12(b) is located inside the white ring B associated with the 
critical surface. This is because of the stalk inclination with 
respect to the imaging axis (see Fig. 138.11), so that the stalk 
end is projected inside the target radius. Electromagnetic fields 
developed at material interfaces resulting from the interactions 
of plasmas ablated from the stalk, glue, and target produce 
variously shaped structures denoted by D. These structures 
evolve taking bow- and cylinder-like shapes at an earlier time 
[see Figs. 138.12(a) and 138.12(b)] and cone-like shapes at a 
later time [see Figs. 138.12(c) and 138.12(d)].

The feature F in Figs. 138.12(a), 138.12(c), and 138.12(d) is 
an image of the Cu wires and consists of light and dark horizon-
tal lines crossing the target images in the midplane. These lines 
are formed because of focusing or defocusing protons by elec-
tromagnetic fields near the wires. The lines in Figs. 138.12(a) 
and 138.12(c) are produced by the wires located on the target 
side facing the proton detector. These lines demonstrate a 
complicated internal structure, showing tiny dark lines located 
inside wide light lines. The latter light lines end between the 
two other dark lines. The observed line structures suggest [and 
simulations confirm (see Simulation Results, p. 114)] that the 
fields deflect at least a fraction of backlighting protons toward 
the wire (focusing the beams) and form the interleaved dark 
and light lines on the detector plane. The width of the line 
structures increases from Fig. 138.12(a) to 138.12(c), indicat-
ing that the fields become stronger or occupy a larger area at 
a later time. Figure 138.12(d) shows a line structure produced 
by the wire located on the target side facing the proton source. 
An apparent dark horizontal line is located a little above the 
target image’s midplane and a less-apparent line just below 
that plane. The image of the latter line is probably obscured by 
electromagnetic fields developed in the corona and observed 
as “cloudy” structures in the central part of Fig. 138.12(d). 
Simulations suggest (see Simulation Results, p. 114) that the 
line structure in Fig. 138.12(d) is formed by protons deflected 
from the wire (defocused beams).

(a)
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Figure 138.13
Comparison of radiographs from films (a) #9 and (b) #6 for shot 63035. These 
films are primarily sensitive to 36.8- and 15.3-MeV protons, respectively. The 
vertical white dashed lines [in (a) and (b)] mark the diameter of the white 
ring in (a). The diameter of the similar ring in (b) is reduced by about 15%, 
indicating negative charging of the target. The dashed black circle in (a) shows 
the projection of the initial target surface (within .5% accuracy).



Self-Generated MaGnetic fieldS in direct-drive-iMploSion experiMentS

LLE Review, Volume 138114

Figures 138.12(c) and 138.12(d) allow one to study almost 
identical plasma and field structures from the wires by prob-
ing them with protons from opposite directions. Changing the 
direction changes the sign of the Lorentz force acting on the 
protons, whereas the electric force is not changed. Therefore, 
the differences observed in Figs. 138.12(c) and 138.12(d) can 
be attributed to only the effects of magnetic fields.

Figure 138.12(b) shows the target with the glue spot on the 
side facing the detector at t = 525 ps. This spot produces the 
light spot G in the center of the radiograph. The diameter of 
spot G is about a factor of 2 larger than the projected diameter 
of the glue spot of an undriven target, indicating the effects 
of electromagnetic fields. The geometry of deflected proton 
beams (convergent or divergent) and, accordingly, the sign of 
the corresponding self-generated magnetic fields around the 
spot are difficult to determine using only this measurement. 
Both the convergent and divergent beams can form light spots 
on radiographs if deflection angles are large enough. Numerical 
simulations suggest (see the next section) that the light spot is 
produced by divergent (defocused) proton beams.

Simulation Results
The experiments were simulated using the 2-D hydrody-

namic code DRACO.27 DRACO solves the induction equation 
in the form based on the Braginskii MHD model.1

The code includes the effects of magnetic fields on the heat 
transport: the modified Spitzer flux, cross-gradient heat flux, 
and heat flux caused by electron currents.1 The induction equa-
tion and field-modified heat flux are described in the Appendix 
(p. 119). The simulations assume the axial symmetry and start 
from a zero-field condition. Self-generated fields, therefore, 
develop only the azimuthal component B = (0,0,Bz).

Measured proton radiographs were compared with synthetic 
radiographs that were calculated using a proton ray-trace code. 
The code employs the equation of motion for protons, which 
includes the effect of magnetic and electric fields,

 ,M
t c

e
n PV V B R1

d
d

p
e

e T- -# d= _ i  (1)

where Mp and V are the proton mass and velocity, respectively, 
Pe is the electron pressure, and RT is the thermoelectric force 
(see Appendix, p. 119). The first and second terms on the 
right-hand side of Eq. (1) represent the Lorentz and electric 
forces, respectively. The calculations assume the same proton 
backlighting geometry as in the experiment (Fig. 138.10). 
The proton source is approximated by a monoenergetic point 

source. Images are constructed by collecting all protons cross-
ing the detector plane. The change in proton energy caused 
by interactions with electric fields is small and neglected. 
The effects of the scattering and stopping of protons caused 
by elastic and nonelastic collisions with background ions are 
small and also neglected.22

Figure 138.14 shows simulation results of the target with 
a stalk at t = 770 ps. This time corresponds to that in 
Figs. 138.12(c) and 138.12(d). The density distribution in 
Fig. 138.14(a) shows that the stalk and target shell are com-
pressed by shocks. The shock in the shell has already expe-
rienced a breakout, and the shell has moved about 40 nm 
inward from the initial position. The flows ablated from the 
stalk and glue interact with the spherical outflow from the 

Figure 138.14
Snapshots from axisymmetric DRACO simulations of the target with a stalk 
at t = 770 ps. (a) Density distribution. The region around the target and stalk 
joint is shown. The target center is at (0,0). (b) Distribution of the magnetic 
induction Bz. The negative sign of Bz corresponds to magnetic fields directed 
toward the reader and the positive sign away from the reader. The black 
contours represent a density of 1.2 g/cm3.
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target, forming cone-like interfaces between the materials. 
This produces nonuniform electron density and temperature 
distributions, which result in the self-generated magnetic 
fields shown in Fig. 138.14(b). These fields grow to +3 MG and 
are mainly generated near the ablation and critical surfaces, 
where the source term (+dTe # dne) takes the maximum value. 
The fields are concentrated near the ablation surfaces and not 
convected outward by the ablation flows as one can expect in 
the case of the ideal MHD. This concentration and the absence 
of the flow convection are caused by the Nernst convection, 
which compresses the fields toward the ablation surfaces 
and significantly overcomes the flow convection. The fields 
around the stalk produce cross-gradient heat fluxes, which 
are directed outward and convect (by the Nernst convection) 
several magnetic fields. This explains the concentration of 
fields around the stalk at Z K -600 nm in Fig. 138.14(b). Other 
magnetic fields that are localized at the material interfaces 
in the corona form cone-like structures. The field structure 
around the target with the stalk is schematically illustrated 
in Fig. 138.15.

Figures 138.16(a)–138.16(c) show synthetic radiographs 
of the implosion target with the stalk at t = 300, 525, and 

770 ps, respectively. The center of the target is projected in the 
center of the radiographs, and the stalk is inclined at the same 
42° angle with respect to the imaging axis as in the experiment. 
Features C and D from the stalk are observed in the lower part 
of the radiographs. These features closely resemble the similar 
features of C and D in the measured radiographs in Fig. 138.12. 
An analysis of the simulations shows that the vertical fea-
ture C is formed because of protons deflected by the fields at 
the ablation surface around the stalk (the trajectories “a” in 
Fig. 138.15). The fields at the material interfaces in the corona 
produce the feature D. The change of the measured shapes of 
these features in time [compare Figs. 138.12(a)–138.12(c) and 
Figs. 138.16(a)–138.16(c), respectively] is well produced in 
the simulations.

In Fig. 138.16, features C and D result from protons deflected 
by magnetic fields while the effects of electric fields are not 
significant. As an example, the radiograph in Fig. 138.16(d) was 
calculated without the Lorentz force term in Eq. (1) and does 
not show these features. Instead, this radiograph reveals the 
feature H, which is not clearly seen in Fig. 138.16(c) and was 
developed as a result of electric fields at the standing shock in 
the plasma ablated from the stalk.

Figure 138.15
Schematic view of self-generated magnetic fields (in red) near the target 
and stalk joint and around the stalk. Backlighting protons (black lines) are 
deflected by the fields, causing trajectories “a” to diverge and “b” to con-
verge. The fields around the stalk produce a cross-gradient heat flux, which 
is directed away from the target.
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Figure 138.16
Synthetic proton radiographs of the target with a stalk at (a) t = 300 ps, 
(b) 525 ps, and [(c) and (d)] 770 ps. Radiographs (a)-(c) were simulated using 
both the electric and magnetic terms in Eq. (1); radiograph (d) was simulated 
using only the electric term.
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The radiographs in Fig. 138.16 reveal rings A and B, which 
are similar to those in the measured radiographs in Fig. 138.12. 
The simulations suggest that ring A develops because of protons 
deflected by electric fields at the front of the expanding plasma 
corona and rings B develop because of protons deflected at the 
critical surface. Magnetic fields are insignificant here because 
the corona front and critical surface are almost spherically 
symmetric, resulting in a small magnetic source.

Figure 138.17(a) shows the radial distribution of the electric 
force acting on protons in the radial direction from the DRACO 
model shown in Fig. 138.14, but at t = 300 ps; Fig. 138.17(b) 
shows the corresponding distributions of Pe, Te, and .n ne cr
The plotted distributions are for the upper (not perturbed by 
the stalk) hemisphere. The vertical dashed lines 1, 2, and 3 
show the location of the ablation, critical, and corona fronts, 
respectively. The electric force has a negative sign between 
lines 1 and 2 and a positive sign between lines 2 and 3. As a 
result, protons flying at the radius range between lines 1 and 2 
are deflected toward the target center, whereas protons flying 
at the range between lines 2 and 3 are deflected outward. This 
causes the white ring B in Fig. 138.16(a) to appear at the criti-
cal surface along with two dark rings: one just inside the white 
ring in the place of the ablation surface and another, ring A, 
in the corona front. It should be noted that the MHD model in 
DRACO is inaccurate when the free path of charged particles is 
larger than the characteristic scale lengths, which follow from 
the model. This could happen in the corona and, in particular, at 
the corona’s front. Nevertheless, DRACO simulations reproduce 
well the measurements of ring A (Fig. 138.12).

The density [Figs. 138.18(a) and 138.18(c)] and magnetic 
induction [Figs. 138.18(b) and 138.18(d)] are shown at two 

consecutive times, t = 300 and 770 ps, from simulations of the 
target with the Cu wire. The 20-nm-diam wire is located near 
the equatorial plane. At t = 300 ps, the wire has been com-
pressed by the shock, and perturbations have been introduced 
at the target ablation surface and in the corona [Fig. 138.18(a)]. 
Self-generated magnetic fields [Fig. 138.18(b)] are localized 
around the wire and end somewhere between the ablation and 
critical surfaces because of the Nernst convection. These fields 
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Figure 138.17
Radial profiles of selected quantities from the implosion simulation at 
t = 300 ps. (a) Radial component of the electric force acting on protons, 

.e P nE Re T e- -d= _ i  The vertical dashed lines 1, 2, and 3 indicate the 
locations of the ablation, critical density, and outer plasma fronts, respectively. 
(b) Electron pressure (black), number density (blue), and temperature (red).

Figure 138.18
Snapshots from axisymmetric DRACO simulations of the target with a Cu wire. [(a) and (c)] Distributions of the density at t = 300 and 770 ps, respectively. 
The wire is located near the equatorial plane. Laser light comes from the right. [(b) and (d)] Distributions of Bz at the same moments as in (a) and (c). The black 
contours represent a density of 1.2 g/cm3, and the white contours show the interface between the Cu and CH plasmas in the corona.
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grow to +2 MG and change their sign several times in the polar 
direction. Magnetic fields of small value also develop at the 
Cu and CH material interface in the corona [the interface is 
shown by the white line in Fig. 138.18(b)]. At the later time, 
t = 770 ps, the remnant of the wire is located at a larger offset 
from the shell [Fig. 138.18(c)], and the fields, about 2 MG, 
are more evenly distributed around the wire and occupy the 
relatively large volume [Fig. 138.18(d)]. The largest fields at 
this time end again between the ablation and critical surfaces, 
which are more radially separated. As in the early time, there 
are small fields at the material interface in the corona. Note 
that the fields immediately around the wire change their sign 
during the evolution [compare Figs. 138.18(b) and 138.18(d)]. 
Figure 138.19 schematically illustrates the field topology 
around the wire at t = 770 ps.

Synthetic radiographs in Figs. 138.20(a), 138.20(c), and 
138.20(d) show the target with the wire at t = 300, 770, and 
770 ps, respectively. The wire is located on the target side fac-
ing the proton detector in Figs. 138.20(a) and 138.20(c) and the 
source in Fig. 138.20(d). The feature F in the images is from 
the wire and can be compared with the analogous feature F 
in the measured radiographs in Fig. 138.12. At t = 300 ps, the 
synthetic image consists of a white line that ends between two 
dark lines [Fig. 138.20(a)]. This white line is not uniform and 
includes two tiny dark lines inside of it. A similar, but not 
identical, line structure was observed in Fig. 138.12(a). The 
differences between the measured and simulated images could 
be attributed to the experimental blurring, which can wash out 
fine structures and was not considered in the ray-trace code. 
The synthetic image of the wire at t = 770 ps in Fig. 138.20(c) 
reproduces the thin dark line in the middle of the wide light 
line similar to the one measured [see Fig. 138.12(c)]. This 
dark line, however, is much clearer in the synthetic image. 
An analysis of the simulations shows that the white and black 
lines in Figs. 138.20(a) and 138.20(c) are formed by deflect-

ing (focusing) the protons (which traverse the regions with 
the fields immediately adjacent to the wire) toward the wire 
[Fig. 138.19(b)]. When the target is probed by protons from 
the opposite direction, the proton trajectories are defocused 
by the fields [Fig. 138.19(a)] forming the two dark lines F in 
Fig. 138.20(d). The corresponding measured radiograph in 
Fig. 138.12(d) shows the clear image of only one (upper) dark 
line, while the other (lower) dark line is represented unclearly, 
probably because of scattering backlighting protons by elec-
tromagnetic fields in the corona.
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Figure 138.19
Schematic view of self-generated magnetic fields (in red) 
near the wire. (a) Backlighting protons come from the 
left (black lines), illustrating the experimental conditions 
when the wire is located on the target side facing the 
proton source. The proton trajectories are deflected by 
the fields and diverge. (b) The proton trajectories coming 
from the opposite direction (the wire on the side facing 
the proton detector) converge.
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Figure 138.20
Synthetic proton radiographs of the targets with a wire [(a), (c), and (d)] and a 
glue spot (b). The backlighting geometry corresponds to that for the measured 
radiographs in Fig. 138.12.
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Figure 138.21 shows simulation results of the target with a 
50-nm-diam glue spot at t = 525 ps. Perturbations introduced 
by the spot [Fig. 138.21(a)] result in self-generated fields up to 
+4 MG that are localized at the ablation surface around the 
spot [Fig. 138.21(b)]. As mentioned earlier, this localization 
is caused by the Nernst convection. It is worth noting that the 
field around the spot has the opposite sign to that of the wire 
in Fig. 138.18(d) and the same sign as the field near the target 
and stalk joint in Fig. 138.14(b). Figure 138.22 illustrates the 
topology of the fields around the glue spot.

Figure 138.20(b) shows a synthetic radiograph of the target 
with the glue spot. The radiograph was calculated assum-
ing the same spot location as in the experiment (facing the 
detector). The image G of the spot consists of a white circle 
surrounded by a sequence of fine dark and white rings. The 
measured radiograph confirms the development of the white 

circle showing the light spot in the center of Fig. 138.12(b); 
however, there is no signature of the ring structures around the 
spot. The lack of these structures could be a result of either an 
inaccuracy in modeling or experimental blurring. The origin of 
the white circle is illustrated in Fig. 138.22, which shows that 
protons traversing the region near the glue spot are deflected 
off (defocused), producing a circle of reduced proton fluence 
on the detector plane.
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Figure 138.22
Schematic view of self-generated magnetic fields (in red) around the glue spot. 
The experimental conditions (the spot on the target side facing the proton 
detector) are illustrated by showing protons coming from the right (black 
lines). These protons diverge after interacting with the fields.

Discussion and Conclusions
Electric and self-generated magnetic fields have been mea-

sured in implosion experiments on the OMEGA laser using 
plastic-shell targets. The self-generated fields developed as 
a result of perturbations from the mount stalk and imposing 
surface defects: Cu wires and glue spots (Fig. 138.11). The 
electric and magnetic fields were measured using the TNSA 
radiography, in which a proton beam was produced by employ-
ing a high-intensity OMEGA EP laser beam. Good-quality 
radiographs were obtained using 37-MeV backlighting protons. 
These radiographs show clear features from the stalk, wire, 
and glue spot in different times and different backlighting 
geometries (Fig. 138.12).

Synthetic proton radiographs (Figs. 138.16 and 138.20) were 
calculated by post-processing 2-D MHD DRACO simulations 
and, when compared with the measured radiographs, demon-
strated good agreement. The inclusion of the dTe # dne source, 
Nernst convection, and anisotropic resistivity in the induction 
equation and the field-modified heat fluxes in the electron 
energy equation is essential to obtaining this agreement. The 
ring-like features in the measured and synthetic radiographs 

Figure 138.21
Snapshots from axisymmetric DRACO simulations of the target with the glue 
spot at t = 525 ps. Distributions of the (a) density and (b) Bz . The glue spot 
is located at the pole. Laser light comes from the top. The black contours in 
(b) represent a density of 1.2 g/cm3 and the white contours in (a) and (b) show 
the interface between the glue and CH plasmas in the corona.
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(Figs. 138.12, 138.16, and 138.20) are explained by protons 
deflected by electric fields up to +107 V/cm at the critical 
surface (white rings) and the plasma corona front (outer dark 
rings). The features from the defects (stalks, wires, and glue 
spots) are developed mostly by protons deflected by magnetic 
fields up to +3 MG. This was demonstrated by calculating the 
radiographs with and without magnetic fields (but with electric 
fields in both cases). The features from the defects disappeared 
in the calculations without magnetic fields, while the ring-like 
features were not changed with or without the fields.

The white rings in the radiographs in Figs. 138.12 and 138.13 
are explained by scattering protons off at the critical radius by 
electric fields (Fig. 138.17). An alternative explanation of such 
rings could be that protons are scattered through Coulomb col-
lisions with ions in the dense shell.25 The TNSA radiography 
of undriven targets using the lowest-energy protons indeed 
demonstrated this possibility.15 Coulomb collisions are unlikely 
responsible, however, for the observation of the rings in the 
present experiment for at least two reasons: (1) Trajectories of 
37-MeV protons used in the experiment are not significantly 
affected by Coulomb collisions.22 (2) The measured radius of 
the white rings is larger than the target radius (see the dashed 
black circle in Fig. 138.13) and consistent with numerical esti-
mates of the critical radius.

Proton radiographs reveal a reduction in the white-ring 
radii, which are associated with the target’s critical surface, 
for the lower-energy protons (Fig. 138.13). This reduction can 
be explained by the negative charging of the target within the 
critical surface with the charge Q . -7 # 1010 e. Electrostatic 
charging of targets has been studied using fusion-based proton 
radiography25 and measuring energetic (L1-MeV) fast pro-
tons and ions34,35 in direct-drive implosions. This charging 
is likely provided by hot electrons (+10 to 100 keV) gener-
ated by the two-plasmon-decay (TPD) instability developed 
near the radius of the quarter-critical density.36 The charging 
observed in the present experiment probably comes from the 
same source: a fraction of the hot TPD electrons moves inward 
and creates an electrostatic potential difference between the 
quarter-critical-density region (positively charged) and the 
target shell (negatively charged). The energy needed to produce 
the inferred charge is a very small fraction of the incident laser 
energy E + Q2/Rt + 2 # 10-3 J. The energy to support this 
charging during the implosion, however, could be significantly 
larger because of dissipations in the associated return currents.

Electromagnetic fields around mount stalks supporting 
laser-irradiated targets have been measured using monoener-

getic (+3.3-MeV) proton radiography.37 A source of the fields 
in this experiment was believed to be a return current of up to 
+7 kA driven through the stalk from positively charged targets. 
This current created toroidal magnetic fields of +104 G. Consid-
ering the inferred magnitude of magnetic fields from the return 
currents versus the magnitude of self-generated fields around 
the stalk in the present experiment [+MG (see Fig. 138.14)], one 
concludes that it is unlikely these currents make a significant 
contribution to image C of the stalks in Fig. 138.12.

The measured radiographs show ripple structures quasi-
spherically distributed around the targets (feature E in 
Fig. 138.12). These structures were not reproduced in simula-
tions and apparently were caused by small-scale electromag-
netic fields in the corona. The nature of these fields is unclear. 
Numerical models suggest that the ripples are localized near 
the radius of the quarter-critical density. It is known that 
various laser-plasma instabilities can develop near this radius, 
including stimulated Brillouin and Raman scatterings and TPD 
instability.36 It is plausible that the observed ripples are related 
to electromagnetic fields caused by these instabilities.

The simulations have demonstrated the effect of self-gener-
ated magnetic fields on the dynamics of laser-ablated plasma. 
This effect occurs as a result of changing heat fluxes by the 
fields in the conduction zone, when ~exe L 0.3. In this case, the 
fluxes are suppressed in one direction and, being redirected, 
amplified in another direction. Such a redirection of the fluxes 
causes the change in the ablation pressure near the perturba-
tions, which, in turn, causes the change in the perturbations. 
The dynamic effect of the field-modified heat fluxes, however, 
was found to be not significant enough to be observed in the 
present experiment.
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Appendix: MHD Numerical Method
Electric and self-generated magnetic fields in implosion 

targets are simulated by employing the 2-D hydrodynamic ICF 
code DRACO,27 which uses the Eulerian hydrodynamics and 
has been modified to solve the induction equation and include 
the effects of magnetic fields on the heat transport and plasma 
dynamics. The flow is assumed to be axisymmetric and the 
magnetic field has only the azimuthal component B = (0,0,Bz). 
The induction equation is used in the Braginskii’s form1
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where V = Vr,Vi,0 is the flow velocity and j = (c/4r)d # B is 
the current density. The force  R acts on electrons and consists 
of two components: R = Ru + RT, where

 uR h uu - #a a= += = Λ_ i (A2)

is the friction force and

 = TR h TT
uT

e
uT

e- - #d db b= = = _ i (A3)

is the thermal force, u = -j/ene is the electron-ion relative 
velocity, and h is the unit vector in the z direction. The sub-
script “9” in Eqs. (A3) and (A4) refers to vector components 
tangential to B.

The electron heat flux is represented by two components: 
,q q qe

u
e

e T= +  where

 = Tq h Te e e
T e e- - #d dl l= = Λ _ i (A4)

is the thermal component, which consists of the modified 
Spitzer flux8 and lateral (cross-gradient) flux (the first and 
second terms on the right-hand side, respectively), and

 q u h uu
e Tu Tu- #b b= += = Λ _ i (A5)

is the friction component. The coefficients ,uT
b=  ,uT

bΛ  ,Tu
b=  ,Tu

bΛ  
a9, aK, ,e

l=  and e
lΛ in Eqs. (A3)-(A6) are defined in Ref. 1 as 

functions of the Hall parameter ~exe and the ion charge Z. The 
standard flux limitation38 (with the flux-limiter parameter f = 
0.06) of the thermal component qe

T is applied to mimic energy 
losses because of cross-beam energy transfer.39

The release of energy caused by magnetic dissipation is 
accounted for by adding the term

 Q R ue - $=  (A6)

in the energy equation for electrons. The dynamic effects of 
magnetic fields are described by the magnetic force term 

 cF j B1
m #= _ i (A7)

in the equation of motion.

The MHD approximation fails when the free path of charged 
particles exceeds the characteristic scale lengths of a prob-
lem. In implosion simulations, such conditions, for example, 
can appear at the front of plasma, expanding into vacuum. A 
simple application of Eq. (A1) in these conditions can result in 
a significant overestimation of self-generated magnetic fields. 
To prevent such an unphysical behavior, calculations of spatial 
derivatives in the source and pinch terms of Eq. (A1) (the sec-
ond and fourth, and third terms, respectively, on the right-hand 
side of this equation) should use limited scale lengths: they 
cannot be smaller than the electron free path e. In practice, the 
limitation is implemented by substituting the grid size Dx by 
max (Dx, ee) when calculating the derivative .f x f x2 2 .D D  
Here, e is a parameter of an order of unity.
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Introduction
Equation-of-state (EOS) physics at extreme pressures and 
temperatures is important in inertial confinement fusion 
(ICF),1,2 astrophysics,3 material sciences,4 and other areas of 
high-energy-density physics (HEDP).5,6 Of particular impor-
tance is the relation of a material’s thermal-state variables to 
its mechanical-state variables. A typical EOS study entails an 
impedance-matching experiment to determine the kinematic 
properties (pressure, density, and internal energy) of a mate-
rial coupled with a simultaneous temperature measurement 
to provide its thermal behavior (temperature and entropy).7 
Laser-driven shock-wave experiments produce extremely high 
pressures and enable one to measure a material’s behavior at 
extreme conditions (P > 1 Mbar; T > 1 eV) (Ref. 8). The Omega 
Laser Facility9 readily produces these conditions over nano-
second time scales and millimeter-scale areas. Diagnosis of 
these experiments requires relatively high spatial and temporal 
resolution. A line-imaging velocity interferometer system for 
any reflector (VISAR)10 is used to determine the material’s 
mechanical-state variables by measuring shock velocities with 
+50-ps and <10-nm resolution. A streaked optical pyrometer 
(SOP) simultaneously records the space/time history of the 
material’s thermal self-emission between 590 and 850 nm with 
similar temporal and spatial resolution.10 Self-emission from 
the shock-compressed material is converted to a brightness 
temperature by comparing its emission to that of a black-body 
radiator.11 Together these measurements provide temperature 
as a function of pressure or density.

By absolutely calibrating the SOP over its wavelength range, 
one is able to measure the spectral radiance of an emitting 
shock front and assign it a brightness temperature. This article 
presents the technique and results of the absolute calibration 
of the OMEGA SOP. The details of recent design changes to 
the SOP, upgraded in 2011, are also presented.

Experimental Configuration
In a typical laser-driven shock-wave experiment, a target 

is irradiated by lasers (direct drive) or by x rays from a laser-
driven hohlraum (indirect drive).1 These drivers cause the outer 

layer of the target (the ablator) to blow off and expand outward, 
launching a forward-moving shock wave through the target 
material. The shock compresses the material and induces high 
temperature, pressure, and internal energy.

Opposite the drive beams, the reflected VISAR probe beam 
and the self-emission from the shock are collected by an f/3.3 
telescope. As shown in Fig. 138.23(a), the telescope, mounted 
on a mechanical stage, consists of a two-lens objective (L1/
L2) followed by a planoconvex singlet (L3). The combined 
signal (reflected probe and self-emission) first encounters the 
meniscus lens (L1) that also acts as a disposable blast shield 
that prevents debris from hitting the next optic, a collimating 
achromat (L2). After L2, the signal passes through a plano-
convex singlet (L3) and is recollimated by a second achromat 
(L4) at the rear of the ten-inch manipulator (TIM) that houses 
the telescope. The signal is then relayed toward a dichroic 
mirror that reflects the 532-nm probe beam. The self-emission 
passes through the dichroic mirror toward the SOP diagnostic 
shown in Fig. 138.23(b). Details of the optical telescope and 
the VISAR design can be found in Ref. 10.

The entrance to the SOP cabinet is an OG590 long-pass 
filter that transmits only light with a wavelength greater than 
590 nm. Inside, the target emission is imaged onto the external 
slit of a Rochester Optical Streak System12 (ROSS) camera by a 
series of periscopes and turning mirrors. A dove prism is used 
to rotate the target image on the slit, making it possible for the 
SOP to spatially resolve along any orientation on the target. To 
compensate for the refractive optics in the telescope (optimized 
for the 532-nm VISAR probe beam), the signal passes through a 
300-mm planoconvex singlet (L5) and a 200-mm planoconcave 
singlet (L6) to focus the light onto the ROSS camera’s external 
slit. Ahead of the slit are a second OG590 filter and any neutral 
density (ND) filters used for the experiment.

Inside the ROSS camera [bottom of Fig. 138.23(b)], the 
self-emission signal is focused by an Offner triplet system 
(M1-M3) onto the S20 photocathode with a sapphire window. 
Photoelectrons are accelerated through the streak tube toward 

Absolute Calibration of the OMEGA Streaked Optical Pyrometer 
for Laser-Driven Shock Waves
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the phosphor screen. Photons emitted by the phosphor screen 
are transmitted through a 1:1 fiber-optic taper directly onto the 
charged-coupled–device (CCD) camera. The CCD is regularly 
binned 2 # 2 for an 1100 # 1100-pixel output. The data are 
spatially resolved in one dimension (along the slit length) and 
“streaked” in the other dimension to provide temporal resolu-
tion transverse to the slit. Data are recorded using 6-, 17-, 46-, or 
96-ns sweep windows. The spectral range of the SOP (+590 to 
850 nm) is defined by the OG590 filters at shorter wavelengths 
and the photocathode’s insensitivity to infrared wavelengths.

In 2011 the SOP was upgraded from the version described 
in Ref. 11 to that described above.13 Most notably, the detector 
was upgraded from a Hamamatsu C4187 streak camera14 to a 
ROSS camera.12,15 The new streak camera contains a Photonis 
P510 streak tube16 and an SI-800 TE cooled CCD camera17 
with an E2V CCD chip.18 In addition, enhancements were 
made to the SOP optical relay.13 These upgrades required an 
absolute calibration of the new system. The calibration method 
was similar to that of the previous SOP system as described 
in Ref. 11.

Calibration Method
The SOP was absolutely calibrated using a light source 

with a known spectral radiance: an Optronic Laboratories 
(OL550) Standard of Spectral Radiance, which is a modified 
GE Type 18A/T10/2P lamp having a tungsten ribbon fila-
ment fitted with a sapphire window.19 This lamp, driven by a 
constant-current (15-A) power supply, has a National Institute 
of Standards and Technology (NIST)-traceable calibrated 
spectral radiance that is accurate to 1% (Ref. 19). The lamp 
was placed at the center of the OMEGA target chamber, and 
the telescope was adjusted until the tungsten ribbon filament 
was imaged onto the external slit of the SOP ROSS. Care was 
taken to ensure that the filament image was centered on the 
photocathode. Prior to the calibration, the photocathode’s spa-
tial profile was measured by scanning the external slit image 
across the photocathode by tilting the secondary mirror [M3 
in Fig. 138.23(b)] of the Offner triplet system within the ROSS 
camera. The center and full width at half maximum (FWHM) 
of the photocathode were determined using the measured pro-
file. These procedures ensured that the internal optics of the 
streak camera, which are motorized and adjusted remotely, 
were aligned consistently during calibrations and experiments.

During the calibration, the SOP was operated with a 5-s 
sweep window to produce sufficient intensity for the detector 
since the spectral radiance of the lamp (T + 0.24 eV) is consider-
ably lower than that of a shock (T > 1 eV). To calibrate the spec-
tral system response function of the SOP, seven 40-nm-wide 
bandpass filters were individually inserted to isolate narrow 
regions of the lamp’s emission spectrum. The spectral system 
response of the SOP was determined by correcting an estimated 
response function using these narrowband measurements.

The SOP camera output in analog-to-digital units (ADU’s)
of a single pixel is given by
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Figure 138.23
(a) OMEGA drivers launch a forward-moving shock wave through the target. 
The reflected VISAR (velocity interferometer for any reflector) probe beam 
and the self-emission of the material directly behind the shock front are 
simultaneously relayed outside the target chamber by the f/3.3 telescope. The 
532-nm probe beam is reflected off the dichroic mirror and self-emission in 
the near-infrared passes through to (b) the SOP (streaked optical pyrometer) 
diagnostic. Self-emission enters the SOP diagnostic through an OG590 
long-pass filter and is relayed by the SOP optics to the external slit of the 
Rochester Optical Streak System (ROSS) camera. The image of the slit is 
focused onto the S20 photocathode in the P510 streak tube by an Offner triplet, 
a 1:1 all-reflective image relay. Photons emitted by the phosphor screen are 
transmitted through a fiber-optic taper directly onto the charged-coupled-

device (CCD) camera.
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where Dt is the dwell time of a single pixel, G is the streak 
camera gain of photoelectrons to ADU’s, Us(m) is the spectral 
radiant power from the light source, Tx(m) is the transmission 
of any removable ND or bandpass filters introduced to the 
system, and SR(m) is the SOP’s spectral system response. The 
system response includes the S20 photocathode sensitivity and 
the transmission of all optical elements comprising the SOP. 
The transmission spectra of the ND and bandpass filters were 
measured using a Perkin-Elmer Lambda 900 spectrometer to 
0.1% accuracy.20 The dwell time,

 ,t
B x

WLSF

h
D

D
=  (2)

is the amount of time that a given “streak” spends at a single 
pixel. B is the binning of the CCD (e.g., two for 2 # 2 bin-
ning), Dx is the length of one (square) pixel, h is the sweep rate  
given in pixels/ns, and WLSF is the apparent slit width defined 
as the FWHM of the streak camera’s line spread function (LSF). 
The ROSS camera optics provide a virtual cathode, resulting 
in an apparent external slit width that is considerably narrower 
than the actual slit width [Fig. 138.24(a)], enabling higher 
temporal resolution.

The spectral radiant power from the lamp’s filament that 
maps to a single pixel is given by

 
A Ω

,A Ld ds s

pixel lens

m mU X= $ $_ _i i  (3)

where Ls(m) is the source radiance, Apixel is the filament area 
that maps to a single pixel, and Xlens is the solid angle of the 
f/3.3 telescope. The amount of light that is recorded onto one 
pixel originates from a portion of the tungsten filament with 
the area
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where Ws is the external slit width, M is the magnification from 
the light source to the photocathode, and MEO is the magnifica-
tion in the spatial direction (along the slit) of the electron optics 
within the streak tube.

An estimate for the wideband (590- to 850-nm) system 
response function was developed by combining the estimated 
sensitivity of the S20 photocathode and the measured transmis-
sion spectra of the SOP optics. This estimate was corrected 
using data taken in seven narrow wavelength regions using 
40-nm-wide bandpass filters. Neutral-density (ND) filters were 
used as needed to limit the photocathode current. A series of 
three to five streaks were acquired with each bandpass filter in 
place, and the average of their measured intensities defined the 
SOP response in that wavelength range. For each of the seven 
wavelength ranges, the theoretical camera output I in ADU’s 
was modeled using Eqs. (1)-(4) as

 I
GM M

B x W
L Td SRs x2

EO

lens s

all
h

m m m m
D X

=

m

$ _ _ _i i i (5)

with the estimate for SR(m) and the measured transmission 
spectra Tx(m) of the relevant bandpass and ND filters. The esti-
mated system response was iteratively corrected until the model 
predicted the measured camera output in the seven narrowband 
regions. The validity of the corrected system response function 
was verified by calculating the camera output when observing 
the tungsten-filament source over the entire wavelength range 
of the SOP. The model correctly predicted the wideband mea-
surements within 4%. The dashed line in Fig. 138.25 shows the 
calibrated spectral system response, and the solid line shows 
the spectral radiance of the calibrated tungsten-filament lamp 
over the SOP’s wavelength range. The lamp’s spectral radiance 
is NIST traceable and is characteristic of a 0.239-eV gray body 
with an emissivity of 0.215 (Ref. 19).

Figure 138.24
(a) The line spread function (LSF) full width at half 
maximum (FWHM) and (b) throughput correction 
vary with slit width. (a) The apparent slit width (WLSF) 
is narrower than the actual slit width (Ws0) and remains 
fairly constant close to 90 nm for all slit widths. 
(b) Throughput correction [X(Ws0)] in Eq. (8) is defined 
as the ratio of camera output at the experimental slit 
width (Ws0) to camera output at the calibration slit 
width (Ws) of 800 nm.
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Brightness temperature is inferred from the SOP camera 
output by relating the spectral radiance Ls(m) of the observed 
source to that of an equivalent blackbody through Planck’s law. 
The predicted SOP signal for such a source is given by

,I
GM M

B x W X W hc T

T
hc

2

1
d

SR

exp

x
2

0
2

5
EO

lens s s

all

-h
m
m

m

m mD X
=

m

c

e
dd

_

b

_ _i

l

i i

< F  (6)

where h is Planck’s constant, c is the speed of light, and 
X(Ws0) is the throughput correction defined as the ratio of the 
camera throughput at the experimental slit width Ws0 to the 
camera throughput at the calibration slit width Ws. There is a 
nonlinear relationship between throughput and slit width as 
shown in Fig. 138.24(b). Since SR(m) was determined at Ws 
and not necessarily Ws0, X(Ws0) adjusts for the difference in 
throughput. The throughput corrections for the slit widths of 
200 to 800 nm are presented in Table 138.V. The adjustable 
parameters for an experiment include the experimental slit 
width Ws0, the sweep rate h, and the transmission spectra of the 
ND filters Tx(m). The first two parameters change the effective 

sensitivity of the camera for all wavelengths, whereas Tx(m) can 
have wavelength dependence and, therefore, must be included 
within the integral in Eq. (6). For a given experimental configu-
ration [i.e., Ws0, h, and Tx(m)], the camera output is calculated 
for a range of temperatures using Eq. (6). By approximating 
the wavelength dependence of the SOP as a d function at the 
centroid wavelength of the integrand in Eq. (6), the predicted 
T versus I data are then fit to the relationship

 ,
ln

T

I
A1

0=
+

T

b l

 (7)

where A and T0 are calibration parameters determined by a 
least-squares fit. This approximation is valid since the spectral 
band of the SOP is narrow compared to the spectral band of 
a Planckian source with a temperature above 5000 K. Param-
eter A can be rewritten as

 .A
A X W0 0s

h=
_ i

 (8)

The system gain and binning (B = 2 for 1100 # 1100-pixel out-
put) are fixed for all shots and are included in the calibration 
parameter A0. Seven independent calibrations were performed 
to provide calibration parameters for SOP experiments begin-
ning with shot 68276. The calibration parameters A0 and T0 
(Table 138.VI) depend only on the shot number and ND filter 
used. There was an increase in the internal voltages of the 
streak camera that increased the values of A0 beginning with 
shot 71573. There was also a subsequent decrease in SOP output 
caused by the accumulation of debris on the rear window of the 
TIM that houses the telescope. Because of these two effects, 
the values for A0 must be scaled by the amounts specified in 
Table 138.VI for shots 71573 to 72436. Calibration parameter 
A0 can be taken directly from Table 138.VI for shots 68276 to 
71552 and shots 72437 to present.

To calculate brightness temperature from camera output in 
ADU’s, one must first find the appropriate calibration param-
eters A0 and T0 from Table 138.VI; then use A0 to calculate 
parameter A from Eq. (8) and both A and T0 to calculate 
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Figure 138.25
The SOP system response (dashed line) was determined using the individual 
spectral responses measured in each narrow wavelength region. A NIST-

traceable tungsten-filament lamp with known spectral radiance (solid line) 
was used as the calibrated light source for the SOP calibration.

Table 138.V: Throughput correction as a function of experimental slit width X(Ws0). There are two sets of values for 
the throughput correction because of a change in the external slit mechanism that occurred between shots 
70551 and 70552. The throughput correction for shots 70552 and later is plotted in Fig. 138.24(b).

Experimental slit width Ws0 (nm) 200 300 400 500 600 700 800

Shot 68276 to 70551 0.400 0.529 0.731 0.910 — — —

Shot 70552 to present 0.354 0.587 0.811 0.959 0.996 0.999 1.000
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brightness temperature from Eq. (7). An example of inferred 
brightness temperature from SOP camera output for a typical 
experiment is shown in Fig. 138.26.

For experiments where a gray-body approximation is appli-
cable, the intensity I is replaced by I/f, where f is the emissivity. 
Following Kirchoff’s law for a body in thermal equilibrium,6 
the emissivity is equal to the absorptivity, i.e., f = 1-R, where 
R is the reflectivity. If the dynamically compressed material 
is optically thick and reflects the 532-nm VISAR probe beam, 
one can extract R from the VISAR data. Temperatures for a 
gray body are then calculated using

 .
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-
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_ i= G
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VISAR/SOP Example
Gray-body temperatures were inferred from the SOP and 

the VISAR data obtained in experiments designed to study the 
EOS of quartz. These experiments used unsupported shocks 
that slowly decayed as they traversed the sample. Since the 

a-quartz target samples were transparent, VISAR recorded the 
shock velocity and reflectivity of the decaying shock front as 
a function of time [Fig. 138.27(a)], while the SOP simultane-
ously recorded the self-emission intensity [Fig 138.27(b)]. The 
emission of the a-quartz sample at each time was converted 
to a gray-body temperature using Eq. (9) with the appropriate 
calibration parameters A and T0 and the reflectivity inferred 
from VISAR. This temperature is plotted versus the VISAR 
velocity at that time [solid blue line in Fig. 138.27(c)], providing 
temperature versus shock velocity (pressure). These data are 
compared to a power law fit for temperature as a function of 
shock velocity in a quartz [dashed red line in Fig. 138.27(c)]. 
The power law fit was created using a-quartz data obtained 
by Hicks5 and has the form . ,T U1400 4 3 .2 98

s= +  where Us is 
the shock velocity in km/s and T is the temperature in Kelvin.

Error Analysis 
A Monte Carlo routine was used to estimate the errors in 

this calibration method. Contributions include uncertainties in 
the filter transmissions Tx (0.1%), spectral radiance of the lamp 
Ls (1%), calibration slit width Ws (1%), sweep rate h (0.5% for 
slow sweeps used in calibrations and 2% for fast sweeps used 
in experiments), gain G (2%), throughput correction X(Ws0) 
(0.5% for an 800-nm-wide slit), and magnifications M (0.2%) 
and MEO (0.5%). Uncertainties of 4% in parameter A0 and 0.1% 
in parameter T0 were estimated using 10,000 Monte Carlo 
runs that mimicked the calibration procedure and used the 
uncertainties in the narrowband measurements from the seven 

Table 138.VI: Brightness temperature is calculated using calibration 
parameters A0 and T0 in Eqs. (7) and (8). The calibra-
tion parameters are specified depending on the shot 
number and ND filter used in the experiment. ND 
filters are specified by their optical densities ranging 
from 0.1 to 2.5. For shots 71573 to 71875 multiply A0 
by 1.09. For shots 71876 to 72436 multiply A0 by 1.05.

ND T0 (eV) A0 = ADU/ns

0 1.911 403,740

0.1 1.913 332,310

0.15 1.914 281,030

0.2 1.910 257,770

0.3 1.910 204,550

0.4 1.909 163,800

0.5 1.912 121,840

0.6 1.912 93,097

0.7 1.911 79,434

0.9 1.898 51,987

1.0 1.870 48,363

1.3 1.854 26,062

1.5 1.844 17,091

2.0 1.818 6,521

2.5 1.790 2,497
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Figure 138.26
Inferred temperature dependence of the SOP signal for an experiment using 
a 17-ns sweep window, Ws0 = 800 nm, and ND 0.3. This curve was gener-
ated using Eq. (7) with calibration constants A0 = 204550 ADU/ns and T0 = 
1.910 eV calculated for data taken with an ND 0.3 filter.



Absolute CAlibrAtion of the oMeGA streAked optiCAl pyroMeter for lAser-driven shoCk WAves

LLE Review, Volume 138 127

independent calibrations. For each routine, all parameters were 
varied within their error estimates, which produced 10,000 pos-
sible system responses, A0’s and T0’s. The narrowband 
responses measured in five of the calibrations agreed within 
3%. The other two calibrations yielded narrowband intensities 
that were 9% and 5% higher as a result of the initial increase 
in streak camera voltages and the subsequent accumulation of 
debris on the rear window of the TIM. These two calibrations 
reflect the state of the diagnostic during shots 71573 to 72436 
where the additional scaling of parameter A0 is required. The 
estimated uncertainty of 4% for parameter A0 is still valid for 
these shots, provided that the appropriate scaling specified by 
Table 138.VI is used. 

The uncertainty in temperature for the data presented in 
Fig. 138.27(c) was 10.5% between 2 and 6 eV and increased 
to 14% at 1.2 eV. The SOP intensity data for this shot were 
particularly noisy in the low-intensity region, which resulted 
in 25% uncertainty in the lower intensities. This led to a larger 
uncertainty (+14%) in temperatures below 2 eV. A typical 
experiment with a 7% uncertainty in intensity, 4% uncertainty 
in A0, 2% uncertainty in h, 0.5% uncertainty in X(Ws0), and 
0.1% uncertainty in T0 generates a total uncertainty in bright-
ness temperature of 6.8% at 5 eV. This same experiment with 
a 20% uncertainty in reflectivity gives a 10% uncertainty in 
gray-body temperature at 5 eV.

Discussion and Conclusions
The streaked optical pyrometer on the OMEGA Laser 

System was absolutely calibrated using a NIST-traceable 
tungsten-filament lamp. Brightness temperatures of dynami-
cally compressed materials are inferred from self-emission 
intensities using the spectral system response determined by 
the calibration. Gray-body temperature is calculated using 
the emissivity of the shock front determined by the VISAR 
measurement of its reflectivity.

Characterization of the streak camera throughput and LSF 
(Fig. 138.24) led to a recommendation of an 800-nm-wide 
slit for maximum throughput while maintaining temporal 
performance and providing some insensitivity to minor mis-
alignments. Electron optics within the streak tube produce 
a virtual cathode, resulting in an apparent slit width that is 
considerably narrower than the actual slit width. The FWHM 
of the LSF (always <100 nm) is +8.5# narrower than the actual 
slit width at 800 nm when the focus voltage of the streak tube 
is optimized for that slit width. When using the standard 2 # 
2 binning for 1100 # 1100-pixel output and an 800-nm-wide 
slit, the temporal integration time is 155 ps for the 46-ns sweep 
window and 60 ps for the 17-ns sweep window. During experi-
ments and calibrations, the image of the external slit is aligned 
to the center of the photocathode. The photocathode has vary-
ing sensitivity across its profile; therefore, narrow slit widths 

Figure 138.27
Sample VISAR and SOP data for an experiment using decaying shock waves in a-quartz targets for equation-of-state (EOS) studies. (a) The VISAR records 
temporally resolved shock velocity and reflectivity and (b) the SOP simultaneously records temporally resolved self-emission intensity. (c) Gray-body tem-
peratures (solid blue line) were inferred from the SOP self-emission intensities using the SOP calibration and the VISAR reflectivity. The one-sigma standard 
deviations in temperature are represented by the dotted blue lines. These data are compared to a power law fit for temperature as a function of shock velocity 
in a quartz (dashed red line), which was created using a-quartz data obtained by D. Hicks (Ref. 5).
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are sensitive to alignment. Wide slit widths [i.e., greater than 
the FWHM of the photocathode (+550 nm)] are recommended 
to mitigate any slight misalignments, thereby minimizing 
shot-to-shot variations in camera performance. Uncertainty in 
the throughput correction [Fig. 138.24(b)] caused by a slight 
misalignment or inconsistency in the slit width is much lower 
for wide external slits. Uncertainty in X(Ws0) is 0.5% for slits 
greater than 600 nm and increases to 5% for narrow slit widths 
less than 600 nm. For these reasons, an 800-nm slit is recom-
mended as a balance that optimizes throughput and temporal 
resolution while minimizing sensitivity to minor misalignment 
to the photocathode. The SOP calibration is performed using 
an 800-nm-wide slit.

To obtain brightness temperature from SOP intensity, one 
must first obtain the appropriate calibration constants A0 
and T0 from Table 138.VI based on the ND filter used in the 
experiment. One then calculates parameter A from A0 and the 
adjustable system parameters h and Ws0 using Eq. (8). After 
acquiring A and T0, one uses Eq. (7) to calculate brightness 
temperature or Eq. (9) to calculate gray-body temperature.
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The parametric resonance of oscillators or waves is an effect 
that exists in areas of physics as diverse as geophysical fluid 
dynamics and galactic dynamics. Instabilities caused by the 
parametric excitation of waves in plasmas resulting from the 
presence of large-amplitude electromagnetic waves are of 
immediate concern to inertial confinement fusion (ICF),1,2 
high-energy-density physics (HEDP),3 and ionospheric modi-
fication experiments.4 Most theoretical and numerical works to 
date have assumed that instability is driven by a single electro-
magnetic (EM) pump wave, despite the fact that almost all ICF 
and HEDP experiments overlap many beams. How instability is 
modified when multiple pump waves are present is an issue of 
practical and theoretical interest. Recent indirect-drive experi-
ments at the National Ignition Facility (NIF) (where 96 beams 
overlap near each of the two laser entrance holes of a plasma-
filled hohlraum) are examples that highlight the importance of 
cooperative, multibeam parametric instability. In these experi-
ments a multibeam parametric instability known as cross-beam 
energy transfer (CBET) was shown to have a dramatic effect 
on implosion symmetry and target performance.5,6 In direct-
drive ICF, where the fusion target is directly irradiated by many 
overlapping laser beams, two-plasmon decay (TPD) can occur. 
This problem has been studied for 40+ years, but there has been 
a strong resurgence of interest because of ignition-scale experi-
ments on the NIF. TPD is important because it can generate hot 
electrons, which represent a preheat risk to the target.7 TPD is a 
three-wave decay instability in which an EM wave of frequency 
~0 and wave vector k0

v  decays into two electrostatic Langmuir 
waves (LW’s), satisfying the resonance conditions ~0 = ~ + ~l 
and ,k k k0 + + lv v v  where ~, ~l, and ,kv  klv  are the frequencies and 
wave vectors of the decay LW’s, respectively. This instability 
can occur in the coronal plasma at electron densities close to 
the quarter-critical density ,n 4c  where n m e40

2 2
c e~ r= _ i9 C 

is the electron density at which EM waves are reflected. Here, 
e and me are the electron charge and mass, respectively.

In this article we present a linear three-dimensional (3-D) 
numerical stability analysis of TPD in an inhomogeneous 
plasma driven by multiple laser beams. This is followed by an 
investigation of the subsequent nonlinear evolution, where non-

linearity enters by the coupling of the LW’s to low-frequency 
density perturbations. This model was in part motivated by a 
favorable comparison of the results with more-detailed, fully 
kinetic calculations in regimes where they can be compared 
(i.e., in two spatial dimensions).8 The existence of two forms 
of cooperative multibeam TPD instability is demonstrated. 
One form shares short-wavelength, high-group-velocity, col-
lective (or common) LW’s that convectively saturate (i.e., the 
waves undergo a finite spatial amplification),6 while the other is 
associated with shared long-wavelength, small-group-velocity 
LW’s and is absolutely unstable (i.e., the waves grow in time). 
The identification of an absolutely unstable collective mode of 
instability is a new discovery. Furthermore, it is shown to have 
the lowest threshold in most cases. The presence of absolute 
instability with a low threshold renders the TPD an inherently 
nonlinear problem.

The linear stability of multibeam TPD can be investigated 
by solving a linearized equation for the envelope of the elec-
trostatic field:9,10
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The quantity E1
v  is the complex temporal envelope of the 

real electrostatic field / , . ,expE E x t i t1 2 c.c1 pe- ~= +v v v_ _i i9 C  
where enveloping is carried out at the plasma frequency ~pe = 
(4rn0e2/me)1/2 evaluated at the density n0 = 0.23 nc. In Eq. (1), 
D ut t 0$2 d/ + v_ i is the convective derivative for a plasma with 
the flow velocity u0

v  (= 0 here). In the absence of EM pump 
waves, the free solutions to Eq. (1) are LW’s that propagate 
in a density profile whose deviation from n0 is given by dN 
(dN % n0). [It has been assumed that the inhomogeneity is 
linear (dN = n0x/Ln) and the direction of its gradient defines 
the x axis.] LW’s of wave number k have the group velocity 

,V k3 vg
2
e pe~=  where T mve e e=  is the electron thermal 

velocity, and their amplitudes damp at the rate oe = ocoll + cL, 
which is the sum of the collisional ocoll and Landau-damping 
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cL contributions. The EM field corresponding to the inci-
dent laser light is enveloped around twice ~pe and further 
decomposed into N, coherent, linearly polarized plane waves 

exp iEi 1=E k x t, , i0 0 0i i -$ X= Nv v v` j/  having frequencies ~0,i, 
wave vectors k ,0 i

v , and vacuum intensities .I c E 8,i 0
2

i r= v _ i  
The quantity Xi = ~0,i-2~pe represents the mismatch for each 
beam, where .max 2i pe% ~X` j  The first term on the right-
hand side of Eq. (1) is the longitudinal part of the nonlinear 
current, which is the origin of TPD. The term SE is a time-
random-phase Čerenkov noise source that has been described 
in Russell et al.10

A series of numerical calculations were carried out to solve 
Eq. (1) on a uniform 1024 # 512 # 512 Cartesian grid (in the x, y, 
and z directions, respectively) using a 3-D generalization of the 
pseudospectral method that has been described previously.9,10 
In these calculations, the electron temperature and density scale 
length were held constant (Te = 2 keV, Ln = 150 nm), while 
the total overlapped intensities I Iii 1tot / =

Na k/  was varied for 
various configurations of N = 1, 2, 4, and 6 beams of 0.351-nm-
wavelength light. For each beam configuration, the single-beam 
intensities Ii and frequencies ~0,i were taken to be equal to one 
another, and  the beam wave vectors were distributed sym-
metrically to fall on the surface of a right circular cone with 
a 27° half-angle whose cone axis defines the x direction (see 
e.g., inset to Fig. 138.29). This choice of wave vectors was made 
because beams are distributed in well-defined cones on large 
laser systems such as OMEGA11 and the NIF.12 The simulation 
box length in the density-gradient direction (x) was chosen to 
include densities in the range of 0.19 to 0.27 nc (Lx = 52 nm). 
The length in the two transverse dimensions was chosen to be 
Ly = Lz = 26 nm.

Figure 138.28 shows a two-dimensional (2-D) slice of the 
LW intensity spectrum ,E k t1

2v̂ h  in the kz = 0 plane during 
the linear growth phase (averaged over times t = 2.4 to 4.2 ps) 
for a two-beam (N = 2) calculation. The EM wave vectors and 
electric-field vectors (polarization) of the two beams lie in 
this plane, which is the plane of maximum growth. The over-
lapped intensity Itot = 6 # 1014 W/cm2 was chosen to be above 
the numerically determined threshold for absolute growth. 
In Fig. 138.28, the bright “doublets” at the spectral locations 
centered on wave vectors kk . . , . ,0 8 0 4 0 0!v ^ h  and , ,k 0 0 0+v ^ h 
correspond to temporally unstable (growing) decay modes 
that are resonant at ne = 0.238 nc. This occurs even though 
each beam is individually below the threshold for absolute 
growth.13 This cooperative mode of absolutely unstable TPD 
is analogous to the absolutely unstable modes seen in single-
beam TPD, where the pump decays into one LW with k k0+v v  

and another with ,k k!= =
v v  where .k0%=k

v v  In the two-beam 
case, cooperation occurs because the long-wavelength decays 
near , ,k 0 0 0.v ^ h can be shared between beams. The other 
local maxima in ,E k t1

2v_ i  located near . , ,k k1 5 0 0 0=v ^ h  and 
. ,0 4. ,k k0 6 0 0- !=v ^ h  are convectively saturated (i.e., not 

growing) decays that are resonant at ne = 0.245 nc. These cor-
respond to convective multibeam common waves that have 
been described previously6,14 and the “triad” modes discussed 
in Refs. 10, 15, and 16. The convective gain is greatest for 
spectral locations where the single-beam homogeneous growth-
rate curves (dashed hyperbolas in Fig. 138.28) intersect [the 
maxima at . ,0 4. ,k k0 6 0 0- !=v ^ h  correspond to the daughter 
waves that are not shared]. The maximum convective gain at 
the absolute threshold intensity has been computed numerically 
by estimating the enhancement of the saturated wave intensity 
above the steady-state noise level supported by SE in Eq. (1). 
The behavior described above for two beams is quite generic. 
Figure 138.29 shows ,E k t1

2v_ i  on the planes ky = 0 and kz = 0 
for a four-beam calculation for the same plasma conditions as 
in Fig. 138.28. The beams are polarized predominantly in the 
y direction (signified by the symbol “<”) as shown in the inset. 
The absolutely unstable modes are not restricted to a single 
plane. The bright spectral features near .0 41.0,k k0 0!=v ^ h  
and . ,0 2. ,k k0 2 0 0- !=v ^ h  are temporally unstable and are 
again absolute multibeam modes. The other features in the 

Figure 138.28
The Langmuir wave (LW) spectrum t, , ,E k k k t0x y z1

2=^ h  averaged over 
times t = 2.4 to 4.2 ps. The two electromagnetic (EM) wave vectors k ,0 1

v  
(green arrow) and k ,0 2

v  (white arrow) and their polarization vectors lie in the 
plane shown (kz = 0) (i.e., p polarization). The dashed green (white) hyperbo-
las correspond to the maximum single-beam homogeneous growth rate for 
Beam 1 (2) and the red circle is the Landau cutoff .k 0 25Dem =v  (see the text 
for the remaining parameters).
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spectrum are convectively saturated. The red circles indicate 
the Landau cutoff.

The threshold intensity for the onset of absolute instability 
is found by first extracting the growth rate of the most-unstable 
mode, which does not saturate convectively, for a range of 
intensities and then finding the intensity corresponding to zero 
growth by extrapolation. The thresholds for collective absolute 
TPD instability for various configurations of N = 1, 2, 4, and 
6 beams are summarized in Fig. 138.30. For each configuration, 
there are multiple possibilities for the polarization state: “p” 
and “s” correspond to the one- and two-beam configurations, 
where the polarization is in, or out of, the plane of incidence, 
respectively; “rad” and “tan” refer to polarizations where the 
electric-field vectors are either radially or tangentially oriented 
with respect to the circle that forms the base of the cone contain-
ing the beam wave vectors (see inset to Fig.138.29); the state 
signified as “<” has been defined above. The thresholds have 
been quantified by normalizing the intensity of an individual 
beam for a given configuration I I Ns tot=  by the independent 
(single) beam absolute threshold given by Simon et al.13 For 
one beam (N = 1) at normal incidence (i = 0°), the Simon 
threshold13 is recovered (as expected). [Notice that the thresh-
old is lowered when the angle of incidence is increased to i = 
27° (triangular marker for N = 1 in Fig. 138.30). The effect of 

oblique incidence was not described in Ref. 13 and we defer 
a discussion of this effect to a future publication.] The coop-
erative nature of the instability is revealed for N = 2: for both 
s and p polarizations, the individual (single) beam intensity 
at threshold (Is )thr is significantly lower than the expected 
independent beam value (dashed line)—the importance of 
the effect increasing with the number of beams. Rotating the 
polarizations of the two beams so as to be orthogonal (“9” 
in Fig. 138.30) eliminates the cooperation. The overlapping 
beams are parametrically unstable (absolutely) even though 
the threshold intensity for individual beams is not exceeded. 
The solid curve indicates maximum cooperation (where the 
collection of beams effectively acts as a single beam with the 
combined intensity). The numerically estimated maximum 
gains of the convectively saturated common modes (cf., e.g., 
Fig. 138.28) at the onset of absolute instability are shown in 
red. These gains are consistent with earlier work.6,17,18 In 
most cases, this gain G is small (G K 2r), meaning that the 
threshold for the collective absolute instability is lower than 
that for the convective common waves. The regime of linear 
spatial amplification is therefore very restricted. Above the 
absolute threshold there exists a competition between the two 
modes of cooperative instability, which can be addressed by 
only a nonlinear theory.
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The dominant mechanisms thought to be responsible for 
the nonlinear saturation of TPD [weak turbulence effects such 
as the Langmuir decay instability (LDI),8,19 profile modifica-
tion,8 and the strong turbulence effects of cavitation and LW 
collapse10] are accounted for by the substitution dN $ dN + 
dn in Eq. (1), where the low-frequency plasma response dn 
evolves according to

.D D c n
m

Z E E2
16 4

1
t t s
2 2 2 2

1
2

0
2

i
i

-% d do d
r

+ = +v va ck m  (2)

Here c ZT m T ZT1 3/ /1 2 1 2
s e i i e= +` `j j  is the speed of ion-

acoustic waves that damp with the rate oi, where mi, Ti, and Z 
are the ion mass, temperature, and charge, respectively. The 
first term on the right-hand side describes the low-frequency 
ponderomotive forces of Langmuir and electromagnetic fluc-
tuations. Together, Eq. (1), the substitution dN $ dN + dn, 
and Eq. (2) constitute the extended Zakharov model of TPD, 
previously described in Refs. 9, 10, 16, and 20, and are now 
generalized to three dimensions. In the context of this turbu-
lence model where the initial ion-acoustic noise is negligible 
[i.e., no noise term in Eq. (2)], three regimes of cooperative TPD 
behavior have been identified: (1) sI I I I<s abs/ thr

u u] g7 A  [Iabs
u  is 

the threshold for collective absolute instability (Fig. 138.30)], 
where the LW spectrum is dominated by large-k common 
waves whose intensities are amplified spatially by a gain, which 
is numerically determined to be small G K 3 to 5 (red numbers 
in Fig. 138.30) and consistent with the standard Rosenbluth 
expression;6 (2) I Iabs&u u —all unstable modes grow and saturate 
nonlinearly (the nonlinear development in this case has been 
described in terms of cavitating Langmuir turbulence and 
investigated in Ref. 16); and (3) the intermediate regime .I IabsLu u  
The intermediate regime is of direct relevance to spherical and 
planar target experiments at the Omega Laser Facility,6,21,22 
and it displays interesting physical effects.

Figure 138.31 shows the nonlinear temporal development of 
the LW intensity for the two-beam p-polarized case in the inter-
mediate regime I 1Lû h (same parameters as Fig. 138.28). The 
other cases shown in Fig. 138.30 exhibit very similar behavior 
and are not shown. The transverse (y,z) average of the LW 
intensity ,E x t1

2
=

v ^ h is shown as a function of the x coordinate 
and time. At early times, growth is linear. The LW Fourier spec-
trum during this phase (indicated by the lower shaded region) 
is shown in Fig. 138.28. The previously identified absolute 
and convective cooperative modes occur at different spatial 
locations (densities), as indicated by the blue and red dashed 
lines, are . , .n n 0 283 0 245e c =  in the figure, respectively. The 
blue (red) dashed vertical lines indicate the evolution of the 
absolute (convective) modes as a function of time (see inset). At 

approximately t = 5 ps, the absolutely unstable modes saturate 
nonlinearly, producing large density-profile modifications and 
radiating large-amplitude LW’s. These waves propagate down 
the density profile [toward lower densities (smaller x)] with 
time, generating a wave of turbulence (consistent with previ-
ous studies) whose effects can be seen in the figure. When this 
turbulence reaches a particular location, growth is restored to 
the modes that were previously convectively saturated (for x = 
26 nm, this occurs at t + 10 ps). This was verified by perform-
ing a linear analysis on the perturbed profiles. The restoration 
of absolute growth in a convectively unstable parametric insta-
bility (i.e., fragility of the Rosenbluth result) caused by noise or 
turbulence has been noted previously (cf., e.g., Ref. 23). Here, 
it is triggered by the nonlinearity of the absolute instability. The 
result is that, at late times (e.g., the upper shaded region in the 
figure), the LW spectrum is much broader and more intense 
(see Fig. 138.32) than during the linear phase (Fig. 138.28). The 
late-time turbulent spectrum is dominated by large-k shared 
(common) modes with intensities that are greatly in excess of 
those predicted by the linear analysis.

These results will be of fundamental importance to direct-
drive ICF experiments on the NIF, where many laser beams 
overlap on the target (and a knowledge of TPD stability prop-
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erties is essential) and are an important contribution to under-
standing cooperative parametric instabilities in general. The 
results obtained with this model may provide an interpretation 
of experiments that infer the coexistence of large- and small-
wave-number TPD LW’s via half- and three-halves-harmonic 
emission.22,24 They might also explain the observation of 
strong TPD hot-electron production in multibeam OMEGA EP 
experiments, even though the predicted common-wave convec-
tive gains are small.6,25
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Introduction
Hafnium oxide is used in numerous applications as a high-
index component in optical coatings for high-power lasers 
ranging from a near-infrared (IR) to near-ultraviolet (UV) 
light spectrum. It is also known that for the most frequently 
used film-pair combination of ,HfO SiO2 2  HfO2 is the mate-
rial in which nanosecond-pulse laser damage is initiated.1 In 
this context, reduction of absorption in this material is crucial 
to improving damage performance of the coatings used in 
mirrors and other laser components. Previous studies2 have 
shown that near-UV absorption in HfO2 thin films is gener-
ated by high-spatial-density (an average separation of 100 nm 
or less) nanoscale absorbers whose nature is attributed to the 
agglomeration of electronic defects. Electronic defects exist 
even in high-quality optical bulk materials, such as crystals and 
glasses. In thin films, additional absorbing states might exist 
because of the presence of interfaces and grain boundaries. 
There are very limited ways to influence the concentration of 
the absorbing states once the thin film is deposited. Thermal 
annealing3,4 is the process most frequently used as a research 
tool, but there are obvious practical limitations for optical parts 
used in large-scale lasers. Irradiation by pulsed laser radiation 
at fluences below damage threshold (also called laser condition-
ing) is another widely used method.

In this work we explore the possibility of using continuous-
wave (cw)-laser radiation with power densities in the range 
of 50 kW/cm2 to >1 MW/cm2 to anneal absorption in HfO2 
monolayer films in the near-UV spectral range. We also 
investigate the absorption-annealing impact on pulsed-laser-
damage behavior of HfO2 monolayers subjected to irradiation 
by 351-nm, 0.9-ns pulses and 1053-nm, 600-fs pulses.

Experimental
A HfO2 monolayer film with a 180-nm physical thickness 

(one wave at 351 nm) was e-beam deposited on a fused-silica 
substrate on top of a 500-nm-thick SiO2 film, isolating the 
HfO2 film from the substrate defects introduced by the polish-
ing process. The deposition rate was 1.2 Å/s and the oxygen 
pressure was 8 # 10-5 Torr. For monolayer absorption charac-

terization, we used a photothermal heterodyne imaging (PHI) 
technique, utilizing pump and probe laser beams focused onto 
a submicrometer spot on a sample having the same objective. 
Modulated pump-light absorption inside the sample produces 
a locally modulated refractive-index variation, which causes 
probe-light scattering amplified by far-field interference. Using 
the nanopositioning stage for the sample translation allows 
one to map absorption of the film sample with a better-than-
0.4-nm spatial resolution. A detailed description of the PHI 
technique principle and the setup used in this work are given 
in Refs. 2 and 5.

Near-UV, cw-laser–absorption annealing was studied using 
either a 351-nm, 1-W Ar+ laser or a 355-nm, diode-pumped 
semiconductor laser that works as a pump laser for PHI and 
delivers up to 6 mW on the sample. The latter, after being 
focused into a #0.7-nm [full width at half maximum (FWHM)] 
spot by a 40#/0.95 numerical-aperture (N.A.) objective, pro-
duced power densities of up to 1 MW/cm2, and the former was 
focused into a 50-nm spot (1/e2), resulting in a 46-kW/cm2 
power density. A sample exposure, in the case of a small laser 
spot (PHI pump laser), was accomplished by using two differ-
ent methods. In the first method, the sample position and laser 
power were fixed and the sample was exposed for some period 
of time, typically up to 15 min. In this manner, several sample 
sites were irradiated at a different cw-laser power. The second 
method consisted of raster-scanning the sample with typical 
velocities of 1 to 10 nm/s, producing different exposures by 
varying the sample velocity and laser power. To quantify the 
exposure effect at a particular location, another raster scan of 
the larger area, including the exposed area, was performed with 
high sample velocity and low laser power to minimize additional 
energy deposition. In the case of a large laser spot (Ar+ laser), 
the sample was translated in one direction with 1-nm/s velocity, 
creating a 50-nm-wide, several-mm-long exposed area.

Laser-damage testing of cw-laser exposed and unexposed 
sample areas was performed in a 1-on-1 regime, using 351-nm, 
0.9-ns pulses of a Nd:YLF diode-pumped laser6 and 1053-nm, 
600-fs, best-compression pulses from a laser using the standard 
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chirped-pulse-amplification scheme.7 Damage testing using 
0.9-ns pulses was conducted in an ambient environment and 
laser testing with 600-fs pulses was performed in a 10-7-Torr 
vacuum environment to avoid self-focusing in air. The laser-
beam spot size (1/e2) on the sample was 400 nm and 270 nm 
for 0.9-ns and 600-fs beams, respectively. Laser-damage 
morphology was investigated by means of atomic force 
microscopy (AFM).

Results and Discussion
1. Absorption-Annealing Effects

Figure 138.33 shows the result of irradiating HfO2 film for 
8 min at a fixed location using a 355-nm, 6-mW beam focused 
into a submicrometer spot (#0.7-nm, +1-MW/cm2 power 
density). Figure 138.33(a) is a PHI scan of a 10 # 10-nm2 film 
area centered around the location of the laser spot. A cross-
sectional profile of the PHI signal [Fig. 138.33(b)] shows up 
to a 70% reduction in absorption within the irradiated spot, 
which appeared to be permanent when confirmed by PHI scans 
performed after one week and then one month later. Next, 
absorption annealing was investigated as a function of laser 
power and exposure time. Figure 138.34 plots a PHI signal’s 
dependence on exposure time for three different values of 
laser-beam power: 0.7 mW, 3 mW, and 6 mW. One can see that 
the main drop in signal takes place during the first minute and 
is then followed by a slow decline on an +10- to 15-min time 
scale. The initial signal drop becomes faster and deeper with 
increasing laser power. Nevertheless, the temporal behavior of 
the 6-mW and 3-mW curves shows that at long exposures, the 
signal can eventually be stabilized at the same level. It suggests 
that within some range of power densities, overall absorption 
reduction is proportional to both power density and exposure 
time or, in different terms, locally deposited energy.

In an attempt to demonstrate the possibility of annealing 
absorption within a sample area larger than the laser spot, 
we performed square raster scans with linear dimensions of 
several tens of micrometers. Figure 138.35 shows correspond-
ing PHI images, each obtained as a result of two scans. In the 
first image [Fig. 138.35(a)] the central 20 # 20-nm part was 
initially scanned with a high laser power of 4.5 mW and a low 
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(a) A photothermal heterodyne imaging (PHI) map of a 10 # 10-nm2 film area 
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Figure 138.34
Temporal behavior of absorption as a function of cw-laser power on sample.
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(a) and (b) maps, respectively.
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scan velocity of +1 nm/s to achieve the annealing effect. Sub-
sequently, the larger square area (30 # 30 nm2), with the same 
center coordinate, was imaged using a much lower laser power 
of 1.5 mW and a several-times-higher speed velocity, such that 
no, or very little, annealing effect was produced by the second 
scan. A cross-section horizontal-signal profile revealed at least 
a 40% reduction in absorption within the initially scanned 
area. A similar procedure was used for the 20 # 20-nm image 
shown in Fig. 138.35(b), with the only difference being that 
the central spot was exposed for an additional 8 min using 
6 mW of laser power. In this case, the horizontal signal profile 
shows a 70% reduction in absorption in the central spot. From 
a practical point of view, it should be noted that because of 
the scan-velocity and beam-size limitations (the latter defines 
the maximum separation between two consecutive scan lines, 
or minimum number of lines per scan), raster-scanning for 
annealing purposes is very time consuming. For example, it 
takes at least 2 h to complete a 60 # 60-nm scan using a 1-nm/s 
scan velocity.

The question to be addressed is the possibility of scaling up 
the absorption-annealing process for HfO2 films used in opti-
cal parts for laser applications. In this work, we explored the 
possibility of producing absorption annealing in a mm2-scale 
area using a cw Ar+ laser having a maximum 351-nm output 
power of 1 W. In this case, a laser beam having a power of 
+900 mW was focused onto a 50-nm-diam (1/e2) spot on the 
sample, which was slowly (+1 nm/s) linearly translated for a 
distance of 3.6 mm. Despite a much lower power maximum 
density of 46 kW/cm2, as compared to +1 MW/cm2 in the case 
of a small PHI pump laser spot, a much longer (at least 50#) 
exposure time allowed us to achieve an almost 50% absorp-
tion reduction (see Fig. 138.36) in the film area of +0.2 mm2.

2. Laser-Damage Performance of Annealed HfO2 Films
a. Nanosecond-pulse damage. Laser-damage performance of 

thin films is usually strongly linked to the absorption properties 
of the film material and, therefore, can provide a true measure 
of absorption annealing. In this work, damage thresholds and 
damage morphology were investigated for cw-laser–annealed 
film areas and then compared to the damage behavior of 
unexposed, as-produced film areas. As a starting point, we con-
ducted AFM imaging of the cw-laser-annealed film columnar 
structure, which was then compared to the columnar structure 
of the unexposed film. High-resolution (+7-nm) AFM images 
of these two areas (see Fig. 138.37) revealed no modification 
caused by the near-UV, cw-laser exposure with power densities 
up to +1 MW/cm2, implying that local heating of the material 
produced temperatures well below the HfO2 melting point.

G10020JR

0
0 1 2 0 2

n
m

nm

1

2

0

15

30
nm

1

Unirradiated area
(a) (b)

Irradiated area

nm

Figure 138.37
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To evaluate the effect of absorption annealing on HfO2 
film-damage resistance, a series of 20 # 20-nm cw-laser-
exposed areas were produced on a sample and then irradiated 
by a pulsed laser (351 nm, 0.9 ns) at fluences exceeding dam-
age threshold. Figure 138.38 depicts an optical micrograph 
of such a film area irradiated by a 351-nm, 0.9-ns pulse with 
a peak fluence +30% above the threshold. A square-shaped 
unaffected area where cw-laser exposure was carried out is 
clearly visible inside the damaged zone. Laser-fluence estimates 
show an +25% increase in damage threshold within the film 
area subjected to annealing, which unambiguously proves that 
absorption is reduced in cw-laser-exposed film.

A high-resolution AFM map (see Fig. 138.39) of the sample 
site, shown earlier in Fig. 138.38, provides additional infor-
mation on annealing’s impact on absorption sources in film 
material. Taking into account that damage morphology is rep-

Figure 138.36
(a) A 180-nm PHI scan and (b) corresponding horizontal signal profile of 
the HfO2 film area irradiated by a 900-mW Ar+ laser. The sample vertical 
travel velocity was 1 nm/s.
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resented by isolated craters, crater-depth distribution provides 
a rough approximation for the localized absorber distribution 
within the sample material. The crater-depth distribution was 
measured for the damage-site area adjacent to the exposed area 
[Fig. 138.39(b)], which should provide a reasonable estimate of 
the initial absorber distribution within the exposed material. 

One can see that the crater depth does not exceed the 180-nm 
depth that equals the thickness of the HfO2 layer. This result 
indicates that annealed absorption precursors are indeed 
located inside HfO2 film and not in SiO2 film or the substrate.

b. Short-pulse (600-fs) damage. Previous studies8 suggest 
that electronic defects might also play a role for short-pulse 
(picosecond, femtosecond) laser damage. In this context, the 
possible impact of the cw-laser annealing of the absorption 
precursors on short-pulse damage performance is of interest. 
Similar to the nanosecond-pulse study, near-UV, cw-laser 
irradiation of HfO2 film was conducted utilizing both a small 
spot (#0.7 nm) of a PHI laser and a 50-nm spot of an Ar+ 
laser. The results of 1053-nm, 600-fs–pulse damage testing of 
exposed (sites 1 and 2) and unexposed (sites 3 and 4) film areas 
are presented in Fig. 138.40, showing damage morphologies 
as recorded by an optical microscope. It is evident that the 
exposed sites show no damage at all while being irradiated 
by pulses with fluences above the unexposed film threshold 
of 3.45 J/cm2 (compare sites 1 and 3) or show a smaller extent 
of damage (site 2 versus site 4) as compared to the unexposed 
sites. Moreover, as evidenced by the PHI image of damaged 
site 2 [see Fig. 138.40(b)], the damaging pulse has partially 
missed the exposed area, which, in the case of a better overlap, 
could show an even larger difference in the damage scale for 
sites 2 and 4.

To summarize, near-UV, cw-laser annealing improves the 
damage resistance of e-beam-deposited HfO2 films to pulsed 
laser radiation at both 351 and 1053 nm.

Figure 138.39
(a) A 30 # 30-nm AFM scan of a nanosecond-pulse damaged film site, includ-
ing part of a cw-laser–exposed area. (b) A higher-resolution, 8 # 8-nm scan 
showing damage craters bordering an undamaged cw-laser-irradiated area. 
(c) Crater-depth distribution confirming the location of absorption sources 
inside the 180-nm-thick HfO2 film.
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An optical micrograph of an HfO2 film site damaged by a 351-nm, 0.9-ns 
single pulse. Damage morphology clearly shows a damage-free, +20 # 20-nm2 
square area subjected to exposure by a 6-mW, 355-nm cw laser.
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relative positions of the cw-laser-irradiated area and damaging-pulse imprint.

G10021JR

30 nm 50 nm50 nm

(a) (b)

30 nm

F = 3.68 J/cm2

Site 1

Site 3

F = 3.64 J/cm2

30 nm

30 nm

Site 2

Site 4

F = 3.84 J/cm2

F = 3.89 J/cm2



Near-Ultraviolet absorptioN aNNealiNg iN Hfo2 tHiN films sUbjected to coNtiNUoUs-Wave laser irradiatioN

LLE Review, Volume 138 139

3. Absorption-Annealing Mechanisms
Mechanisms of the near-UV, cw-laser annealing of absorp-

tion in HfO2 films and related improvements in pulsed-laser-
damage resistance may be explained if one considers electronic 
defects as a main source of absorption and damage initiation. 
Numerous types of defects can exist in HfO2 bulk material with 
electronic energy levels located inside the bandgap9 and even 
more are expected to exist for HfO2 films caused by the colum-
nar film structure. As suggested earlier,2 in the case of near-UV, 
nanosecond-pulse damage, some of these states—as single- and 
double-ionized oxygen vacancies [V+, V2+, respectfully (see 
Fig. 138.41)]—are shallow enough that absorption of 351-nm 
photons (3.54 eV) can initiate transition of the electron into the 
conduction band. Further heating of these free electrons by the 
remaining laser pulse energy can promote electron-avalanche 
formation and damage. The same defect-energy levels might 
initiate multiphoton absorption and damage in the case of short, 
600-fs pulses at 1053 nm. Assuming the validity of such a dam-
age mechanism, the cw-laser-induced absorption-annealing 
effect and linked increase in pulsed-laser-damage resistance 
can be explained by depopulating the absorbing states.

The first possible scenario involves cw-laser-excited elec-
tron transition into the conduction band, where the electron 
spends time of the order of 10 ps (Ref. 8), followed by recom-
bination with holes in the valence band or trapping into the 
deep defect states in the band gap, as shown in Fig. 138.41. 
Modeling this scenario using kinetic equations may provide 
further clarification of the annealing mechanism. This type of 
study, as well as extending the investigation of cw-laser anneal-

ing from monolayers to multilayer systems, should become the 
subject of future research.

The second absorption-annealing scenario may be linked 
to heating the film material resulting from absorption of UV-
laser photons. Thermal annealing is widely used to improve 
the mechanical and optical performance of thin films, includ-
ing laser-damage resistance in the near UV, as was recently 
demonstrated10 for HfO2 monolayer films at a 355-nm wave-
length. In that work, the HfO2 film temperature was increased 
by at least 100°C above room temperature to observe the 
absorption-annealing effect, with maximum effect obtained 
at an annealing temperature of 300°C. To evaluate possible 
thermal effects in our study, the temperature distribution 
in HfO2 film was modeled with the assumption that all the 
energy absorbed in the film is released in the form of heat. 
The energy deposition was considered homogeneous in the 
cylindrical film volume with a diameter equal to the FWHM 
diameter of the laser beam (+600 nm) and a height equal 
to a 180-nm film thickness. The geometry of the model is  
shown in Fig. 138.42(a). The cw-laser intensity was fixed at 
1 MW/cm2 (highest used in the experiment), and the energy 
deposited in the film was varied by changing the film absorption 
in the range of 10 ppm (parts per million) to 1000 ppm, with an 
upper absorption boundary (1000 ppm) being well above the 
film absorption estimated from photothermal measurements. 
Heat conduction was considered to be the only channel of 
energy dissipation, and temperature rise in the film was obtained 
by solving appropriate heat-conduction equations:

 ,C
t
T T S
2
2

ddt l= +  (1)

where t, C, and l are the density, heat capacity, and heat con-
ductivity of the materials, respectively; T is the temperature; 
and S is the absorbed laser power per unit volume. The material 
parameters for modeling are listed in Table 138.VII. No reliable 
data are available for the heat capacity and density values for 
HfO2 and SiO2 films; for that reason, their values were set equal 
to the bulk values. It should be noted here that these parameters 
in the cw-laser regime affect only the time necessary to reach 
peak temperature but not the peak temperature value [as can 
be seen from Eq. (1) by setting the temperature derivative to 
zero]. A standard two-dimensional (2-D) cylindrical (five-point 
spatial), time-explicit finite-difference scheme was used to 
discretize and solve the heat-conduction equation (see, e.g., 
Chap. 8 of Ref. 11). The zero heat-flux boundary condition was 
applied at the film/air interface (z = 0), and a zero-temperature 
boundary condition was applied at the other boundaries of the 
computational domain, which was chosen to be large enough to 
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not affect the calculated temperature by more than 0.1°C. The 
modeling results presented in Fig. 138.42 show that at the high-
est chosen absorption level of 1000 ppm, the peak temperature 
rise does not exceed 14°C, which is not enough to produce the 
absorption-annealing effect. Two-dimensional temperature 
change distribution is shown in Fig. 138.42(a) along with its lin-
eouts along the axis of symmetry z (x = y = 0) in Fig. 138.42(b) 
and along the x axis (y = z = 0) in Fig. 138.42(c). The time 
evolution of the maximum temperature rise, which is observed 
along the center of the laser beam at the HfO air2  interface, 
x = y = z = 0, after the laser is turned on at time t = 0, is shown 
in Fig. 138.42(d). It is worth noting that all these conditions 
lead to the highest-possible peak film-temperature estimates. 
Adding energy dissipation channels (such as luminescence or 
structural transformations) would lead to lower peak tempera-

tures. Consequently, one can conclude that depopulation of 
the absorbing states is not caused by heat-induced structural 
matrix transformation.

Finally, it should be noted that irradiation of thin films by 
cw lasers with power densities used in this work can produce 
different absorption-modification effects. For instance, in simi-
lar experimental conditions,12 irradiation of TiO2 monolayer 
films using an 800-nm cw laser caused an increase in absorp-
tion that was also dependent on exposure time. Consequently, 
absorption-modification effects are thin-film material and 
cw-laser wavelength specific.

Conclusions
Irradiation of e-beam-deposited HfO2 monolayer films by 

near-UV, cw-laser light with power densities of 50 kW/cm2 
to 1 MW/cm2 produced significant modification of near-UV 
film absorption. A reduction in absorption as high as 70% 
was achieved in film areas subjected to exposure. The effect 
is permanent, as confirmed by repeated measurements over 
a several-month period. It has been shown that absorption 
modification is achieved without any changes in the film’s 
columnar structure on a spatial scale of up to a few nanome-
ters. This led to the conclusion that a reduction of absorption 
is linked to the modification of the atomic film structure—in 
particular, to changes in the concentration of structural 

Figure 138.42
Peak temperature-rise distribution in a thin-film sample: (a) modeling geometry and distribution in x-z plane (y = 0); (b) lineout along z axis (y = x = 0); 
(c) lineout along x axis (y = z = 0); and (d) time evolution of the maximum temperature rise.

Table 138.VII: Parameters used to calculate the rise in HfO2 
film temperature.

Thermal 
Conductivity 

(W/m·K)
Heat Capacity 

(J/kg·K)
Density 
(kg/m3)

HfO2 film 0.10 287 9700

SiO2 film 0.25 741 2200

Fused-silica 
substrate

1.38 741 2200
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defects responsible for near-UV absorption. Investigation of 
351-nm, ns-pulse laser-damage behavior of HfO2 monolayer 
films subjected to cw-laser exposure showed a >25% increase 
in damage thresholds and confirmed that absorption can be 
reduced by annealing the absorbing defects residing inside 
the HfO2 film. Short, 600-fs pulse irradiation also indicated 
an increase in laser-damage resistance of cw-laser-exposed 
areas as compared to unexposed areas. This result suggests 
partial cw-laser annealing of electronic defects participating 
in the multiphoton absorption process that initiates damage 
by 600-fs pulses. Future research will concentrate on further 
clarification of the annealing mechanism and will extend the 
study to multilayer systems.
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Warm dense matter (WDM) occupies a critical regime within 
the physics branches more traditionally addressed by condensed 
matter and plasma physics. WDM has recently received con-
siderable attention because of identification with environments 
as diverse as the interiors of exoplanets,1 the atmospheres of 
stars,2 inertial confinement fusion (ICF) capsules,3 and the 
plasma from laser interactions4 with materials. Broadly, WDM 
spans temperatures from a few tens to several hundred electron 
volts and densities from 1021 to 1025 atoms/cm3, covering 
conditions from melt to fully ionized plasmas. Modeling this 
regime presents a particularly difficult challenge given that 
quantum mechanical effects play a crucial role in accurately 
representing this complex medium under extreme conditions. 
In addition, many of these environments constitute the dynamic 
interplay between mixtures of species in various physical states. 
Because of this complexity, few systematic experimental stud-
ies have examined its nature. One exception is ICF, in which 
laser-powered shocks combined with accurate diagnostic tools 
have begun to penetrate its intricacies and provide detailed tests 
of various WDM theoretical models.

For example, hydrocarbon polymers such as polystyrene 
(CH) and glow-discharge-polymer (GDP) plastic are often 
used as the ablator material in inertial confinement targets, 
for both indirect-drive5 and direct-drive6 ICF configurations. 
In ICF implosions, the ablator materials are compressed into 
the WDM regime by shocks. Typically, the shocked ablators 
can have temperatures of T = 5 to 50 eV and densities of 2# to 
10# solid density. Accurate knowledge of the ablator properties 
in the WDM regime is just as crucial for ICF designs as the 
properties of the deuterium–tritium (DT) fuel.7-14 The static 
equation of state (EOS) determines the material’s compress-
ibility,15 while the dynamic and optical properties affect the 
thermal and radiation transports in the material.16-18

Because of their importance to ICF target designs, the 
properties of various polymers in the WDM regime have 
recently been extensively studied using laser-driven shock 
waves. In contrast to the previous gas-gun experiment19 in 
the low-pressure regime (P < 1 Mbar), an early Nova experi-

ment20 showed a stiffer behavior of CH at pressures of 10 to 
40 Mbar than the Hugoniot derived from the SESAME21 
and “quotidian” equation-of-state (QEOS)22 models. This  
has stimulated more-recent experimental studies23-26 of the 
CH Hugoniot in the 1- to 10-Mbar regime. In addition to the 
Hugoniot pressure, the temperature and optical reflectivity 
of CH shocks have also been measured in some impedance-
matching experiments using the velocity interferometer system 
for any reflector (VISAR).27,28 These high-quality experimen-
tal data could advance our understanding of the properties of 
shocked polymers.

In general, the theoretical exploration of material properties 
in the WDM regime remains difficult because of the co-exis-
tence of different species including electrons, ions, atoms, and 
molecules in strongly coupled and degenerate conditions. To 
simulate such complex systems, one must adopt first-principles 
methods such as quantum molecular dynamics (QMD),29-35 
path-integral Monte Carlo (PIMC),36-39 and coupled electron–
ion Monte Carlo (CEIMC)40 methods. For example, using the 
QMD method, the principal shock Hugoniots of polyethylene,41 
CH,42 and plastic26 with a composition of CH1.36 have recently 
been investigated up to +15 Mbar. Noticeable differences for 
CH1.36 in the pressure range have been observed when com-
pared to the QEOS-based Livermore EOS prediction.26 For 
CH, the previous QMD simulations (up to only +8 Mbar) by 
Wang et al.42 showed good agreement with a recent OMEGA 
experiment25 but failed to predict the measured reflectivity.

In this article, we employed the QMD method to investigate 
the principal Hugoniot of CH up to a very high pressure of 
62 Mbar. The shock pressure and temperature from our QMD 
calculations agree very well with recent impedance-matching 
measurements (P < 10 Mbar) on OMEGA. When compared 
to the SESAME EOS model, a stiffer behavior in CH is pre-
dicted by QMD simulations at pressures above 10 Mbar. In 
addition, the reflectivity discrepancy seen in previous QMD 
simulations42 has been resolved. The present QMD calcula-
tions recover the measured reflectivity only when the proper 
refraction index n0 of the unshocked CH is taken into account. 

Static and Optical Properties of Warm Dense Polystyrene 
Along the Principal Hugoniot
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The structure change in CH at 1 to 2 Mbar has been found to 
be consistent with the turn-on of reflectivity in both experiment 
and QMD calculations. 

The Vienna ab initio simulation package (VASP)43-45 was 
used for our QMD calculations within the isokinetic ensemble 
(particle/volume/temperature NVT constant). The VASP code 
is based on the finite-temperature density-functional theory 
(FTDFT) in which electrons are treated quantum-mechanically 
by a plane-wave basis within the generalized gradient approxi-
mation (GGA), using the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation function.46 Projector augmented wave 
(PAW) pseudopotentials were used to account for the core 
electrons. To converge the energy and pressure calculations, 
we set the plane-wave cutoff energy to 1000 eV and adopted 
hard potentials with tight cores (core radii of 1.1 and 0.8 a.u. 
for C and H, respectively). The system was assumed to be in 
local thermodynamical equilibrium with equal electron and 
ion temperatures (Te = Ti). A periodically replicated cubic cell 
was used with 125 atoms for each species of H and C, with 
the volume of the cell determined by the CH density. For each 
molecular dynamics (MD) step, a set of electronic-state func-
tions for each k point was self-consistently determined for a 
given ionic configuration. Then, the ions were moved classically 
with a velocity Verlet algorithm, according to the combined 
ionic and electronic forces. The ion temperature was kept 
constant by a simple velocity scaling. A set of self-consistent 
ion trajectories and electronic-wave functions resulted from the 
MD time propagation. These trajectories provide a consistent 
set of static, dynamic, and optical properties of warm dense CH. 
The QMD calculations employed a C-point (k = 0) sampling 
of the first Brillouin zone in the cubic cell. Testing with a 2 # 
2 # 2 Monkhorst-Pack k-point grid, we found that the result-
ing pressure and energy varied by only +2%. For the lowest 

temperature point, we used 650 bands and a time step of Dt = 
0.5 fs, while for the highest temperature points, we employed a 
larger number (8000) of bands and a smaller time step of Dt = 
0.0325 fs. The correlation times varied slightly at 5.0 to 6.0 fs.

To search for the shock Hugoniot of CH at a given tempera-
ture, we performed QMD calculations for two close densities 
differing by only +0.05 g/cm3. The obtained energy and pres-
sure were used to evaluate how far the two calculated densities 
were from the true Hugoniot point, which is defined by the 
Hugoniot equation

 f .E E P P
2
1 1 1 0Hug f

f
0 0

0
- -# t t= + + =` ej o  

The pressure, internal energy, and density of the initial 
unshocked CH are characterized by (P0, E0, t0), while the 
shock has the quantities of (Pf , Ef , tf). The initial density used 
in the experiments was t0 = 1.05 g/cm3. By linearly interpo-
lating/extrapolating through the two calculated points to make 
Hug / 0, we can determine the Hugoniot point (Ph, Eh, th) for 
the given temperature. The principal Hugoniot of CH is dis-
played in Table 138.VIII, in which the shock and particle veloci-
ties s P Ph h h0 0 0

2- -t t t t=U ^ _h i9  and ,U P P Up h s0 0- t=_ _i iB  
respectively, are also given. The highest calculated pressure 
point reached an unprecedented level of P + 62 Mbar.

To explore the change of material structure along the princi-
pal Hugoniot, we have plotted the pair-correlation functions g(r) 
in Fig. 138.43 among ions of (a) carbon–carbon, (b) carbon-
hydrogen, and (c) hydrogen-hydrogen. Figure 138.43 displays 
calculations for two temperatures at T = 5000 K (solid red line) 
and T = 15,000 K (dashed blue line), corresponding to pres-
sures of 0.914 Mbar and 2.198 Mbar, respectively. The peaks 
in g(r) appearing at a low temperature of 5000 K wash out as 

Table 138.VIII: The principal Hugoniot of polystyrene (CH) predicted by QMD calculations.

T (K) t (g/cm3) P (Mbar) Us (km/s) Up (km/s) t/t0

2,000 1.941 0.264 6.966 3.198 1.848

5,000 2.551 0.914 11.961 7.037 2.429

15,000 2.938 2.198 17.924 11.519 2.798

30,000 3.139 3.872 23.448 15.605 2.990

60,000 3.379 7.370 31.848 21.951 3.218

90,000 3.561 11.392 39.174 27.624 3.392

120,000 3.681 15.698 45.691 32.659 3.506

220,000 3.959 31.468 63.835 46.904 3.770

400,000 4.136 62.406 89.230 66.575 3.939
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the pressure increases to +2 Mbar, indicating a change in the 
material structure around P - 1 to 2 Mbar, which is found to 
be consistent with the turn-on of reflectivity (discussed below). 

CH Hugoniot is compared with both experiments and models 
in Fig. 138.44 by plotting the pressure as a function of the shock 
density. The QMD results (red circles) are compared with a gas-
gun experiment19 (purple triangles), a Nova experiment20 (green 
diamonds), a recent OMEGA experiment25 (blue squares), and 
the SESAME model21 (dashed–dotted line). It is noted that the 
OMEGA data have been corrected using the improved quartz 
standard.47 Figure 138.44 shows that the QMD-predicted 
Hugoniot pressure of CH is in good agreement (within 6% or 
less) with recent OMEGA experiments and gas-gun experi-
ments for pressures less than +10 Mbar, in which the SESAME 
model is also close to both QMD and experiments. In the 
high-pressure regime (P = 10 to 62 Mbar), however, the QMD 
predictions indicate a slightly stiffer behavior than the SESAME 
model (SESAME 7593). For the highest pressure explored (P + 
62 Mbar), the compression predicted by the QMD calculation 
is +5% lower than what the SESAME model suggested. For the 
same density of t = 4.1 g/cm3, the QMD-predicted pressure of 
+62 Mbar is higher than the 33 Mbar inferred from SESAME. It 
is not as stiff, however, as the early Nova experiment20 indicated.

In Fig. 138.45, the measured shock temperatures from the 
OMEGA experiment25 are compared with both the QMD 
calculations and the SESAME model (SESAME 7593). It is 
found that the SESAME model slightly overestimates the 
shock temperature by +10% for this low-pressure regime (P < 
10 Mbar), while the QMD results reproduce the OMEGA 
measurement very well except for the highest data point. The 
highest data point, which has a higher temperature than both 
the QMD and SESAME predictions by 20% to 30%, might 
have been compromised by the normalization to that of the 
quartz standard.25 A similar discrepancy for the highest data 
point was also observed in the previous QMD calculation42 by 
Wang et al.42 In the Fig. 138.45 inset, the comparison of shock 
temperature between QMD and the SESAME model has been 
extended to a wider range of pressures. The shock temperature 
predicted by QMD is higher than that of the SESAME model 
for pressures of P > 20 Mbar. This is consistent with the QMD-
predicted stiffer behavior of CH for this high-pressure regime 
(see Fig. 138.44).

Finally, we examine the reflectivity of shocked CH along 
the principal Hugoniot. In both the OMEGA experiment25 and 
a LULI experiment,23 the reflectivity was determined by the 
signal level of the probe beam (m = 532 nm) reflected by the CH 
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shock front, which was detected by the VISAR streak camera. 
In the QMD calculations, we obtained a consistent set of trajec-
tories of the ionic configuration during the molecular dynamics 
time propagation. We chose about ten uncorrelated snapshots 
of these configurations to calculate the velocity dipole matrix 
elements Dmn from the VASP wave functions. The quantity 
Dmn is used to compute the frequency-dependent Onsager 
coefficients within the Kubo-Greenwood formalism:48
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where V = 1/t is the atomic volume, Em(En) is the energy of the 
mth (nth) state, and H is the enthalpy (per atom) of the system. 
The quantity of Fmn is the difference between the Fermi-
Dirac distributions for the m and n  states at temperature T. In 
practical calculations, the d function in the above equation is 
approximated by a Gaussian function of width DE (-0.5 eV). 
From the real part of the electric conductivity, v1(~) = L11(~), 
we obtain the imaginary part of the electric conductivity from 
a principal value integral:
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The dielectric function, e(~) = e1(~) + ie2(~), can be calcu-
lated by
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Using the dielectric function, one obtains the real [n(~)] and 
imaginary [k(~)] parts of the refraction index:
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Finally, the reflectivity is defined in the following general way:

 ,R
n n k

n n k

0
2 2

0
2 2-

~
~ ~

~ ~
=

+ +

+
]

] ]

] ]
g

g g

g g

7
7

A
A

 (5)

where n0 is the refraction index of the ambient. The choice of 
n0  = 1 is often seen in textbooks, where the ambient is assumed 
to be vacuum or air. In the shock experiments, however, the 
reflectivity was measured as the shock propagated into the 
unshocked CH foil. The light reflection occurs at the interface 
between shocked and unshocked CH. Therefore, one must 
choose n0 to be the refraction index of the unshocked CH, 
which was calculated to be n0 = 1.94 in our QMD simulation 
of solid CH at room temperature. With this value of n0 = 1.94, 
the resulting QMD reflectivity of CH shock is compared with 
both the OMEGA experiment25 and the LULI measurement23 
in Fig. 138.46. The saturation level of the reflectivity predicted 
by the present QMD calculations agrees well with experiments. 
The turn-on of reflectivity +1 to 2 Mbar is in closer agreement 
with the LULI experiment but seems to appear earlier than 
for the OMEGA experiment. If we improperly choose n0 = 1, 
the results (black triangles) overestimate the reflectivity from 
+40% to +60%. The overestimated reflection level of +60% 
was exactly the same as what was seen in the previous QMD 
calculation by Wang et al.42 The inset in Fig. 138.46 plots the 
reflectivity for a wider range of pressures, and the reflectivity 
appears to be slowly increasing beyond 15-Mbar pressures, 
similar to the behavior seen in shocked deuterium18,49 occur-
ring at P + 2.8 Mbar. 

In summary, we have performed first-principles calculations 
for the principal Hugoniot of CH, using the QMD method. The 
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QMD results agree very well with the pressure and temperature 
measurements up to P = 10 Mbar. In this pressure range, the 
SESAME model (SESAME 7593) predicted a similar pressure 
but slightly overestimated the shock temperature. For high-
pressure regimes (P = 10 to 62 Mbar), the QMD-predicted 
shock temperature is higher than suggested by the SESAME 
model, thereby resulting in a stiffer CH shock in QMD simu-
lations. Moreover, the QMD-predicted reflectivity of shocked 
CH agrees with a recent OMEGA experiment once the correct 
refraction index of the ambient (unshocked CH) is taken into 
account. It was found that the reflectivity starts to turn on at 
a somewhat smaller pressure than the recent experiment on 
OMEGA but appears to be closer to the LULI experiment. 
These results might stimulate more-accurate experiments at the 
high-pressure regime. Precise EOS and opacity tables based 
on these results could benefit fine tuning future ICF designs.
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Figure 138.46
The reflectivity of shocked CH pressure for VISAR light at m = 532 nm along 
the principal Hugoniot. The QMD results, using the proper n0 of unshocked 
CH (red circles) and the improper vacuum n0 (black triangles), are compared 
with the LULI measurement23 and the recent OMEGA experiment.25 The 
inset shows the reflectivity in the entire pressure range.
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Introduction
The concept of depositing a corrugated multilayer dielectric 
reflector on a sinusoidal diffraction-grating surface as described 
by Li and Hirsh1 is attractive for high-laser-damage applica-
tions since the diffraction grating does not contain contami-
nants from the grating patterning and etching processes, as is 
typical for multilayer dielectric diffraction gratings.1-4 The 
concept behind such a grating is that each layer in the multilayer 
structure acts as a diffractive element, with the overall diffrac-
tion efficiency of the grating being the combined efficiency of 
all the layers. When such a device is fabricated, any pattern-
ing, etching, or replication to provide the surface relief is done 
on the substrate surface, with low-absorption materials then 
deposited to achieve high diffraction efficiency. In this manner, 
the incident laser light encounters only high-damage-threshold 
materials, having sufficiently reflected and/or diffracted before 
reaching any remaining organic materials at the substrate sur-
face. The performance of such a structure can be calculated 
based on the electric-field contributions from each interface, 
taking into account the local curvature of the surface relief 
as demonstrated by Li.5 The primary remaining challenge in 
such an approach is to improve the contour conformation of 
the coated dielectric layers, with traditional coating methods 
leading to a planarization of the surface relief, as illustrated in 

Fig. 138.47(a) (Ref. 1). The goal in depositing such a coating is 
that each layer interface should have an identical surface relief, 
by depositing a consistent thickness over the surface structure 
regardless of the local orientation, as shown in Fig. 138.47(b).

Ion-beam sputtering (IBS) typically produces high-quality 
optical coatings, characterized by a dense film structure exhib-
iting low scatter and low absorption.6,7 By using appropriate 
high-band-gap materials, IBS may produce high-quality films 
suitable for high-fluence laser applications.8 In addition, IBS is 
based on the ablation of target material using a directional ion 
source, with film deposition resulting from well-characterized 
momentum transfer of the ions incident on the target surface. 
The resulting deposition source is of an extended-area, relative 
to evaporation sources that appear to be a point for sufficiently 
large deposition systems. In this manner, larger substrates 
may be coated with a directional deposition, rather than being 
limited by the extent of an evaporation source.

This effort describes a collimated IBS process and its 
application for depositing a conformal multilayer reflector 
over a sinusoidal diffraction grating. By conformally deposit-
ing alternating hafnia and silica dielectric layers to enhance a 
silver layer on a nominal 1740-lines/mm sinusoidal grating, a 

Fabrication of a Continuous-Enfolded Grating 
by Ion-Beam-Sputter Deposition

G10065JR

(a) (b)

Figure 138.47
(a) Growth of the multilayer film over the grating normal to the local surface leads to rapid planarization of the grating structure. (b) Collimated deposition, 
with equal growth across the surface relief in the direction normal to the substrate plane, preserves the grating surface relief through the multilayer.
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diffraction efficiency of 93% has been achieved for p-polarized 
light incident from the air surface. Laser-damage testing indi-
cates that by using this type of structure, a 1-on-1 fluence of 
2.66!0.15 J/cm2 can be achieved at 1053-nm, 65° incidence 
with a 10-ps pulse. Modifications will be necessary to deposit 
both the metal and dielectric layers in a single coating cycle, 
and further improvements calibrating the conformal structure 
will be pursued. The transfer function of the layered surface 
relief must be determined under different deposition conditions, 
but the demonstrated control suggests that continuous-enfolded 
gratings may be fabricated with high diffraction efficiency by 
using this method.

Background
The basis of the continuous-enfolded grating structure is 

that the superposition of individual diffracted components 
from each layer in the multilayer coating results in overall 
high diffraction efficiency. The absorption present in a metallic 
coating limits the possible laser-damage threshold, so it is nec-
essary to use a high-damage-threshold dielectric interference 
coating to limit the electric-field intensity striking the metal 
surface, increasing the overall laser-damage resistance of the 
diffraction grating. Each layer, however, must be conformally 
mapped to the surface beneath. Growth of a layer perpendicular 
to the local grating surface would rapidly planarize the grating 
structure; instead, the surface relief must be maintained in each 
layer, which is equivalent to uniform film growth perpendicu-
lar to the substrate surface without regard to the location or 
surface profile.

While evaporated coating processes can be designed to 
provide a uniform film thickness over a substrate surface, the 
angles of incidence on the substrate surface influence the rela-
tive thickness with a cosine dependence.9 Furthermore, the 
source extent is generally quite small, limiting the region that 
may be coated with a collimated evaporant vapor flux. Sputter-
ing processes make use of extended target sources that might be 
configured to provide an incident vapor flux of small angular 
extent, even over an extended substrate aperture. Control of 
the source distribution and/or the orientation of the substrate 
surface was considered to yield the desired deposition profile 
over a sinusoidal grating structure.

Experimental Procedure
A single deposition system was not available to meet all 

needs in investigating this coating, so it was necessary to use 
three different coating chambers throughout this process: 
First, an MRC 902M magnetron sputtering system was used 
to deposit a layer of aluminum over a photoresist-patterned 

grating to preserve the grating structure during epoxy replica-
tion. The aluminum film remained on the replicated grating, 
but the evaporation of an 80- to 100-nm-thick silver layer 
over the aluminum in a 54-in. coating chamber configured 
with a traditional planetary rotation was required to increase 
diffraction efficiency. This may also have the added benefit 
of preventing any remaining organic contaminants from the 
photoresist from being exposed to the incident laser intensity. 
The silver-coated replicated grating was then mounted in a 
custom 46-in. ion-beam-sputtering system equipped with a 
12-cm Veeco radio-frequency (rf) ion source with converging 
grids, a rotatable target mount with hafnia and silica targets, 
a 25.4-mm-thick aluminum honeycomb filter with 3-mm hex-
agonal cells to collimate the vapor, and a stepper-motor–driven 
oscillating substrate mount as shown in Fig. 138.48. Coating 
thickness was controlled with a single quartz-crystal monitor.

G10067JR

Veeco 12-cm 
rf ion source 
with collimating 
grids

3-mm × 25.4-mm 
Al honeycomb for 
collimation of �ux

Stationary substrate 
with stepper-controlled 
angular orientation 
relative to vertical

Target assembly 
with HfO2 and 

SiO2 targets

Quartz- 
crystal 
monitor

Figure 138.48
Experimental ion-beam-sputtering system for depositing hafnia/silica mul-
tilayer coatings over a sinusoidal grating structure. The target assembly was 
rotated to select a hafnium-dioxide or silicon-dioxide target, while the grat-
ing substrate remained directly above the target, oscillating in a controlled 
manner to provide uniform coating distribution over the surface relief of the 
grating. rf: radio frequency.

The deposited-coating design is an enhanced silver reflector 
with seven dielectric layers deposited over the metal coating:

 . ,L HLHLHL0 9Al coated grating Ag air-  
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where L and H represent quarter-wave optical thicknesses at 
1053 nm of silica and hafnia, respectively. This design provides 
a reflectance of greater than 99% at 1053 nm in p polarization 
over an angle range of 62° to 72°. The substrate is an epoxy-
replicated sinusoidal grating with 1740 lines/mm and a depth 
of +150 nm, coated with an aluminum release layer (transferred 
from the original photoresist master grating). At this time we 
have not identified a method for cleaning the replicated grating, 
so deposition is performed on the aluminum, with potential 
contaminants remaining from the photoresist master grating. 
The opaque silver layer is evaporated while the substrate is 
rotated in a planetary rotation system. The IBS process is car-
ried out with the substrate positioned directly above the source 
and oscillating to !26° from the incident vapor flux, with a 
5-min dwell time at each end of the oscillation as shown in 
Fig. 138.49. The substrate continues to oscillate in this manner 
throughout the deposition of each layer, with average deposition 
times for individual layers being greater than 3 h. 

Diffraction efficiency was measured with a 1053-nm laser 
source. Laser-damage testing was performed at 1053 nm with 
10-ps pulses at 66° incidence in air with standard damage-test 
protocols.4 Finally, the samples were cleaved and cross-section 
scanning electron microscopy was performed to characterize 
the conformal mapping of the coating to the underlying grating 
structure. Grating samples were mounted, coated with a thin 
layer of platinum, and imaged in a Zeiss 1530 scanning electron 
microscope (SEM), using in-lens secondary electron imaging 
as well as backscatter detection to enhance the contrast of the 
individual layers.

Results and Discussion
An evaporated coating deposition over a surface-relief 

grating was performed previously, confirming the challenges 
associated with coating over a grating structure as identi-
fied by Li and Hirsh.1,10 A cross-sectional image is shown in 
Fig. 138.50(a), with a clear planarization within approximately 
eight layers.10 The use of a collimated IBS process makes it 
possible to deposit a similar number of layers over a grating 
surface, but with a much higher degree of conformal mapping, 
as shown in Figs. 138.50(b)–138.50(e). The grating image in 
Fig. 138.50(b) results from a deposition without oscillation of 
the substrate above the source, showing greater deposited thick-
ness in the minima of the grating profile and leading to sharper 
peaks in the maxima. The grating images in Figs. 138.50(c) 
and 138.50(d) also appear to have relatively sharp peaks, incor-
porating oscillation and honeycomb filtration, respectively, 
leading to a somewhat triangular shape in the grating profile. 
As seen in Fig. 138.50(e), this may be rounded somewhat by 

Figure 138.50
Scanning electron micrographs of multilayer interference coatings deposited 
over nominally sinusoidal diffraction-grating surfaces. The coating deposited 
by (a) electron-beam deposition quickly planarized, while (b) the IBS coating 
showed significant promise. The addition of (c) an aluminum honeycomb to 
improve vapor flux collimation, (d) !26° substrate oscillation, and (e) a 0° 
dwell in the tip-tilt substrate oscillations significantly improved the conformal 
properties of the coating deposition.
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Figure 138.49
Oscillation of the grating surface relief to !i provides improved deposition 
on the grating sidewalls and reduced planarization.
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dwelling at a normal-incidence deposition position for 1 min 
between the 5-min depositions at !26° substrate orientation (as 
measured from normal-incidence vapor flux). Deposition with 
the relatively collimated IBS source on the stationary grating 
structure provides improved control of the film-growth direc-
tion, enabling one to fabricate a conformal multilayer structure.

The performance of the grating in Fig. 138.50(e) was 
evaluated for diffraction efficiency and laser-damage threshold. 
Given that the coating process was executed in three separate 
deposition systems and the epoxy replication process proved to 
be difficult, there were large regions of the 100-mm substrate 
where the coating delaminated from the epoxy surface. In the 
central region of the grating, however, there remained a test 
area with 93% diffraction efficiency and a 1-on-1 laser-damage 
threshold of 2.66!0.15 J/cm2 for 1053-nm, 65° incidence 
with a 10-ps pulse. For our initial effort, this result is quite 
encouraging since significant degradation of the laser-damage 
resistance is expected as the diffraction efficiency is decreased 
from the theoretical maximum of 98% for a sinusoidal contin-
uous-enfolded grating at 1740 lines/mm. Such a degradation 
in efficiency leads to significant electric-field enhancement 
from multibeam interference of the incident, reflected, and 
diffracted components. Furthermore, this represents a sig-
nificant improvement relative to the 84% diffraction efficiency 
reported by Li and Hirsh,1 which required illumination from 
the substrate side of the grating, a configuration with negligible 
functionality for a high-fluence laser application.

To increase the utility of this grating fabrication technique, 
improved grating-performance modeling as a function of the 
profile of each layer is being pursued to determine the impact 
of deviations from a perfect sinusoidal shape. Control of varia-
tions in the conformal structure can be realized depending 
on the oscillation profile, particularly between the images in 
Figs. 138.50(c) and 138.50(e), where a normal-incidence depo-
sition was added between each !26° deposition. Deposition 
perpendicular to the substrate surface can lead to planarization, 
given the high arrival energies of the ion-beam–sputtered flux, 
while deposition at high angles appears to lead to an alteration 
of the grating profile to more of a triangular or saw-toothed 
shape. The surface mobility of sputtered material can be sig-
nificant for high arrival energies and impact at a glancing angle 
relative to the local substrate surface relief. By orienting the 
local surface relief normal to the incident flux, the mobility of 
arriving material can be limited.

The ideal grating shape must be determined for fabrication 
prior to the coating deposition, which, in conjunction with the 
transfer function of the coating process, determines the overall 
grating performance. Reactive ion etching, epoxy replication, 
and even direct coating of the developed photoresist grating  
are all possible means of fabricating a substrate with the appro-
priate surface-relief profile prior to deposition of the multilayer 
coating, but maintaining such a profile over large apertures is 
essential for developing a suitable production process. As larger 
substrates with high-quality surface relief become available, it 
is expected that a linear translation system will be incorporated 
to uniformly deposit over large apertures.

Conclusions
A continuous-enfolded grating has been demonstrated with 

93% diffraction efficiency and a laser-damage threshold of 
2.66!0.15 J/cm2 at 1053-nm, 65° incidence in p polarization 
when tested in an N-on-1 configuration with a 10-ps pulse. The 
coating consists of a silver layer overcoated with ion-beam-
sputtered hafnia and silica layers to provide greater than 99% 
reflectivity. SEM imaging shows good conformal mapping of 
the coating to the underlying grating structure, with available 
controls within the process to adjust the evolution of the grating 
profile throughout the layers. Efforts will continue to integrate 
the coating process in a single deposition system, better char-
acterize the deposited film, develop a means to better clean the 
replicated grating prior to deposition, and expand the usable 
area of the coated grating. Improved modeling of the varia-
tions in the grating profile should lead to greater diffraction 
efficiency and laser-damage resistance.

ACKNOWLEDGMENT 
The authors express their appreciation to H. Huang for grating model-

ing and A. Kozlov for providing laser-damage-threshold measurements of 
the completed grating. This material is based upon work supported by the 
Department of Energy National Nuclear Security Administration under Award 
Number DE-NA0001944, the University of Rochester, and the New York State 
Energy Research and Development Authority. The support of DOE does not 
constitute an endorsement by DOE of the views expressed in this article.

REFERENCES

 1. L. Li and J. Hirsh, Opt. Lett. 20, 1349 (1995).

 2. J. A. Britten et al., in Laser-Induced Damage in Optical Materials: 
1995, edited by H. E. Bennett et al. (SPIE, Bellingham, WA, 1996), 
Vol. 2714, pp. 511-520.

 3. M. D. Perry et al., Opt. Lett. 20, 940 (1995).



Fabrication oF a continuous-EnFoldEd GratinG by ion-bEam-sputtEr dEposition

LLE Review, Volume 138152

 4. H. P. Howard, A. F. Aiello, J. G. Dressler, N. R. Edwards, T. J. Kessler, 
A. A. Kozlov, I. R. T. Manwaring, K. L. Marshall, J. B. Oliver, 
S. Papernov, A. L. Rigatti, A. N. Roux, A. W. Schmid, N. P. Slaney, 
C. C. Smith, B. N. Taylor, and S. D. Jacobs, Appl. Opt. 52, 1682 (2013).

 5. L. Li, J. Opt. Soc. Am. A 11, 2816 (1994).

 6. D. T. Wei and A. W. Louderback, U.S. Patent No. 4,142,958 (6 March 1979).

 7. D. T. Wei, Appl. Opt. 28, 2813 (1989).

 8. X. Fu et al., in Laser-Induced Damage in Optical Materials: 2012, 
edited by G. J. Exarhos et al. (SPIE, Bellingham, WA, 2012), Vol. 8530, 
Paper 85300X.

 9. J. B. Oliver and D. Talbot, Appl. Opt. 45, 3097 (2006).

 10. J. B. Oliver, http://www.optics.rochester.edu/workgroups/cml/opt307/
spr04/jim/ (12 February 2014).



Magnetic Reconnection Between colliding Magnetized, laseR-PRoduced PlasMa PluMes

LLE Review, Volume 139 153

Throughout the universe, magnetic reconnection makes it 
possible for the magnetic field to change its topology and 
thereby allow an explosive release of stored energy.1–3 Some 
vivid examples of magnetic reconnection are solar flares,4 
sawtooth crashes and relaxation processes in tokamaks and 
reversed-field pinches,5,6 and magnetospheric substorms.4,7 

Magnetic reconnection in high-energy-density (HED) plasma 
is of great interest because of the indication of the major role 
it plays in astrophysical phenomena such as accretion disks 
and stellar flares.8–10 The laboratory-based experimental 
study of magnetic reconnection in HED plasma is a relatively 
recent development. These experiments studied the reconnec-
tion of the self-generated (e.g., Biermann battery) magnetic 
fields between colliding laser-produced plasma plumes.11–15 

Magnetic-field destruction12 has been observed, as well as 
plasma jets11,13–15 and electron energization.15 

This article presents, for the first time, results of the recon-
nection of an externally applied magnetic field by counter-
propagating, colliding HED plasmas. These experiments are 
based on new techniques that externally control the magneti-
zation of ablated plasma plumes. This allows one to directly 
compare experiments with and without an external magnetic 
field. The results obtained here are completely different from 
recent experiments with zero external magnetic fields that are 
dominated by the collisionless interpenetration of two plasma 
streams and the generation of Weibel instability.16 The geom-
etry of this externally magnetized plasma experiment makes it 
amenable to end-to-end simulation with particle-in-cell codes 
modeling the entire progression of the experiment, including 
plasma formation and the assembly of the current sheet. While 
previous results in HED plasmas could infer reconnection 
through destruction of the magnetic field,12 this work is the first 
to observe clear stagnation of the counter-propagating magne-
tized ribbons and the formation of an extended current sheet. 
The current sheet stagnates at a width comparable to the ion 
skin depth and shows the formation of cellular structures that 
may indicate the formation of magnetic islands or plasmoids. 
Finally, the magnetic fields in the current sheet are observed to 

suddenly and completely annihilate, an effect not yet captured 
in our two-dimensional (2-D) simulation.

The experiment was carried out on LLE’s OMEGA EP 
Laser System.17 Figure 139.1 shows the experimental setup. 
Two counter-propagating plasma plumes were obtained by 
irradiating oppositely placed plastic (CH), 2 # 6 # 0.25-mm3 
ablator targets with two 1.8-kJ, 2-ns laser beams (drive beams) 
at a wavelength of 0.351 nm and on-target laser intensities of 
5 # 1013 W/cm2. The targets were separated by the width 2L = 
4.25 mm and the laser beam’s incidence angle was i = 74°, 
resulting in highly elliptical, 1 # 3-mm2 focal spots. The highly 
elongated focal footprint shape conforms to a quasi-2-D geom-
etry, making it suitable for comparison with 2-D simulations.

Magnetic Reconnection Between Colliding Magnetized,  
Laser-Produced Plasma Plumes

Figure 139.1
Experimental setup. Two counter-propagating plasma plumes were obtained 
by irradiating with two laser beams opposing plastic (CH) ablator targets. 
An external magnetic field was created by pulsing an electric current through 
conductors located directly behind each target. The region between the ablator 
targets was prefilled by a tenuous background plasma created by a dedicated 
laser–ablator pair. A multi-MeV proton beam (not shown) generated with a 
high-intensity, short-pulse laser beam was used to probe the dynamics and 
topology of the magnetic field in the interaction region.
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An external magnetic field, imposed perpendicular to the 
plasma flow, was created by current-carrying conductors placed 
directly behind each target and powered by MIFEDS (magneto-
inertial fusion electrical discharge system).18 The current pulse 
had a duration of 1 ns and the drive lasers were fired at the 
peak of the magnetic field. Two parallel currents (see Fig. 139.1) 
were used to impose a field with an x-type null point (x point) 
and field reversal between the colliding plasmas—a typical 
reconnection geometry.1,3 The magnetic-field strength B was 
monotonically increased from B = 0 at the midplane to B = 8 T 
at the targets. The vacuum magnetic flux (#Bzdx from the foil 
to the x point) available for reconnection is a8 # 10–3 Tm. In 
the process of the plumes colliding and merging, the magnetic 
field is expected to be first compressed into a current sheet, 
accompanied by reconnection.

The x-point region between the ablators was prefilled by a 
tenuous background plasma created by ablating a third target 
(2 # 2 # 0.25 mm3 and 7 mm from the x point) with a third laser 
pulse (100 J, 1 ns), fired 12 ns prior to the main drive beams to 
give the plume enough time to prefill the interaction volume. 
These laser and target parameters were chosen experimen-
tally to obtain desirable background plasma parameters at the 
moment when the drive beams fired. The background plasma 
facilitates the reconnection by allowing the current through 
the x-point region. Experiments without a background plasma 
showed no reconnection.

The dynamics and topology of the magnetic field in the 
interaction region were probed with proton radiography.19 
This diagnostic used an ultrafast proton beam generated with 
a high-intensity, short-pulse laser beam (1.053 nm/800 J/10 ps) 
focused to a 25-nm spot on a thin 20-nm copper foil. The 
protons, accelerated by the target-normal sheath acceleration 
(TNSA) mechanism,20 have a broad distribution of energies 
of the order of 10 MeV and higher. Protons are detected in a 
stack of radiochromic film (RCF) interleaved with aluminum 
foils of various thicknesses. The RCF detector is placed 80 mm 
from the interaction region, for a geometrical magnification 
of M = 11, with proton energies resolved in the film stack by 
their respective energy-dependent Bragg peaks. The temporal 
resolution of the detector is a100 ps. While passing through 
the interaction region (Fig. 139.1), the protons are focused or 
defocused by magnetic fields in the magnetized plumes, leaving 
an intensity pattern at the detector. The temporal evolution of 
the magnetic-field structure was obtained over multiple shots 
by varying the timing of the proton beam with respect to the 
drive-laser beams.

A series of representative proton radiography images in 
Figs. 139.2(a)–139.2(d) illustrate four stages in the magnetic-
field evolution: (a) the formation of magnetic “ribbons” and 
the sweeping up of background plasma and magnetic field, 
(b) the collision of magnetic ribbons, (c) reconnection, and 
(d) magnetic-field annihilation. The time stamps on each frame 
show the time when the proton beam fired relative to the drive 
beams. Distinctive features common to all the images are the 
two light-colored curved bands containing a high magnetic 
field, described here as “magnetic ribbons.” The direction of 
the vertical component of the magnetic field, upward on the 
right ribbon and downward on the left ribbon (see Fig. 139.1), 
is such that the diagnostic protons are deflected outward from 
each corresponding ribbon. The magnetic field in the ribbons 
is strong enough to completely deflect the protons from those 
regions, leaving a deficit of protons and reflected as white, unex-
posed film. A sharp, “caustic” proton boundary21 of very high 
fluence—a feature well-reproduced in our modeling—appears 
immediately on the outside of each ribbon, forming an impor-
tant point of comparison between simulation and experiment.

During the plume expansion stage [Fig. 139.2(a)], the shape 
of the ribbons is topologically equivalent to the shape of the 
vacuum magnetic-field lines (Fig. 139.1). At t = 2.37 ns, each 
ribbon has traversed more than halfway to the midplane. The 
magnetic field in each ribbon has been strongly compressed 
above the vacuum field, as indicated by a low proton fluence 
in the ribbons. This stage is a clear manifestation of the initial 
magnetic field being swept up by the high-pressure plasma 
plumes, as would be expected by the high plasma pressure 
compared to the magnetic-field pressure. The degree of field 
compression by the pileup can be estimated by assuming that 
all of the initially available flux U c 8 T mm is compressed 
into a ribbon with a thickness of d c 0.3 mm, resulting in a 
compressed field Bcomp c U/i c 25 T.

At t = 3.12 ns [Fig. 139.2(b)], the ribbons collide and flat-
ten out. The magnetic field in the collision region is strongly 
compressed, expelling virtually all the fast protons. The ribbon 
width stagnates, indicating stagnation of the plasma flow. Based 
on the opposing signs of the incoming magnetic fields, the col-
lision of the ribbons must produce a reconnecting current sheet.

Figure 139.2(c) shows the magnetic field at a late nonlinear 
phase of reconnection, demonstrating a clear evolution in the 
topology of the current sheet. The plasma elements that were 
previously connected by the magnetic field (e.g., B and C) are 
now disconnected. Conversely, plasma elements that were pre-
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viously disconnected (e.g., A and B) are now connected by the 
newly formed outflow magnetic field (V-shaped ribbons at the 
top and bottom parts of the merged area) that disconnects from 
the central part of the current sheath and starts moving away. 
Furthermore, a small number of cellular structures appear, 
spanning the width of the current sheet. These structures can be 
plausibly interpreted as magnetic islands or plasmoid structures 
growing inside the current sheet.

Finally, Fig. 139.2(d) shows the beginning of the disruption 
of the current sheet and complete annihilation of the magnetic 
fields, as the protons are no longer defocused from the sheet. 
The onset of this process may be reflected in the two dark areas 
at the top of the current sheet in Fig. 139.2(c). The annihila-
tion (and indeed the entire evolution of the ribbons) occurs 
on a significantly faster time scale than the resistive diffusion 
(a10 ns) through the smallest plasma structures (a100 nm), 
so neither the reconnection nor disruption is due simply to 
resistive dissipation. (Here, the magnetic-diffusion coefficient 
D 0m h n=  was evaluated from the Spitzer resistivity h at 
Te = 200 eV, a baseline prediction from simulations with the 
radiation–hydrodynamics code DRACO22 and likely an under-
estimate of the temperature.)

Figures 139.2(e)–139.2(h) show results of accompany-
ing particle-in-cell (PIC) simulations, which agree with the 
experiment on a number of features of the colliding ribbons. 
The 2-D simulations, with the invariant direction parallel to 
the MIFEDS currents, were conducted with the code PSC23,24 
to help with both design and analysis of the experiments. 
The code solves the full relativistic, electromagnetic Vlasov– 
Maxwell system and includes a collision operator implementing  
Fokker–Planck collisions.24 The PIC model has long been 
used to simulate magnetic reconnection;23,24 in particular, 
it retains kinetic effects of the electrons in the current sheet, 
allowing for collisionless reconnection. The simulations 
provide an end-to-end model of the experiments, starting 
from the vacuum magnetic field and followed by plasma 
formation, which is modeled with particle source terms set 
to obtain profiles similar to that provided by DRACO.22 
DRACO predicts plasma ablation densities near 6 # 1026 m–3 
and background plasma densities near 2 # 1024 m–3. Time is 
calibrated between simulation and experiment by matching 
the location of the ribbons at 2.37 ns; this corresponds to a 
sound speed of 1.8 # 105 m/s, which is, in fact, quite close to 
nominal DRACO predictions of 2 # 105 m/s. The magnetic 
fields were initialized as the vacuum fields from the two 
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Figure 139.2
Proton radiographic images of the magnetic-field evolution. The ablator targets are situated at the left and right borders of each frame. Dark areas correspond 
to high proton fluence. The series illustrates four stages in the magnetic-field evolution: (a) formation of magnetic “ribbons” and the sweeping up of background 
plasma and magnetic field, (b) collision of magnetic ribbons, (c) reconnection, and (d) magnetic-field annihilation. The time stamps on each frame show the 
time when the proton beam fired relative to the drive beams. The horizontal and vertical scales are the same. [(e)–(h)] Results of simulated proton radiography 
at the corresponding times are shown in blue, with overlaid magnetic-field lines (red curves). 
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conductors. More-detailed results of these simulations will 
be reported separately.

Synthetic proton radiographic images are obtained using a 
proton ray-tracing model. Protons are initialized from a point 
source and projected through the simulation domain, where 
they receive an impulse by the line-integrated v # B force, 
and are finally projected to the detector. The line integration, 
since it is along the invariant direction of the simulations, is 
accounted for by simply multiplying by a characteristic length, 
taken as 4 mm. The final proton locations are binned to form a 
fluence image. In Figs. 139.2(e)–139.2(h), magnetic-field lines 
are shown as red curves, along with simulated proton fluence 
(blue) for direct comparison.

The simulations show similar formation and collision of 
magnetized ribbons, stagnation of the flows, and formation of 
an extended current sheet, which saturates at a width compa-
rable to the ion skin depth. We find excellent agreement and 
reproduction of the formation of a caustic proton focusing 
feature on the back side of each ribbon. This feature is tracked 
in both experiment and simulation with excellent agreement 
and is shown in Fig. 139.3. The initial inflow speed, based on 
half the rate of change of the ribbon separation, is a1 # 106 m/s. 
The collision velocity decreases as the ribbons collide and 
eventually stagnates for t > 3 ns.

The reconnection in the simulation occurs in a very fast burst, 
yielding the magnetic islands already growing and visible in 

the simulations at 3.12 ns. Several profiles of the electric fields 
constituting different components of the generalized Ohm’s law 
are shown in Fig. 139.4. The peak electric field in the simula-
tions, near 1.5 # 107 V/m, is comparable to “fastest-possible” 
reconnection rates inferred from reconnection inflows vribbon = 
1 # 106 m/s and B fields of the order of 25 T. Even accounting 
for flux pileup,23 the simulated reconnection rates are extremely 
fast, close to 100% of the local Alfvénic rate ,V BA

) )  calculated 
based on the compressed magnetic fields and the plasma density 
in the current sheet. We find that the high compressibility of the 
current sheet, resulting from the supersonic inflows, drives this 
reconnection rate, which is significantly beyond what can be 
expected in steady-state reconnection.
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The reconnection phase is followed by a complete magnetic 
annihilation, which is currently still in disagreement between 
experiment and simulation. In the simulated proton radio-
graph, the overall structure of the current sheet persists after 
the reconnection for some time. This is due to a confluence of 
factors, including a small but finite amount of unreconnected 
magnetic field upstream and an incomplete outflow of magnetic 
flux out of the current sheet, but primarily the persistence of 
the magnetic islands in the current sheet (which have nowhere 
to go). Despite reconnection and island formation, a finite 
magnetic field remains in the current sheet and continues to 
appear in the simulated radiographs. In contrast, by 3.39 ns 
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in the experimental data, there is a disruption of this current 
sheet structure, such that protons are no longer deflected at all. 
It is likely that three-dimensional (3-D) effects not captured in 
the simulations are important for the fast disruption. Magnetic 
islands are special structures in 2-D and could exhibit new 
dynamics in 3-D, allowing for the complete disruption of the 
sheet current.

In summary, the magnetic reconnection of externally 
magnetized, colliding plumes of HED plasma has been 
demonstrated for the first time. The experimental results and 
numerical simulations show the formation and collision of 
magnetic ribbons, the pile-up of the magnetic flux, and recon-
nection of the magnetic field. The reconnection is fast, with a 
reconnection rate comparable to the Alfvén reconnection rate. 
The experimental results are generally in very good agreement 
with first-principles PIC simulations that model the experiments 
from end to end. Some features of the experiment, however, 
like the fast annihilation of the current sheet after the recon-
nection, are not displayed by the 2-D simulations and will be 
investigated in full-scale, 3-D simulations.
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Introduction
Direct-drive inertial confinement fusion uses laser beams 
to implode a spherical shell.1 The laser energy is absorbed 
near the critical surface of the target, transferred through the 
conduction zone to the ablation region, and converted into the 
kinetic energy of the shell through the rocket effect. Near peak 
compression, a fraction of the kinetic energy of the imploding 
shell is converted to the internal energy of the fuel. When the 
ion temperature of the central region (hot spot) and the areal 
density of the compressed fuel are sufficiently large, a burn 
wave originating from the alpha particles produced by the 
fusion of deuterium (D) and tritium (T) will propagate through 
the confined fuel in the shell (ignition). 

The OMEGA Laser System2 is used to study the physics of 
direct-drive fusion and could demonstrate a hydrodynamically 
equivalent implosion that, when scaled to the available energy 
at the National Ignition Facility (NIF, 1.5 MJ), would produce 
ignition.3,4 One-dimensional (1-D) hydrodynamic simula-
tions performed using the code LILAC,5 including nonlocal 
thermal conduction6 and cross-beam energy transfer (CBET) 
models,7,8 show that a hydrodynamically equivalent ignition 
design on OMEGA requires a final implosion velocity Vimp > 
3.5 # 107 cm/s, an areal density tR > 300 mg/cm2, and a final 
hot-spot pressure Phs > 100 Gbar (Ref. 9). To achieve these 
conditions with the current ablation pressure on OMEGA, 
a target design with an in-flight aspect ratio (IFAR) of 30 is 
required, where the IFAR is a measure of the hydrodynamic 
stability of the implosion10 given by the ratio of the radius to the 
thickness of the shell at a convergence ratio of 1.5 (Fig. 139.5).

An extensive set of experiments on OMEGA has been used 
to study the implosion performance in targets made of an outer 
layer of deuterated plastic (CD) and an inner layer of cryogenic 
DT ice surrounding DT gas.9,11 In these experiments, a thresh-
old was characterized in the shell adiabat and IFAR space, 
where below the IFAR threshold, the areal density calculated 
in 1-D simulations is recovered in the experiments. Simulations 
showed that a hydro-equivalent ignition design on OMEGA is 
above the threshold (Fig. 139.5).

Figure 139.5 shows a 1-D design curve generated by increas-
ing the ablation pressure while maintaining a constant areal 
density (tR = 300 mg/cm2), implosion velocity (Vimp = 3.7 # 
107 cm/s), and hot-spot pressure (Phs = 180 Gbar). Increasing 
the ablation pressure leads to a more-stable design (lower 
IFAR); when using higher ablation pressure, a thicker shell 
and larger adiabat can be used to maintain a constant implo-
sion velocity, areal density, and hot-spot pressure. Figure 139.5 
illustrates that increasing the ablation pressure from 140 Mbar 
(current design) to 180 Mbar is likely to achieve ignition hydro-
equivalent implosions on OMEGA, assuming the current level 
of target nonuniformity seeds.
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In this article, the transfer of laser energy to the kinetic 
energy of the shell (hydrodynamic efficiency) is studied for 
three different direct-drive–implosion experiments: cryogenic 
experiments,11 ablator material experiments,12 and reduced-
beam-size experiments.13 Experimental measurements of both 
the laser absorption and the implosion velocity are compared 
with 1-D hydrodynamic simulations. In each case, excellent 
agreement is observed, indicating that the simulations accu-
rately reproduce the hydrodynamic efficiency. Simulations 
showed that an a10% increase in the ablation pressure was 
obtained for a Be ablator compared with a CH ablator. When 
the radius of the laser beams was reduced by 50%, nearly all 
of the ablation pressure lost to CBET was recovered and the 
ablation pressure was increased by a60%.

Results
The experiments discussed here were conducted on the 

OMEGA laser, where sixty 351-nm laser beams illuminated 
spherical shells. The hydrodynamic coupling was studied in 
cryogenic experiments, ablator material experiments, and 
reduced-beam-size experiments. In each case, the scattered-
light power was measured to determine the absorption, while 
the shell trajectory, velocity, and neutron bang time were 
measured to quantify the transfer of the absorbed energy into 
the shell’s kinetic energy. The experimental observables were 
compared with hydrodynamic simulations performed using 
the code LILAC,5 which includes nonlocal thermal transport6 
and CBET8 models. The simulated trajectories were obtained 
by post-processing the 1-D hydrodynamic parameters with 
Spect3D14 to determine synthetic self-emission images. The 
simulations were used to determine the ablation pressure for 
the various cases and to assess the potential improvements in 
ignition hydro-equivalent OMEGA designs.

1. Cryogenic Experiments
The total laser energy in the cryogenic experiment 

was 26.6 kJ. The laser beams were smoothed by polariza-
tion smoothing (PS),15 smoothing by spectral dispersion 
(SSD),16 and distributed phase plates [SG4-DPP, fourth-order 
super-Gaussian with a 650-nm full width at half maximum 
(FWHM)].17 A laser pulse with three short pickets was used 
to set the implosion target on a moderate adiabat (a = 3.7) 
(Ref. 18), followed by a 1.2-ns square pulse that accelerated 
a shell with an initial radius of 435 nm. The shell was made 
with a 7.4-nm CD ablator on top of a 52.2-nm-thick cryogenic 
DT ice layer.

The total unabsorbed laser energy was measured by five 
calorimeters located around the target chamber with an uncer-

tainty of 5%. The scattered-light power was measured at four 
locations by multiplexing the signal into a 1.5-m spectrometer 
with a high-dynamic-range streak camera. The system had a 
100-ps (FWHM) temporal resolution.

Figure 139.6 compares the measured and simulated time-
resolved unabsorbed laser light. The excellent agreement 
between them indicates that the CBET model accurately repro-
duces the laser power absorbed in the plasma; the simulation 
also shows that nearly half of the scattered light is a result of 
CBET. The small discrepancy observed around 1.6 ns could be 
caused by an error in the CBET calculation during the rise of the 
laser pulse, where the hydrodynamic conditions evolve rapidly.
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Figure 139.6
Comparison of the calculated (red dashed line) and measured (blue solid line) 
scattered-light power. The laser pulse is plotted (black dashed line).

Figure 139.7 shows excellent agreement between the mea-
sured and simulated shell trajectories. These results suggest 
that the nonlocal transport model accurately calculates this 
coupling since the transfer of the absorbed laser energy to the 
shell motion depends primarily on the thermal transport. A 
small discrepancy was obtained in the ablation-front position at 
early times when the simulated radius was a10 nm smaller than 
the measured radius. The early discrepancy may be explained 
by the small difference in laser absorption measured during 
the rise of the main pulse.

The agreement observed between the simulated and mea-
sured shell trajectory is consistent with the good agreement 
observed in the time of neutron production (Fig. 139.7). The total 
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neutron production was 5# lower in the experiment than in simu-
lation (the neutron production is normalized in Fig. 139.7), likely 
related to shell perturbations that compromise the implosion.

The self-emission shadowgraphy technique19 was used to 
determine the shell trajectories. The soft x rays emitted by the 
imploding target were integrated over 40 ps and imaged with 
an array of pinholes onto a four-strip fast x-ray framing camera 
(XRFC).20 The distinct peak in the emission-profile images 
resulted from the high density and temperature at the ablation 
surface and the large integration distance for the emission 
that reaches the XRFC (limb effect). In the cryogenic target 
experiments,9 the primarily DT shell is optically thin to the 
CD emission at early times [Figs. 139.8(a) and 139.8(b)] and the 
ablation front is determined from the peak of the emission.21 
At late times [Figs. 139.8(e) and 139.8(f)], the shell is optically 
thick to the DT emission and the ablation front is determined 
from the position of the inner gradient. During the transition 
time when the CD is being ablated [Figs. 139.8(c) and 139.8(d)], 
the CD emission peak separates from the ablation surface and 
cannot be used to determine the ablation-front position. During 
this time, the ablation-front trajectory is inferred by fitting the 
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[(a),(c),(e)] Self-emission x-ray images from a cryo-
genic experiment; [(b),(d),(f)] comparison of the 
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lations (red line) at [(a),(b)] t = 1680 ps, [(c),(d)] t = 
2145 ps, and [(e),(f)] t = 2325 ps.
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ablation-front position measured at early and late times with 
a third-order polynomial. A standard deviation of the peak 
(inner gradient) location around the image of vabl = 2 nm 
(vabl = 5 nm) is obtained. These positions are averaged as N = 
2r/iav a 60 independent measurements (where each lineout 
is averaged over iav = 5°) to give a resulting accuracy for the 
averaged radius of N 1 m<ablv n  (Ref. 21).

The shell radii measured on two consecutive XRFC strips, 
200 ps apart, were used to calculate time-averaged shell veloci-
ties. The relative timing between the XRFC strips was known to 
within 5 ps and the absolute timing to the laser pulse to within 
30 ps (Ref. 12). The accuracy in the velocity (dV/V) was a4% 
for a shell velocity of 200 km/s, given by

 ,V
V

R

R

t

td d d /1 2

D

D

D

D
= +
_ _i i= G  

where the error in the radius was d(DR)/DR = 0.7/40 nm = 1.8% 
and the error in the timing was d(Dt)/Dt = 7/200 ps = 3.5%.

2. Ablator Material Experiments
In the ablator experiments, the overlapped intensity was 

varied by changing the total energy on target from 18.5 kJ 
(low intensity, I = 4.5 # 1014 W/cm2) to 23 kJ (high intensity, 
I = 7.2 # 1014 W/cm2). The laser beams were smoothed by 
PS, SSD, and SG4-DPP. Three 100-ps-long pickets were used 
to set the target implosion onto a low adiabat followed by a 
1.2-ns (high-intensity) and 1.6-ns (low-intensity) square pulse 
that drove the target to its final velocity. The three ablators 
had mass densities of 1.03 g/cm3 (CH), 3.35 g/cm3 (C), and 
1.83 g/cm3 (Be). Their thicknesses were varied to maintain 
the initial total ablator mass to be equivalent to a 27-nm-thick 
CH shell. The outer radius at low energy and at high energy 
was 440 nm and 445 nm, respectively, and the total mass was 
62!1 ng and 64!2 ng, respectively.

Figure 139.9 shows the simulated and measured shell 
trajectories and scattered powers for three different abla-
tor materials: beryllium . ,A Z 2 25Be, =_ i  high-den-
sity carbon , ,A Z 2C =_ i  and glow-discharge polymer 

. .A Z 1 85CH, =_ i  In C and Be ablators, multiple experi-
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ments were performed to demonstrate reproducibility of these 
results. The ability of the simulations to accurately reproduce 
both the measured trajectories and scattered powers suggests 
that the hydrodynamic efficiency is well modeled with LILAC 
for all three ablators at both high and low intensities.

Figures 139.10(a) and 139.10(b) show that the velocity of the 
shell at the end of the laser pulse is increased by 20% in the 
Be ablators at both low and high intensities compared to the 
CH ablators. Since the initial target mass was held constant, 
a higher velocity suggests a larger kinetic energy of the shell, 
but this is slightly reduced by a smaller final mass because of a 
higher mass-ablation rate. For the three ablators, the total laser 
absorption was similar at low intensity (a80%) and high inten-
sity (a70%). This indicates that the increased velocity in Be 
ablators results from the transfer of the absorbed laser energy 
to the kinetic energy of the shell. Increasing A Z  improves 
the coupling of the absorbed energy to the kinetic energy of the 
shell by increasing the mass density near the critical density 
(i.e., where the laser energy is absorbed).22

Figure 139.10(c) compares the ablation pressure calculated 
during the implosion at a similar convergence ratio of 1.5 for 
the three ablators at low and high laser intensities. An a10% 
increase is observed for the Be ablator compared to the C and 
CH ablators as a result of the increased .A Z  Simulations 
suggest that hydro-equivalent ignition designs for OMEGA 
that use a Be layer can increase the ablation pressure by a7% 
compared with the standard CD/DT design, allowing the IFAR 
to be reduced to 27 (Fig. 139.5) (Ref. 9).

3. Reduced-Beam-Size Experiments
The reduced-beam-size experiments used laser beams 

smoothed by PS and DPP. Fifty-seven phase plates designed 
to produce elliptical spots were oriented with their minor 
axes aligned in the direction of the wedge dispersion of the 
PS crystal, producing a nearly round Rb = 215-nm (95% 
encircled energy) laser spot at best focus. The ellipticities of 
these laser spots were measured to be less than 15%. Three 
round DPP’s with a best-focus radius of Rb = 210 nm were 
used to complete the set. The radii of the laser spots were 
varied by defocusing the laser beams. A triple-picket laser 
pulse shape with a 1.6-ns square drive pulse and 18 kJ of total 
energy was used to set the shell on a low adiabat (a c 3). The 
outer radius of the CH capsule was Rt = 430 nm, with a wall 
thickness of 27 nm.

Figure 139.11(a) shows the measured shell trajectories when 
the radius of each laser-beam spot was scaled. The smaller 
beam spots resulted in a higher ablation pressure, which 
accelerated the target significantly faster. Even for a moderate 
reduction in beam size R R 1b t =`  to . ,R R 0 9b t = j  a signifi-
cant increase in velocity was observed: 186 km/s to 194 km/s 
(a5% increase). Good agreement between the simulated and 
measured shell trajectories and scattered-light powers was 
observed for all focal-spot radii. The improved coupling was 
a result of (1) more-normal rays that deposit their energy closer 
to the ablation surface and (2) the reduction of CBET.13

Figure 139.11(b) shows the ablation pressure calculated from 
the simulations at a convergence ratio of 1.5. A 50% increase in 
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(a) Comparison of the measured (squares) and simulated (dashed lines) shell 
trajectories for .R R 0 5b t =  (green), .R R 0 9b t =  (red), R R 1b t =  (blue), 
and .R R 1 1b t =  (light blue). A similar laser pulse was measured for each 
shot (black line, right axis). (b) The ablation pressure calculated at a conver-
gence ratio of 1.5.

the ablation pressure was calculated when R Rb t was varied 
from 1.1 to 0.5.

Figure 139.12(a) shows the standard deviation in the varia-
tion of the position of the inner gradient around the image 
for various laser-beam diameters. When the laser-beam size 
is reduced, the standard deviation of the low-mode nonuni-
formities measured at the ablation surface increases from 1% 
to more than 10%. The structure of the perturbations grows 
at positions consistent with regions where the illumination is 
lower. The standard deviation of the low-mode perturbations 
measured from the XRFC images is compared to the standard 
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(a) Comparison of the low-mode shell perturbations measured for .R R 0 5b t =  
(green line, bottom inset), .R R 0 75b t =  (purple line, top right inset), 
and R R 1b t =  (blue line, top left inset) at an averaged radius of 175 nm. 
(b) Comparison of the standard deviation of the shell perturbation obtained in 
experiments (left axis) with the standard deviation of the simulated nonuni-
formity in the absorbed laser power averaged over the entire laser pulse (red 
line, right axis).

deviation of the low-mode nonuniformity of the absorbed laser 
power averaged over the entire laser pulse for different R Rb t 
[Fig. 139.12(b)]. When the size of the focal spot is reduced, 
the illumination nonuniformity increases and the shell per-
turbations compromise the target compression. Simulations 
suggest that the laser-beam diameters can be reduced to 80% 
of the target diameter before significant degradation in yield is 
observed.8 In this case, simulations indicate that the ablation 
pressure was increased by 24%, allowing for a hydro-equivalent 
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ignition design on OMEGA with an IFAR of 22—close to the 
current stability threshold (Fig. 139.5).

To further reduce the beam size, a two-stage zooming 
scheme has been proposed where large beams are used during 
the pickets and small beams are used during the main drive 
when the conduction zone is large enough to smooth low-mode 
laser nonuniformity.23,24 By using .R R 0 6b t =  during the 
main drive, nearly all of the ablation pressure lost to CBET is 
recovered and a hydro-equivalent ignition design is well below 
the current stability threshold (Fig. 139.5).

Conclusions
Demonstrating hydro-equivalent ignition at the Omega 

Laser Facility is a first step toward direct-drive ignition on 
the NIF. Achieving hydro-equivalent ignition on OMEGA 
requires an implosion velocity >3.5 # 107 cm/s, an areal den-
sity >300 mg/cm2, and a hot-spot pressure above 100 Gbar. 
Currently, the best-performing implosions, which are driven 
to ignition-relevant velocities, do not reach hydro-equivalent 
areal densities, limiting the peak hot-spot pressure to a40 Gbar 
(Ref. 9). One approach to recovering the hydro-equivalent areal 
density is to decrease the IFAR by using thicker shells. To drive 
the thicker shells to the relevant velocities, the hydrodynamic 
efficiency must be improved.

In this article, the hydrodynamic efficiency has been studied 
in three different direct-drive experiments. The coupling of the 
laser energy to the plasma (absorption) was determined by mea-
suring the scattered-light power. The plasma energy transferred 
to the kinetic energy of the shell was studied by measuring 
the shell trajectory, the shell velocity, and the neutron burn 
history. These experimental observables were compared with 
1-D hydrodynamic simulations (conducted by the code LILAC) 
that include CBET and nonlocal thermal-transport models. In 
each case, excellent agreement was observed, suggesting that 
the code was able to reproduce the hydrodynamic parameters 
of the imploding shell. For Be targets, the ablation pressure of 
the laser was shown to increase by a10% compared with the 
C and standard CH ablators. When the spot size of the laser 
was reduced by a50%, the ablation pressure was shown to 
increase by a factor of 1.6, but the increased illumination non-
uniformity compromised the integrated target performance. In 
future experiments, three new designs will be tested: multilayer 
ablators,9 beam diameters that are 80% of the target diameter, 
and two-stage zooming. Simulations indicate that the ablation 
pressure in hydro-equivalent designs will be increased by 7% 
for the first case, 24% for the second case, and 50% for the 
third case.
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Introduction
Measurements of continuum x-ray emission from the central 
hot spots of inertial confinement fusion (ICF)1 implosions 
at stagnation can be directly related to hot-spot conditions 
using the relatively simple dependence of continuum spectral 
emission rates on temperature and density or pressure. Since 
thermonuclear ignition and high energy gain are the goals 
of ICF,2,3 one would naturally look to neutron yield as the 
primary measure of implosion performance. The benchmarks 
of progress toward ignition, or toward implosion performance 
that scales to ignition with higher drive energy,4 however, are 
specified in terms of core conditions at peak compression.5 
Short of ignition, neutron yield and x-ray emission measure-
ments can be used in similar ways to infer hot-spot conditions. 
The current strategy is to achieve high-temperature central 
hot spots within fuel shells compressed at low entropy to high 
areal densities. A key measure of near-ignition performance in 
ICF, through the Lawson criterion,6 is the hot-spot pressure.7 
Consequently, a direct relationship between the hot-spot pres-
sure and the measured hot-spot x-ray continuum emissivity, 
based as little as possible on prior assumptions about hot-spot 
temperature profiles, normalization to simulations, etc., would 
be very important. 

At a sufficiently high spectral energy, typically ho > 3 keV 
for cryogenic implosions on the 60-beam OMEGA Laser 
System,8 the imploded cores are optically thin and the x-ray 
measurements are a direct measure of the emissivity, free of 
absorption and other transport effects. With instrument spec-
tral responses narrowed to energies matched to the anticipated 
temperature of the hot spot, as will be described below, the 
free-free (FF) emissivity9 of hot-spot hydrogen scales as the 
square of the hot-spot pressure and is nearly independent of the 
temperature. The simple pressure dependence of the emissiv-
ity, the isobaric state of the hot spot at stagnation,10,11 and the 
known temperature–density scaling of the neutron-production 
rate explain a simple scaling behavior of the x-ray yield as a 
constant power of the neutron yield over a factor-of-10 range in 
neutron yield in an ensemble of similar targets imploded with 
a variety of laser pulses over a broad range of shell isentropes. 

This is a quantitative prediction based on our understanding of 
isobaric hot spots that has been confirmed with measured x-ray 
and neutron yields. In an unstable implosion, a trace (above 
a10 ng) amount of shell material mixed into the hot spot can 
increase the x-ray emission measurably because of the much 
higher emissivity per atom of carbon, without affecting the neu-
tron yield significantly. Using the x-ray yield expected from the 
neutron-yield scaling as a point of reference, the excess x-ray 
emission and the known FF and free-bound (FB) emissivity9 
of carbon provide a measure of this “fuel–shell” mix mass. 
This mix-mass estimate is similar in some respects to recent 
measurements of mix mass in National Ignition Facility (NIF)12 
implosions based on the ratio of the x-ray and neutron yields.13

The pressure profile within an imploded core at the time of 
peak emission can be obtained from the emissivity profile of 
the object, and the emissivity profile can be obtained from its 
projection recorded on an image plane by an imaging device. 
The fundamental quantity of radiation is the specific intensity 

, , ,I x oXv t_ i  which is the amount of radiation energy per unit of 
time arriving at position xv in space, per unit of area within 
an infinitesimal area element at this point, oriented normal 
to the propagation direction given by the unit normal vector 

,Xt  per unit spectral range within an infinitesimal interval of 
frequency, centered at the frequency o, and traveling within 
an infinitesimal cone of solid angle, per steradian, centered 
on the direction .Xt  We will write it as Io for short. The time-
independent equation of transfer governing the change dIo in 
the specific intensity of radiation propagating an infinitesimal 
distance ds along the direction Xt  is

 ,
s

I
I4d

d
-

r

f
l=

o o
o o  (1)

where the interaction of radiation and matter is described 
entirely in terms of the plasma emissivity fo and the opacity 
lo of the matter.14 The emissivity specifies the energy per unit 
of time that is emitted per unit of volume isotropically into 
all directions within an infinitesimal interval of frequency 
centered at the frequency o. The opacity is the fraction of the 
specific intensity absorbed per unit distance of propagation. 

X-Ray Continuum as a Measure of Pressure and Fuel–Shell Mix 
in Compressed Isobaric Hydrogen Implosion Cores
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We assume that all radiation of interest propagates at the speed 
of light c without refraction or dispersion and that any photon 
scattering involving a change of frequency or direction is 
accounted for effectively by a combination of absorption and 
emission included in fo together with lo.

In the optically thin limit, there is only emission and no 
attenuation, and the solution to the equation of transfer is the 
path integral

 .I x
r

s4 d

x

r

f
=
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o
ov
v
v

v

%] ]g g
 (2)

The integration variable sv is a point along a straight-line photon 
path arriving at a point xv on the image plane and rv is the position 
of that point on the path relative to an arbitrary fixed point of 
reference within the emitting object. The integration path is a 
straight line arriving at the observer position from arbitrarily 
far away, indicated symbolically as “–∞,” but only points along 
the path within the emission source contribute to the integral. 
The imaging device selects from the set of all paths Xt  ending 
at any one xv so that the image represents a useful projection 
of the emissivity profile. For the purposes of this discussion, 
we assume that the imaging device records an orthographic 
projection of the source, such that the direction Xt  of all paths 
is the same. In spherical geometry, Eq. (2) gives the specific 
intensity as an Abel transform15 of the emissivity profile. For 
example, a spherically symmetric emissivity distribution fo(r) 
produces the specific intensity
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and the emissivity distribution can be recovered from the 
inverse Abel transform of the imaged intensity,
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The point x = 0 on the image plane is the projection of the center 
of the radial emissivity distribution at r = 0, and we assume that 
all geometrical and optical effects of an actual camera, such 
as magnification, etc., have already been taken into account.

If the emissivity is a known function of pressure alone, the 
radial pressure profile of a spherical hot spot can be inferred 

from the emissivity profile extracted from the imaged intensity 
using Eq. (4). If, in addition, the hot spot is isobaric, the pres-
sure is constant throughout the hot spot out to its outer radius R 
and the emissivity will be constant within this radius; we find 
using Eq. (4) that the intensity profile of its image is elliptical:
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The integral of the specific intensity given by Eq. (2) over the 
image plane gives the total emitted power per unit solid angle 
at the image plane:
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Assuming the hot spot radiates isotropically, the total spectral 
power is obtained by applying a factor of 4r. In the case of the 
flat emissivity profile of an isobaric core, this gives

 .P R3
4

03r
f=o o^ h  (7)

The isobaric sphere, then, possesses a remarkable simplicity: 
All quantities pertaining to emission can be described in terms 
of a single radius and a single emissivity that depends on one 
parameter—the pressure. In the following sections, departures 
of the emissivity from pure pressure dependence, hot spots that 
are not strictly isobaric, “fuel–shell mix,” and other complica-
tions will be considered.

Pressure Dependence of X-Ray Emission from Isobaric 
Hot Spots

The emissivity of an imploded hydrogen hot spot of a cryo-
genic implosion is almost entirely the result of FF emission 
from hydrogen. The expression for the FF emissivity of a hot 
plasma of fully stripped ions at photon frequency o, temperature 
T, electron and ion densities ne and ni, respectively, and average 
nuclear charge squared GZ 2H is

 ,a Z n n
kT

g e3
32
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h kT3

0
3 2

1 2
FF

H e i
H

FFf
r

a |
|

= -
o
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where a is the fine-structure constant, a , 1/137, a0 is the Bohr 
radius, and |H is the K-shell ionization energy of hydrogen.9 
The units of this expression are energy per volume, per stera-
dian, per time, and per frequency. Throughout this article, T = 
Te is the electron temperature. Since the hot-spot hydrogen 
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almost completely ionized, GZ2H = 1 but the Z dependence in 
Eq. (8) will be kept, anticipating the discussion below of the 
contamination of the hot spot by carbon as the result of fuel–
shell mix. As will be shown in Enhanced X-Ray Emission 
as a Measure of Fuel–Shell Mix (p. 176), the FB contribution 
to hydrogen emissivity is negligible under hot-spot conditions.

This emissivity is written in a form first obtained in a 
semiclassical treatment by Kramers.16 The correction factor 
gFF accounts for quantum-mechanical effects in FF absorption 
and emission and also in other absorption and emission pro-
cesses introduced by Gaunt.17 The same Gaunt factor applies 
to both emission and absorption, a result of the microscopic 
reversibility of these processes.18 Many versions of the Gaunt 
factor have been provided over many years by many authors 
who, to cite just a few, include correct isolated-ion quantum 
wave functions,19 relativistic effects,20 collective effects,21 and 
high-density effects such as electron degeneracy22 and strong 
plasma coupling.23,24 A particularly simple and accurate Gaunt 
factor for hydrogen has been provided by Kulsrud:25
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where u = ho/kT and b2 is an average energy parameter

 ,
kT
E2

b =  (10)

representing an effective average initial electron energy E. 
Rather than averaging the FF scattering cross section over 
the Maxwell distribution of initial electron momenta, Kulsrud 
provides the Gaunt factor for a single average initial electron 
momentum. He finds that the value b = 0.87 provides a good 
fit to a more-accurate quantum result of Sommerfeld based 
on the Born approximation.25 We verify that Eq. (9) is a good 
approximation to the standard results of Karzas and Latter19 
(KL) in the high-temperature limit kT & |H, which is the rel-
evant regime for implosion cores at peak conditions. We also 
verify that the asymptotic expression

 g
u

2 3
/1 2FF . r

b
 (11)

is a useful approximation to Eq. (9) at high photon energies 
ho > kT. This is consistent with the sensitive range of the filtered 

gated monochromatic x-ray imager (GMXI) camera26 (ho a 
5 keV), described below, and the expected core temperatures 
(kT a 2 keV). This is also well into the optically thin spectral 
range where emission is directly related to the hot-spot emissiv-
ity. Using Eq. (11) in Eq. (8) provides an emissivity expression 
with accurate temperature and photon-energy scaling that will 
be used in a later discussion of the interpretation of measured 
energy-integrated core emission.

Some brief textbook summaries of FF and FB emission 
and absorption dismiss the Gaunt factor as a constant correc-
tion of order unity,3 which for our purposes would be a poor 
approximation. Equation (11) provides a convenient simplifi-
cation and ensures correct asymptotic scaling behavior. This 
asymptotic expression for the Kulsrud Gaunt factor is plotted 
in Fig. 139.13 along with the result of the full expression, 
Eq. (9), and KL values.19 The Kulsrud Gaunt factor depends 
only on u = ho/kT, while the KL results also depend on the 
parameter .Z kT2 2

Hc |=  Here, we simply plot the KL values 
for hydrogen (Z = 1) at temperatures 2 keV and 6 keV to show 
that the departure of the KL from the Kulsrud values is small 
and that their temperature dependence at constant u = ho/kT 
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Figure 139.13 
Plot of the Kulsrud25 approximation to the hydrogen free-free (FF) Gaunt 
factor versus u = ho/kT (red line) given by Eq. (9) and its asymptotic approxi-
mation given by Eq. (11) (black line). Karzas–Latter (KL) values for kT = 2 
and 6 keV are shown for comparison. The relevant range of u for the antici-
pated core conditions and instrumentation (GMXI B) is indicated by the blue 
shading. The asymptotic behavior of the Kulsrud approximation agrees with 
that of the KL values.19
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can be cautiously disregarded for the purposes of this discus-
sion. The plot range is extended over an order of magnitude to 
show that the asymptotic behavior of the Kulsrud expression 
is correct. The relevant range of ho/kT for our chosen imaging 
instrument, the GMXI, with a response function denoted here 
and in Fig. 139.13 as “B,” is indicated by the blue-shaded strip. 
Here, the agreement among the four results is particularly close. 
The KL and Kulsrud formulations do not consider the effects 
of relativistic electron motion or the effects of degeneracy and 
strong coupling on the energy levels of the ions and on the 
free-electron energy distribution. These effects will not be sig-
nificant under hot-spot emission conditions, although the latter 
two effects must be considered in the surrounding, relatively 
cold compressed shell, particularly earlier in the implosion.24 
Evaluating the numerical coefficient in Eq. (11) gives gH,FF c 
0.959 u–0.5, which is very close to gH,FF = 0.966 u–0.41, a 
numerical fit to the KL hydrogen FF result near ho c 5.39 keV 
and ,h kT 20 .o  anticipating the conditions where Eq. (11) 
will be applied. 

Let us specialize to fully ionized hydrogen, where GZ 2H = 
1 and ne = ni. We then insert the Kulsrud Gaunt factor given 
by Eq. (11) into Eq. (8) and obtain
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Using the ideal gas equation of state P = (ne + ni) kT to replace 
density with pressure, we obtain
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This ideal gas equation of state is an approximation to the more 
general expression P = k(neTe + niTi), recognizing that the ion 
temperature Ti can exceed the electron temperature during 
the convergence of shocks that forms the hot spot. During 
peak compression, however, the two temperatures equilibrate 
rapidly, so Ti = Te—a useful approximation that has been 
standard in recent discussions of hot-spot dynamics—can be 
applied here with caution. We will show that this emissivity is 
almost exclusively a function of pressure when measured with 
an appropriate spectral response.

Three spectral-response channels of the GMXI26 x-ray 
camera are shown in Fig. 139.14. These response functions 
are nearly Gaussian in shape with spectral widths of approxi-

mately Dho c 1 keV centered at energies near ho0 c 5 keV. 
The three channels, denoted A, B, and C, differ in the 1-, 2-, 
and 3-mil thicknesses of Al in their respective filter packages. 
These response functions are approximated adequately for our 
purposes by a Gaussian function

 F F e0
0

2 2
o = - -o o oD^ a ^h k h  (14)

with a transmission width Do centered at o0. With a response 
function of the form of Eq. (14), the frequency-integrated 
emissivity expression obtained using the emissivity given by 
Eq. (13) is

.
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For the anticipated small values of the parameters Do/o0 and 
hDo/kT, we use the leading-order approximation

Figure 139.14
Plot of the GMXI26 camera spectral-response functions F(o) for three of its 
channels. These channels differ by the thicknesses of the Al filter layers in 
their respective filter packages. The emissivity of a source, integrated over 
one of these response functions, will be exclusively dependent on the pressure 
of the source when the source temperatures fall within a narrow range near 
the ideal source temperature kT0 indicated for that channel.
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and we write

 .E a F
kT
P

h
e3

16
/

,
h kT3

0
3

0

2

0

1 2

H
H

0
0a | b o

o

|
D= -

o o
o

D c fm p  (17)

Near any given temperature, the temperature dependence of 
Eq. (17) can be treated as a power law y a xh fit to the actual 
temperature dependence of the form
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where x = kT/ho0. The exponent h near a particular value of x is
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Solving for h = 0 gives x = 1/n. The temperature dependence 
of Eq. (17) is the n = 2 case, which gives

 kT
h

20
0o

=  (20)

as the condition for stationary maximum integrated emissiv-
ity with respect to temperature. So while Eq. (17) is explicitly 
temperature dependent, it can be regarded as independent of 
temperature within a limited range of temperature centered 
at kT0. If the KL fit given above were used rather than the 
asymptotic Kulsrud expression, Eq. (18) would be replaced by 

,y e x .x1 2 09= -  displacing the stationary point of the emis-
sivity to . ,kT h 2 090 0o=  which is almost the same as Eq. (20) 
for the purposes of this discussion. The applicable range of 
temperature is easy to determine directly from Eq. (17) for a 
desired tolerance. For example, the integrated emissivity will 
be within 90% of its maximum (representing a !5% minimum-
to-maximum variation) at kT0 = 2.65 keV over the temperature 
range 1.95 keV < kT < 3.73 keV for the GMXI B response func-
tion with the ho0 = 5.30-keV center energy. This temperature 
range is representative of cryogenic ICF implosion hot spots.

What we now have in Eq. (17) is an expression for emissiv-
ity that is a function of pressure alone, as long as the spectral 
response of the detector is appropriately matched to the source 

temperature range. A nominal temperature value or profile must 
be provided to evaluate Eq. (17), but if the source–instrument 
matching condition given by Eq. (20) is satisfied closely enough, 
the emissivity can be treated as a function of pressure alone. 
If the source temperature profile does deviate from satisfying 
Eq. (20) to a degree that the emissivity temperature dependence 
at fixed pressure cannot be ignored, Eq. (17) is still valid, 
but temperature profile input must then resemble the actual 
temperature profile closely enough to avoid throwing off the 
relationship between the emissivity and the pressure profiles. 
A temperature profile from a simulation may suffice.

Inferring Hot-Spot Pressure from X-Ray 
Emission Measurements

The expression for Abel inversion given by Eq. (4) and the 
emissivity expression in terms of pressure given by Eq. (17) 
allow the pressure profile to be inferred from the imaged 
specific intensity .I x

0o _ i  This will be demonstrated using a 
simulated image of OMEGA cryogenic implosion shot 68791 
(Ref. 27). The implosion is simulated with the one-dimensional 
(1-D) radiation–hydrodynamics code LILAC,28 and the images 
are calculated using the post-processor Spect3D.29 The tem-
perature, density, and pressure profiles of this implosion at 
1.94 ns—the time of stagnation and peak neutron produc-
tion—are shown in Fig. 139.15. A GMXI image of the emis-
sion from this configuration simulated with Spect3D, using 
the spectral response function B with 2-mil Al filtering shown 
in Fig. 139.14, is shown as the red solid line in Fig. 139.16. 
Spect3D uses the actual response functions specified for the 
GMXI [not the Gaussian approximation used in deriving 
Eq. (17)] and Gaunt factors based on the KL model extended 
to include the effects of electron degeneracy.20 Spect3D cal-
culates a full solution of the equivalent of Eq. (1), taking into 
account all emission and absorption effects within the entire 
imploded configuration.

The simulated imploded configuration in Fig. 139.15 is 
substantially isobaric at P c 22 Gbar out to the radius indi-
cated by the vertical dashed line at 34 nm. In the simulated 
instantaneous image at this time shown in Fig. 139.16 and in 
the plot of the simulated time-integrated image in Fig. 139.17, 
this distance represents the radius of the 17% intensity contour 
of the instantaneous image, which has been suggested as one 
criterion to use in measuring the size of a hot spot from its 
image.30 This criterion appears to coincide with other criteria 
that are more physically significant, although, unfortunately, 
not as directly measurable, such as the inner half-peak density 
point of the imploding mass distribution in Fig. 139.15 or the 
half-emissivity radius seen in Figs. 139.16 and 139.17. The 
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Figure 139.15
Simulated OMEGA cryo shot 68791 (Ref. 27) profiles at 1.94 ns, the time 
of peak neutron production. The hot spot (kT > 1.5 keV) appears to be sub-
stantially isobaric at P c 22 Gbar out to the radius indicated by the vertical 
dashed line at 34 nm. In the simulated instantaneous image at this time, this 
distance represents the radius of the 17% intensity contour,30 which is also 
shown for reference on the image plots in Figs. 139.16–139.18.
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Figure 139.16
The filtered simulated GMXI image of the simulated implosion core of 
OMEGA shot 68791 at 1.94 ns—the time of peak neutron production. The 
red solid line (image) is the B-channel integrated intensity distribution of the 
simulated image. The green solid line (emissivity) is the emissivity profile 
obtained from the inverse Abel transform of the simulated image. The image 
is almost indistinguishable from the purple dashed line (image block), which 
is the image of a constant emissivity profile (emissivity block) extending out 
to R = 34 nm.

temperature range within this so-defined hot spot is roughly 
1.5 keV < kT < 3.5 keV, which extends only slightly below the 
temperature range given above for a !5% accuracy limit on 
Eq. (17) with a nominal temperature of kT0 = 2.65 keV. There-
fore, the flat emissivity profile in Fig. 139.16 should track the flat 
pressure profile in Fig. 139.15, even as the temperature varies. 
This is indeed the case, as will be shown below.

The solid red curve in Fig. 139.16 is the simulated instanta-
neous radial intensity distribution of the image obtained using 
the B response function including the 2-mil Al filter layer of 
OMEGA cryogenic implosion shot 68791 at 1.94 ns—the 
time of stagnation and peak neutron production shown in 
Fig. 139.15. The solid green curve is the emissivity profile 
obtained from the inverse Abel transform of this image using 
Eq. (4). The image is almost indistinguishable from the dashed 
purple quarter-ellipse, which is exactly what Eq. (5) predicts 
for the image of a constant emissivity profile extending out to 
R = 34 nm, shown in Fig. 139.16 as the dashed blue profile. 
The relative deviations of the simulated image from the ellipti-
cal image are very small, in contrast with the larger relative 
deviations of the simulated emissivity from a flat profile. This 

is understood as the smoothing effect of the integration in 
Eq. (2) on the emissivity profile.

Figure 139.17 is virtually identical to Fig. 139.16 in every 
respect, other than a relative factor of about 110 ps, which can 
be taken as the emission time scale. This simulated image 
intensity has been integrated over a 300-ps time window 
centered at 1.96 ns, long enough to include both the x-ray and 
neutron emission times. Again, as was the case with the results 
shown in Fig. 139.16, the image deviates very little from the 
elliptical shape, while the emissivity deviates more visibly from 
a flat profile near the outer radius of the hot spot. 

The pressure profile of an imploded hot spot can be inferred 
using Eq. (17) from the emissivity profile obtained by Abel 
inversion of the simulated image using Eq. (4). As discussed 
in the previous section, this inferred pressure is insensitive 
to the assumed temperature profile if the camera response is 
centered at ho0 = 2kT0, where the hot-spot temperatures are 
within a limited range of T0. Exactly how closely the emissivity 
profile follows the pressure profile will depend on how far the 
range of the hot-spot temperature deviates from T0, as has been 



X-Ray Continuum as a measuRe of PRessuRe and fuel–shell miX in ComPRessed isobaRiC hydRogen imPlosion CoRes

LLE Review, Volume 139172

described above. In principle, any nominal T value or radial T(r) 
profile can be used with Eq. (17). For example, this nominal 
temperature can be the ideal temperature T0 matched to the 
instrument response, or it can be the logarithmic slope of the 
hard end of the continuum spectrum, if it has been measured. 
Ignoring the Gaunt factor in Eq. (8) leaves one with the simple 

e h kTFF +f -
o

o  frequency dependence. The additional factor 
(kT/ho)1/2 in Eq. (12) bends the logarithmic slope slightly,

 ,
ln

h kT kT h
1 1

2
1

d

d FF

inferred
-

o

f

o
= = +

oa k
 (21)

but the fractional error in the temperature inferred from mea-
suring the spectral logarithmic slope dT/T c kT/2ho can be 
minimized by measuring as high in spectral energy as possible. 
Using Eq. (17) with a radially dependent simulated temperature 
profile could provide more-accurate results than a constant 
nominal temperature.

Using Eq. (17) to infer a pressure profile from an emissivity 
profile is demonstrated in Fig. 139.18 for the case of shot 68791 
shown in Fig. 139.16. Pressure profiles inferred from the simu-
lated GMXI B-channel image of the simulated implosion core 
of OMEGA shot 68791 are shown in Fig. 139.16 at 1.94 ns—the 
time of peak neutron production. The pressure profiles were 
obtained using Eq. (17) from the emissivity profile obtained 
from the simulated image by Abel inversion. The pressure 
profile plotted as the red solid line was obtained assuming 
the ideal kT0 = 2.65 keV nominal temperature based on the 
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Figure 139.17
The filtered simulated GMXI image of the simulated implosion core of 
OMEGA shot 68791 integrated over a 300-ps time window centered at 1.96 ns. 
This interval includes the times of stagnation, peak neutron production, and 
peak x-ray intensity. All plotted quantities in this figure are time integrated. 
The red solid line (image) is the intensity distribution of the simulated image. 
The green solid line (emissivity) is the emissivity profile obtained from the 
inverse Abel transform of the image. Out to near R = 34 nm, the image is 
almost indistinguishable from the purple dashed line (image block), which is 
the image of a constant emissivity profile (emissivity block).
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Figure 139.18
Pressure profiles inferred from the simulated GMXI image shown in 
Fig. 139.16 of the simulated implosion core of OMEGA shot 68791 at 
1.94 ns—the time of peak neutron production. The pressure profiles were 
obtained using Eq. (17) from the emissivity profile obtained from the simu-
lated image by Abel inversion. The pressure profile plotted as the red solid 
line was obtained assuming the ideal kT0 = 2.65 keV nominal temperature 
based on the GMXI response centered at 5.30 keV (red dashed line), and the 
pressure profile plotted as the blue solid line was obtained by assuming the 
radius-dependent temperature profile from the LILAC hydrodynamic simula-
tion (blue dashed line). The vertical dashed line indicates the 17% intensity 
contour radius—the nominal outer radius of the hot spot.
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GMXI response centered at 5.30 keV (red dashed line), and the 
pressure profile plotted as the blue solid line was obtained by 
assuming the radius-dependent temperature profile from the 
LILAC hydrodynamic simulation (blue dashed line). The ver-
tical dashed line indicates the 17% intensity (half-emissivity) 
contour radius—the nominal outer radius of the hot spot. Even 
with these two very different assumed temperature profiles, 
the two inferred pressure profiles agree with the simulated 
pressure profile very well, up to within a short distance of the 
edge of the hot spot.

Scaling Relationships of the X-Ray Yield of an Isobaric 
Hot Spot at Stagnation

The energy-integrated emissivity of an isobaric hot spot 
tracks its flat pressure profile nearly all the way to its outer 
radius R, provided that the source temperature profile does not 
deviate too far from the T0 set by the condition ho0 = 2kT0, 
where ho0 is the center of the instrument-response function. If 
the emissivity per volume is reasonably uniform over the entire 
hot spot, as is the case in the example shown in Fig. 139.16, 
the hot spot will produce a total filtered radiated energy or 
photon yield of 

 ,Y R tE4 3
4 3

0 0
r

r
D=o oc m  (22)

where the leading factor of 4r represents integration of the 
isotropic emissivity over the full sphere of the solid angle. If 
the gate time or exposure time Dt exceeds the lifetime of the 
hot spot, the total effective emission time Dt must be inferred 
from another measurement, such as the neutron yield Yn, 
assuming that both the neutron and photon emission are lim-
ited by the same hot-spot lifetime. With a radius R obtained 
from the GMXI image and a relatively weak temperature 
dependence, a useful estimate of the hot-spot pressure can be 
obtained from Eqs. (17) and (22). This was done for a sizable 
ensemble of cryogenic implosion simulation results.27 The 
inferred pressures are compared in Fig. 139.19 with the simu-
lated central peak pressures. The simulated photon yield was 
the time-integrated B-channel emission, the emission time in 
Eq. (22) is the quotient of the simulated neutron yield divided 
by the peak neutron-production rate, and the image size is the 
17%-intensity contour of the simulated GMXI image. The 
ensemble of implosions includes shell adiabat parameters over 
the range 1.5 < ashell < 3.5 and neutron yields over the range 
1.3 # 1013 < Yn < 1.3 # 1014. The close agreement between the 
pressures inferred from the simulated images and the simulated 
pressure values is convincing, although not entirely expected, 

in light of the combined systematic inaccuracy that might 
result from equating the photon and neutron emission lifetimes, 
using the reasonable but not unique choice of the 17% contour 
as the hot-spot radius, and from assuming that the emissivity 
of the entire hot spot is determined by the central pressure 
at stagnation alone. This effectively confirms that the agree-
ment between the simulated and inferred central pressures in 
Fig. 139.18 is obtained for every implosion in this ensemble.
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Figure 139.19
The hot-spot pressure inferred from LILAC/Spect3D simulated images shown 
in very good agreement with the simulated peak central pressure. Equa-
tions (17) and (22) give accurate hot-spot pressures from simulated images 
for an ensemble of cryogenic simulations representing a broad range of shell 
adiabat parameters and neutron yields.

A few interesting new expressions for the scaling of the 
photon yield with various parameters of the implosion can be 
obtained from Eqs. (17) and (22). First, we write

 ,M
t

R
R P4 2

Sh r
D

=2^ h  (23)

saying that the imploding thin unablated shocked shell of 
mass MSh surrounding the hot spot of radius R experiences 
an outward acceleration R/(Dt)2 at stagnation, where Dt is the 
scale time of the bounce of shell, by the force of the hot-spot 
pressure P acting on the inner surface of the shell.11 

Next, we can write the adiabatic scaling of the hot-spot 
pressure with respect to the hot-spot volume V = 4rR3/3 as

 ? ,P V /5 3
HSa

-  (24)
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where aHS, a hot-spot “adiabat” parameter, distinguishes 
among the hot spots of different implosions. The stagnating 
hot-spot material is not adiabatic in the usual sense where 
the pressure would scale with the hot-spot density as P ?  
aHSt

–5/3 because of heat flow out of and material flow into 
the hot spot. The hot-spot volume, however, can be treated as 
an adiabatic enclosure because the heat conduction out of the 
hot spot is exactly compensated by the heat of the material 
ablated off the inner surface of the shell back into the hot spot 
at the hot-spot boundary.11 Together, Eqs. (23) and (24) give 
the volume–time product

 ?V t P

M /1 2
HS Sha

D
_ i

 (25)

needed in Eq. (22). Applying Eq. (17), subject to the conditions 
given above for temperature-independent emissivity, we obtain 
the expression

 ? ,Y M P/1 2
HS Sh0

ao _ i  (26)

which predicts that the photon yield will scale in direct propor-
tion to the hot-spot pressure for an ensemble of similar cryo-
genic implosions. This linear scaling is verified in Fig. 139.20 
for the same set of simulations used to obtain the results shown 

in Fig. 139.19, although with more scatter. This additional scat-
ter may reflect the simplification of the hot-spot dynamics by 
Eq. (23) and the simplification of the hot-spot energy balance 
by Eq. (24) or by the variations in the product aHSMSh over 
the ensemble. Accounting for all the details of Fig. 139.20 is 
beyond the scope of this article, but for now, Fig. 139.20 suffices 
to add validity to the scaling arguments that have been made.

The sample of 1-D OMEGA cryogenic implosion simula-
tions illustrated in Figs. 139.19 and 139.20 displays a curious 
scaling of the simulated photon yield with the neutron yield, 

? ,Y Y .0 57
n0o

 shown in Fig. 139.21 (Ref. 27). The value of the 
scaling index, as well as the fact that the photon and neutron 
yields appear to fall along a single curve, can be explained 
in terms of the dynamics of isobaric implosion cores at 
stagnation. We begin again with the photon yield given by 
Eqs. (17) and (22), this time keeping track of the precise tem-
perature scaling of the photon- and neutron-production rates. 
We allow that the scaling index h of the temperature depen-
dence of Eqs. (18) and (19), as in 

 ? ,y
x

e
x

/x

2

1
=

-
h  (27)

may deviate from h = 0. We expect that h will be small since 
our instrumentation and emission source place us near ho0 = 
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Figure 139.20
The hot-spot pressure simulated by LILAC shown following the predicted 
linear scaling with the photon yield. The hot-spot pressure is predicted to vary 
in direct proportion to the x-ray yield for an ensemble of similar cryogenic 
implosions with shell adiabat parameters and neutron yields that vary over 
a wide range.
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Photon/neutron-yield scaling in cryogenic implosion simulations.27 The x-ray 
yields of an ensemble of cryogenic implosion simulations have been found 
to scale with the 0.57 power of their respective neutron yields over a broad 
range of shell adiabats and neutron yields.
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2kT0, but the scaling calculation below does not require this. 
We apply Eqs. (17), (22), and (27) and obtain

 ? .Y P T V t2
0

Do
h  (28)

The neutron yield can be written using the deuterium–tritium 
(DT) reaction rate

 ? ,T4
vo

f+  (29)

where we obtain the small deviations ;f ; % 1 from a fixed tem-
perature scaling using the reaction rate by Bosch and Hale.31 
The neutron yield is written as the volume and time integral

 ? .Y n n V t P T V td d 2 2
n D T vo D= f+##  (30)

The neutron-production rate is a function of the ion tem-
perature, so combining Eq. (29) with the ideal gas equation of 
state to form Eq. (30) is another application of the Te = Ti equi-
librium assumption made earlier. While the x-ray emissivity 
can be approximated fairly well as uniform over the volume of 
an isobaric hot spot, the neutron production varies as an addi-
tional two powers of temperature and, as a result, will be more 
center peaked and possibly shorter in duration. Nevertheless, 
we proceed assuming that the usual approximation—that the 
source volumes and emission times of the neutrons and photons 
are the same—is valid to within constant factors that drop out 
of scaling relationships, and we apply Eqs. (24), (25), (28), 
and (30) to obtain

 ? ,Y
M M

Y/

/ / p
q

4 9

2 9 10 9

HS

Sh HS
n0 a

o f p  (31)

where

 p
1 2 9

1 2-

f

f h
=

+

+ ` j
 (32)

and

 .q 9 2
5 2

f

h
= +

+
 (33)

For the nominal values h = f = 0, this gives q = 0.56 for the 
neutron-yield scaling exponent, which is very close to the value 
obtained from the simulation ensemble, as shown in Fig. 139.21. 
In Eq. (31), the three constant stagnation parameters aHS, MSh, 
and the hot-spot mass MHS a R3P/T combine in a product where 
the scaling relative to each other is fixed. We have chosen to 
write Eq. (31) with this three-parameter product scaled such 

that p = 1 for the nominal values h = f = 0. The effects of 
variations of aHS, MSh, and MHS throughout the simulation 
ensemble and the effects of the temperature-dependent scaling 
corrections h and f will be considered below, but for now the 
successful derivation of the value of the scaling exponent q is 
clearly an encouraging validation of the scaling calculations 
so far.

The alignment of the simulated data points in Fig. 139.21 
along a single curve does make sense in light of Eq. (31). The 
neutron yield varies over the ensemble by an order of magni-
tude, and the scatter about the curve, attributable to variations 
in aHS, MSh, and MHS, is relatively small. Extracting precise 
values of these three parameters from simulations depends 
on the time resolution of the simulation output as well as on 
somewhat arbitrary definitions, but it is clear that the net effect 
of their variations is much less than the ranges of the neutron 
and photon yields. It is interesting to note that the temperature-
dependent scaling corrections pertain only to the microphysics 
of photon and neutron production, not the design or dynamics 
of the implosion capsules. Were this yield–yield plot generated 
with simulations or measurements of a different ensemble of 
isobaric implosions with target masses scaled up by significant 
factor, for example, Eqs. (31)–(33) predict that the overall pro-
portionality constant would change with the mass and hot-spot 
adiabat parameter, the yield-scaling exponent would be the 
same for the same spectral response and source temperatures. 

The result q = 0.56 quoted above is obtained only with the 
nominal values h = f = 0. Their actual values are plotted as func-
tions of temperature in Fig. 139.22 as blue and purple dashed 
curves, respectively, where they are read off the right-hand 
scale. The q value obtained from Eq. (33) is plotted on the same 
graph as the black curve and is read off the left-hand scale. The 
left-hand scale is only a fifth the numerical length of the right-
hand scale, indicating that q is a relatively insensitive function 
of temperature because of its opposite sensitivities to f and h 
in Eq. (33). The range q = 0.57!0.06 is obtained, in reasonably 
good agreement with the value q = 0.57 in Fig. 139.21, for the 
broad range of temperature kT = 2.21!0.43 keV. Even though 
the yield-scaling exponent is relatively insensitive to variations 
in the hot-spot temperature, it may have diagnostic value through 
its temperature dependence. The red curve representing the scal-
ing index p is to be read off the right-hand scale and is a rela-
tively insensitive function of temperature within the 0.86-keV 
range indicated by the pair of vertical dashed lines. If the fit to 
KL results for the FF Gaunt factor described above were used 
in place of Eq. (11), the effect would be to reduce h by 0.09, 
which would reduce the predicted q values by 3.6% overall.
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Equation (31) with its scaling index given by Eq. (32) 
accounts for the yield-scaling behavior shown in Fig. 139.21 
because the scaling parameter agrees with the fit to the simula-
tion ensemble and because the scaled product M M/ / /2 9 10 9 4 9

Sh HS HSa
-  

of stagnation parameters has negligible correlations with both 
the photon and neutron yields. The simulation ensemble was 
constructed to follow a long series of cryogenic implosion 
experiments as closely as possible; the experiments were not 
designed to control this product. If this product did have a sig-
nificant correlation with either the photon or neutron yields, then 
Eq. (32) would not agree with the yield scaling exhibited by the 
simulation ensemble. For example, a slightly modified version 
of Eq. (31) can be derived by using the scaling expression 

 M M P R/ / /1 7 4 7 16 7
HS Sh+  (34)

for the hot-spot mass given by Zhou and Betti32 to remove MHS 
from the calculation. This gives the results

 ? ,Y M Y/ p q4 11
Sh n0o

l la k  (35)

where

 p
1 2 11

1 2-

f

f h
=

+

+
l

` j
 (36)

and

 .q 11 2
7 2

f

h
= +

+
l  (37)

These results are only a slight departure from Eqs. (31)–(33). 
The yield-scaling parameter ql does not agree as well as q with 
the fit to the ensemble, but, remarkably, the only stagnation 
parameter appearing is MSh, or, in other words, the normal-
ized photon yield

 Y Y M /q p4 11
n Sh0
+o
l l

 

is a function of the shell mass alone. Both Eqs. (31) and (35) 
are correct expressions, but if Eq. (33) agrees more with the 
simulation ensemble than Eq. (37), it is because MSh has a 
less negligible correlation with the photon and neutron yields. 
Another reason to regard Eqs. (35)–(37) with more caution than 
Eqs. (31)–(33) is that introducing Eq. (34) brings additional 
approximations into the calculation that were made to evaluate 
thermal transport in evolving inner-shell density and tempera-
ture profiles,11 although these same approximations were made 
in establishing the hot-spot adiabatic behavior expressed as 
Eq. (24); the hot-spot pressure varies adiabatically with respect 
to the hot-spot volume during the approach to stagnation.

Enhanced X-Ray Emission as a Measure  
of Fuel–Shell Mix

The yield-scaling results in Fig. 139.21 were obtained from 
LILAC28 1-D hydrodynamic simulations, which exhibit no 
unstable hydrodynamic behavior. Implosions with shell adiabat 
parameters in the lower end of the range 1.5 < ashell < 3.5 have 
thinner shells that are more susceptible to the Rayleigh–Taylor 
instability33 during the deceleration phase of the implosion. 
Breakup of the unstable shell would leave some amount of the 
shell carbon mixed into the hot spot at the time of stagnation. 
Since carbon is much more emissive than hydrogen, very small 
concentrations of carbon can significantly increase the x-ray 
emission. Since the photon and neutron yields in Fig. 139.21 
exhibit a ?Y Y .0 57

n0o  behavior, the normalized yield quotient 
Y Y .0 57

n0o
 forms a constant normalized photon yield when 

plotted as a function of any quantity, such as the shell adiabat 
parameter, as shown by the blue squares in Fig. 139.23. The 
same quantity derived from actual measured yields is plotted 
as red circles. These values are generally constant, in agree-
ment with the 1-D simulated results, for shell adiabat parameter 
values above the ashell c 2.3 value, but they show a distinct 
excess photon yield below this point. This has been attributed to 
the expected contamination of the hot spot by shell carbon. We 
extend this analysis to infer the mass of shell material mixed 
into the hot spot from measurements of this excess emission.
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Yield-scaling indices as functions of temperature. The yield-scaling indices 
p and q are functions of temperature through the temperature-dependent 
scaling indices h and f of the photon- and neutron-production rates, respec-
tively. The q curve shows that the q = 0.57 value from Fig. 139.21 is at the 
center of the range q = 0.57!0.06, corresponding to the temperature range 
kT = 2.21!0.43 keV.
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Using the FF emission of hydrogen as a pressure diagnostic 
assumes a pure hydrogen core. Any mix of non-hydrogen into 
the hot spot will raise the per-ion emissivity of the hot spot. 
The twofold-to-threefold enhancement of the hot-spot emis-
sion shown in Fig. 139.23 for low-adiabat implosions can be 
interpreted in terms of contamination of the hot spot by shell 
carbon. The emission from a carbon-contaminated hot spot 
will have a strong contribution from radiative recombination, 
which is FB emission, the time inverse of photoionization or 
bound-free (BF) absorption. The carbon emission will have 
comparable FF and FB contributions with much stronger total 
emission per ion than hydrogen.

Following a conventional approach, we discuss the com-
bined FF and FB emissivity in parallel by considering their 
respective absorption cross sections. The Kramers photon 
absorption cross sections are 
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(39)

for BF absorption by the photoionization of the single electron 
bound to a nucleus of charge Z in principal quantum level p 
(Ref. 9). We keep the explicit dependence of vBF(o) on p for 
now, but only the ground-state p = 1 photoionization contribu-
tion will be significant. The Gaunt factors gFF and gBF account 
for departures from the Kramers semi-classical approximation. 
Based on the micro-reversibility of each process, the Gaunt 
factor for emission also applies to absorption. The ionization-
edge cutoff energy |p of the BF cross section is the ioniza-
tion energy of the bound electron in the p shell. This can be 
expressed using the Bohr formula .Z pp

2 2
H -| | |D=  We 

mention continuum lowering34 D| only for completeness, 
showing only its effect on |. Since x-ray measurements are 
made far above this ho = |p cutoff, we will not consider it 
further. Further discussion beyond the scope of this article 
should consider continuum lowering and other high-density 
effects in more detail.

The hot-spot plasma is accurately described as nearly 
completely ionized, with the fully ionized atoms accounting 
for essentially all the FF and FB emission and with only a 
trace of the H-like species remaining to provide BF absorp-
tion. We neglect excited states and consider only the density 
ni,1 of ground-state (p = 1) H-like ions and the density ni,2 of 
the fully stripped species, so that ni,1 + ni,2 = ni, where ni is 
the total ion density of element i. Certainly for hydrogen and 
carbon, ni,1 will be very small, and all other ionization species 
can be neglected. The hot spot is dense enough to maintain 
collision-dominated, detailed-balance local thermodynamic 
equilibrium (LTE) ionization-species population ratios given 
by the Saha equation9

 ,n
n n

a g
g kT

e
2

4,

, /

i

i kT
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2
3 2e

H
i

r|
= -|e o  (40)

where g1 and g2 are the statistical weights of the bound and 
stripped states, respectively. The statistical weights for H-like 
and stripped ions are g1 = 2p2 and g2 = 1, respectively. 
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Figure 139.23
Excess photon yield as a measure of fuel–shell mix. The normalized yield 
quotient Y Y .0 57

n0o
 is nearly constant for the simulated implosions, accord-

ing to the results plotted here and in Fig. 139.21. This quotient is plotted versus 
the shell adiabat parameter here as blue squares. The same quotient calculated 
from measured yields is plotted as red circles. These measurements conform 
to the 0.57 power scaling for higher shell adiabat parameters ashell > 2.3. 
As unstable shells break up during the deceleration phase of the implosion, 
carbon can be mixed into the hot spot from the shell, which accounts for the 
excess x-ray emission above the amount expected from the yield scaling. 
This twofold to threefold enhancement can be attributed to masses of 125 to 
250 ng of shell CH mixed uniformly into the hot spot. (Figure from Ref. 27.)
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The FF opacity FF
lo  for the fully ionized species with nuclear 
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(41)

accounts for the entire FF contribution from that element since 
lower degrees of ion ionization contribute less, in proportion 
to their fractional populations. We can be more precise now 
by stipulating that the Gaunt factor gi,FF pertains to the fully 
stripped species of element i. The correction for stimulated 
emission is included. Considering a mixture of elements i, 
using n2 c ni, we have 
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where ni is the total ion density, and
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The BF opacity for a single element is written in similar terms. 
Here, only the H-like species population ni,1 is relevant in the 
fully ionized limit, giving simply
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for the spectral range above the ionization edge. The BF opacity 
written in this way has strong hidden temperature and density 
dependence through ni,1. The more-stationary product ni,2ne is 
substituted using the Saha equation [Eq. (40)] to obtain
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Again, considering a mixture of elements i, using ni,2 c ni, 
we can write

,n Z e g n Z e g,i i
kT

i
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i
kT4 4

BF BF=- -| | | |D D_ _i i/  (45)

giving
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Applying the appropriate values for g1, g2, and p given above 
for the H-like species, we have
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In LTE, the Kirchhoff relationship14 fo = loBo(T) is the sta-
tistical detailed-balance relationship between emissivity and 
opacity, or between any one absorption process and its time-
inverse emission process. Therefore,
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and, applying Eqs. (42) and (47),
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This ratio is independent of density, except at higher densi-
ties where continuum lowering n /

i
1 3

+|D  becomes important. 
To gauge the relative importance of the participating processes, 
we set aside the Gaunt factors temporarily and write

 ,Z e g ZkT4 4
BF .

-| |D_ i  (50)
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which is a valid simplification at very high temperatures, kT & 
| $ |H, and

 .Z g Z2 2
FF .  (51)

It is easy to see from Eqs. (49)–(51) that we have been correct 
in neglecting FB emission in hydrogen, relative to FF emission, 
but that the Z Z4 2  charge scaling of the FB-to-FF ratio 
predicts significant FB emission from mid-Z contaminants, in 
addition to their FF emission, even if they are present in trace 
amounts relative to hydrogen.

It may appear paradoxical that the BF-to-FF ratio given by 
Eq. (49) is independent of density, considering that BF absorp-
tion is initiated by a two-body (photon–ion) interaction, imply-
ing that its opacity is linear in density, while FF absorption is 
initiated by a three-body (photon–electron–ion) interaction, 
implying that its opacity is second order in density. In general, 
the ratio of densities in the BF-to-FF opacity ratio is density 
dependent, but since we are working in the near-complete ion-
ization regime where all the bound-electron species are H-like, 
the Saha equation [Eq. (40)] removes this density dependence.

The Planck function in the Kirchhoff relationship can be 
written as
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The individual emissivity contributions are then
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repeating Eq. (8), and
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with a total emissivity
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This expression can be evaluated to obtain the enhancement 
of the photon yield resulting from the increase in both Z g2

FF  
and Z e gkT4

BF
-| |D_ i  from CH shell–mix contamination. 

The CH mix does not affect the neutron yield, except possibly 
through increased radiative cooling since the nDnT product of 
fuel ion densities product in Eq. (30) is only minutely affected 
by a trace contamination.

As was noted above, the Kulsrud Gaunt factor for hydro-
gen differs only slightly from the more reliable KL values 
for hydrogen in our relevant temperature range, but it is not 
applicable to carbon under ICF hot-spot conditions or to FB 
emission. Power-law fits to KL results have been obtained near 
ho0 c 5.39 keV and h kT 20 .o  for the Gaunt factors needed 
to evaluate Eq. (55) (Ref. 19). These are
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The FF Gaunt factors depend on temperature because the 
FF absorption cross section is an average over the Maxwell–
Boltzmann distribution of initial free-electron states. The FB 
Gaunt factors, on the other hand, do not depend on temperature 
because all properties of the single-electron bound states are 
attributes of the ion, not the free-electron plasma. We find that 
adding a fraction fCH = 2.4% by atom of CH to a pure hydro-
gen core, as in the uniform mix of shell polymer into the hot 
spot, doubles the emissivity at ho0 c 5.39 keV. This represents 
a mix mass of DMCH = 125 ng in the chosen example above 
where the hot-spot mass is MHS = 2.1 ng, which happens to be 
the mean hot-spot mass of the entire ensemble of simulations 
considered above. The standard deviation of hot-spot masses 
in this ensemble is only 17%, so the emission-doubling mix 
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mass is roughly the same for all the implosions. The measured 
emission enhancements of the low-adiabat implosions plotted 
in Fig. 139.23 range over factors from 2 to 3, which correspond 
to a range of mix mass from 125 ng to 250 ng. The enhance-
ment factor corresponding to a 2.4%-by-atom contamination 
level is shown plotted as the black curve in Fig. 139.24 as a 
function of temperature. Within the range of plausible hot-spot 
temperatures indicated by the blue-shaded region, 2 keV < kT < 
3 keV, the enhancement factor is a weak function of tempera-
ture, primarily the result of the temperature dependences of the 
relevant Gaunt factors listed in Eq. (56). The yield-ratio scaling 
index q, plotted as the red curve, varies with temperature in 
the contaminated core, as it does in the pure hydrogen core in 
Fig. 139.22, although much less so, because the Gaunt factors 
for the FB emission, which counts for very roughly half the 
emission in Fig. 139.24 and none of the emission in Fig. 139.22, 
do not depend on temperature. The black and red horizontal 
dashed lines show the enhancement factor (unity) and the index 
value (0.56) expected for zero contamination.
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Figure 139.24
Photon-yield enhancement resulting from a contamination of the hot spot, as 
a function of temperature. The photon emissivity of a hot spot is expected to 
double when contaminated at a level of 2.4% by atoms of the CH shell mate-
rial. This enhancement factor varies with hot-spot temperature, as shown 
by the black curve and the left-hand scale. The blue shading emphasizes 
the range of temperature from 2 to 3 keV—the plausible range of hot-spot 
temperatures. The red curve and right-hand scale show the scaling index q of 
the yield quotient Y Y q

n0o
 as a function of temperature. The black and red 

horizontal dashed lines show the enhancement factor (unity) and the index 
value (0.56), respectively, expected for zero contamination.

A set of similar mix-mass measurements has been reported 
for cryogenic implosions on the NIF based on the ratio of the 
x-ray and neutron yields.13 To describe this technique in terms 

of the discussion above, we write Eq. (28) once again, but with 
the mix effect included, as in Eq. (55),
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Our discussion parallels the discussion in Ref. 13 to some 
extent, although the mix-mass estimates presented in Ref. 13 
are based ultimately on emissivity values obtained from 
detailed atomic calculations, rather than the Kramers–Gaunt 
formulation underlying Eq. (57). The ratio of the photon to 
neutron yield can be constructed from Eq. (30) and Eq. (57) 
with the result being
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to within fixed constants. This is the quantity that was measured 
in the NIF experiments. In forming this ratio, the pressure fac-
tors, the hot-spot volumes, and the emission times cancel. It was 
assumed here as well that the temperature and neutron emission 
rate were spatially uniform, the electron and ion temperatures 
were equal, and the photon and neutron emission volumes 
and times were equal. Since OMEGA and non-igniting NIF 
implosions stagnate in comparable temperature ranges, we can 
examine this yield ratio in an approximate fashion by allowing 
h = f = 0, and applying the Kulsrud limit gFF ? T 0.5 for both 
hydrogen and carbon and the same temperature independence 
for gFB, which is a better approximation near ho0 = 10.85 keV 
used in the NIF measurements than near ho0 = 5.30 keV used 
in the OMEGA experiments. This gives
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The argument supporting the mix-mass estimates based on 
measurements of this yield ratio in the NIF experiments is that, 
according to an equation very much like Eq. (59), the yield ratio 
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is related directly to the charge averages and consequently to 
the mix atomic fractions:

 .Z
f

1 6 1 2
n n CH

-= + ` j  (60)

Since the hydrogen and carbon are nearly fully ionized, the 
ion charges are effectively fixed, and everything else is a weak 
function of temperature.13 Based on the condition given by 
Eq. (19) for n = 4, the leading factor of Eq. (59) is indepen-
dent of temperature for a range of temperatures centered at 
kT h 40 0o=  or kT0 = 2.71 keV, which is almost exactly the 
center of the range of temperatures, 1.7 keV < kT < 3.9 keV 
given in Ref. 13 as the range of applicable source temperatures. 
These NIF mix-mass measurements are another example of 
how taking x-ray measurements at an appropriate spectral 
energy simplifies their analysis in a very important way. 

The contamination fractions measured on OMEGA at the 
level of fCH = 2.4% to 4.8% are similar to the range of mix frac-
tions measured on the NIF.13 Given the obvious dissimilarities 
between NIF indirect-drive implosions driven by two orders of 
magnitude more laser energy than the OMEGA direct-drive 
implosions, the similar mix fractions become an interesting 
point of comparison for future consideration. A few remarks 
will suffice for now. We note that the NIF capsules are roughly 
twice the diameter of the OMEGA capsules.35 Assuming 
naively that all characteristic lengths and times of an implosion 
scale in direct proportion to the initial capsule radius, i.e., if the 
experiments on the two platforms were self-similar versions of 
each other, then the material composition profiles should be 
self-similar as well. Comparable mix fractions would result 
from shell perturbation amplitudes growing to comparable frac-
tions of the capsule radius. For spherical-harmonic perturbation 
modes of the same harmonic order, the perturbation wave-
lengths scale with radius. The saturation amplitude, which is the 
point where linear perturbation growth transitions to nonlinear 
growth and, perhaps, turbulent mix, occurs at a specific ratio 
of amplitude to wavelength.36 Since both the wavelengths and 
the amplitudes scale in direct proportion to the capsule radius, 
the transition to turbulence should be self-similar in both series 
of implosions. No doubt, this self-similarity does not apply to 
all aspects of an implosion.4 If mix is regarded as a surface 
phenomenon, comparable mix masses per volume indicate 
roughly twice the mix mass per shell area in the NIF capsules 
than in the OMEGA targets since the former have roughly twice 
the volume-to-surface-area ratio as the latter. These tentative 
remarks do not identify which series of implosions was more 
unstable or which of the two mix fractions is larger, relative to 

expected performance, but it is clear that mix measurements 
are now possible and experimental progress in addressing these 
and other questions can be expected in the future. 

Conclusions
The scaling behavior of the x-ray emissivity of hydrogen 

hot spots in ICF implosions has been examined. Using the 
pressure- and temperature-dependence of x-ray continuum 
emission, we have shown that the pressure can be inferred 
from the emissivity measured within a specific spectral energy 
range without requiring accurate prior knowledge of the 
source temperature. This is significant because the pressure 
is the single most important parameter that characterizes an 
isobaric hot spot; it is a key measure of the scaled-equivalent 
ignition performance of an implosion; and it is an example of 
how quantities can be measured in direct or advantageous ways 
with spectral responses that have been optimized to the task.

The scaling relationship between the photon and neutron 
yields of OMEGA cryogenic implosions that has been observed 
in simulation results and used to isolate excess x-ray emission 
from low-adiabat implosions has been explained. We have 
brought together x-ray emission and neutron yield scaling 
results to produce the first estimates of the fuel–shell mix mass 
in OMEGA implosions. The scaling properties of both the 
x-ray emissivity at the chosen spectral energy and the neutron 
yield allow one to normalize the x-ray emission with respect 
to the scaled neutron yield so that excess normalized emission 
becomes a measure of the CH polymer mass from the shell that 
has mixed into the hot spot during the implosion, up to the time 
of stagnation. It is a matter of some interest that this neutron–
photon scaling, which has gone unexplained in the past, is now 
understood. It is of particular interest to the progress of cryo-
genic implosion research on the OMEGA Laser System that 
we have estimates of the mix mass. In a number of important 
respects, this approach to mix-mass estimation is similar to that 
of the x-ray continuum–based mix-mass measurements on the 
NIF. It is interesting that both sets of measurements describe 
similar levels of mix contamination, the implications of which 
will be interesting to consider in the future.

ACKNOWLEDGMENT
This material is based upon work supported by the Department of 

Energy National Nuclear Security Administration under Award Number 
DE-NA0001944, the University of Rochester, the New York State Energy 
Research and Development Authority, and the Office of Fusion Energy Sci-
ences Number DE-FG02-04ER54786. The support of DOE does not constitute 
an endorsement by DOE of the views expressed in this article.



X-Ray Continuum as a measuRe of PRessuRe and fuel–shell miX in ComPRessed isobaRiC hydRogen imPlosion CoRes

LLE Review, Volume 139182

REFERENCES

 1. J. Nuckolls et al., Nature 239, 139 (1972).

 2. J. D. Lindl, Phys. Plasmas 2, 3933 (1995); J. D. Lindl et al., Phys. 
Plasmas 11, 339 (2004).

 3. S. Atzeni and J. Meyer-ter-Vehn, The Physics of Inertial Fusion: Beam 
Plasma Interaction, Hydrodynamics, Hot Dense Matter, International 
Series of Monographs on Physics (Clarendon Press, Oxford, 2004).

 4. R. Nora, R. Betti, K. S. Anderson, A. Shvydky, A. Bose, K. M. Woo, 
A. R. Christopherson, J. A. Marozas, T. J. B. Collins, P. B. Radha, S. X. 
Hu, R. Epstein, F. J. Marshall, R. L. McCrory, T. C. Sangster, and D. D. 
Meyerhofer, Phys. Plasmas 21, 056316 (2014).

 5. V. N. Goncharov, T. C. Sangster, R. Betti, T. R. Boehly, M. J. Bonino, 
T. J. B. Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
R. K. Follet, C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding, 
R. J. Henchen, S. X. Hu, I. V. Igumenshchev, R. Janezic, J. H. Kelly, 
T. J. Kessler, T. Z. Kosc, S. J. Loucks, J. A. Marozas, F. J. Marshall, 
A. V. Maximov, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, D. T. 
Michel, J. F. Myatt, R. Nora, P. B. Radha, S. P. Regan, W. Seka, W. T. 
Shmayda, R. W. Short, A. Shvydky, S. Skupsky, C. Stoeckl, B. Yaakobi, 
J. A. Frenje, M. Gatu-Johnson, R. D. Petrasso, and D. T. Casey, Phys. 
Plasmas 21, 056315 (2014).

 6. J. D. Lawson, Proc. Phys. Soc. Lond. B 70, 6 (1957).

 7. R. Betti, P. Y. Chang, B. K. Spears, K. S. Anderson, J. Edwards, 
M. Fatenejad, J. D. Lindl, R. L. McCrory, R. Nora, and D. Shvarts, 
Phys. Plasmas 17, 058102 (2010).

 8. T. R. Boehly, D. L. Brown, R. S. Craxton, R. L. Keck, J. P. Knauer, 
J. H. Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring, 
F. J. Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures, 
and C. P. Verdon, Opt. Commun. 133, 495 (1997).

 9. H. R. Griem, Principles of Plasma Spectroscopy (Cambridge University 
Press, Cambridge, England, 1997).

 10. S. Yu. Gus’kov, O. N. Krokhin, and V. B. Rozanov, Nucl. Fusion 16, 
957 (1976).

 11. R. Betti, M. Umansky, V. Lobatchev, V. N. Goncharov, and R. L. 
McCrory, Phys. Plasmas 8, 5257 (2001).

 12. W. J. Hogan, E. I. Moses, B. E. Warner, M. S. Sorem, and J. M. Soures, 
Nucl. Fusion 41, 567 (2001); G. H. Miller, E. I. Moses, and C. R. Wuest, 
Opt. Eng. 43, 2841 (2004).

 13. T. Ma, P. K. Patel, N. Izumi, P. T. Springer, M. H. Key, L. J. Atherton, 
L. R. Benedetti, D. K. Bradley, D. A. Callahan, P. M. Celliers, C. J. 
Cerjan, D. S. Clark, E. L. Dewald, S. N. Dixit, T. Döppner, D. H. Edgell, 
R. Epstein, S. Glenn, G. Grim, S. W. Haan, B. A. Hammel, D. Hicks, 
W. W. Hsing, O. S. Jones, S. F. Khan, J. D. Kilkenny, J. L. Kline, G. A. 
Kyrala, O. L. Landen, S. Le Pape, B. J. MacGowan, A. J. Mackinnon, 
A. G. MacPhee, N. B. Meezan, J. D. Moody, A. Pak, T. Parham, H.-S. 

Park, J. E. Ralph, S. P. Regan, B. A. Remington, H. F. Robey, J. S. Ross, 
B. K. Spears, V. Smalyuk, L. J. Suter, R. Tommasini, R. P. Town, S. V. 
Weber, J. D. Lindl, M. J. Edwards, S. H. Glenzer, and E. I. Moses, Phys. 
Rev. Lett. 111, 085004 (2013).

 14. S. Chandrasekhar, Radiative Transfer (Dover Publications, New York, 1960).

 15. R. N. Bracewell, The Fourier Transform and Its Applications, 3rd ed. 
(McGraw-Hill, Boston, 2000).

 16. H. A. Kramers, Philos. Mag. 46, 836 (1923).

 17. J. A. Gaunt, Proc. R. Soc. Lond. A 126, 654 (1930).

 18. A. Messiah, Quantum Mechanics, Vol. II (North-Holland, Amsterdam, 
1966), p. 644.

 19. W. J. Karzas and R. Latter, Astrophys. J. Suppl. Ser. 6, 167 (1961).

 20. M. Nakagawa, Y. Kohyama, and N. Itoh, Astrophys. J. Suppl. Ser. 63, 
661 (1987).

 21. F. Perrot, Laser Part. Beams 14, 731 (1996); V. N. Tsytovich et al., 
J. Quant. Spectrosc. Radiat. Transf. 57, 241 (1997).

 22. A. N. Cox, in Stars and Stellar Systems, edited by L. H. Aller and D. B. 
McLaughlin, Stellar Structure, Vol. VIII, edited by G. P. Kuiper and 
B. M. Middlehurst (The University of Chicago Press, Chicago, 1965), 
pp. 195–268.

 23. B. F. Rozsnyai, Phys. Rev. A 43, 3035 (1991); S. Mazevet et al., Astron. 
Astrophys. 405, L5 (2003).

 24. S. X. Hu, L. A. Collins, T. R. Boehly, J. D. Kress, V. N. Goncharov, 
and S. Skupsky, Phys. Rev. E 89, 043105 (2014).

 25. R. M. Kulsrud, Astrophys. J. 119, 386 (1954).

 26. F. J. Marshall and J. A. Oertel, Rev. Sci. Instrum. 68, 735 (1997).

 27. T. C. Sangster, V. N. Goncharov, R. Betti, P. B. Radha, T. R. Boehly, 
D. T. Casey, T. J. B. Collins, R. S. Craxton, J. A. Delettrez, D. H. 
Edgell, R. Epstein, C. J. Forrest, J. A. Frenje, D. H. Froula, M. Gatu-
Johnson, V. Yu. Glebov, D. R. Harding, M. Hohenberger, S. X. Hu, 
I. V. Igumenshchev, R. Janezic, J. H. Kelly, T. J. Kessler, C. Kingsley, 
T. Z. Kosc, J. P. Knauer, S. J. Loucks, J. A. Marozas, F. J. Marshall, 
A. V. Maximov, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, 
D. T. Michel, J. F. Myatt, R. D. Petrasso, S. P. Regan, W. Seka, 
W. T. Shmayda, R. W. Short, A. Shvydky, S. Skupsky, J. M. Soures, 
C. Stoeckl, W. Theobald, V. Versteeg, B. Yaakobi, and J. D. Zuegel, 
Phys. Plasmas 20, 056317 (2013).

 28. Delettrez, R. Epstein, M. C. Richardson, P. A. Jaanimagi, and B. L. 
Henke, Phys. Rev. A 36, 3926 (1987).

 29. J. J. MacFarlane et al., High Energy Density Phys. 3, 181 (2007); Prism 
Computational Sciences, Inc., Madison, WI  53711.



X-Ray Continuum as a measuRe of PRessuRe and fuel–shell miX in ComPRessed isobaRiC hydRogen imPlosion CoRes

LLE Review, Volume 139 183

 30. G. A. Kyrala et al., Rev. Sci. Instrum. 81, 10E316 (2010); M. A. Barrios, 
S. P. Regan, L. J. Suter, S. Glenn, L. R. Benedetti, D. K. Bradley, G. W. 
Collins, R. Epstein, B. A. Hammel, G. A. Kyrala, N. Izumi, T. Ma, 
H. Scott, and V. A. Smalyuk, Phys. Plasmas 20, 072706 (2013).

 31. H.-S. Bosch and G. M. Hale, Nucl. Fusion 32, 611 (1992).

 32. C. D. Zhou and R. Betti, Phys. Plasmas 14, 072703 (2007).

 33. Lord Rayleigh, Proc. London Math Soc. XIV, 170 (1883); G. Taylor, 
Proc. R. Soc. London Ser. A 201, 192 (1950); S. Chandrasekhar, in 
Hydrodynamic and Hydromagnetic Stability, International Series of 
Monographs on Physics (Clarendon Press, Oxford, 1961), Sec. 10.

 34. J. C. Stewart and K. D. Pyatt, Jr., Astrophys. J. 144, 1203 (1966).

 35. S. W. Haan, J. D. Lindl, D. A. Callahan, D. S. Clark, J. D. Salmonson, 
B. A. Hammel, L. J. Atherton, R. C. Cook, M. J. Edwards, S. Glenzer, 
A. V. Hamza, S. P. Hatchett, M. C. Herrmann, D. E. Hinkel, D. D. 
Ho, H. Huang, O. S. Jones, J. Kline, G. Kyrala, O. L. Landen, B. J. 
MacGowan, M. M. Marinak, D. D. Meyerhofer, J. L. Milovich, K. A. 
Moreno, E. I. Moses, D. H. Munro, A. Nikroo, R. E. Olson, K. Peterson, 
S. M. Pollaine, J. E. Ralph, H. F. Robey, B. K. Spears, P. T. Springer, 
L. J. Suter, C. A. Thomas, R. P. Town, R. Vesey, S. V. Weber, H. L. 
Wilkens, and D. C Wilson, Phys. Plasmas 18, 051001 (2011).

 36. S. W. Haan, Phys. Fluids B 3, 2349 (1991).



Soft X-Ray Backlighting of cRyogenic imploSionS USing a naRRowBand cRyStal imaging SyStem

LLE Review, Volume 139184

Introduction
Backlighting is a powerful technique used to observe the flow 
of dense and relatively cold material in high-energy-density-
plasma experiments. This technique has been used successfully 
in both direct-1 and indirect-drive2 inertial confinement fusion 
implosion experiments to measure the velocity and uniformity 
of the imploding shell. High-performance, direct-drive cryo-
genic deuterium–tritium (DT) implosions3 are a challenging 
backlighting configuration because of the low opacity of the 
DT shell, the high shell velocity, the small size of the stagnat-
ing shell, and the very bright self-emission of the hot core. A 
relatively low backlighter photon energy of <2 keV is required 
to obtain an observable contrast of the backlit images. At a 
maximum speed of up to 400 nm/ns, backlighting with a nano-
second laser pulse and a conventional x-ray framing camera4 
with an a40-ps temporal resolution would lead to an a20-nm 
motion blurring of the order of the shell’s in-flight thickness. 
For high-performance DT implosions on OMEGA,5 the size 
of the hot spot is typically a20 nm, the temperature >3 keV, 
and the emission time of the order of 100 ps (Ref. 6), which 
generates extremely bright self-emission.

A crystal imaging system with a backlighter driven by 
a short-pulse, high-energy petawatt (HEPW) laser such 
as OMEGA EP7 is well suited for backlighting cryogenic 
DT implosions because of its narrow spectral width, high-
throughput, high spatial resolution of the imager, and short 
emission time and high brightness of the backlighter. Early 
proof-of-principle experiments on OMEGA using a crystal 
imaging system and a backlighter driven by the OMEGA EP 
short pulse8 laser were performed using room-temperature 
CH targets. These experiments showed encouraging results 
with the backlighter intensity within a factor of 2 of the time-
integrated core emission and a signal-to-background ratio of 
>10. The initial data indicated that significant improvements 
were required in the setup to be able to backlight cryogenic 
DT targets. The images showed significant astigmatism, which 
must be reduced. The self-emission of a DT cryo target is orders 
of magnitude larger compared to a CH target because of the 
much lower opacity, which requires a time-gated detection 

system. The backlighter target must be close to the primary 
target (a5 mm) to achieve the required brightness, which is 
not compatible with the cryogenic shroud setup on OMEGA.9 

This article describes the setup of a crystal imaging system 
for cryogenic DT implosions on OMEGA based on the design 
presented in Ref. 8. Three major improvements have been 
implemented: (1) the x-ray reflecting crystal has been mounted 
on an aspheric substrate to reduce the astigmatism; (2) a time-
gated detector has been implemented to record the image; and 
(3) a fast target-insertion system has been built to insert the 
backlighter target close to the implosion target within 100 ms 
after the cryogenic shroud has been removed. The backlighter 
target material was changed from Si-coated Al foils to pure 
Si wafers, and the CH filters were replaced with Be filters to 
increase the brightness of the backlighter and the transmission 
of the imaging system. 

Setup of the Crystal Imaging System
The cryogenic backlighting system uses the Si Hea line 

at a1.865 keV (0.664 nm) from a Si backlighter driven by the 
OMEGA EP laser (see Fig. 139.25). The backlighter target 
is a 500-nm-sq # 10-nm-thick silicon wafer placed 5 mm 
from the primary target. A 25-mm-diam quartz crystal, cut 

Soft X-Ray Backlighting of Cryogenic Implosions  
Using a Narrowband Crystal Imaging System

Figure 139.25
Schematic of the spherical crystal imager backlighting setup (not to scale). 
The short-pulse laser illuminates a backlighter foil behind the primary target, 
which is heated by 60 beams from the OMEGA laser (not shown). A direct 
line-of-sight (LOS) block and a collimator protect the detector from back-
ground x rays emitted by the backlighter and primary targets. 
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along the 1011 planes with a 2d spacing of 0.6687 nm, is set 
up so that the x rays from the backlighter are incident on the 
crystal at 83.9° from the surface—the Bragg angle for the 
Si Hea line. The crystal is bonded by INRAD10 to a substrate 
with a 500-mm major radius of curvature by optical contact. 
It is placed 267 mm from the implosion target. The image 
is recorded on a detector located a3.65 m from the target at 
a magnification of a15#. A direct line-of-sight (LOS) block 
and a collimator are used to protect the detector from back-
ground x rays emitted by the backlighter and the primary 
targets. A 12.5-nm-thick Be foil is used as a blast shield in 
front of the crystal, and a second 12.5-nm-thick Be foil acts 
as a light-tight filter in front of the detector. The Be foil in 
front of the crystal is backed with a stainless-steel mesh to 
increase its mechanical stability. This system is described in 
more detail in Ref. 8.

1. Astigmatism-Corrected Crystal Substrates
An aspheric substrate was designed to reduce the optical 

aberrations of the imager seen in the previous experiments,8 
which are predominantly astigmatism. The deviation from a 
spherical surface was described in polynomial form (only the 
five leading terms are shown): 
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A ray-tracing software (FRED)11 was used to optimize the coef-
ficients for the smallest spot size. The ray-tracing software was 
set up to use the rocking curve of the crystal as an additional 
constraint. The width of the rocking curve was set to be 2# the 
vendor specification of 12 arcsec. The optimized coefficients 
are listed in Table 139.I. The calculated point-spread func-

tion (PSF) for this design has a full width at half maximum 
(FWHM) of a0.5 nm in the horizontal direction and a2 nm in 
the vertical direction (see Fig. 139.26). While it is theoretically 
possible to calculate a surface prescription that produces a spot 
with submicron spatial resolution on axis, the polynomial was 
truncated to stay within the capabilities of the manufacturing 
process. The substrate was manufactured by QED Technolo-
gies12 to a figure error of 25-nm peak-to-valley and 2-nm root 
mean square (rms). 
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Figure 139.26
Point-spread function (PSF) of the imaging system with an optimized substrate 
as calculated by FRED.

2. Time-Gated Detector
To reduce the impact of the self-emission of the hot core of 

the cryo DT implosion, the time-integrated image-plate (IP) 
detector described in Ref. 8 was replaced by the head of an x-ray 
framing camera (XRFC)4 (see Fig. 139.27). The XRFC head 
was attached at the back of a ten-inch manipulator (TIM-4) 
with an adapter flange. Slots were cut in the collimator holder 
to pump out the volume where the microchannel plate (MCP) 
of the XRFC head operates. A vacuum gauge was used to 
interlock the high-voltage system of the XRFC head to prevent 
discharges. The Be filter used to block the UV light from the 
laser was mounted behind the collimator. The XRFC head was 
run with a single-strip MCP detector, fed by a 300- to 500-ps-
long high-voltage pulse. The image is recorded on film. The 
spatial resolution of the XRFC recording system is typically 
a20 lp/mm (Ref. 13).

Table 139.I: Polynomial coefficients for the optimized 
aspherical substrate.

i j Aij Polynomial

2 0 8.682 # 10–8 X2

2 2 1.140 # 10–5 Y2

3 1 –1.545 # 10–7 X2Y

3 3 –1.131 # 10–7 Y3

4 0 5.372 # 10–10 X4
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3. Fast Target Inserter
Given the available energy of the short-pulse laser system, 

the backlighter target must be positioned close to the cryo 
target to maximize the brightness of the backlighter emission. 
Previous experiments8 have shown that with a distance of 5 mm 
for the backlighter target, adequate brightness and backlighter 
uniformity can be achieved. Unfortunately, this backlighter 
location is inside the cryogenic shroud system, which protects 
the cryogenic DT target, being held at a temperature of <20 K, 

from ambient thermal radiation.9 It is impossible to mount the 
backlighter target on the same support structure as the cryo 
target since it would distort the uniformity of the isotherms 
inside the layering sphere, which is essential for obtaining 
high-quality DT ice layers. A fast target positioner (FASTPOS) 
was designed to insert the backlighter target after the cryogenic 
shroud was removed, immediately before the target shot. The 
timing of the shroud removal leaves an a100-ms window to 
insert the backlighter. Given the shroud diameter of a100 mm 
and a clearance requirement of a25 mm around the shroud for 
the fast retraction operation, a travel distance of a80 mm is 
required [see Fig. 139.28(a)].

The design of FASTPOS is based on a commercially avail-
able linear actuator from LINMOT14 [see Fig. 139.28(b)]. This 
motor is capable of a peak force of a70 N, providing an accel-
eration of >10 g, with a moving mass of a120 g. This actuator 
was set up in a mounting system with aluminum extensions 
for the slider, polymer bushings to provide a radial constraint, 
and a pin-in-slot system to provide a rotational constraint. A 
Micro-E optical encoder provides high-resolution feedback for 
a closed-loop control system. Special care was taken to provide 
a low-resistance ground path for the return current generated 
by the short-pulse laser interacting with the backlighter target. 
Extensive tests have shown that the FASTPOS system can 
insert targets over a distance of a80 mm, with a final position-
ing accuracy of <50 nm in a70 ms. It is very resilient to the 
electromagnetic interference caused by the short-pulse laser. 
The instrument performed well and without issues even at the 
highest laser energies of 1.25 kJ. 
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Figure 139.27
CAD model of the x-ray framing-camera setup. SCI-XFRC: spherical crystal 
imaging x-ray framing camera.
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Figure 139.28
(a) Illustration of the path of the backlighter target starting outside the cryo shroud to a5 mm from the cryo target; (b) CAD drawing of the setup of the fast 
target positioner (FASTPOS).
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Experimental Data
The first experiments with the aberration-corrected cryo-

compatible Si Hea spherical crystal imaging (SCI) system 
were performed using both room-temperature plastic (CH) 
shells and DT cryogenic targets. Both targets had an 860-nm 
outer diameter. The CH shells had 27-nm-thick walls, roughly 
mass equivalent to the cryo DT targets, which had an a7.5-nm 
CD outer shell and an a60-nm-thick DT ice layer. The targets 
were imploded using a20 kJ of UV (351-nm) laser light with an 
a2- to 3-ns-long highly shaped laser pulse.3 The backlighter tar-
get was made out of a 10-nm-thick Si wafer. The OMEGA EP 
short-pulse laser illuminated the backlighter foils at an a45° 
angle of incidence and focused to an a350-nm focal spot, 
corresponding to an average intensity of a1 # 1017 W/cm2 at 
1.25-kJ energy and a 10-ps pulse duration. The OMEGA EP 
short-pulse laser was fired at various delays of 2 to 3 ns after 
the start of the OMEGA UV pulse.

1. Gated Imager
A backlit image of (a) a time-integrated cryo DT implosion 

recorded on an image plate and (b) a time-gated self-emission 
image recorded on the XRFC are compared in Fig. 139.29. Both 
images show the emission of the SiC stalk at the bottom of the 
image that holds the shell. The stalk is irradiated by some of the 
laser energy that drives the target and emits the same Si Hea 
radiation as the backlighter. The time-integrated image shows 
an extremely bright emission peak from the implosion core 
and a very faint record of the backlighter emission. The core 
emission saturated the detector and is significantly more than 
10# brighter than the backlighter. The time-gated image was 
recorded without a backlighter using an a500-ps-long electri-

cal gate pulse. The gate pulse was timed to avoid the emission 
of the core. The image is dominated by the emission from the 
shell as it is heated by the UV laser. It shows only a very faint 
signal from the core in the center of the shell, demonstrating 
the very high extinction ratio of the gated recording system. 

2. Performance of the Crystal Imager
Figure 139.30(a) shows a time-gated backlit image from 

an implosion experiment with a mass-equivalent CH target 
taken between the end of the drive laser pulse and the start of 
the self-emission at peak compression. The gate of the XRFC 
was set to a300 ps. The emission from the SiC stalk is seen at 
the bottom of the image. A “shadow” from the highly opaque 
compressed CH shell is seen in front of the emission from the Si 
backlighter. Since the gate time was set to start after the end of 
the laser pulse, no signal from the shell self-emission is visible.

A “cusp”-like feature in the absorption at the bottom of the 
shadow shows the effect of the stalk and the glue, with which 
it is attached to the shell, on the implosion dynamics. A second 
faint absorption feature close to the top of the target image is 
most likely caused by a piece of debris on the outer shell. This 
image shows the high optical quality of the improved imag-
ing system; the astigmatism seen in previous experiments is 
fully corrected. A vertical lineout [Fig. 139.30(b)] is used for a 
detailed comparison between the measured signal and post-pro-
cessed one-dimensional (1-D) simulation. The measurements 
compare very favorably with the simulation in the parts of the 
shell not influenced by the stalk (top of the target, right side 
in lineout), showing that the resolution of the imager is good 
enough to capture the dominant features of the implosion. The 
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Figure 139.29
(a) Time-integrated image of a backlit DT cryo implosion recorded on an image plate; (b) time-gated image of the self-emission from a DT cryo implosion.
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Figure 139.30
(a) Time-gated backlit image from a mass-equivalent CH implosion experi-
ment; (b) vertical lineout through the backlit image.

effect of the stalk is clearly visible in the lineout. More-involved 
two- (2-D) or three-dimensional (3-D) simulations are required 
for a detailed analysis of the stalk and debris effects. Shots with 
a static resolution target in place of the primary target and only 
the backlighter pulse indicate that the spatial resolution of the 
imager is a10 nm at 10% modulation, which is significantly 
more than the expected resolution of a few microns. 

3. Backlit Cryogenic Targets
As expected, the images from cryogenic DT targets show 

significantly less contrast compared to the mass-equivalent CH 
targets [see Fig. 139.31(a)]. A 300-ps gate was used in these 
experiments to minimize the contribution from self-emission. 
The gate was timed to start a500 ps before the time of peak 
core emission [see Fig. 139.31(b)]. The OMEGA EP short-
pulse laser was fired a100 ps before the end of the gate at a 
time when the shell assembly was compressed to a radius of 
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Figure 139.31
(a) Time-gated image of a backlit DT cryogenic implosion. (b) Temporal 
evolution of the shell radius center (blue) compared to the temporal history 
of the laser power and neutron-production rate from 1-D LILAC simulations 
for the shot shown in (a). The exposure timing of the XRFC is indicated by 
the gray-shaded area; the arrival time of the OMEGA EP short-pulse laser is 
indicated by the purple vertical line. 

a120 nm. The image shows a faint record of the self-emission 
of the SiC stalk at the bottom of the target. The shadowgraph 
of the imploded shell is slightly offset from the center of the 
backlighter, illustrating the difficulties in aligning the crystal, 
primary target, and backlighter on a common line of sight. 
No indication of the self-emission from the shell is seen in the 
image, showing that the brightness of the backlighter and the 
narrow spectral acceptance of the imaging system are suffi-
cient to suppress this background source. No bright emission 
from the core is seen in the center of the absorption feature, 
demonstrating again that the extinction of the gated imager is 
good enough to obtain high-quality data.
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Image Analysis and Interpretation
To measure the absorption in the compressed shell and quan-

titatively compare the signal recorded by the crystal imager 
with simulations, the data must be corrected for the backlighter 
shape. A simple first-order physical model was constructed to 
describe the shape of the backlighter by assuming a constant 
brightness source [see Fig. 139.32(a)]. This source was con-
volved with a Gaussian PSF, representing the spatial resolution 
of the imaging system at a 5-mm defocus [Fig. 139.32(b)]. The 
brightness and extent of the source and the width of the PSF 
were varied to obtain a best fit to the shape of the measured 
signal outside the area affected by the absorption of the tar-
get. This simple model fits the measured data quite well [see 
Fig. 139.32(c)]. 

Figure 139.33 shows a lineout through the image of 
shot 70535 corrected for the backlighter shape. For comparison, 
the result from a 1-D LILAC15 hydrocode simulation, post-pro-
cessed with the radiation transport code Spect3D,16 is plotted 
(red dotted line). The backlighter timing had to be shifted by 
a100 ps earlier to match the measured size of the absorption 
feature, indicating that the implosion is slightly delayed com-
pared to the simulations.6 The measured absorption is seen to 
be much higher than the absorption calculated from the simula-
tions. One possible explanation for this discrepancy is the Ray-
leigh–Taylor mixing of carbon from the outer CD shell into the 
DT ice during the shell acceleration. Adding a small amount of 
carbon uniformly into the shell in the Spect3D post-processor16 
[0.1% C (green dashed–dotted line), 0.2% C (blue dashed line)] 
significantly increases the absorption in the model and brings 
the simulation much closer to the experimental data, especially 
in the areas of highest absorption corresponding to the dense 
shell. In the center of the image the calculated absorption with 
carbon mixing is higher than observed. This could either be 
caused by a small amount of self-emission, which is not fully 

suppressed by the gating, or be indicative of 3-D effects, like 
the presence of the nonlinear phase of the Rayleigh–Taylor 
instability, where large bubbles of the light material (DT) 
separate thin spikes of the heavy material (carbon). An imag-
ing system with limited resolution looking radially (center of 
the image) will mostly observe the low absorption of the DT 
bubbles. At the position of the dense shell, the line of sight of 
the imager will be predominantly perpendicular to the bubbles 
and spikes; consequently, the absorption will be influenced 
more by the high opacity of the carbon spikes. Another possible 
explanation of the higher-than-predicted absorption could be 
uncertainties in the opacity models. Further experiments are 
necessary to separate these issues and more fully understand 
the measured data. 
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(a) A uniform source distribution is convolved with (b) a Gaussian PSF (c) to fit (green line) the measured shape (black line) of the backlighter lineout.
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Summary and Outlook
A crystal imaging system capable of backlighting cryogenic 

implosions using the Si Hea line at a1.865 keV has been devel-
oped on the OMEGA Laser System. Three major improvements 
were implemented on the previous setup used for proof-of-
principle experiments with room-temperature CH targets:8 
(1) The Bragg crystal was bonded to an aspherically shaped 
substrate, significantly reducing the optical aberrations. (2) A 
time-gated detector was set up using the head of an XRFC. The 
background from the very bright emission of the implosion core 
prominently seen in previous time-integrated experiments was 
almost completely eliminated. (3) A fast target-insertion system 
was set up, capable of inserting the backlighter target a80 mm 
in <100 ms, which made it possible to perform experiments 
with a backlighter very close to the cryogenic target (a5 mm) 
without any modification to the cryogenic layering system, 
which could have compromised the quality of the DT ice layer.

High-quality backlit images were recorded with this system 
on cryogenic DT implosions. A simple procedure to correct for 
the shape of the backlighter based on a physical model of the 
imager was developed and applied to lineouts from the images. 
The corrected lineout shows significantly more absorption than 
a post-processed 1-D hydro simulation of the experiment, which 
could be an indication of carbon mixing deep into the DT ice 
layer during the acceleration phase of the implosion.

The resolution of the imaging system is adequate to resolve 
the spatial structures seen in cryogenic implosions a200 ps 
before peak compression, but it might be a limiting factor closer 
to peak compression, where the spatial scales are compressed 
by a factor of a3. The discrepancy between measured and 
calculated resolution will be studied in offline experiments to 
explore the causes and potential remedies for this issue. 

The description of the backlighter shape could be improved 
with a higher-order physical model, like the one based on a 
Taylor expansion,2 or a decomposition in sinusoidal modes. 
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The compression of matter to a very high density is of general 
interest for high-energy-density physics,1 laboratory astrophys-
ics,2 and inertial confinement fusion (ICF).3 This article reports 
on picosecond, time-resolved, monochromatic 8-keV x-ray 
radiographic measurements of imploded cone-in-shell targets 
on the OMEGA laser. The results show that a spherical shell 
with a re-entrant cone—a system with broken spherical sym-
metry—can be successfully compressed with long-pulse (ans) 
lasers to a final mass density and geometry that provide favor-
able characteristics for subsequent ignition with a short-pulse 
(aps) laser. We find excellent agreement with predictions from 
two-dimensional (2-D) radiation–hydrodynamic simulations 
with the code DRACO.4 This work is an important step forward 
for fast ignition5 because it demonstrates that sufficient areal 
density can be assembled at the tip of the re-entrant cone to trap 
the fraction of the fast-electron energy spectrum (aMeV) from 
the short-pulse laser that is relevant for fast ignition.

Over the last four decades, a tremendous effort has been 
devoted to studying the physics of high-density matter by 
compressing spherical shells with powerful laser beams.6,7 
Achieving high compression with pressures a1016 Pa is vital 
for ICF, where a few milligrams of frozen deuterium and tri-
tium fuel are compressed by laser light ablation (direct drive) 
or by x-ray ablation (indirect drive) to such high temperatures 
and densities that ignition is reached and a thermonuclear burn 
wave spreads through the shell. Similar pressures found inside 
astrophysical objects make laboratory compression experiments 
interesting for studying those material states. Pressures of 
a1016 Pa prevail in the sun’s core, while they are a100# lower 
in the core of giant planets. An important step toward ignition 
has been recently demonstrated by measuring fusion energy that 
exceeds the energy coupled in the fuel in an ICF implosion.8 
So far, ignition has not been reached despite code predictions. 
Besides the conventional “hot-spot” approach, which triggers 
ignition in the center of a rapidly converging shell, alterna-
tive approaches such as fast ignition (FI)5 and shock ignition 
(SI),9 which separate the compression and ignition phases of 
the implosion, have been proposed. Ignition is achieved from 
highly localized heating: on the side of the high-density fuel 

using a separate ultrahigh-intensity laser (FI) or in the center of 
the compressed shell by a converging shock wave (SI). These 
concepts are attractive because higher gains might be achievable 
than with central hot-spot ignition. Early experiments studying 
the FI concept10,11 reported a coupling efficiency of 15% to 
30% of the short-pulse laser energy into the compressed plasma. 
Those experiments were limited by several factors, includ-
ing insufficient drive-laser energy (2.5 kJ), no pulse-shaping 
capability, and a longer drive-laser wavelength (532 nm instead 
of 351 nm)—unfavorable factors for achieving high compres-
sion. In addition, the low number of overlapping drive beams 
resulted in a large illumination nonuniformity that affected 
the symmetry and possibly the hydrodynamic stability of the 
implosion. Laser pulse shaping is necessary to compress the 
target on a low adiabat (a), which is defined as the ratio of the 
plasma pressure in the shell to the Fermi pressure of a degen-
erate electron gas.12 A low adiabat is a prerequisite for high 
target compression. Based on our experiments and simulations, 
we conclude that the FI experiments10,11 were merely qualita-
tive and were not guided by sufficient simulation capability to 
adequately describe this complicated radiation–hydrodynamic 
problem. It is therefore questionable whether sufficient com-
pression was achieved to stop MeV electrons and surprising that 
such high coupling efficiencies were reported10,11 (efficiencies 
that could not be reproduced in experiments on OMEGA13). 
Follow-up experiments at the Institute for Laser Engineering 
confirm an insufficient compression, being a10# lower than was 
previously estimated, and a much lower (a1.6%) short-pulse 
beam-energy coupling.14

In the experiments reported here, thin plastic shells with 
an embedded hollow cone made out of high-Z material were 
imploded. The purpose of the cone was to provide a plasma-free 
path for the short-pulse ignition laser to propagate as close as 
possible to the dense fuel. One complication is that the cone 
breaks the spherical symmetry and requires multidimensional 
simulation capability to accurately model both the flow of the 
material and the interaction between radiation and matter. The 
picosecond, time-resolved radiographic measurements of the 
hydrodynamic evolution of cone-in-shell implosions presented 

Time-Resolved Compression of a Spherical Shell  
with a Re-Entrant Cone to High Areal Density  

for Fast-Ignition Laser Fusion



Time-Resolved CompRession of a spheRiCal shell wiTh a Re-enTRanT Cone To high aReal densiTy

LLE Review, Volume 139192

here demonstrate for the first time the assembly of plasma dense 
enough to stop MeV electrons at a time when the cone tip has 
not been breached by the implosion, which is an important 
requirement for fast ignition. This is possible only because of 
the unique experimental capability of the Omega Laser Facility 
and a significant improvement in multidimensional simulations. 
The excellent agreement between experiment and simulation 
obtained here provides a benchmark for the code calculations 
that will be used to further improve implosion performance.

Important quantities that characterize the fuel assembly are 
the mass-density distribution t(r) and the areal density tR, 
which is given by the integral of t over the spatial coordinate 
from the shell’s center to infinity, .rdt

3

0
#  Measurements of 

tR and t provide a method to compare the actual and pre-
dicted implosion performances. Radiography with x rays in 
combination with a framing camera is a technique15 to spatially 
measure and temporally resolve the fuel mass; it has been used 
on OMEGA to study the implosion dynamics of deuterium gas-
filled plastic spherical shells without a cone using an a5-keV 
broadband backlighter driven by an a1-ns laser, and a camera 
with an a40-ps integration time.16 A mass-density distribution 
t(r) and a tR of up to a60 mg/cm2 were measured at various 

times outside of peak compression.16 In those experiments 
a strong x-ray self-emission from the hot core prevented a 
measurement at peak compression. Previous experiments with 
cone-in-shell targets in indirect17 and direct drive18,19 investi-
gated high-adiabat implosions with simple square pulses, which 
lacked quantitative comparison to simulations.

The current experiment used thick (42-nm) plastic shells 
with a cone and a low gas pressure (a0.8 atm of air) imploded 
by a shaped laser pulse to minimize x-ray self-emission. An 
x-ray source driven by a short pulse with a shorter emission 
time and a higher photon energy combined with a narrow-
bandwidth (DE/E = 1.2 # 10–3) crystal imager provided the 
necessary tool to study the fuel assembly in unprecedented 
detail. The mass-absorption coefficient n of the compressed 
material is a function of the photon energy, and measuring it 
with a spectrally pure photon source significantly decreases 
the uncertainty in the inference of mass density and areal 
density. Figure 139.34(a) shows the experimental setup. The 
cone-in-shell target [Fig. 139.34(b)] consisted of a hollow gold 
cone mounted inside a plastic shell. A small aluminum cylin-
drical tip was mounted on the end of the cone. The purpose 
of the 60-nm-thick Al tip was to delay the shock breakout 

Figure 139.34
(a) Schematic of the setup of the backlighter experiment with a Cu foil irradiated by the OMEGA EP short-pulse beam and using 54 OMEGA beams to implode 
a cone-in-shell target. A 50-nm-thick Al foil was located 2 mm from the Cu foil to shield it from plasma and x-ray radiation from the implosion. A raw image 
of the fuel assembly is shown in the image plane. The distances are not to scale. (b) Illustration of the cone-in-shell target. (c) Laser pulse shape to implode the 
capsule. (d) Time-resolved Ka x-ray emission from a Cu foil target irradiated with an a1-kJ, 10-ps pulse.
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compared to a previous design with a 15-nm Au tip.13 There is 
a trade-off between having sufficient tip material to delay the 
breakout and a good electron coupling into the core because 
more material affects the electron transport and increases the 
standoff distance from source to core. After imploding the shell 
with 54 OMEGA UV beams6 with an energy of a18 kJ and the 
drive pulse shown in Fig. 139.34(c), a thin Cu foil was irradi-
ated by the a1.4-kJ, 10-ps OMEGA EP short-pulse laser.20 
The OMEGA EP laser was defocused to an a200-nm spot that 
provided an intensity of a5 # 1017 W/cm2 and generated fast 
electrons with a kinetic energy in the range of several 100 keV 
to aMeV (Ref. 21). Strong electrostatic sheath fields at the target 
boundary retain most of the fast electrons in the a1-mm foil. 
The electrons recirculate and generate Ka radiation, providing 
a relatively uniform Cu Ka area backlighter source. A spherical 
Bragg crystal imager22 tuned to the Cu Ka1 line (8.048 keV) 
was located on the opposite side of the target and imaged the 
implosion onto an image-plate detector with a magnifica-
tion of 14.7. The imaging system efficiently rejects unwanted 
background and x-ray self-emission from the implosion. The 
technique also benefits from a higher probing photon energy 
because the plasma self-emission scales with exp(–ho/kT), 
where ho is the photon energy and kT is the plasma tempera-
ture. In shots without a backlighter, the background at 8 keV 

caused by self-emission from the implosion was measured to 
be a40# weaker than the signal of the Ka backlighter. Another 
important parameter for this technique is the emission time of 
the backlighter, which determines the time resolution because 
a time-integrating detector was used. Figure 139.34(d) shows 
a time-resolved measurement of the Ka flash21 by coupling an 
ultrafast x-ray streak camera to the Bragg crystal imager. A Ka 
emission time of 12 ps was quantified, which is short enough 
to prevent any spatial blurring from the hydrodynamic motion.

First, an image of an undriven target was taken, where the 
Al tip is clearly visible and less opaque than the gold cone. The 
image was corrected for spatially varying backlighter intensity, 
similar to that described in Ref. 16, and for hard x rays that 
were generated in the foil and scattered in the diagnostic. This 
shot provided an independent measurement of the magnifica-
tion of 14.8!0.1 and a measure of the spatial resolution of 
22!3 nm. The backlighter was then used to image imploded 
targets. The time delay between the implosion laser and short-
pulse laser was varied on a shot-to-shot basis to probe the 
fuel assembly at various times [see Figs. 139.35(a)–139.35(e)]. 
The false color scheme represents the measured optical depth 
given by ,ln I I0` j  where I is the measured transmitted signal 
and I0 is the measured backlighter intensity. The frame in 
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Figure 139.35
Flash radiography images of imploded cone-in-shell targets at various stages of the implosion. The probing time was measured in situ with !0.05-ns accuracy 
at full energy by operating the neutron temporal diagnostic23 in hard x-ray mode. The top row shows the experimental data at (a) 3.75 ns, (b) 3.82 ns, (c) 3.93 ns, 
(d) 4.05 ns, and (e) 4.15 ns after the start of the UV drive-laser pulse. The bottom row [(f)–(j)] shows simulated radiographs from 2-D radiation–hydrodynamic 
simulations. The false color scheme indicates the optical depth.
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Fig. 139.35(a) shows the implosion at 3.75 ns after the start 
of the drive pulse. Time zero is defined as the time when 2% 
of the peak power from the drive-laser pulse is reached. The 
fuel starts to assemble in front of the tip and the Al tip was 
compressed to a higher density, which can be seen when com-
paring the measured optical depth in the Al tip to that of the 
undriven target. At later times the Al tip was more deformed 
and eventually completely destroyed as the fuel assembly 
reached a higher density. Peak compression was reached at the 
time of the frame in Fig. 139.35(d) at Tpeak = 4.05 ns, while 
the last frame was recorded after peak compression at 4.15 ns. 
Figures 139.35(f)–139.35(j) display calculated backlighter 
images for those shots. The simulations were performed with 
the 2-D radiation–hydrodynamic code DRACO4 in cylindrical 
geometry and were post-processed with the code Spect3D.24 
The simulation capability was significantly improved compared 
to the results reported in Ref. 13. The radiation transport has 
been included, the Eulerian scheme improved, and nonlocal 
thermal electron transport25 and cross-beam energy transfer26 
accounted for. The simulations compare well with the measured 
images, revealing similar structure and size of the imploded 
plastic material. The simulated optical densities agree to better 
than 10% with the measured optical densities. Slight differences 
are observed in the shape of the high-density region, which 
might be caused by three-dimensional (3-D) effects that were 
not taken into account in the simulations. For late times, some 
differences are observed in the region between the destroyed 
Al tip and the dense plasma core. While the simulations show a 
distinctive gap, the gap is less pronounced in the measurements, 
which could be a result of turbulent plasma behavior and some 
mixing of ablated Al material with the plastic. No significant 
mixing of aluminum and plastic material is noticed in the 2-D 
simulations but could be stronger in reality. Slight shot-to-shot 
differences in the deformation of the Al tip do not affect the 
overall performance of the implosion.

The measured optical-depth distribution was used to infer 
time-resolved radial density distributions and time-resolved 
areal densities under the assumption of cylindrical symmetry 
of the plasma along the cone axis. The optical depth x is given 
by the integral over the absorption coefficient l along the path 
of an x-ray photon through the dense plasma ,x xdx l= _ i#  
measured at the specific backlighter photon energy. Vertical lin-
eout profiles x(y) (see Fig. 139.36) taken through the dense core 
show maximum values of up to 1.65!0.1 and a full width at half 
maximum (FWHM) as small as a80 nm. Those profiles were 
Abel inverted to infer l. The absorption coefficient is equal to 
the product of the mass-absorption coefficient n and the mass 
density t, where n is a function of plasma electron temperature 

Te and t. A steady-state nonlocal thermal electron calculation 
of n was performed and the density profile was inferred by 
dividing l by n. Inferred and simulated t(r) are compared in 
Figs. 139.37(a)–139.37(e) at various times. They are very simi-
lar for radii larger than 50 nm but show slight differences in 
the dense region. The inferred t(r) is integrated to obtain tR, 
which is compared to the predicted value [Fig. 139.38(a)]. The 
measured areal densities agree with the simulations to better 
than 15%. A simple expression for maximum tR was derived 
in Ref. 27 for an imploded DT capsule filled with 1 atm of DT 
gas, which makes it possible for the maximum tR to be scaled 
with the drive laser energy EL, the laser wavelength m, and the 
adiabat ainn of the inner portion of the shell:
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For the current experiment, EL = 18 kJ and ainn = 3.5, for 
which the simple expression yields a350 mg/cm2, only a17% 
higher than the actual value, showing that the scaling model can 
be used to estimate the expected (tR)max for different energies 
and adiabats. For a laser energy of 1.9 MJ, which was used in 
a recent experiment8 at the National Ignition Facility, and for 
ainn = 3.5, a value of (tR)max a 1600 mg/cm2 is estimated, 
which is a factor of a4.6 higher than with OMEGA. A higher 
areal density allows for particle stopping up to a higher kinetic 
energy and, given a certain distribution of kinetic energies, 
relaxes the requirement to ignite the fuel.
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Figure 139.36
Time-resolved optical-depth lineouts through the dense core of compressed 
plastic measured at a photon energy of 8.048 keV.
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In addition, the breakout time of the shock driven through 
the cone tip was measured independently, similar to experi-
ments that were described in detail in Refs. 13 and 19. The 
shots were performed by firing only the OMEGA beams and 
switching off the OMEGA EP beam. The compressing shell 
pushed a jet of plasma material toward the cone tip and created 
a shock wave through the cone wall. When the shock wave 
reached the inner cone surface, it generated optical emission, 
which was measured temporally and spatially resolved from 
the inside with a streaked optical pyrometer28 and two veloc-
ity interferometer systems for any reflector.29 The measured 
average breakout time from three implosions was Tshock = 
3.85!0.04 ns, which agrees well with the predicted value of 
3.84 ns. The target is more resilient against the strong shock 
from the implosion than a previous design with a gold-only 
cone.13 Those experiments measured the breakout time for 
various gold-cone tips with thicknesses from 5 to 15 nm and 
demonstrated a later breakout for thicker tips. For a 15-nm 
thickness, the breakout time was 3.76 ns. Therefore, the target 

with the 60-nm-thick Al tip improved the margin for the arrival 
of the short-pulse laser by a90 ps, bringing the tR at 3.85 ns to 
a200 mg/cm2 [Fig. 139.38(a)], which is a70% of the peak tR.

Our simulations indicate that an even higher tR might be 
achievable on OMEGA by removing the air from the shell and 
reducing the power of the laser pulse picket. Figure 139.38(b) 
shows the calculated mass-density map at shock breakout for 
the improved design. The mass and energy of the hot spot are 
decreased, which delays the cone-tip breakout by reducing the 
pressure on the cone tip. Fuel stagnation is closer to the target 
center with a higher density and higher areal density. It brings 
the shock breakout as close as 80 ps to the peak compression 
time. At the time of shock breakout, the areal density reaches 
500 mg/cm2, 83% of tRmax = 600 mg/cm2. It is important to 
note that such high areal densities provide sufficiently dense 
plasma to stop fast electrons. Figure 139.38(c) shows the calcu-
lated average range of fast electrons in compressed deuterated 
plastic including blooming and straggling.30 Electrons up to 
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1.8 MeV will completely range out in a tR = 500-mg/cm2 

plastic plasma, while a 200-mg/cm2 plasma stops electrons 
up to 0.9 MeV. 

In conclusion,  a spherical plastic shell with a re-entrant 
cone was successfully compressed to a high areal density  
(a300 mg/cm2) at a distance of a50 nm in front of the cone tip, 
which provides sufficient stopping power for aMeV electrons—
a characteristic that is required for subsequent ignition with a 
short-pulse (aps) laser.
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Introduction
A dynamic beam-shaping system using a liquid crystal spatial 
light modulator (SLM) has undergone a successful transition 
from initial proof-of-principle demonstrations1,2 to implementa-
tion in a high-energy laser such as LLE’s OMEGA EP.3 The 
operation principle of the beam-shaping system is based on the 
phase-only carrier method, which enables one to have arbitrary 
two-dimensional (2-D) control of both the laser-beam fluence 
and wavefront by adjusting the modulation depth and the bias of 
the carrier phase. A liquid crystal on silicon (LCOS) SLM can 
be used to create a programmable high-frequency carrier phase. 
Closed-loop operation of such a device paired with feedback 
from a near-field camera or a wavefront sensor dramatically 
improves the performance.2 

Gain precompensation4 and spot shadowing,5,6 are impor-
tant applications of a dynamic beam shaper in high-energy 
lasers. The precompensation of gain inhomogeneity in ampli-
fiers reduces the peak-to-mode in fluence distribution in such 
a way that the total energy of the beam can be increased 
without risking damage to the optics. The gain precompensa-
tion in OMEGA EP long-pulse (ns) beamlines is achieved in 
multiple steps using both static and dynamic beam shapers.3,7 
The dynamic beam shaper is located in the low-energy front 
end, where a residual 2-D correction map is applied to improve 
the overall system gain precompensation performance and the 
uniformity of the final output beam. A similar gain precom-
pensation experiment was performed in another facility for 
a Nd:glass amplifier but with insignificant improvement in 
beam uniformity.8 

This article presents a more-challenging application of 
dynamic beam shaping in the context of a 50-J, 700-fs opti-
cal parametric chirped-pulse–amplification (OPCPA) system. 
The high degree of gain saturation in the optical parametric 
amplification (OPA) crystals precludes the possibility of install-
ing the SLM before the OPA. The incident beam energy on 
an SLM installed after the OPA is high enough, however, to 
damage the device if not carefully managed. Pulse contrast 
degradation caused by the secondary reflection from the front 

surface of the SLM cover glass is a non-negligible problem in 
this pulse-width regime. It introduces a prepulse 30 ps before 
the main pulse. We have been able to mitigate or remove these 
problems. The details of our approach will be described later. 

Significant improvements and diversifications in the algo-
rithms and the mode of operations of the carrier method have 
been made. First, a large discrepancy was found between 
the analytic transmission function derived in Ref. 1 and the 
experimental function. An empirical formula is introduced here 
that agrees better with the measurements. It greatly improves 
the accuracy of the open-loop algorithm. The closed-loop 
algorithm introduced in Ref. 2 is based on incrementing or 
decrementing a fixed unit-step size of the digital command 
map. It can be inefficient to use a fixed step size where many 
steps are required for convergence. A more-efficient closed-
loop algorithm will be discussed. 

The type of carrier used in the carrier beam–shaping method 
is not limited to a one-dimensional (1-D) rectangular carrier. 
A checkerboard-pattern carrier was successfully used in the 
laser-cavity mode shaping in Ref. 9. The choice of the trans-
mitted diffraction order does not need to be the zeroth order. 
A sawtooth-shaped carrier beam can maximize the diffracted 
energy into the first-order diffraction term, where the first-order 
term is chosen to be the main transmitted beam. Such mode 
of operation is fail-safe since the beam can propagate only in 
the presence of a carrier.

Improvements to the carrier beam–shaping algorithms will 
be discussed followed by detailed descriptions of the laser 
system and the experimental results. 

Improvement and Diversification of the Original Carrier 
Beam–Shaping Method

In the original phase-only carrier beam–shaping method, 
a rectangular carrier phase is applied to an SLM. A beam 
incident on the SLM acquires high-frequency modulation in 
phase and diffracts into the zeroth- and first-order diffractions. 
As the modulation peak-to-valley (p–v) approaches r, more 
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energy diffracts into the first- and higher-order diffractions. 
The diffracted beams are filtered and only the zeroth-order 
beam is allowed to pass. In this way the intensity transmission 
factor can be adjusted by controlling the modulation depth of 
the carrier phase. A 2-D transmission map as a function of 
carrier amplitude can be generated to achieve a desired beam 
shape. This principle can be modified in such a way that the 
first-order diffraction beam passes, whereas the zeroth-order 
beam is blocked. The benefit of such a configuration is that 
the beam does not propagate when the SLM fails to introduce 
the carrier, which is a useful feature for fail-safe operation in 
a high-energy laser. The disadvantage is that the maximum 
transmission cannot exceed 50% because the first-order dif-
fractions are equally split. The low efficiency can be improved 
by using a sawtooth carrier phase (blazed grating) instead of a 
rectangular one. The diffraction efficiency of the first-order dif-
fraction for the sawtooth carrier phase can be very high. These 
two modes of operation are schematically shown in Fig. 139.39, 
where Fig. 139.39(a) describes the original carrier beam–shap-
ing setup and Fig. 139.39(b) shows the modified carrier method 
in Littrow configuration. We refer to the first configuration as 
normal mode and the second as diffractive mode. For later 
discussions, the transmission [T(x,y)] of a carrier method in the 
near field of each setup after filtering is defined as

 ,
,

,
T x y

E x y

E x y

inc

0th order
=` `

`
j j

j
 (1)

and 

 ,
,

,
T x y

E x y

E x y

inc

1st order
=` `

`
j j

j
 (2)

for normal- and diffractive-mode methods, respectively. Einc is 
the incident local energy on the SLM and E0th order, E1st order 
are the local reflected energy contained in the zeroth- or first-
order diffraction beam, respectively.

1. Improvement in the Open-Loop Algorithm
The algorithm described here assumes using an LCOS-SLM 

device whose voltage-to-phase-retardation response is linear-
ized by using a look-up table (LUT). Use of an LUT does not 
completely remove the small variations in phase retardation 
in individual pixels of an SLM. In our case, the variation is 
!6%. In an open-loop algorithm, we attempted to achieve the 
best beam-shaping performance in a single step, neglecting 
these small variations. We used a reflective LCOS-SLM from 
Hamamatsu (X10468). The phase of an individual pixel is 
controlled by applying voltage on the nematic liquid crystal 
sandwiched between two parallel-aligned alignment layers. The 
SLM has 600 # 800 20-nm pixels over a 12 # 16-mm2 area. 
A phase retardation from 0 to 2 waves can be independently 
introduced on each pixel.

a. Normal mode.  The theoretical normal-mode transmis-
sion for a rectangular carrier phase with !2rA fluctuation was 
shown to be ;cos(2rA);2 in Ref. 1. The actual transmission devi-
ates, however, from the theoretical prediction. The theoretical 
and measured transmission curves are shown in Fig. 139.40. 
The transmission loss from the SLM’s reflectivity (93%) was 
not included in the calculation or measurements. The plot of 
blue circles is the theoretical prediction, whereas the colored 
solid lines are the transmissions measured at three different 
carrier frequencies by varying the carrier amplitude (A) from 
0 to 1 wave. The transmission at each carrier frequency was 
averaged over nine different points on the SLM. The black, 
blue, and red solid lines correspond to the carrier periodicity 
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Figure 139.39
Two modes of carrier-beam shaping: (a) normal 
mode using the zeroth-order beam as the main beam 
and (b) diffractive mode using the first-order beam 
as the main beam.
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of two, four, and six pixels, respectively. The measured trans-
mission curves show discrepancies with the theoretical curve 
in that the location of the first minimum is farther away from 
the theoretical 0.25 and the second peak is lower than 1. The 
deviation becomes larger as the carrier frequency increases. 
Another theoretical transmission curve based on a sinusoidal 
carrier is shown by the plot of purple circles. The analytic trans-
mission function of a sinusoidal carrier is a Bessel function (J0). 
Comparison of the analytic and measured transmission curves 
shows that the measured transmission has characteristics some-
where between the rectangular and sinusoidal carriers. Based 
on this observation, the empirical transmission function can be 
expressed using both cosine and Bessel functions as follows:

 ,cosT A c a bA aJ bA c1 1 2 20
2- - r r= +^ ^ ^ ^ ^h h h h h7 A  (3)

where T is the transmission as a function of carrier amplitude 
A. The fit parameters (a,b,c) for each averaged transmission 
curve are given in Table 139.II. The numerically fit transmission 
functions are shown as dashed lines in Fig. 139.40.

The locations of the first minima calculated from the ana-
lytic function with the given fit parameters are shown in the 
Amin column. The minimum transmission is the same as c. The 
value of c is shown to the fourth digit to emphasize the fact that 
there is a low level of leak even at “zero” transmission. The 
extinction is better at a lower carrier frequency. 

The choice of carrier frequency depends on beam-shaping 
applications. The 6-pixel–period carrier requires a smaller 
carrier wavefront amplitude than the 2-pixel carrier (0.28 ver-
sus 0.40) to achieve maximum contrast, leaving the rest of 
the dynamic range for wavefront correction. On the other 
hand, the two-pixel–period carrier allows for more digital 
levels per unit transmission change, and therefore a finer 
beam-shaping scale.

b. Diffractive mode.  The transmission characteristic of 
the diffractive-mode beam shaping using a sawtooth carrier 
is shown in Fig. 139.41. The transmission with respect to the 
blazed-grating amplitude was measured at different grating 
periods. Each curve was averaged over nine different points 
on the SLM. The analytic transmission function for a sawtooth 
carrier is 
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Figure 139.40
Transmission curve with respect to varying wavefront ampli-
tude. The 6-pixel–period carrier transmission is closer to that 
of the rectangular carrier and the 2-pixel–carrier transmission 
is closer to the sinusoidal carrier transmission. There is a finite 
extinction resulting from scattering. 

Table 139.II: Rectangular-carrier transmission param-
eters. The transmission of the 2-pixel 
(px)–period carrier is fit over 0 < A < 1. The 
fit range for 4-pixel– and 6-pixel–period 
carriers is 0 < A < 0.6.

Carrier Period a b c Amin

2 px 0.64 0.80 0.0015 0.40

4 px 0.39 0.95 0.0006 0.30

6 px 0.23 0.97 0.0001 0.28
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where C is the diffraction efficiency and A is half the p–v of 
the sawtooth carrier. C is lower than 1 because the sawtooth 
shape is pixelated in LCOS-SLM. As in the case of the rectan-
gular carrier, the analytic transmission function does not agree 
well with the measured transmission, albeit the discrepancy 
is smaller in this case. We find that the following empirical 
expression, made of trigonometric and Bessel functions similar 
to Eq. (3), fits the data better than the analytic function:

 .sinT A c a bA aJ bA1 2 22
2- r r= +^ ^ ^ ^h h h h7 A  (5)

The fit parameters (a,b,c) are summarized in Table 139.III.

Table 139.III: Sawtooth-carrier transmission parameters. The 
curves were fit over 0 < A <0.7.

Carrier Period a b c Amax Tmax 

5 px 0.52 0.61 1.88 0.48 0.73

6 px 0.65 0.65 2.60 0.49 0.78

7 px 0.69 0.66 2.89 0.50 0.80

8 px 0.70 0.67 3.00 0.50 0.81

Retaining a high diffraction efficiency is important for a 
diffractive mode. Figure 139.41 suggests that the maximum 
transmission reaches 81% with an 8-pixel carrier but does 

not improve much beyond that. The carrier frequency cannot 
be set too low in any case because the first- and zeroth-order 
diffractions must be angularly separated. The effective spatial 
resolution is also reduced with a large period carrier. As in the 
rectangular carrier setup, the 93% reflectivity of the device 
was not included in the measurement. The actual maximum 
throughput is 75% for the 8-pixel carrier. 

The fit parameters in either normal or diffractive mode must 
be recharacterized whenever there is a change in the design of 
the LCOS chip, such as the fill factor.

2. Closed-Loop Algorithm
Based on the quasilinear response of the SLM to com-

mand voltage, a general form of a 2-D command map C(x,y) 
including wavefront shaping [W(x,y), bias of carrier] and 
transmission control [A(x,y), envelope of carrier, same as A in 
Eqs. (3) and (5)] can be written as

 , , ,C x y W x y A x y carrier#c= +` ` ` ^j j j h9 C (6)

or

 , , , ,C x y C x y C x y carrierW A #= +` ` ` ^j j j h  (7)

where the spatial frequency of W(x,y) should be smaller than 
that of the carrier, c is a conversion factor from wavefront 
unit to command voltage, and CW and CA are command maps 
corresponding to W and A, respectively. Because of the small 
local variations in the phase retardation at a constant voltage 
across the device, C(x,y) producing the required W(x,y) and 
A(x,y) cannot be exactly determined in a single step. A closed-
loop algorithm is required to improve the result. A variant of 
the Newton method and a closed-loop algorithm based on that 
method will be discussed. 

a. Constant maximum-derivative Newton method.  The 
Newton method iteratively finds a solution for the equation 
F(x) = 0 using 

 ,x x
F x

F x
n n

n

n
1 -=+

l `
`
j
j

 (8)

where x corresponds to the command map state. For given 
wavefront and transmission objectives (Wobj and Tobj), the 
function F(x) corresponds to W(x)–Wobj for wavefront shaping 
and T(x)–Tobj for intensity shaping. W(x) represents the actual 
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Figure 139.41
Transmission characteristic of the diffractive-mode carrier.
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wavefront produced by the SLM at a given command voltage 
x = CW, and T(x) represents the actual transmission of intensity 
at a given command voltage x = CA. With only the approxi-
mate form of W(x) or T(x) known, the derivative in the Newton 
search cannot be calculated exactly. Fl(x) can be replaced with 
the derivative of an analytic expression for the mean response. 
This approach works quite well most of the time but it is not 
stable. Toward the end of the iterations, xn can be caught up 
in an oscillation around the solution and might even diverge, 
especially where the response is jagged. Our approach is to 
fix the derivative to a constant value smaller or larger than 
the actual derivative, depending on its sign. This ensures the 
convergence of the iterator for any noisy functions. The original 
Newton search method is modified to 

 ,x x
F

F x
n n

n
1

max
-=+ l

` j
 (9)

where Flmax is smaller than inf [Fl(x)] for a noisy downhill func-
tion or larger than sup[Fl(x)] for a noisy uphill function. We 
present a graphical illustration of this approach in Fig. 139.42 
for a noisy uphill function. The initial solution starting from 
the right-hand side approaches toward the solution without 
divergence using a positive constant derivative larger than 
any part of the actual derivative in the function even in noisy 
conditions. A starting point located in the left-hand side again 
approaches the solution without divergence. A similar argu-
ment can be given for a noisy downhill function. Figure 139.43 

shows the actual derivatives of the measured normal-mode 
transmission function of the six-pixel carrier at various points 
on the SLM, which is very noisy. Since the transmission func-
tion for the normal beam-shaping mode is globally downhill, 
the appropriate constant derivative can be set to –10 lower than 
any measured derivative.
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Figure 139.43
The derivative of transmission function. The actual derivative of the measured 
transmission data of six-pixel period carrier modulation is shown on top of 
the derivative of the empirical formula.

The proposed method is different from the damped Newton 
method, which is 

 ,x x
F x

F x
n n

n

n
1 - a=+

l `
`
j
j

 (10)

where a is a damping factor. This damping factor a allows one 
to make a conservative move in the next step, but it is not free 
from the erratic behavior of Fl(x). It is also unstable where Fl(x) 
is close to zero, which is one of the general problems of the 
Newton method. On the other hand, the constant maximum-
derivative Newton method always converges. The proposed 
method is well suited for the case where the general behavior 
of a function can be expressed as an invertible analytic function 
but its micro-behavior is not well characterized. The proximity 
of the solution is reached by inverting the analytic function such 
as Eq. (3) or Eq. (5). The final solution is refined by Eq. (9).

b. Wavefront- and fluence-shaping algorithms.  The iteration 
algorithms for either wavefront shaping or fluence shaping are 
formulated using the constant maximum-derivative Newton 
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Illustration of the constant maximum-derivative Newton search algorithm. A 
zero of a noisy uphill function is found without diverging by using a constant 
search derivative larger than sup[Fl(x)], even with local downhill sections.
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method. Since xn in Eq. (9) represents an independent point in 
a 2-D command map, Flmax can be independently set for dif-
ferent points on the SLM. Nonetheless, a single number is used 
for the entire 2-D map for convenience. Since the wavefront 
response with respect to its command voltage CW is a mono-
tonically increasing function, one chooses Flmax > sup[Fl(x)]. 
The wavefront response function can be expressed as 

 ,W C W C CW W W0 h= +_ _ _i i i  (11)

where W0(CW) represents an averaged response of the SLM 
with respect to the command map. In general this function 
is a linear function of CW and h(CW) accounts for the small 
deviation in the actual response from the ideal linear function. 
With the objective wavefront denoted as Wobj and the constant 
search derivative as (dW/dCW)max, the iteration process of the 
command voltage can be established as follows: 
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The function W(CW,n) implies the measurement of the actual 
wavefront with the nth command map state CW,n.

An intensity-shaping closed-loop algorithm can be similarly 
constructed. The transmission function is again expressed as 
the sum of an averaged response and small deviation as 

 ,T C T C CA A A0 g= +_ _ _i i i  (13)

where T0(CA) denotes either Eq. (3) or Eq. (5) and g(CA) is a 
small deviation function. Defining the objective transmission as 
Tobj and the maximum derivative as (dT/dCA)max, the iteration 
process for the carrier envelope command voltage is 
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The constant search derivative (dT/dCA)max is to be under-
stood as a negative value smaller than the infimum of dT/dCA 
in the case of normal-mode beam shaping or a positive value 
larger than the supremum of dT/dCA in the case of reverse beam 
shaping. In either case, the valid interval of CA is from zero to 

CA,min or CA,max. CA,min and CA,max are command voltages 
corresponding to Amin or Amax shown in Tables 139.II and 
139.III The inversion function T0

1-  is numerically calculated. 

Since the fluence is the quantity measured directly, it is 
more useful to express the above iteration formula in terms of 
fluences. Since the objective fluence map Fobj is Tobj # Finit, 
where Finit is the initial fluence map, 
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The iteration does not start if ;Finit; < e or ;Finit–Fobj; < e 
since it suggests that there is either no beam to shape or no 
need to shape. CA locally corresponding to these conditions is 
fixed at 0 for normal mode or at CA,max for diffractive mode. 
The iteration stops if ;F(CA,n)–Fobj; < e or if CA,n > CA,min for 
normal mode or if CA,n < 0 for diffractive mode. The second 
criterion is needed when Fobj is specified to be much smaller 
than the system can handle. For example, the minimum trans-
mission of a rectangular carrier can be a few percent higher 
for a certain LCOS-SLM model with a low fill factor, while 
the objective transmission can be ideally set to 0%. Unable to 
reach the solution, the iteration will keep increasing CA,n past 
the minimum (same as Amin in Table 139.II). Setting an upper 
limit to CA,n will prevent this runaway situation.

Equations (12) and (15) can be rewritten using gain param-
eters (gW and gA) that are positive and smaller than 1: 

 C C g W W C, , ,W n W n W W n1 obj -= ++ ` j9 C (16)

and

 g ,C F C F F, , ,A n A n A A n1 obj init! -=+ C ` j9 C  (17)

where positive and negative signs in front of gA correspond to 
normal and diffractive modes, respectively. 

Application in Gain Precompensation  
for a Nd:Glass Amplifier

The Multi-Terawatt (MTW) laser at LLE consists of an 
OPCPA front end and two glass amplifiers.10 The OPCPA front 
end consists of three OPA stages—one before and two after the 
stretcher. The preamplification before the stretcher improves 
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the pulse contrast.11 The two OPA stages after the stretcher 
amplify the pulse up to a200 mJ. The first main amplifier after 
the OPCPA front end is a 25-mm-diam Nd:glass rod amplifier 
(RA) in a double-pass configuration. The second main amplifier 
is made of four 400-mm-aperture disks installed in a zigzag 
formation at the Brewster angle. The 200-mJ pulse from the 
OPCPA front end is amplified to 2 J through the RA and can 
be boosted up to 120 J by four passes through the disk ampli-
fier. The amplified pulse is then compressed and sent to the 
target chamber. The schematic of the whole system is shown 
in Fig. 139.44(a). The SLM is placed between the OPCPA 
front-end output and the RA at an image plane. A more-detailed 
schematic of this part of the system is shown in Fig. 139.44(b). 
The square output beam from the OPCPA front end is ana-
morphically imaged to the rectangular area of the SLM (see 
Improvement in the Open-Loop Algorithm, p. 199). It is 
restored back to the original square beam by double-passing 
the same anamorphic imaging system. A static phase corrector 
in front of the SLM cancels the intrinsic wavefront error in the 
SLM.2 The beam is shaped to a gain-precompensated profile by 
the SLM using the normal-mode carrier method. After the SLM, 
the beam is switched out by polarization optics and imaged 
to the exit surface of the RA. On double-passing the RA, the 
amplified pulse is magnified and imaged to the disk amplifier. A 
sample of the injection beam to the disk amplifier is picked off 
by an uncoated mirror blank and imaged to a wavefront sensor.

The anamorphic image relay (AIR) is made of two pairs 
of cylindrical lenses. The outer and inner pairs of cylindrical 

lenses separately image the horizontal and vertical dimensions 
with different magnifications. The 13 × 13-mm2 input beam is 
transformed into a 12 × 16-mm2 beam on the SLM. An AIR 
works for only a fixed object distance. The error in the object 
distance is recovered by adjusting the image distance, but only 
in one dimension in an AIR. The tolerance in object positioning 
within which the imaging conditions in horizontal and verti-
cal dimensions remain the same can be derived by using the 
Maréchal criterion for the defocus term as

 ,Az
M

D
2

2

obj #
mD

 (18)

where M M Mx y
2 2 2-D =  and D is the smallest feature size of 

the object. With a few-hundred-micron feature size in the beam 
and DM2 = 0.66, the positioning tolerance is tens of millimeters. 

The full utilization of the rectangular area of the SLM 
reduces the peak fluence by 25% and allows for a safer opera-
tion below the damage threshold of the SLM. The damage 
threshold of LCOS samples, which were the same kind as 
used in the device, was found to be 230 mJ/cm2 using the same 
2.5-ns OPCPA pulses running at 5 Hz. The peak fluence of the 
anamorphically imaged beam on the SLM at the maximum 
OPCPA energy (200 mJ) does not exceed 160 mJ/cm2. The AIR 
does not require a vacuum system; there is a large separation 
between the sagittal and tangential focal planes, significantly 
reducing the intensity near the focus. 
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(a) Overall schematic of the Multi-Terawatt (MTW) laser; (b) detailed schematic of the MTW beam-shaping system. The image relay shown between the rod 
amplifier (RA) and disk amplifier is a simplified representation. TFP: thin-film polarizer; FR: Faraday rotator; HW: half-wave plate; QW: quarter-wave plate; 
SPC: static phase corrector; WFS: wavefront sensor; AIR: anamorphic image relay.
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The reflection from the antireflective (AR)-coated first sur-
face of the SLM cover glass introduces a prepulse 30 ps before 
the main pulse, down at the –40-dB level. This is not accept-
able for experiments requiring a high-contrast pulse. The SLM 
was customized with a wedged cover glass to eliminate the 
prepulse; the wedge angle was 4.1 mrad. An alternative would 
be diffractive-mode beam shaping, where the prepulse from 
the cover glass is automatically separated from the main pulse.

The beam profile at the diagnostic wavefront sensor [WFS 
in Fig. 139.44(b)] before and after the amplification in the rod 
amplifier is shown in Fig. 139.45. The relatively uniform input 
OPCPA beam profile shown in Fig. 139.45(a) is highly distorted 
at the bottom corners after amplification in the rod amplifier 
[Fig 139.45(b)]. 

Based on the two fluence maps measured before and after 
the amplification, a gain-precompensated fluence map, or an 
objective map, can be designed that will become uniform on 

amplification. Assuming the objective is a super-Gaussian 
beam, the objective fluence has the following form:

 ,F F F T0obj peak gain# #=  (19)

where Fpeak is a constant that adjusts the maximum objec-
tive fluence and F0 is a super-Gaussian beam profile usually 
expressed as

 .expF R

x x

R

y y

x

c
m

y
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m

0 -
- -

= +e eo o> H* 4  (20)

Tgain is a map of the ratio between the fluences before and 
after amplification:

 ,T F

F
gain

amp

init
=  (21)

where Finit and Famp correspond to Figs. 139.45(a) and 
139.45(b), respectively. 

The ratio map calculated as above cannot be directly used 
because it is not well defined where the denominator is close to 
or equal to zero. A special region of interest is created to avoid 
this problem and to add stability in a 2-D polynomial fit. The 
region of interest consists of an interior region and an exterior 
rectangular frame as shown in Fig. 139.46. In the interior region 

Figure 139.45
Beam profile (a) before and (b) after amplification through the rod ampli-
fier. The lower bottom corners of the beam become hot after amplification. 
The dimensions of the images correspond to camera space in the diagnostic 
beam path.
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(XA) the signal level of both Finit and Famp is above 5% of the 
maximum signal level. The outer region (XB) is a region of the 
rectangular frame. The coefficients for a set of 2-D Legendre 
polynomials are calculated to fit the measured gain ratio within 
the interior region and all zeros in the exterior frame region. 
The zeros in the frame stabilize the edge of the polynomials. 
The outer region has dimensions of 2x0 # 2y0 with the frame 
thickness dR. There is a no strict rule to setting x0, y0, and dR. 
The frame size should be large enough to cover the interior 
region but not bigger than the camera area; dR should be set 
thin enough to provide the best numerical fit. The number of 
modes used in this case was 240. The polynomial representa-
tion of Tgain is normalized to 1 at the end. 

The polynomial fit in combination with the super-Gaussian 
envelope F0 provides a smooth objective profile that can be 
experimentally achieved. In Eq. (19), Fpeak is a single number 
that can be adjusted from zero to a few times the maximum of 
Finit; Fpeak is set as high as possible to minimize the energy 
loss from beam shaping. 

As a final step, the part of the objective map accidentally 
set higher than Finit is set to Finit and set to zero where it is 
negative. The remaining sharp features are low-pass filtered.

Figure 139.47(a) shows the beam-shaping result precom-
pensating the gain nonuniformity in the amplifier shown in 
Fig. 139.45(b). The precompensated beam is restored to a flat 
beam profile after amplification as shown in Fig. 139.47(b). It 
takes only 30 min from the measurement of an uncompensated 
RA beam to a design of an objective map and a completion of 
the closed loop. The beam shape is maintained at near-optimum 
condition in daily operations by rerunning the closed loop. 

The beam uniformity achieved in the RA stage is not 
degraded as the beam passes through the next amplifier, 

which is the disk amplifier. The profile of a 39-J beam at the 
output of the disk amplifier near an image plane is shown in 
Fig. 139.48. Improvement in beam uniformity helps to operate 
the system under safe conditions by keeping the maximum flu-
ence below the damage threshold of the compressor gratings. 
The maximum fluence of this beam is 1.1 J/cm2, whereas the 
damage threshold of the grating is 1.5 J/cm2 at 10 ps measured 
by N-on-1 tests.
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Figure 139.48
Beam profile of the disk-amplifier output near an image plane. The energy in 
the beam is 39 J and the full width at half maximum is 70 mm.

Conclusions
The previous carrier-beam–shaping method using an SLM 

has been improved in both open-loop and closed-loop algo-
rithms. The improvements to the open-loop algorithm are based 
on using a measured transmission function rather than a theo-
retical function. The measured function can still be expressed 
as a simple analytic function with three parameters specific to 
the device and the carrier type. A new search method dubbed 
as the constant maximum-derivative Newton method improves 
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the closed-loop algorithm in terms of convergence stability 
and speed. The details of both wavefront- and fluence-shaping 
closed-loop algorithms were summarized in Eqs. (16) and (17). 
A new method of carrier-beam shaping using a sawtooth carrier 
and the first-order diffraction as the main beam was explored. 
It has a fail-safe feature and higher beam contrast, which might 
be useful in some applications. 

The beam-shaping system was implemented in a multi-
terawatt OPCPA laser. The gain precompensation of a 200-mJ, 
2.5-ns OPCPA laser beam improves the beam uniformity of 
the next-stage amplification. The objective map for the pre-
compensation is designed based on pre- and post-amplification 
beam profiles. The improved uniformity in the precompensated 
amplified beam is striking in that it is better than the unam-
plified OPCPA input beam. The improved uniformity in the 
amplified beam through the RA with the help of beam shaping 
allows for a safer energy ramp in the next-stage boost amplifier 
and a better protection of the gratings in the pulse compressor. 
The best beam shape can be maintained thanks to the dynamic 
adjustability of the beam shaper regardless of the small daily 
changes in the OPCPA beam profile and the gain response in 
the rod amplifier. 

Other important issues were also addressed in applying the 
SLM-based beam-shaping system to a high-energy laser. The 
device can be run safely below the damage threshold even at 
full OPCPA energy by utilizing the entire available SLM area. 
This is done by anamorphically imaging a square input beam 
onto the rectangular area of the SLM. The prepulse coming 
from the SLM’s front surface, which adversely affects a solid-
target experiment, was eliminated by using a customized 
wedged cover glass. 

With future improvements in the damage threshold and the 
bandwidth of a liquid crystal device that can be used with the 
carrier-beam–shaping method, a beam-shaping system similar 
to the one described in this article may find a broader applica-
tion in improving laser performance. 
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The areal density of the compressed core is an important 
observable in inertial confinement fusion1 (ICF) experiments. 
The most-common method to infer the fuel areal density in 
cryogenic deuterium–tritium (DT) implosions uses the primary 
14.1-MeV neutrons that elastically scatter off the deuterons and 
tritons in the dense shell surrounding the hot spot.2 There are 
two independent diagnostics on OMEGA3 to measure the fuel 
areal density. The first one is the magnetic recoil spectrometer 
(MRS),4 which measures the forward-scattered neutron spec-
trum between 10 and 12 MeV. The second is a neutron time-of-
flight (nTOF) detector in a well-collimated line of sight (LOS), 
which measures backscattered neutrons5 between 1 and 6 MeV. 
Simultaneous fuel-areal-density measurements by the MRS and 
nTOF, which view the target from different directions, make 
it possible to study implosion asymmetries on OMEGA. This 
article describes recent improvements and modifications to the 
nTOF system for the fuel areal density on OMEGA.

A neutron time-of-flight spectrum for a cryogenic DT implo-
sion with an areal density of 220 mg/cm2 and a Ti of 2.4 keV 
for a detector at 13.4 m from the target is shown in Fig. 139.49. 
This spectrum was generated using one-dimensional (1-D) 
LILAC6 simulations and post-processed in IRIS.7 The spectrum 
consists of at least six separate neutron contributions and has a 
dynamic range of 106. The dominant DT peak is estimated to 
deposit more than 90% of the neutron energy into a scintillator-
based nTOF detector. Such a large signal may saturate the 
photomultiplier tube (PMT) and produce a long light-afterglow 
component in the scintillator.8 At least four gated PMT’s with 
different sensitivities are required to cover the full dynamic 
range of the entire neutron spectrum. 

To mitigate the long light-afterglow component, advanced 
scintillating compounds were developed including a liquid 
scintillator based on oxygenated xylene9 and a solid bibenzyl 
crystal.10 The maximum diameter of the scintillator cavity 
(8 in.) is determined by the maximum available distance from 
the target on OMEGA (13.4 m) and the diameter of the hole 
in the concrete floor of the Target Bay that is used as a second 
collimator.5 The thickness of the scintillator cavity was chosen 

to be 4 in. to ensure adequate neutron statistics for the yields 
available with cryogenic DT shots on OMEGA. 

The new 8 # 4 nTOF detector is a modification and improve-
ment of the nTOF20-Spec detectors11 for the National Ignition 
Facility (NIF) and 6 # 2 nTOF detector5 on OMEGA. The num-
ber of PMT’s was increased from two to four; the scintillator 
volume was increased by a factor of 2.7; the mass of material 
in the detector body was decreased as much as possible; and 
compartments for neutral-density filters between windows 
and PMT’s were eliminated. A computer-aided design (CAD) 
model of the new 8 # 4 nTOF detector is shown in Fig. 139.50. 
The main part of the detector is a thin-wall, stainless-steel 
scintillator cavity with five holes machined from a single piece 
of metal. The inside cavity dimensions are 8 in. diameter by 
4 in. thick. To decrease the chemical-reaction surface area, the 
cavity and thin stainless-steel covers were electropolished after 
manufacturing. The four larger holes have 50-mm fused-silica 
windows. Four PMT housings were designed to accommodate 
Photek12 PMT240 or PMT140 gated microchannel plate (MCP) 

A New Neutron Time-of-Flight Detector for Fuel-Areal-Density 
Measurements on OMEGA
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photomultipliers with a 40-mm photocathode. The 3-cm hole 
on the top is used to fill the cavity with a scintillator and 
is covered with an expansion bellows after filling. Two flat 
stainless-steel covers seal the scintillator cavity on the front 
and back of the detector. For ion-temperature measurements, 
optional indented covers can be used instead, thereby reducing 
the scintillator thickness from 10 to 5 cm. 
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A computer model of the 8 # 4 nTOF detector. 

The 8 # 4 nTOF is mounted to the ceiling beneath the Target 
Bay at 13.4 m from the target. The mid-beam collimator5 was 
modified to project a 19-cm-diam neutron beam to the face of 
the 8 # 4 nTOF detector. To decrease neutron scattering, the 
20-mm-thick quartz vacuum window to the target chamber 
was replaced by a 1.9-mm stainless-steel window. 

One PMT140 and three PMT240’s were installed on the 8 # 
4 nTOF. The low-gain PMT140 measures the primary DT neu-
tron signal; the first PMT240 measures DT areal density in the 
nT-edge region from 1.5 to 6 MeV, the second PMT240 mea-
sures DT areal density in the nD-edge region below 2-MeV, and 
the third PMT240 is used for testing. We use the most-recent 
fast-gated Photek PMT240’s with a meshed photocathode and 
fast GM300-8U gate units that together provide a gate recovery 
time of about 15 ns. The signals from each of the four PMT’s 
are transmitted by 6-m-long LMR-600 cables to four 1-GHz, 
10-GS/s Tektronix DPO7104 oscilloscopes. A resistive splitter 
divides the PMT signal into four oscilloscope channels with 

different sensitivity settings to increase the dynamic range of 
the recording system. 

The primary DT neutrons are measured by the ungated 
PMT140 with a gain of 50. Figure 139.51 shows the typical 
scope trace of the neutron signal from the PMT140 taken for 
a cryogenic shot with a DT yield of 2.3 # 1013. The signal in 
Fig. 139.51 was fitted by a convolution13 of a Gaussian and 
exponential scintillator decay to calculate the total charge. Such 
a fit approximates the measured signal very well without any 
rescattering tails. This 8 # 4 nTOF detector channel was cali-
brated for a primary DT yield against the 12-m nTOF-H detec-
tor14 with a statistical precision of 3.5% rms (root mean square).
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Figure 139.51
Neutron signal recorded for the PMT140 on a DT shot with a yield of 2.3 # 1013.

Figure 139.52 shows the scope traces from the PMT240 with 
a gain of 400 for three cryogenic shots in the nT-edge region, 
normalized to the primary DT yield. The DT neutron peak was 
gated out; the small peak at 215 ns is a result of direct interac-
tions of rescattered neutrons with the MCP’s in the PMT. The 
gate was turned off at 300 ns for two of the shots and at 320 ns 
for the third shot. The nT edge at a470 ns is clearly visible, as 
is the difference in areal density between shots. An analysis 
of these shots, as described in Ref. 5, produced areal densities 
of 165 mg/cm2, 124 mg/cm2, and 174 mg/cm2. The nD edge 
at 730 ns is barely visible in Fig. 139.52. 

A scope trace from a different PMT240 with a gain 1 # 104 
for an nD-edge region measurement is shown in Fig. 139.53. 
The gate-out region for this PMT was extended to the end of 
the DD neutron peak at 600 ns (see Fig. 139.52). The PMT can 
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Neutron signal recorded for the gated PMT240 on DT cryogenic shots 70802, 
70803, and 70805. 

Table 139.IV: Comparison of areal densities measured  
in nT- and nD-edge regions.

Shot number
nT areal density 

(mg/cm2)
nD areal density 

(mg/cm2)

71527 158 166

71528 180 177

71529 166 175

71530 187 179

be operated at a much higher gain if the primary DD peak is 
eliminated with the gate. As in Fig. 139.52, the direct interac-
tion of DT neutrons with the MCP can be seen at 215 ns; gate 
recovery can be seen from 600 ns to 615 ns, and the nD edge 
is now clearly visible at 730 ns. The areal density from the nD 
edge is inferred based on an analysis similar to that used for the 
nT edge. Recent areal-density measurements from the nT- and 
nD-edge regions are compared in Table 139.IV. There is good 
agreement between areal densities measured in nT- and nD-
edge regions. The signal below the nD edge (1.56 MeV) consists 
of the residual neutron-scattering background, T–T reactions, 
and a deuteron breakup reaction. All these contributions are 
currently under study.
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Figure 139.53
Neutron signal recorded for the gated PMT240 on DT cryogenic shot 69239 
with a yield of 1.8 # 1013.

The fourth PMT was used to investigate the possibility of 
measuring tertiary15 neutrons with energies larger than the 
primary 14.06-MeV neutrons. The yield of the tertiary neutrons 
is about 10–6 from the primary D–T yield and they appear 
just before the rising edge of the DT peak. To record tertiary 
neutrons, a high-gain PMT is needed that is sensitive only 
during the short arrival time window before the DT peak. The 
most-recent Photek PMT’s have a normally off-gating option 
that is ideal for tertiary neutron measurements. Figure 139.54 
shows raw scope traces from the PMT240 with a gain of 106 
that were recorded on three different shots using the same 
PMT, scope, and different gate timing. Shot 69233 (blue 
trace) was recorded in the normally on-gating option in an 
x-ray–producing shot and shows the position of the x-ray peak 
in time. Shot 69236 (red trace) was recorded in the normally 
off-gating mode without any gate pulse and showed the posi-
tion of the DT peak from direct interaction of neutrons with 
the MCP at 220 ns. Shot 69242, with a primary yield of 1.8 # 
1013, was recorded with the normally off-gating mode and a 
160-ns-wide gate-opening pulse. Figure 139.54 shows that the 
gate eliminates the hard x rays and most of the DT pulse. The 
rising edge of the DT pulse saturates the scope after 215 ns, 
causing oscillation in the signal. However, the scope survives 
and is fully operational after several similar tests. The data at 

Figure 139.54
X-ray and neutron signals recorded for the normally off-gated PMT240 with 
a gain of 106 on shots 69233, 69236, and 69242.
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a180 ns (shown in Fig. 139.54) are most probably from neutron 
interactions with structures in the target area. The techni-
cal ability to measure neutrons with an energy of more than 
14 MeV was demonstrated using the nTOF technique. Tertiary 
measurements on OMEGA are extremely difficult because 
the areal density is relatively low and the 8 # 4 nTOF detector 
is not sufficiently shielded from gammas. On the NIF, where 
yields and areal densities are higher and the nTOF detectors in 
the “neutron alcove” are well-shielded, the situation is much 
more favorable. 

The new 8 # 4 nTOF detector with four gated PMT’s each 
with different gains makes it possible for the primary DT and 
D2 neutrons to be measured on the same shot on the same 
LOS. Fuel areal densities can be inferred from down-scattered 
neutrons in the nT- and nD-edge regions, and tertiary neutrons 
can be studied using the same detector. The 8 # 4 nTOF is now 
the main detector for areal-density measurements on OMEGA.
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Recently it has been shown1–7 that the gain of an inertial 
confinement fusion implosion can be significantly enhanced 
by launching a strong spherically convergent shock at the end 
of the compression (or assembly) pulse. This two-step scheme 
is usually referred to as shock ignition (SI). Shock ignition 
has a distinct advantage over fast ignition8 because it reduces 
the energy required for ignition as compared to conventional 
hot-spot ignition9 while still using a single laser. Recent two-
dimensional (2-D) simulations3,10 have indicated the possibility 
of achieving ignition at submegajoule laser energies. While 
implosion experiments on the OMEGA laser11—using 60-beam 
symmetric implosions of CH shells filled with D2—have 
demonstrated a fourfold increase in yield and a 40% increase 
in shell areal density for SI pulse shapes when compared to 
conventional implosions,12 the final shock strength was much 
lower than the value required for ignition.

Demonstrating the capability to generate shocks of the 
order of L300 Mbar at laser intensities in the range of 1015 to 
1016 W/cm2 is crucial to the long-term success of SI. Investiga-
tions to determine the shock strength in planar geometries have 
been completed at Laboratoire pour l’Utilisation des Lasers 
Intenses (LULI),13 OMEGA,14 and Prague Asterix Laser 
System (PALS),15 where the largest shock pressure reported is 
+90 Mbar at intensities <1016 W/cm2. Kritcher et al.16 numeri-
cally investigated probing the equation of state of plastic under 
hundreds of megabar pressures in a spherical geometry using 
indirect-drive targets; however, current indirect-drive experi-
ments at the National Ignition Facility (NIF)17 limit the ablation 
pressure to +130 Mbar (Ref. 18).

This article reports on the first shock and ablation pres-
sures inferred in spherical geometry using an x-ray flash as 
the primary diagnostic. The targets were composed of 430- to 
600-nm-outer-diam solid spheres of 5% titanium–doped plastic 
in which the outer 50 nm consisted of pure CH (see Fig. 140.1). 
The targets were illuminated by a 2-ns laser pulse with a 1-ns, 
low-intensity foot used to create a coronal plasma followed by 
a 1-ns, high-intensity square pulse with 22 to 27 kJ of laser 
energy. An assortment of small phase plates19 were used to 

increase the on-target incident intensity up to +6 # 1015 W/cm2 
at the initial target surface, both with and without smoothing by 
spectral dispersion (SSD).20 The rapid rise in laser intensity by 
the high-intensity square pulse generated an inwardly propa-
gating shock wave that converged at the center of the target, 
raising the temperature in a very small volume to hundreds 
of eV and resulting in the self-emission of x rays in the keV 
range. The seed shock pressure is inferred from hydrodynamic 
simulations constrained by the measured temporal occurrence 
of the x-ray flash.

The x-ray emission from the center of the target was resolved 
temporally, spatially, and spectrally using an x-ray framing 
camera (XRFC)21 and a streaked x-ray spectrometer (SXS).22 
The XRFC spatially and temporally resolved the x-ray emis-
sion, using a 4 # 4 pinhole array to produce 16 enlarged images 
of the target on a microchannel-plate (MCP) detector, which 
was covered with four strips of gold film. A 200-nm Be foil and 
a thin (12-nm) Ti foil placed in front of the detector, combined 
with the spectral response of the diagnostic, restricted the range 
of recorded x rays to +3 to 7 keV. Figure 140.2 shows a portion 
of the raw data collected with the XRFC for a typical experi-
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Experimental setup used to infer the shock and laser ablation pressure at 
shock-ignition (SI)–relevant intensities.
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ment. At early times, the observed emission comes from the hot 
corona when the laser is still interacting with the target and, as 
time progresses, the laser shuts off and the corona cools. After a 
brief period of time, the appearance of a small but bright source 
of x rays originating from the center of the target is observed. 
The x ray emission was measured from a very small region with 
a diameter of less than +15 nm [full width at half maximum 
(FWHM)]. The simultaneously operated SXS captured this 
line emission and determined the temporal width of the emitted 
intensity to be shorter than +50 ps. The temporal occurrence of 
the x-ray flash between the two detectors is within the absolute 
timing error of each other.

The algorithm used to extract the x-ray flash times is based 
on Ref. 23. It translates the images formed onto the film or 
charge-coupled device (CCD) into an accurate time when the 
shock converged at the center of the target. To understand how 
the image is formed onto the film or a CCD camera, a brief 
description of the operation of the XRFC diagnostic and its 

MCP is provided. The XRFC consists of four independent 
strips that form an image onto a CCD camera when a voltage 
bias is applied to the MCP. X rays incident on the Au-coated 
photocathode ionize the atoms and if the voltage pulse is being 
applied, locally gates the photoelectrons down a single tube 
within the MCP, multiplying in number with a dependence 
on the applied voltage (which propagates across the strip). 
The electrons are accelerated by the applied voltage from the 
back of the MCP to the front of the phosphor plate and impact  
the phosphor plate, turning the electron energy back into visible 
light. This light is then imaged onto a film pack or CCD camera. 
Each strip contains its own voltage pulse that propagates across 
the length of the strip in +200 ps. The bottom strip is trig-
gered first, and subsequent strips (moving up) trigger once the  
voltage pulse has traversed the previous strip. This gives XRFC 
images that are both spatially resolved (via the pinhole array) 
and temporally gated (via the propagating voltage pulses).

The electrical gain of the photoelectrons as they travel down 
a single tube of the MCP is determined by the applied local 
voltage from the voltage pulse. As pointed out in Ref. 23, the 
gain scales with the voltage to the ninth power, G + V 9, for 
standard MCP setups. After discussions with many experimen-
talists, the exponent of the voltage dependence was changed 
to be as small as 5 or as large as 13, depending on the desired 
result. Figure 140.3 shows the gain of the voltage strip (red 
curve), shifted so the maximum occurs at 2.39 ns. The voltage 
pulse used in the model is the average of four pulse tests and 
is unique to each strip and framing camera; it has +150-ps 

TC11433JR

Coronal x rays
from laser

y 
(n

m
)

x (nm) x (nm)

0

200

100

300

0

200

100

300

0

200

100

300

(a) 1.95 ns(a) 1.95 ns

(b) 2.00 ns(b) 2.00 ns

X-ray �ash
from center
of CH ball

(c) 2.12 ns

(d) 2.22 ns

(e) 2.37 ns

(f) 2.42 ns

20

40

60

0

20

40

60

0

20

40

60

0

0 100 200 300 0 20 40 60
0

1000

2000

Figure 140.2
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FWHM. Also shown in Fig. 140.3 is the simulated x-ray emis-
sion as a function of time for a typical experiment, delineated 
as the blue curve. The temporal dependence of the x-ray emis-
sion was obtained from a Spect3D24 post-processed LILAC25 
simulation and is averaged over the entire emission time and 
spectral range of 3 to 7 keV. Details of the radiation–hydro-
dynamic simulations are provided later. In the simulation, the 
ignitor shock reaches the center of the target at 2.390!0.005 ns, 
resulting in the spike in x-ray emission. The emission decays 
after the shocked core cools and expands until a rebound shock 
causes a temporary increase in the emission. This secondary 
x-ray emission, however, is an order of magnitude weaker 
than the original x-ray emission; consequently, the FWHM 
of the simulated x-ray flash is +15 ps. The convolution of 
the gain signal (red curve) and the simulated x-ray emission 
(blue curve) in Fig. 140.3 predicts the experimental intensity 
of the x-ray flash as a function of time (black curve). This 
indicates the x-ray emission would follow the shape of the 
convolution as a function of time and is used to translate the 
experimentally integrated pinhole images from XRFC into a 
specific x-ray flash time.

The signal gain of each strip (and camera) is convolved with 
the simulated x-ray emission, and its shape is compared to the 
experimentally measured intensity for each shot to determine 
the x-ray flash time. The intensity of the x-ray emission from 
each frame of the XRFC data is spatially integrated over the 
entire emission of a single pinhole image. The background 
emission from the cooling coronal plasma is subtracted from 
the integrated image and a low-pass filter is applied to the 
resulting data. The signal strength from each pinhole image is 
then fit to a Gaussian distribution and compared to the strength 
of the other images on the same strip. The relative values of 
these images are then compared to the simulated x-ray emission 
intensity to infer the x-ray flash time. Figure 140.4 shows the 
convolution of the voltage pulse gain from strips 2 and 3 (black 
and green curves, respectively) from XRFC4 for shot 72673 
and compares it to the experimental intensity from that shot 
(circles). The spacing between each experimental point (circle) 
is determined by the time it takes the voltage pulse to propagate 
from one frame to another; it can be seen that the third and 
fourth frames of the second strip occur at roughly the same 
time as the first and second frames of the third strip. Because 
the voltage gain is unique to each strip, this analysis does not 
compare the signal strengths between strips but compares only 
the relative signal strength within the same strip. In Fig. 140.4, 
the convolutions have been adjusted in height and vertical offset 
to obtain the best fit of the experimental data to determine the 
x-ray flash time.

The flash-time extraction analysis was applied to all of the 
experiments throughout the campaign, and the result of this 
analysis is shown in Fig. 140.5. A clear correlation between 
the size of the target and when the x-ray flash occurs is clearly 
observed, with smaller targets exhibiting earlier flash times. Also 
shown is the effect turning SSD on (blue) or off (red) has on 
the x-ray flash time. Generally, it is observed that experiments 
operating without SSD had earlier x-ray flash times because of 
the much larger amounts of generated suprathermal electrons.

Copious amounts of suprathermal electrons are generated 
when the thresholds for two-plasmon–decay (TPD) and stimu-
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lated Raman scattering (SRS) instabilities are exceeded early 
during the rise of the high-intensity square pulse.26 The tem-
perature of the suprathermal electrons and the temporal depen-
dence were measured with a time-resolved, four-channel hard 
x-ray detector (HXRD)27 and two time-integrated imaging-plate 
diagnostics—high-energy–radiography imager (HERIE)28 and 
bremmstrahlung x-ray spectrometer (BMXS).29 Typical tem-
peratures measured for the suprathermal electrons can be fit 
to single-temperature Maxwellian distributions with central 
temperatures in the range of 50 to 100 keV. Up to 2 kJ (+8% 
of the total incident laser energy and 15% instantaneously) of 
suprathermal electrons were inferred to be deposited into the 
target by comparing the measured bremsstrahlung emission 
to Monte Carlo simulations, assuming that the suprathermal 
electrons were generated isotropically. Figure 140.6 shows 
that the measured total energy of the suprathermal electrons 
increased with the total laser energy and was dependent on 
whether or not SSD was functioning. The integrated intensity 
of the x-ray emission from shock convergence was measured 
with a gated microscope x-ray imager (GMXI)30 and found 
to experience an +25# increase when SSD was not operating 
(more suprathermal electrons) as compared to the case when 
SSD was turned on, indicating that the strength of the shock is 
greatly enhanced by the hot electrons. Measured time-resolved 
spectra for SRS, ~/2, and 3~/2 emissions show that both TPD 
and SRS are active. The observation of moderate suprathermal 
electron temperatures at these laser intensities has a significant 

impact on SI designs since they can enhance the ignitor shock31 
and improve the implosion performance.10

The shock and ablation pressures are inferred by constrain-
ing radiation–hydrodynamic simulations to the experimental 
observables: the temporal occurrence of the x-ray emission, 
the suprathermal electron energy and temperature distribu-
tion, and the temporal evolution of the hard x-ray emission 
(see Fig. 140.7). The simulations used the radiation–hydrody-
namic code LILAC and were run with a multigroup radiation 
diffusion model, Thomas–Fermi32 or SESAME33,34 equa-
tions of state (EOS), flux-limited thermal transport,35 and a 
suprathermal electron-transport package.36 The suprathermal 
electron-transport package is a straight-line deposition model 
whereby a fraction of the laser energy reaching the quarter-
critical surface is converted into suprathermal electrons with 
a single-temperature Maxwellian distribution and 2r forward 
divergence. The stopping range of the suprathermal electrons 
is modeled via collisional effects and is computed based on the 
work by Solodov and Betti.37 The flux limiter, which is the only 
free parameter within the radiation–hydrodynamic simulations, 
is adjusted to match the experimentally measured x-ray flash 
time. Each simulation is, in principle, constrained by its own 
x-ray flash time and, therefore, has a unique flux limiter ranging 
from 5% to 8%; however, choosing 6.5% constrains all of the 
simulations within the experimental error bars. The ablation 
pressure is the pressure in the shell at the position where the 
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material velocity is zero in the lab frame, an accurate approxi-
mation for slowly imploding solid spheres.

Figure 140.8 illustrates the shock and ablation pressure 
inferred from a typical simulation that matches all of the 
experimental observables. The ablation pressure (blue curves) 
increases as a function of time, resulting from both thermal 
conduction of the absorbed laser energy and the energy depo-
sition by suprathermal electrons, and decays soon after the 
laser is shut off. Meanwhile, the shock pressure (red curves) 
rapidly increases in time because of convergence effects.38 
For the particular shot shown in Fig. 140.8, the shock pressure 
is inferred to exceed 1 Gbar when the shock is +25 nm from 
the center of the target. Additionally, simulations including 
suprathermal electrons (solid curves in Fig. 140.8) are observed 
to significantly enhance the ablation pressure by up to +50% 
instantaneously over the case when the simulation is repeated 
in the absence of suprathermal electrons (dotted curves in 
Fig. 140.8). This result is corroborated with recent theoretical 
work showing +300-Mbar shock pressures can be generated 
solely by suprathermal electrons.39,40

Inspection of Fig. 140.8 illustrates that a significant fraction 
of the energy carried by suprathermal electrons is deposited 
beyond the ablation front and contributes to the overall shock 
strength. In this specific example at 1.6 ns, only suprathermal 
electrons with temperatures less than 60 keV are stopped before 

the ablation surface, corresponding to +12% of the total energy 
in a 70-keV Maxwellian distribution, while suprathermal 
electrons with temperatures from 60 to 200 keV are stopped 
between the ablation and shock front, corresponding to +55% 
of the total suprathermal energy. Therefore, using the ablation 
pressure as a metric to describe the conversion of laser energy 
into a shock strength is no longer valid. A more-effective  
metric in this case would be to adjust the energy transport model 
to simulate the effect of suprathermal electrons on the shock 
strength and observe a new “effective ablation pressure.” The 
effective ablation pressure (dashed curves in Fig. 140.8) drives 
the shock at the same velocity as when suprathermal electrons 
are included (solid curves in Fig. 140.8) but without the use of 
suprathermal electrons. This is achieved by increasing the flux 
limiter and is unique to each shot in the campaign. Physically, 
this can be explained by the fact that a shock must travel from 
the outside of the target to the center in the measured period 
of time regardless of how the energy is transferred. Therefore, 
whether the shock is solely driven by the rocket effect or by 
a combination of ablation pressure and suprathermal-electron 
energy deposition, the pressure behind the shock must be 
independent of the mechanism driving the shock and even 
insensitive of many physics details. Corroborating this point is 
the choice of equation of state (EOS); whether using Thomas–
Fermi or SESAME, the resulting shock pressure required to 
match the experimental observables remains the same despite 
differences in post-shock mass density. The ambiguity in EOS 
could be solved by a direct measurement of the mass density 
(e.g., Ref. 16).

It was found that the maximum ablation pressure Pmax
a  and 

effective maximum ablation pressure Pa
eff for all of the experi-

ments scale with the absorbed laser intensity at the critical sur-
face, I15 abs, in units of 1015 W/cm2 via the following formulas:

 abs ,P I90Mbar .max
15
1 2

a .^ h  (1)

 abs ,P I90Mbar .
15
1 4

a
eff

.^ h  (2)

and are shown in Fig. 140.9. The error bars in Fig. 140.9 are 
the result of adjusting the simulated x-ray flash time by !50 ps 
as a result of the absolute error in the timing diagnostics, 
changing both the simulated absorbed intensity and ablation 
pressure. This scaling shows a significant departure from pre-
vious spherical ablation pressure scaling abs15a ,P I100. /7 9theory  
derived for low intensities (#1015 W/cm2) (Ref. 41). The dif-
ferences are likely caused by the much larger laser intensities 
being used as well as the presence of copious amounts of 
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matches the x-ray flash time but in the absence of suprathermal electrons (the 
flux limiter was increased to 8%). For reference, the solid gray line indicates 
the laser pulse.
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suprathermal electrons that enhance the ablation pressure. An 
analysis of simulations in the absence of suprathermal electrons 
determined that the exponent of the ablation pressure scaling 
varies with the choice of flux limiter, e.g., choosing a value of 
6.5% yields a linear dependence on the absorbed laser intensity 
(black dashed–dotted curve in Fig. 140.9). Comparing this 
curve with Eq. (1) demonstrates how suprathermal electrons 
enhance the ablation pressure.

Extrapolating Eqs. (1) and (2) to the absorbed laser intensi-
ties of +7 # 1015 W/cm2 used in the 700-kJ NIF SI point design 
of Ref. 10, one finds ablation pressures that significantly exceed 
the required +600 Mbar (0.9 Gbar and 1.3 Gbar, respectively), 
indicating predicted ablation pressures to be high enough 
for robust ignition. However, NIF-scale ignition targets are 
much larger than those used in these OMEGA experiments, 
thereby leading to longer-scale-length plasmas at the time of 
shock launch. Higher levels of laser–plasma instabilities are 
expected, and a simple extrapolation of Eqs. (1) and (2) to 
NIF-scale plasmas may not be applicable. Therefore, despite 
these encouraging results obtained on OMEGA, an accurate 
extrapolation of the shock pressure to NIF requires experiments 
on NIF-scale targets.

In summary, this article reports on the first experimental 
ablation-pressure inferences in spherical geometries at SI-
relevant laser intensities. Up to 8% of the laser energy was 

Figure 140.9
Scaling of the inferred maximum ablation pressure with suprathermal 
electrons (solid red circles and solid line) and effective maximum ablation 
pressure without suprathermal electrons (open blue circles and dashed line) 
versus the maximum laser intensity that is absorbed at the critical surface for 
simulations matching all of the experimental observables. The dashed–dotted 
line indicates the linear dependence of the ablation pressure on the absorbed 
laser intensity for unconstrained simulations with a flux limiter value of 6.5%.
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converted into suprathermal electrons that enhanced both 
the ablation pressure driving the shock and the shock itself, 
leading to an inferred effective ablation pressure scaling with 
the absorbed laser intensity of abs15a .P I90Mbar . .1 4eff

^ h  This 
result demonstrates the ability to launch several-hundred-Mbar 
shocks at SI-relevant laser intensities with the generation of 
moderate-temperature suprathermal electrons.
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Introduction
In laser-driven inertial confinement fusion (ICF),1,2 a spheri-
cal capsule filled with deuterium–tritium (DT) is irradiated by 
direct laser illumination. Ablation of material from the target’s 
outer surface generates a low-density coronal plasma and 
drives the implosion of the fuel shell through the rocket effect. 
To achieve ignition, the shell must be imploded at velocities 
>350 km/s to create a central hot spot enclosed within a cold 
and dense shell at stagnation. At the National Ignition Facility 
(NIF),3 this implies that the hot spot of a capsule reaches both 
high areal density (tR + 0.4 g/cm2) and high temperature (T + 
10 keV) while the total target areal density exceeds 1.5 g/cm2. 
The DT fuel entropy is characterized by the adiabat a defined 
as the ratio of the shell pressure to the Fermi pressure of a 
fully degenerate gas. To achieve such conditions, low-adiabat 
implosions (a # 3) are required. The fuel adiabat is set during 
the first stage of the implosion, and it can be controlled by a 
precise tuning of the laser-induced, shock-wave timing. Low-
adiabat implosions lead to higher areal densities and require 
less kinetic energy to achieve ignition conditions.

Shell preheat represents a major degradation mechanism 
for the fuel adiabat. Preheat is caused by the generation of 
hot electrons at densities below the critical density and results 
in degradation of the final compression. In the context of 
direct-drive implosions, the acceleration of electrons to high 
energies in the coronal plasma induced by the two-plasmon–
decay (TPD)4 instability can significantly reduce the target 
performance. Recent experiments on the OMEGA Laser 
System5 have shown evidence of TPD-driven high-energy 
electrons during direct-drive implosions using D2, DT, and 
plastic ablators.6–8 Another critical area of concern to ICF is 
the unstable growth of target nonuniformitites resulting from 
hydrodynamic instabilities. During the implosion, the ablation 
surface between the expanding low-density coronal plasma 
and the high-density shell is subject to the Rayleigh–Taylor 
(RT) instability.9,10 Therefore, perturbations imprinted on the 
target by nonuniform laser irradiation as well as modulations 
resulting from target fabrication will grow exponentially during 
the acceleration phase at a rate given by the modified Takabe 
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formula11,12 ,k kg kL kV1 a-c a b= +^ ^h h  where a and b are 
coefficients depending on the ablation surface, k is the wave 
number of the perturbation, g is the acceleration, L is the den-
sity scale length at the ablation surface, and Va is the ablation 
velocity. During the acceleration phase, the perturbation of the 
ablation surface feeds through to the inner shell surface, which 
becomes unstable when the shell is slowed down by the hot-
spot gas. Excessive perturbation growth will reduce the total 
areal density level by raising the fuel adiabat and degrading the 
hot-spot conditions required for ignition. The unstable growth 
of these perturbations must be mitigated during the implosion 
to maintain the integrity of the shell at stagnation.

For ignition designs on the NIF, it is desirable to explore 
new ablators that mitigate both TPD and RT instabilities. Using 
materials of medium atomic number Z as ablators presents 
some advantages and has recently gained interest for direct-
drive implosions. In laser-driven ablation of low-Z material, the 
optical laser radiation is absorbed around the critical density; 
the thermal energy is then transported by electrons from the 
absorption zone to the ablation surface. In the case of moderate-
Z materials, the thermal radiation is directly absorbed into the 
ablator material, resulting in a double-ablation-front (DAF) 
structure13,14 (electron-conduction and radiation-driven abla-
tion fronts). Such a structure leads to a higher ablation velocity 
Va and a longer density scale length L, thereby enhancing the 
ablative stabilization of RT growth at the electron front. More-
over, irradiation of mid-Z materials results in a better absorp-
tion of laser energy by inverse bremsstrahlung than low-Z 
ablators, leading to a higher electron temperature in the coronal 
plasma. The TPD instability gain is proportional to the inverse 
of the electron temperature15 and will be increased for mid-Z 
ablators compared to plastic for equal density scale length. 
Many experiments have been recently performed to investigate 
these effects. A significant reduction in the hard x-ray signal 
for mid-Z ablators has been observed on OMEGA, suggesting 
the mitigation of the TPD-driven hot-electron generation.16–19 
Mid-Z targets have also demonstrated a reduced laser-imprint 
efficiency as well as a lower overall RT growth rate20–22 on 
OMEGA and OMEGA EP.23 Using higher-Z material ablators 
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is expected, however, to present some downsides. The electron-
heat conduction is lower for higher-Z materials, reducing the 
transport of the energy absorbed at subcritical densities to the 
ablation surface. The mass ablation rate and the resulting abla-
tion pressure are consequently decreased, leading to a reduced 
hydrodynamic efficiency. Additionally, high-Z materials pres-
ent higher radiation losses in the hot coronal plasma as well as 
more radiation preheat of the fuel. Furthermore, at the radiation 
front, the ablation velocity and density-gradient scale length 
are reduced and the RT growth is enhanced. Simulations of the 
overall stability are, therefore, needed to correctly assess the 
conflicting behavior of the two ablation fronts.

The aim of this article is to evaluate the viability of these 
ablator materials as a path for ignition target designs on the 
NIF. The following sections (1) introduce the one-dimensional 
(1-D) design and performance of three targets using different 
mid-Z ablators; (2) assess the linear stability of the TPD for 
these ablators; (3) explore the robustness to two-dimensional 
(2-D) single-mode and multimode perturbations under uniform 
drive; (4) display a polar-direct-drive beam configuration for 
each target; and, finally, (5) summarize the conclusions.

One-Dimensional Target Design Using Mid-Z Ablators
To investigate the viability of mid-Z ablator materials for 

ignition targets, three hydro-equivalent targets (same implo-
sion velocity and fuel adiabat) with average atomic number 
ranging from 3.5 to 10 were designed. The ignition designs use 
pure plastic (CH, GZH = 3.5), high-density carbon (HDC, GZH = 
6), and glass (SiO2, GZH = 10) ablators. The plastic target is a 
variant of the 1-D–equivalent NIF ignition target described by 
Collins et al.24 Throughout this article, the conventional plastic 
ablator design is used as a reference target for comparison with 
the alternative carbon and glass ablators.

The 1-D radiation–hydrodynamic code LILAC25 has been 
used to optimize the target design and carefully tune the laser 
pulse to obtain comparable implosion performance for all 
three targets. Figure 140.10 presents the target design as well 
as the laser pulse for each ablator material. The targets consist 
of a solid-DT fuel capsule filled with DT gas surrounded by a 
plastic layer coated with an ablator layer. The plastic and ablator 
layer thicknesses are precisely chosen to keep the fuel on a low 
adiabat during the implosion, avoiding radiation preheat of the 
DT fuel at the end of the laser pulse. Triple-picket laser pulses 
followed by a low-intensity foot and a Kidder-like26 isentro-
pic rise to the main drive are used to carefully tune the fuel 
adiabat at the beginning of the implosion as well as raise the 
ablation velocity at the outer surface to reduce the RT growth 

rate according to the modified Takabe formula in the Intro-
duction (p. 220). Each picket along with the low-intensity foot 
has a 300-ps rise time. The laser beams use a super-Gaussian 
intensity profile focused at the initial target radius R0 with an 
exponent v = 2.2.

One-dimensional LILAC simulations of mid-Z (HDC and 
SiO2) ablators were performed using multigroup diffusion 
radiation transport; an average-ion model27,28 in collisional 
radiative equilibrium (CRE)29 for opacity tables; nonlocal 
thermodynamic equilibrium (non-LTE) tables for ionization; 
and a SESAME30 equation of state (EOS). The low-Z ablator 
(CH) was modeled using the Astrophysical Opacity Table 
(AOT)31 and SESAME EOS. All simulations used electron 
thermal transport described in the classical Spitzer-Härm32 
approximation with a flux limiter f = 0.06. The structure of the 
DAF in higher-Z materials strongly depends on the transport of 
radiation energy through the outer part of the shell. Although 
the plastic and carbon materials were properly modeled using 
16 radiation groups, the glass ablator required 48 radiation 
groups to accurately describe the radiation transport and the 
resulting density and temperature profiles. We have found, 
however, that the results are relatively insensitive to details of 
the opacity tables. For instance, we compared simulations of 
the glass target using average-ion CRE tables and CRE tables 
generated by PROPACEOS33 and found that the target gain 
changed by only 4%.
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The target designs, laser parameters, and 1-D target perfor-
mance for each ablator are summarized in Table 140.I. In this 
study, we consider plastic, high-density carbon, and glass with 
initial densities of 1.04, 3.5, and 2.32 g/cm3, respectively. A 
plastic layer is introduced underneath the ablator in the mid-Z 
designs as a protective layer for the DT fuel from possible 
radiation preheat produced by the mid-Z ablator, as well as 
to reduce the density jump between the DT fuel and the abla-
tor. The total energy in the pulses is 1.65 MJ, resulting in an 
implosion velocity of about 360 km/s for all three targets. The 
in-flight average fuel adiabat GaHfuel is kept at around 2. The 
ignition margin is determined by the level of multidimensional 
perturbations that the hot spot can tolerate to achieve marginal 
ignition. This parameter can be connected to a volume ratio 
described in 1-D by the minimal ratio of the clean volume 
at sub-ignition temperatures to the 1-D hot-spot volume34,35 
and is referred to as the minimum yield-over-clean (mYOC). 
The three targets have been designed to exhibit the same 1-D 
margin characterized by a mYOC + 40%. By doing so, all 
designs present a similar margin for ignition so that one can 
compare their robustness to ignition when the implosion is 
perturbed. Since mid-Z ablators are significantly heavier than 
plastic and exhibit lower hydrodynamic efficiency, the high 
implosion velocities required for ignition can be achieved  
only by limiting the total mass, thereby making the shells 
thinner. All targets are irradiated with a laser intensity +1.2 # 
1015 W/cm2 and produce high gains. The glass target produces 
less thermonuclear energy because of a thinner DT layer. The 
in-flight aspect ratio (IFAR2/3), defined as the ratio of the shell 
radius R to the shell thickness DR (defined between the inner 

fuel interface and the radiation front) when the shell inner 
surface is two-thirds of the initial target radius, is 27 for CH 
and 24 for HDC. The glass design presents two different values 
for the IFAR2/3, characterizing the aspect ratio of the target 
by including only the radiation front or both the radiation and 
electron fronts. As a result of a decompressed ablator caused 
by stronger radiation effects, the distance between the inner 
fuel surface and the electron ablation front is large, resulting 
in an IFAR2/3 value of 14. If the shell thickness DR is defined 
as the full-width-at-half-maximum density and, therefore, does 
not account for the zone between the electron and the radiation 
ablation fronts, the value of IFAR2/3 including only the radia-
tion front reaches 35, which is higher than for the plastic and 
carbon ablators.

At such laser intensities, the radiation effects induce strong 
modifications of the hydrodynamic profiles. Figure 140.11 
shows profiles of the radial mass density (solid lines) and 
electron temperature (dashed lines) at the end of the laser pulse 
for the three targets. The laser energy is absorbed by inverse 
bremsstrahlung, with the cross-section scaled as ,Z Z2  and, 
therefore, enhances the absorption in mid-Z materials. As a 
consequence, the temperature in the coronal plasma is higher 
for the carbon and glass ablators (5.3 and 6.2 keV, respectively) 
than for the plastic ablator (+4.9 keV). In the case of plastic 
targets, the absorbed laser energy is transferred to thermal elec-
trons that drive the electron ablation front. For mid-Z targets, 

Table 140.I: Target design and performances for the different  
ablator materials.

CH HDC SiO2

R0 (nm) 1599 1550 1428

DRice (nm) 204 184 161

DRCH (nm) – 12 7

DRa (nm) 43 13 23

EL (MJ) 1.65 1.65 1.65

Vimp (km/s) 361 363 361

GaH fuel 2.2 2.1 2.0

mYOC (%) 41 40 41

Gain 74.6 72.0 53.0

IL (#1015 W/cm2) 1.2 1.3 1.5

IFAR2/3 27 24 35/14
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the high-temperature corona plasma emits strong radiation that 
deposits its energy in more-opaque regions of the target, where 
the temperature is lower and the density is higher, thereby driv-
ing the radiation ablation front. This DAF structure is clearly 
visible in Fig. 140.11.

Despite a better overall absorption, the hydroefficiency of 
ICF designs using mid-Z ablators is expected to be altered in 
comparison with low-Z material targets. The mass ablation rate 
and ablation pressure are decreased as the thermal conduction 
scales as 1/Zeff, where .Z Z Z2

eff =  As a result of less-
effective heat transport and radiation losses in high-Z coronal 
plasmas, the hydrodynamic efficiency is reduced. It has also 
been observed that the conduction zone is much shorter for 
mid-Z materials than for plastic, which can have a compensat-
ing effect (that level depending on the material and its density) 
for the conduction losses.17

The three targets have been designed in 1-D to achieve 
similar implosion characteristics, high-gain performances, 
and ignition margins. The remaining sections compare mid-Z 
to plastic ablators with respect to hot-electron generation and 
hydrodynamic instability growth.

Mitigation of the Two-Plasmon–Decay Instability
The performance of low-adiabat direct-drive implosions can 

be severely degraded by hot-electron preheating at laser intensi-
ties for which the quarter-critical electron density is above +5 # 

1014 W/cm2. Recent experiments on OMEGA have shown that 
the hard x-ray signals generated by hot electrons from the TPD 
instability rise sharply at laser intensities above 5 # 1014 W/cm2 
and then saturate for plastic ablator targets.7,8,36 The measured 
hot-electron temperature is in the 50- to 100-keV range when 
the laser intensity increases from 5 # 1014 to 1015 W/cm2 and 
the fraction of total laser energy deposited into hot electrons 
saturates at a level of a few percent18,37–39 at 1015 W/cm2 in 
planar targets, which is sufficient to significantly raise the fuel 
adiabat. Implosions at adiabats relevant to the high-gain designs 
for the NIF require strategies to mitigate hot-electron preheat.

A straightforward path to preheat mitigation is to use differ-
ent ablator materials to modify the hydrodynamic profiles and 
increase the instability threshold for the TPD instability. OMEGA 
experiments in the intensity range of 3 to 7 # 1014 W/cm2 have 
demonstrated lower hot-electron production for silicon, germa-
nium, and chlorine-doped plastic ablators.17–19 The reduction 
reaches a factor of 10 for an aluminum ablator,17 which may 
be a result of a near-threshold effect. The hard x-ray signals 
caused by TPD-driven hot electrons were reduced by a factor 

of 40 in implosions using glass ablators compared to plastic16 
at an intensity of 1015 W/cm2. The measured hot-electron tem-
perature was reduced by a factor of 2 with the glass ablators, 
resulting in a reduction of the shell preheat by more than an 
order of magnitude.

The threshold15 for triggering the absolute TPD instabil-
ity of a plane electromagnetic (EM) wave in an inhomo-
genous plasma is given approximately by the parameter 

,L I T230 114n e#h = =_ i  where Ln is the density scale length 
in nm, I14 is the EM wave intensity in units of 1014 W/cm2, and 
Te is the electron temperature in keV, with all these parameters 
being evaluated at quarter-critical density. According to this 
formula, ablators of moderate-Z numbers exhibit several advan-
tages over low-Z materials: a higher electron temperature Te; a 
better absorption in the corona, leading to a lower-intensity I14 
at quarter-critical density; and a shorter density scale length Ln 
because of the slow expansion of the heavier fluid. However, 
the TPD instability presents a nonlinear behavior, leading to 
the saturation of the growth rate at high intensities.

The collisional damping of Langmuir waves (LW’s) plays 
an important role in materials with a higher Zeff than plastic. 
The linear growth rate of the TPD instability obtained by 
Simon et al.15 has been generalized to account for the LW 
collisional damping and can be expressed as
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The Zeff number of the three targets introduced in the previous 
section varies between 5.3 for CH, 6 for HDC, and 10.8 for 
SiO2. Figure 140.12(a) shows the temporal evolution of the elec-
tron temperature at quarter-critical density, and Fig. 140.12(b) 
shows the generalized TPD growth rate introduced in Eq. (1) 
for the three designs. The temporal axis has been normalized 
to the beginning of the main drive for each target. The electron 
temperature has been increased by +1500 eV and +500 eV, 
respectively, for the glass and carbon targets compared to the 
plastic target (+4.0 keV). Because of a higher temperature 
and a shorter density scale length (+450 nm for SiO2 and 
+550 nm for CH), the first term of the right-hand side of Eq. (1) 
is decreased for mid-Z materials. However, the effect of col-
lisional damping on the TPD growth rate [represented by the 
last term of the right-hand side of Eq. (1)] is strongly dependent 
on the temperature and is also correlated to the effective atomic 
number. As a result, the carbon target and especially the glass 
target benefit from a higher collisional damping of LW than the 
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plastic target. The absolute TPD instability is triggered when 
the generalized growth rate is positive .0>ct  One can observe 
in Fig. 140.12(b) that the three targets will be affected by this 
instability. The growth rate is still lower, however, for mid-Z 
than low-Z ablators, presumably resulting in a saturation at a 
lower level of conversion fraction of energy into hot electrons.

Nonlinear effects such as the collisional damping of Lang-
muir waves (LW’s) and the collisional damping of ion-acoustic 
waves (IAW’s) can be accounted for by performing simula-
tions40 based on the Zakharov model of TPD.41,42 These calcu-
lations describe the growth and the nonlinear saturation of the 
TPD instability. It has been shown that materials with a higher 
effective atomic number Z Z Z2

eff =  lead to TPD saturation 
at similar intensities (+1015 W/cm2) but present a lower fraction 
of energy converted into hot electrons43 (approximately half 
the level for glass material compared to plastic). On the basis 
of Ref. 43, mid-Z materials appear to benefit from higher colli-
sional damping of LW as well as from weaker damping of IAW.

For OMEGA implosions at intensities above 1015 W/cm2, 
the stimulated Raman scattering (SRS) instability can also 
couple laser energy into hot electrons.44 The laser-intensity 
threshold for excitation of SRS45 is ,I T L10 /

16
4 3

e n- a k  where 
I16 is in units of 1016 W/cm2, Ln is in nm, and Te is in keV at 
quarter-critical density for a laser wavelength of 0.351 nm. 
Another laser–plasma interaction (LPI) issue for coupling laser 
energy to the plasma is cross-beam energy transfer (CBET). The 
uniform illumination of targets with many overlapping laser 
beams creates favorable conditions to allow for the transfer of 
energy among beams, scattering the light outward and reducing 
laser coupling. Calculations have shown that CBET becomes an 
important factor in OMEGA implosions46 at intensities above 
5 # 1014 W/cm2. The dependence of the gain rate of CBET 

on atomic number Z is complex but can be approximated47 as 
1/Z. Consequently, the higher temperature and shorter density 
scale length exhibited in mid-Z hydrodynamic profiles indicate 
a mitigation of SRS-driven hot electrons as well as a reduction 
of CBET.

Hydrodynamic Stability of Moderate-Z Ablator Targets 
Under Uniform Drive

In this section, we investigate the hydrodynamic stability 
properties of mid-Z ablators. Theoretical14,48 and numerical 
studies49 have shown that the DAF structure characteristic of 
mid-Z materials can aid in the overall stabilization of the target. 
Reduced RT growth rates have been observed experimentally in 
bromine,13,50 silicon, and germanium-doped plastic20,21 com-
pared to pure plastic. Therefore, the viability of mid-Z ablators 
as a potential ICF direct-drive–ignition ablator is studied and 
compared to the hydrodynamic performance of plastic shells.

1. Single-Mode Simulations
The DAF structure of mid-Z ablators affects the hydro-

dynamic stability. One-dimensional simulations are used to 
characterize the DAF properties. In Fig. 140.13, the 1-D LILAC 
simulations show the density profiles taken 500 ps after the 
beginning of the linear phase of the RT instability. The DAF 
structures are clearly visible for the SiO2 and HDC targets, 
and a less-pronounced DAF can also be observed for the CH 
target. In ignition-scale targets, there is sufficient radiation 
generation and absorption to produce a DAF structure, even 
in CH ablators. The high ablation velocity caused by the small 
peak density (around 1 g/cm3) at the electron front results in 
a strong ablative stabilization at the electron front in the DAF 
structure. As a consequence, the electron front is expected to 
be stable and only the RT instability at the radiation front must 
be considered. Unless otherwise indicated, the studies in the 
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Figure 140.12
Temporal evolution of (a) the electron 
temperature at quarter-critical density and 
(b) the normalized two-plasmon–decay 
(TPD) growth rate for the plastic (green 
curve), high-density carbon (black curve), 
and glass ablators (blue curve).
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remainder of this article address the radiation front. The abla-
tion velocity Va, shell acceleration g, and density scale length 
L have been extracted from the 1-D simulations at the radia-
tion front for each target, and these values have been averaged 
over the linear phase of the RT growth. As one can observe 
in Fig. 140.13, the density scale length at the radiation front 
reduces when the atomic number increases with values of 3.8, 
3.0, and 1.5 nm for CH, HDC, and SiO2 ablators, respectively. 
The shell acceleration is slightly greater for the mid-Z materials 
(+8.0 # 1015 cm/s2) than for plastic (+7.5 # 1015 cm/s2). The 
ablation velocity is also slightly increased for SiO2 (+3.0 # 
105 cm/s) compared to plastic (+2.8 # 105 cm/s), while the HDC 
target exhibits the higher value (+3.5 # 105 cm/s). According to 
the RT linear growth rate formula in the Introduction (p. 220), 
larger shell acceleration and smaller density scale length result 
in an increased growth of the classical RT instability at the 
radiation front for the mid-Z targets. The higher mass abla-
tion rate for the SiO2 and especially for the HDC targets has, 
however, a stabilizing effect on the radiation ablation front. 
The slightly higher classical RT growth in the HDC target 
is, therefore, sufficiently compensated by the increase in the 
ablation velocity, while the SiO2 target remains slightly more 
unstable than the CH target.

The RT growth in the DAF structure was investigated using 
the 2-D arbitrary Lagrangian–Eulerian radiation–hydrodynam-
ics code DRACO.51 This code has been recently benchmarked 

for single-mode linear growth against flat-foil experiments 
with mid-Z ablators on OMEGA.52 The DRACO simulations 
were performed using the same physical models used in the 
LILAC simulations presented in One-Dimensional Target 
Design Using Mid-Z Ablators (p. 221). The RT growth rate 
is calculated for several perturbation wave numbers during the 
linear phase of the instability by extracting the slope of a single 
perturbation-mode amplitude evolution in time at the radiation 
ablation front from the LILAC simulations. The RT growth is 
investigated for a single perturbation imposed on the target’s 
outer surface of an initial amplitude chosen to keep the RT 
modes in the linear regime over the entire acceleration phase in 
the range of 20 <  < 200. The 2-D simulations were performed 
using 20 azimuthal cells per half-wavelength of the perturbation 
and six radial cells in the interval outside the ablation surface 
defined by 1/k to ensure a good numerical resolution conver-
gence and an accurate physical solution. The laser absorption 
was computed with sector ray tracing.

The amplitude of the perturbation grows exponentially as 
exp(ct), where c is the linear growth rate during the accel-
eration phase, until it reaches the nonlinear phase when its 
amplitude exceeds +0.1 m. At this point, more rapidly growing 
high harmonics appear and the nonlinearity of the perturbation 
begins. The initial amplitude for increasing mode numbers  
was decreased in order to keep the harmonic growth lower 
than 10% of the fundamental wavelength. The linear growth 
factor exp(ct) is computed over the entire acceleration phase 
up to the time where the velocity reaches its peak value. Fig-
ure 140.14 shows the linear growth factor as a function of the 
mode number of the perturbation imposed on each target. In 
this figure, the initial amplitude of the mode is chosen right at 
the beginning of the acceleration phase, which is well past the 
phase inversions produced by shock propagation through the 
multiple interfaces occurring during the Richtmyer–Meshkov 
(RM) phase in the early stages of the illumination. The growth 
factor strongly increases with the mode number but remains 
similar for the three targets for low-mode numbers up to  = 70, 
while the glass target exhibits a larger growth than the plastic 
and carbon targets above  = 70. Furthermore, the growth fac-
tor depends on the perturbation wave number k and is related 
to the mode number  by k = /R, where R is the target’s outer 
radius. Keeping in mind that the initial radius of the glass tar-
get is smaller than for the carbon and plastic targets, the wave 
number will be higher for SiO2 for a specific mode number , 
which will tend to increase the corresponding growth rate in 
comparison with HDC and CH. The most-damaging modes are 
those with wave numbers scaling as kDR + 1, corresponding to 
 + RDR. Longer wavelengths grow more slowly while shorter 
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wavelengths saturate at smaller amplitudes. Consequently, the 
integrity of the shell is mostly affected by  modes in the range 
of 20 <  < 40. Even when considering an uncertainty factor 
of 2, the linear growth factors in this range are similar for all 
three designs.

Carbon ablators exhibit lower growth than plastic for higher-
mode numbers. The RT growth for the carbon target tends to 
saturate and enter the nonlinear phase earlier than the plastic 
target for higher-mode numbers. This could be an effect of 
the coupling between the perturbations growing at both the 
radiation and electron ablation fronts while no coupling occurs 
in the plastic target. According to Fig. 140.13, the standoff 
distance between the two fronts is small for the HDC target, 
which could lead to a more-effective coupling of the high-mode 
perturbations between the two fronts, while in comparison with 
the glass target where the large standoff distance reduces the 
coupling between the fronts.

Mid-Z ablators exhibit stability properties similar to those of 
plastic, especially for  < 100. A realistic implosion introduces, 
however, multiple sources of multimode perturbations that 
grow into the nonlinear regime (surface roughness, ice rough-
ness, and laser imprint seeded by the multibeam laser irradia-
tion). Therefore, multimode simulations must be performed to 
accurately assess the target performance.

2. Laser Drive and Capsule Nonuniformities
The stability of each target to multiple sources of nonunifor-

mities is first investigated for uniform illumination. For these 
studies, the baseline configuration is the 1-D design, and the 
illumination pattern extracted from the 1-D simulation is used 
to irradiate the target. Several multimode simulations were 
performed in half-sphere geometry, using the code DRACO, 
to evaluate the overall hydrodynamic stability to capsule and 
single-beam nonuniformities. Capsule nonuniformities include 
inner-surface roughness of the DT ice layer and outer-surface 
roughness of the ablator. Laser nonuniformities are studied by 
including multimode laser imprint from single-beam irradia-
tion. Each of these sources of perturbations is added individu-
ally to the baseline implosion for each target.

The effect of inner DT-ice roughness on the target per-
formance is quantified by computing the gain normalized to  
the 1-D results while varying the amplitude of the perturba-
tion. Perturbation modes up to  = 50 are included with the 
amplitude of the perturbation decaying as –1. The simulations 
are carried out using at least 12 azimuthal cells for the short-
est wavelength. The NIF specification for the roughness of the 
inner DT-ice surface is set at 1-nm rms (root mean square). 
Figure 140.15(a) shows the target performance as a function of 
the initial amplitude of the inner DT-ice layer’s roughness for 
each target. All three designs exhibit high target-gain reduction 
for ice roughness above 6-nm rms corresponding to 6# the NIF 
specification. Similarly, the capsule’s sensitivity to the rough-
ness of the ablator’s outer surface is evaluated by imposing a 
multimode spectrum of perturbations of various amplitudes. 
Since the initial amplitude of the ice-roughness spectrum is 
set to scale as –1 in this study, the growth of high modes has 
a rather negligible effect on the overall stability so the ice-
roughness power spectrum is chosen to include modes up to 
 = 50. The NIF specification for this source of perturbation is 
set at about 115-nm rms. Figure 140.15(b) shows the normal-
ized target gain as a function of the surface roughness of the 
ablator’s outer surface. All three targets achieve close to 1-D 
gains for up to 1-nm rms, corresponding to more than 8# the 
NIF specification. In conclusion, all three targets are robust to 
both the inner-ice-surface and outer-surface roughnesses well 
above NIF specifications.

The largest multimode perturbations in direct-drive ICF 
implosions are seeded by nonuniformities in the laser-beam 
intensity that imprint on the target early in the laser pulse and 
grow during the acceleration phase. Multimode simulations 
of laser imprinting using realistic single-beam laser nonuni-
formities, including even modes up to  = 100 to account for 
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the most-dangerous modes (see Single-Mode Simulations, 
p. 224), are performed for the three materials. These multi-
mode illumination nonuniformities are modulated in time 
using 2-D smoothing by spectral dispersion (SSD)53 as a 
method of temporal beam smoothing. Figure 140.16 shows the 
temporal evolution of the rms deviation of the density at the 
radiation ablation front extracted from half-sphere simulations 
of the three designs that included single-beam laser imprint. 
The RM-unstable phase can be observed for the three targets 
during the three-picket and the pre-foot laser pulses, while 
the RT-unstable phase starts at the beginning of the accelera-
tion phase at 7.2 ns, 6.8 ns, and 6.6 ns for the CH, HDC, and 
SiO2 targets, respectively. The RT growth rate at the radiation 
ablation front is slightly higher for the glass designs than for 
carbon and plastic designs, showing a comparable temporal 
growth of the rms deviation of density. This deviation saturates 

at the end of the acceleration phase and is not shown after the 
RT growth enters the nonlinear regime. The glass and plastic 
designs exhibit a smaller seed amplitude at the beginning of 
the RT-unstable phase (0.14 and 0.11 nm, respectively) about 
half the size of the carbon target (0.21-nm rms) because of 
phase inversions resulting from shock breakouts at the different 
interfaces during the RM-instability phase. Figure 140.17 shows 

Figure 140.15
Normalized gain as a function of (a) ice roughness and (b) surface roughness 
for plastic (green curve), carbon (black curve), and glass (blue curve) targets 
in the uniform laser configuration.
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the density contour plot of the simulation of laser imprint on 
the glass target at the end of the laser pulse. It clearly appears 
that the electron front remains stable during the acceleration 
phase while the RT instability has already strongly developed 
at the radiation front.

Perturbations at the unstable radiation ablation front are fed 
to the inner surface of the solid DT fuel during the accelera-
tion phase. These perturbations seed the RT instability during 
the deceleration phase. The inner surface of the shell becomes 
unstable when the imploding material starts to decelerate 
because of the pressure exerted by the inner gas on the shell. 
When the amplitude of the final perturbation of the inner solid 
DT surface is comparable to the hot-spot radius, the ignition 
process can be severely compromised. Figure 140.18 displays 
the density contour plots for the (a) CH, (b) HDC, and (c) SiO2 
designs in the presence of laser imprinting with even modes 
up to  = 100 at time of ignition. The white solid lines indicate 
the ion temperature inside the hot spot in keV. The solid DT 
inner surface is more distorted for mid-Z ablators because of 
a thinner DT layer and more-effective feedthrough. The glass 
design exhibits a more-distorted shell than the other designs 
because of a higher in-flight aspect ratio. However, the overall 
stability of these targets to laser imprint perturbations exhibits 
enough margin to achieve ignition and produce high gains of 
68 for CH, 62 for HDC, and 39 for SiO2, corresponding to 91%, 
86%, and 74%, respectively, of the nominal gain achieved for 
an unperturbed implosion.

Based on the above results, mid-Z ablator targets exhibit a 
performance similar to that of the conventional plastic ablator 

target under uniform laser irradiation. Mid-Z ablators do not 
mitigate the RT growth of perturbations seeded by either fabri-
cation defects or laser-drive nonuniformities for ignition-scale 
target designs. The stabilizing effect observed at sub-ignition 
scale13,20,21,50 does not significantly affect the growth at the 
radiation front because the radiation and electron ablation 
fronts are strongly decoupled during the acceleration phase. 
Nevertheless, mid-Z ablators for ignition targets mitigate the 
TPD instability while retaining stability properties similar to 
plastic ablators.

Two-Dimensional Polar-Direct-Drive Configuration 
for Moderate-Z Ignition Targets

Because of its current indirect-drive laser configuration, 
standard direct-drive experiments using uniform illumination 
are not feasible on the NIF. To achieve the most-uniform target 
illumination for direct drive, repointing some of the beams 
from the x-ray drive configuration toward the equator should 
maintain enough symmetry in the drive pressure to achieve the 
ignition conditions [polar direct drive (PDD)54]. The oblique 
incidence of the repointed beams on the target decreases the 
coupling of the laser energy to the target, affecting its hydro-
dynamic efficiency and symmetry. Recent numerical24,55–60 
and experimental55,61–64 studies have investigated direct-drive 
plastic target performances in a PDD configuration on both 
OMEGA and the NIF.

The 192 NIF beams are grouped into 48 clusters of four 
beams, with each cluster forming a quad. In the x-ray drive 
configuration, 24 quads from each hemisphere are pointed at 
different angles with respect to the polar axis, forming four 
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rings of beams: four quads at 23.5°, four quads at 30°, eight 
quads at 44.5°, and eight quads at 50°. In the PDD configuration, 
the beams are repointed toward the equator: The four quads 
at 23.5° and 30° are repointed to 24.5° and 44°, respectively. 
The ring of beams at 44.5° is split into four quads repointed to 
44° and four quads to 86°. The eight quads at an initial angle 
of 50° are all repointed to 86°. Therefore, the PDD configura-
tion uses only three rings of beams at 24.5° (eight quads), 44° 
(16 quads), and 86° (24 quads) labeled, respectively, polar, 
mid-latitude, and equatorial beams to produce optimal results 
for drive uniformity.

Because the equatorial beams exhibit a greater obliquity 
to the target, they deposit their energy farther away from the 
ablation front than the polar beams, thereby lowering the laser 
absorption and reducing the drive efficiency. Therefore, the 
laser intensity must be increased near the equator relative to 
the pole to compensate for this effect. As the target implodes, 
time-dependent effects, as well as the multidimensional effects 
caused by lateral heat flow arising from temperature variations 
in the laser deposition region, must be considered. Furthermore, 
the absorption and hydrodynamic efficiency varies for different 
ablators. The irradiation strategy must also address the angular 
difference in hydrodynamic efficiency resulting from variations 
in density depending on the laser absorption around the target. 
The NIF can provide different laser pulses for each quad. To 
account for all these effects, different pulse shapes were used 
for the three rings of beams. In this study, each design required 
a dedicated beam-pointing strategy for the equatorial beams 
and time-dependent relative energy balance among the rings of 
beams, depending on the ablator. To illustrate this requirement, 
the laser pulses used to create the power balance between rings 
are presented in Fig. 140.19 for the SiO2 design. Single-beam 
power for the polar (green curve), mid-latitude (blue curve), and 
equatorial (black curve) rings of beams is presented. To offset 
the reduction in laser drive, additional energy is required in 
the PDD configuration compared to the uniform illumination 
presented in Hydrodynamic Stability of Moderate-Z Ablator 
Targets Under Uniform Drive (p. 224). A total laser energy 
of 1.74 MJ, 1.75 MJ, and 1.76 MJ is used to achieve ignition of 
the CH, HDC, and SiO2 designs, respectively.

Further optimization can be obtained by optimizing the 
laser-spot profiles compared to a uniform irradiation. It has 
been shown24,59 that low super-Gaussian–order beam pro-
files are highly desirable for PDD laser-spot shapes since the 
energy on target can be efficiently redistributed by reducing 
the peaked illumination on the pole when using lower super-

Gaussian order. In this study, the on-target intensity is produced 
by a circular super-Gaussian profile using an order of 3.4 for 
the pole and 2.2 for the mid-latitude beams. To improve the 
absorption uniformity in the equatorial region, the laser-spot 
profile is obtained by adding an elliptical profile on the initial 
profile for the equatorial rings of beams. This ellipse is char-
acterized by a super-Gaussian order of 2.2, a relative amplitude 
of 10% to 30% (depending on the ablator material) relative to 
the circular spot, an ellipticity of 3, and an offset of 15% of the 
initial target radius toward the equator relative to the center of 
the circular-spot profile. The focal-spot radius of the circular 
ellipse is set to the initial target radius for all rings of beams. 
Each irradiation region will require a different type of phase 
plate for each design presented in this article.

Polar-direct-drive simulations of the three designs were 
performed using the 2-D DRACO code including a three-
dimensional (3-D) laser ray-trace modeling of the NIF beams 
and using a flux limiter of f = 0.06. The relative energy among 
the beams, the beam pointing, and the beam spot shapes were 
varied to find an optimal configuration of the target drive unifor-
mity for each design. These calculations consider only the non-
uniformities arising from beam pointing and energy balance in 
between rings of beams inherent to a PDD laser configuration. 
Simulated density contour plots along with ion temperatures 
(in keV) inside the hot spot (white solid lines) at the onset of 
ignition for the CH (t = 12.03 ns), HDC (t = 11.33 ns), and SiO2 
(t = 11.15 ns) targets are presented in Fig. 140.20.

TC11837JR

2.0

1.5

0.5

2.5

1.0

0.0
0 2 4 6 8 10

Time (ns)

Si
ng

le
-b

ea
m

 p
ow

er
 (

T
W

)

Polar
Mid-latitude
Equatorial

Figure 140.19
Single-beam power for the polar (green curve), mid-latitude (blue curve), and 
equatorial (black curve) rings of beams for the SiO2 design.



Direct-Drive–ignition Designs with MiD-Z AblAtors

LLE Review, Volume 140230

Figure 140.20
Simulated density contour plots at the onset of ignition of the (a) CH target at t = 12.03 ns, (b) HDC target at t = 11.33 ns, and (c) SiO2 target at t = 11.15 ns in 
the polar-direct-drive configuration. The white solid lines indicate the ion temperature inside the hot spot in keV.

All designs present a shell shape dominating  = 4 mode of 
nonuniformity characteristic of PDD implosions and exhibit 
similar shell integrity. All designs achieve high target gain 
using the PDD irradiation configuration. Values of 68 for CH, 
65 for HDC, and 44 for SiO2 are achieved corresponding to 
91%, 90%, and 83%, respectively, of the nominal gain achieved 
for an unperturbed implosion under uniform illumination. 
Investigation of each design’s robustness in this configuration 
is underway. The effects of laser imprinting and capsule non-
uniformities on the PDD designs will be examined in future 
work. In addition, the recent developments in the DRACO 
code will allow us to investigate the nonlocal effects of heat 
transport65,66 as well as the effects of CBET in laser coupling 
and absorption symmetry. 

Conclusions
The use of materials of medium atomic number Z as ablators 

is considered as a possible path for direct-drive implosions to 
mitigate the detrimental effects of the TPD instability. Three 
hydro-equivalent ignition targets using pure plastic (CH), HDC, 
and glass (SiO2) ablators have been designed to accelerate the 
DT fuel to the same implosion velocity and adiabat.

It has been shown that because of a higher temperature 
and a shorter density scale length, the threshold for the TPD 
instability is increased for mid-Z materials. Moreover, the 
carbon target and especially the glass target benefit from a 
higher collisional damping effect on the TPD growth rate than 
for the plastic target. The growth rate is lower for mid-Z than 
low-Z ablators, resulting in reduced hot-electron energy and 
temperature. In addition, the higher plasma temperature and 
shorter density scale length in mid-Z coronal profiles indicate 

that SRS and CBET will also be reduced. On the other hand, 
the laser energy saved from a reduced CBET effect may become 
available to contribute to TPD and SRS growth.

Simulations of single-mode perturbations have demon-
strated that mid-Z-ablator–ignition designs and plastic designs 
have similar hydrodynamic stability properties. Multimode 
simulations indicate that the three targets are robust to both the 
inner-ice-surface and outer-surface roughnesses well above the 
NIF specifications. The overall stability of these targets to laser-
imprint perturbations exhibits enough margin to achieve ignition 
and high gains for a uniform drive. Using a mid-Z ablator does 
not appear to mitigate the RT growth of perturbations seeded 
by either fabrication defects or laser-drive nonuniformities for 
ignition-scale target designs. For more-realistic laser irradiation, 
a polar-direct-drive configuration has been developed for each 
design within the NIF laser specifications. The relative energy 
among the beams, the pulse shapes, the beam pointing, and the 
beam spot shapes were varied to find an optimal configuration 
for the target drive uniformity, resulting in ignition and high 
target gains. Therefore, mid-Z ablator targets represent a viable 
option for direct-drive–ignition designs since they present bet-
ter overall performances than plastic ablators by decreasing the 
detrimental effects of LPI on the implosion without a significant 
degradation of hydrodynamic stability properties.
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Propagating a laser beam at relativistic intensities (>1018 W/cm2) 
through a plasma with a large density scale length is dominated 
by highly nonlinear interactions including ponderomotive 
expulsion of electrons,1 channeling,2–4 and developing hosing 
and bifurcation instabilities.3,4 These effects are important for 
both fundamental aspects of relativistic laser–plasma interaction 
physics and applications such as fast ignition in inertial confine-
ment fusion.5 The central idea of the fast-ignition concept is to 
first compress a DT ice capsule with a nanosecond, megajoule 
laser to a high areal density and then use an ultrapowerful short-
pulse laser to subsequently ignite the fuel. Since laser light at 
nonrelativistic intensities propagates in the plasma corona up to 
only the critical density n m e0

2
0c e~ f= 2 (where ~0 is the laser 

angular frequency, me is the electron mass, f0 is the permittivity 
of free space, and e is the elementary charge), the idea is to use 
one high-intensity pulse to form a channel through the corona 
and then inject the ignition pulse into the lower-density plasma 
column as in an optical waveguide6 to deposit sufficient energy 
in the core for ignition. In contrast to the cone-in-shell concept,7 
the channeling concept has the advantage that it uses symmet-
ric implosions and can be readily applied to cryogenic targets. 
Cryogenic cone-in-shell targets are technically challenging and 
so far have not been demonstrated. Channeling into dense plas-
mas relies on the laser intensity to provide sufficient ponderomo-
tive pressure against the outflowing plasma and a laser pulse 
duration that is long enough to sustain the channel formation. 
When the laser reaches densities >nc, it may continue to push 
forward through its ponderomotive pressure (“hole boring”)  
and relativistic transparency. The ponderomotive hole-boring 
velocity8,9 is found by balancing the light pressure against the 
pressure arising from the material stagnating against the head 
of the channel. For an increasing laser intensity, a higher hole-
boring velocity is obtained. For a laser system of fixed energy, 
increased intensity comes at a price of decreased laser pulse 
duration or smaller spot size, and the balance between laser 
intensity and duration must be optimized to provide the longest 
channel. Channeling experiments with short10 and long11 laser 
pulses were performed, and it was demonstrated both in experi-
ments12 and simulations4 that channels have a higher transmis-
sion for a trailing pulse compared to an unperturbed plasma. 

These experimental observations were carried out using a vari-
ety of diagnostics including interferometry,12 self-emission,13 
and x-ray grid image refractometry.14 These diagnostics were 
limited to plasma densities below nc [here, nc always refers to 
infrared (IR) laser light (mIR = 1.054 nm)]. The channel region 
in the vicinity of nc was unexplored because of the strong refrac-
tion of the probe radiation at high plasma densities.

This article describes the observation of laser channeling 
in millimeter-sized inhomogeneous plasmas by measuring the 
depth of a channel for laser pulses with peak intensities between 
+1 # 1019 and +4 # 1019 W/cm2. The density scale length is 
comparable to those obtained in high-compression shots with 
spherical shells on the OMEGA laser. This experiment is 
relevant to future integrated fast-ignition channeling experi-
ments. To our knowledge, it represents the first measurements 
of the channel up to nc in a laser-driven blowoff plasma of this 
size. The observations reported here were made possible by 
using a probe with a short wavelength (mp = 0.263 nm) and 
a sufficiently large solid angle of the collection optics (+f/4). 
Measurements of the plasma density in the channel and in the 
background plasma are presented. The time for the short pulse 
to reach nc was measured and compares well to simulation 
predictions. The experimental results show that for a fixed laser 
energy, a lower-intensity, longer pulse propagates deeper into 
a long-scale-length plasma.

The experiments were carried out on the OMEGA EP Laser 
System.15 Figure 140.21 shows a schematic of the interac-
tion and probing geometries. Two ultraviolet (UV) (mUV = 
0.351 nm) laser beams smoothed by distributed phase plates 
(eighth-order super-Gaussian with 800-nm full width at half 
maximum)16 irradiated a 125-nm-thick planar plastic (CH) 
target to create and heat a blowoff plasma. The UV irradiation 
delivered 2 kJ of total energy in a 1-ns square pulse. The chan-
neling laser pulse was an IR beam with an energy ranging from 
0.75 kJ to 2.6 kJ. An intensity comparison was performed by 
using 100-ps and 10-ps pulse widths, respectively. The wave-
front of the channeling beam was measured and the focal-spot 
irradiance map was inferred for each shot.17 Eighty percent 
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of the laser energy was contained in a 25-nm spot resulting in 
vacuum peak intensities of +1 # 1019 and +4 # 1019 W/cm2 
for 2.6-kJ, 100-ps and 1-kJ, 10-ps pulses, respectively. The 
average laser intensities in the focal spot were about an order 
of magnitude lower. The focal position of the channeling beam 
was set to 750 nm from the original target surface, and the cor-
responding electron plasma density was predicted to be ne = 
2.5 # 1020 cm–3, which is close to .n 4c  It has been suggested 
in Ref. 18 that focusing the laser beam to n 4c  might provide 
the most-favorable condition for relativistically enhanced 
propagation. The probe beam19 was a 10-ps, 0.263-nm laser 
with 10 mJ of energy. The relative timing between the probe 
and channeling pulse was measured with an accuracy of better 
than 20 ps on each shot.

The expanding blowoff plasma was measured by using a 
new method of optical probing—angular filter refractometry 
(AFR)20—which visualizes gradients in the refractive index 
n of an object. The refractive index of an unmagnetized, col-
lisionless plasma is given by .n n n1 e c-=  Figure 140.22(a) 
shows an example of such a measurement shortly before the 
arrival of the channeling beam. The probe light that has passed 

through the plasma is collected and filtered in the focal plane 
of the collection optics where the spatial locations of probing 
rays depend on their refraction angle. A bull’s-eye–patterned 
filter with alternating transparent and opaque rings provides 
isocontours of the refraction angle in the image plane. Using 
AFR allows one to measure the angular deviation of probe 
rays while preserving the fine structures in the image, which 
is a considerable advantage over other methods. AFR, as a 
refractive method, is capable of probing large plasma vol-
umes, whereas, e.g., interferometric techniques that rely on 
fringe-shift measurements are severely limited by the large 
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phase shifts accumulated along the path. The electron plasma 
density profile shown in Fig. 140.22(b) was inferred from the 
measured angular deviation i of probing rays, assuming a 
hemi-spherical plasma with a varying refractive index. The 
analysis is described in detail in Ref. 20. The unperturbed 
on-axis plasma profile in Fig. 140.22(b) is in agreement with 
two-dimensional (2-D) hydrodynamic simulations with the 
code DRACO.21 The simulated electron temperature is 1.8 keV. 
The experimentally determined radial density scale length in 
the observed region varies from 200 to 320 nm with 250 nm 
being the average. The last contour in the collection system 
(i  . 8.1°) corresponds to light that is refracted through a peak 
density above nc (1.4 # 1021 cm–3).

Figure 140.23 shows measured channels at different prob-
ing times for 10-ps and 100-ps laser irradiation. The channel 
is visualized by the perturbations in the AFR contours. The 
contours bend as a result of strong density gradients created 
by the channeling pulse. Figures 140.23(a)–140.23(d) show 
the results for the 10-ps pulse. At 6 ps the head of the channel 
reached a position of 450 nm from the original target surface. 
The electron density at this location corresponds to 0.6 nc. The 
channel was observed up to 200 ps after its creation. Later in 
time, the tip of the channel retreats backward with a velocity 
of +3 # 107 cm/s away from the target surface. There is a clear 

difference in the channel depth between the 10-ps and 100-ps 
pulses. The 100-ps pulse [Figs. 140.23(e)–140.23(h)] reach the 
contour closest to the original target surface, indicating that a 
density >1.4 # 1021 cm–3 has been reached. The 100-ps pulse 
[as shown in Fig. 140.23(e)] reached, in only 18 ps, about the 
same depth as the 10-ps pulse. The 100-ps pulse continued to 
bore through the plasma, reaching overcritical density at 65 ps 
after the start of the laser beam. The upper contour bands in 
the lower-density region are smoothly shifted in space, while 
the contours at higher density inside the channel are highly 
distorted and obscured. This is likely caused by sharp density 
modulations at the channel wall that are also observed in 
particle-in-cell (PIC) simulations.3,22 Bright fourth-harmonic 
emission of the channeling beam was measured in the vicin-
ity of the critical surface [Figs. 140.23(e)–140.23(h)] with 
the 100-ps pulse. Harmonics from the critical-density surface 
have been observed in experiments with high-intensity laser 
beams interacting with solid-density plasmas.23 No harmonic 
emission was observed with the 10-ps pulse, indicating that it 
did not reach nc.

Figure 140.24 shows a radial cross section of the measured 
density profile in the channel. The density is calculated using an 
Abel inversion of the phase, which is inferred from the angular 
refraction in the AFR image. The density profile in the channel 

Figure 140.23
Optical probe images for 10-ps and 100-ps 
channeling laser pulses at various times show-
ing greater penetration depth for the longer 
pulse. [(a)–(d)] The 10-ps, 125-TW laser 
pulse never reaches nc and, therefore, does not 
produce fourth-harmonic emission. Since the 
detector integrated over a time much longer 
than the duration of the probe pulse, the har-
monic signal is present even in frames taken 
before the channel reaches the critical surface 
in the probe image. Time zero is defined as 
the start of the short pulse. The background 
plasma was always the same as the one shown 
in Fig. 140.22(a). [(e)–(h)] The red spots are 
caused by fourth-harmonic generation from the 
100-ps, 20-TW channeling pulse reaching nc.
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region takes on a parabolic-like shape bounded on either side 
by walls with a density higher than the background density. For 
the specific image shown here, the density in the channel has 
been reduced from 2 # 1020 cm–3 to 7 # 1019 cm–3—a reduction 
of 65%. The measured density in the channel is about a factor 
of 2 higher than that predicted by PIC simulations for similar 
conditions.3 This image was taken at 65 ps into a 100-ps pulse, 
so the density may be reduced further. At later times, contours 
become impossible to identify as the density gradient at the 
channel wall steepens.

The intensity distribution in the experimental laser focus 
was not diffraction limited and contained some spatial inhomo-
geneity,17 which probably seeded the filamentation instability 
and self-focusing in the plasma driven by ponderomotive and 
relativistic effects. Filamentation was predicted by solving the 
paraxial wave equation with a split-step algorithm, taking into 
account the ponderomotive and relativistic effects in the refrac-
tive index of the plasma and using the measured wavefront map 
of the channeling beam. The calculated beam inside the plasma 
was similar in size to the measured channel width. In addition, 
simultaneous measurements of the strong electrostatic and 
magnetic fields inside the plasma with proton radiography24 
also concluded the existence of filamentary structures at a 
location between 0.5 and 1 mm from the initial target surface. 
Three-dimensional (3-D) hydrodynamic simulations including 
relativistic corrections and the effect of charge separation have 
demonstrated that aberrated beams do not channel as effectively 

as diffraction-limited beams.25 Filamentation is sensitive to the 
power in the laser speckles and, therefore, is expected to be 
more severe for higher-power pulses. When sufficiently driven, 
this might cause beam spraying and result in the breakup of 
the beam so that it cannot reach a higher density. The 100-ps 
channeling beam had +4# less power than the 10-ps pulse and 
is expected to be less affected by filamentation, which might 
be one of the reasons why this beam propagated deeper into 
the plasma.

Two- and three-dimensional PIC simulations with large 
(+500-nm) plasmas studied the propagation and channeling for 
conditions similar to this experiment.3,4 The laser power greatly 
exceeds the power threshold for relativistic self-focusing26,27 
and beam filamentation occurs in the early stage of the simu-
lation. The local intensity increases in the filaments and the 
resulting transverse ponderomotive force pushes most of the 
electrons out of the filaments. The resulting space-charge force 
causes the ions to follow, creating several microchannels that 
eventually merge together and form a single density channel 
along the laser-propagation axis. The simulations predict that 
besides laser hosing, channel bifurcation, and self-correction, 
the laser front will pile up material at the channel head that 
will reach densities nc, even though the surrounding plasma is 
underdense. The simulations predict that after a short initial 
period (+ps), when the pulse propagates with a speed close 
to the linear group velocity, it quickly slows down and, after 
+5 ps, approaches the ponderomotive hole-boring velocity.8,9 
The plasma density gradient rapidly steepens in front of the 
pulse and the laser light essentially interacts most of the time 
with steep overcritical plasma.3,4

The channel propagation velocity can be obtained from the 
experiment. The depth of the channel is found by measuring 
the distance from the original target surface to the closest 
point of perturbed contours in the probe image. A channel 
progression velocity of >3!1 nm/ps was obtained from the 
data. The Mach angle gives another measure of the velocity 
of the supersonic advancing front in the gas. The velocity of 
the front of the channel is found by measuring the angle of the 
wake left behind by the channel. The Mach angle relates the 
front Mach number M to the angle im by sin(im) = 1/M. The 
Mach angle is measured to be +8° [in Fig. 140.23(f)], which 
gives a channel head Mach number of M + 7 and a velocity 
of 2 nm/ps, slightly lower than from the depth measurement.

The measured channel progression velocity is in agreement 
with PIC simulations, showing that it approaches the hole-
boring velocity, given by
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for normal incidence light.9 Here c is the speed of light, Z is 
the average charge state of the plasma, Mi is the ion mass, ha 
is the laser absorption fraction, I18 is the laser intensity in units 
of 1018 W/cm2, and mn is the laser wavelength in units of nm. 
The hole-boring velocity decreases with n1 e  when the pulse 
propagates deeper into the plasma, forcing more material to 
pile up. For an average intensity of I = 1018 W/cm2, fully ion-
ized plastic, ha = 1, and n ne c between 1 and 2, vh is estimated 
with 3.2 nm/ps and 2.2 nm/ps, respectively, which is consistent 
with the measurement.

The 3-D simulations provide scalings for the time Tc that is 
required for the channel head to reach the position of nc and 
the required laser energy Ec, which are given by Tc (ps) = 1.5 # 

I10 18
.2 0 64-  and .E I0 85kJ .

18
0 32

c =^ h  (Ref. 4). The estimated times 
and energies are between +35 ps, 1.9 kJ and +150 ps, 0.85 kJ for 
1019 W/cm2 and 1018 W/cm2, respectively, in rough agreement 
with the experimental values. This scaling also demonstrates 
that the 10-ps pulse is too short and does not have enough 
energy to reach nc. The time it takes for the pulse to bore 
through one scale-length distance is 250 nm/(3 nm/ps) + 80 ps. 
This indicates that the channeling process is driven primarily 
by the ponderomotive force as predicted by the 2-D and 3-D 
PIC simulations.3,4
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Introduction
Tritium has applications in the pharmaceutical industry as a 
radioactive tracer, in the radioluminescent industry as a scintil-
lant driver, and in nuclear fusion as a fuel. When metal surfaces 
are exposed to tritium gas, compounds absorbed on the metal 
surfaces (such as water and volatile organic species) chemically 
react with the tritons. Subsequently, the contaminated surfaces 
desorb tritiated water and volatile organics. Contact with these 
surfaces can pose a health hazard to workers. Additionally, 
desorption of tritiated species from the surfaces constitutes a 
respirable dose.

Understanding the mechanisms associated with hydrogen 
adsorption on metal surfaces and its subsequent transport into 
the bulk can reduce the susceptibility of surfaces becoming 
contaminated and can lead to improved decontamination tech-
niques. More generally, tritium can be used as a sensitive tracer 
to study surface chemistry and hydrogen transport. Elemental 
tritium readily converts into tritiated water on metallic surfaces.1,2 
Desorption of water from inner surfaces of process lines con-
taining ultrapure gas streams can compromise the reliability of 
semiconductor chips. Additionally, reactive gases used to fabri-
cate large-scale integrated chips combine with this water to form 
acids or submicron-sized particles that degrade interconnects on 
the chips to reduce their lifespan and reliability.3–5

This article compares the effectiveness of heat and moisture 
to desorb gases from metal surfaces using tritium as a tracer. 
In the first series of experiments, temperatures up to 600°C 
were used to measure the desorption spectrum from stainless-
steel samples under dry purge conditions. The second series 
of experiments compared tritium release at a fixed humidity of 
8760 ppm in the carrier while varying the metal temperature 
from 100°C to 130°C. The final set of measurements investi-
gated the impact of varying humidity while holding the sample 
at a fixed temperature of 100°C.

Experimental Procedure
These experiments used 316 stainless-steel samples that 

were 5 cm long # 1.8 cm wide # 0.3 cm thick. The samples 

were exposed to 690 Torr of DT gas, 40% T/D ratio, for 23 h at 
room temperature and stored under vacuum at room tempera-
ture until retrieved for the desorption studies, after which they 
were stored under helium. The experiments were conducted 
440 days after exposure. The samples were exposed briefly to 
air during the transfer from storage to the desorption facility.

The desorption facility, described in detail in Ref. 6, com-
prises a 100-cm3, heated quartz tube that holds the sample, a 
set of two gas spargers to extract water-soluble gases from the 
helium purge stream, and an on-line liquid scintillation counter 
to measure the activity collected in the spargers in real time. 
The performance of the spargers has been discussed in detail 
in Ref. 7. Tritium that desorbs from metal surfaces is predomi-
nantly found in water-soluble species.7

Each sample was heated by convection in a uniform heating 
zone within the quartz furnace. A thermocouple attached to the 
sample provided a direct measurement of the sample tempera-
ture. The humidity of the helium purge stream was adjusted 
by blending a purge steam that bubbled through a humidifier 
with a bypass stream. The humidity was measured on-line 
and indirectly from the rate of water loss from the humidifier.

The on-line liquid scintillation counter tracked the activity 
increase in the first sparger, containing 100 ml of liquid scintil-
lation fluid, as the desorption progressed. This signal provided 
a measure of the tritium inventory contained in the sample. The 
differential of this signal provided the tritium outgassing rate 
as a function of time as the desorption proceeded. The overall 
system response time was of the order of 2 min.

Results
1. Thermally Driven Outgassing into a Dry Stream

To investigate the effect of temperature on the outgassing 
rate, each sample was subjected to six sequential bake-outs at 
progressively higher temperatures in a dry helium purge. Each 
trial started by holding the sample at room temperature for 1 h 
to establish a background outgassing rate. The temperature was 
ramped to the dwell temperature and held at that temperature 

Dependence of Tritium Release on Temperature and Water Vapor 
from Stainless Steel
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for roughly an additional 3 h. The sample attained the dwell 
temperature within 5 min of starting the temperature ramp. 
After each run, the sample was allowed to cool to room tem-
perature. The same sample was used for all of the runs in this 
series. Runs were conducted in order of increasing temperature.

The activity collected in the first sparger for these runs is 
shown in Fig. 140.25. The background levels observed in the 
first hour have been arbitrarily set to zero. Activity is observed 
to increase in the first sparger +5 min after the initiation of the 
temperature ramp. A total of 5.5 mCi of tritium was recovered 
from this sample. This tritium inventory is representative of all 
the samples exposed to 690 Torr of 40% T/D gas during the 
campaign. The percentage recovered after each sequential run 
is listed in the inset of Fig. 140.25. The majority of the tritium 
was released from the surface when the bake-out temperature 
was of the order of 300°C. This finding is consistent with 
previous studies.6

The outgassing rates were computed by differentiating the 
table inset shown in Fig. 140.25. The outgassing rate for each 
run is plotted in Fig. 140.26. The outgassing rate increases 
rapidly with increasing temperature, even in the absence of 
humidity. A 120-fold increase in the outgassing rate is observed 
when the bake-out temperature increases from 75°C to 300°C. 

The exception to this trend is Run 6, conducted at 600°C. The 
lower outgassing rate in that case suggests that the tritium 
inventory within the sample has been depleted.

2. Humidity-Stimulated Outgassing from 30°C Metal
The effect of humidity on the outgassing rate was mea-

sured by purging a fresh sample with helium containing two 
sequentially increasing amounts of moisture—1120 ppm and 
6740 ppm of water vapor in the carrier. Each run was initially 
purged with the helium stream containing 4 ppm of water vapor 
for 2 h to establish a baseline outgassing rate. The outgassing 
rate for each of the three runs is provided in Fig. 140.27.
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The cumulative quantity of tritium released from a stainless-steel sample for 
sequential bake-outs at progressively higher temperatures in a purge stream 
containing 4 ppm of water vapor.

Figure 140.26
The outgassing rates of tritium from a stainless-steel sample for sequential 
bake-outs at progressively higher temperatures in a 4-ppm purge stream.
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An inspection of Fig. 140.27 provides two conclusions: 
(1) the peak outgassing rate increases with increasing humid-
ity and (2) increasing the water content in the purge stream 
sixfold from 1120 ppm to 6740 ppm increases the peak out-
gassing rate tenfold from 0.084 to 0.84 nCi/cm2/s. In both 
humid runs, the outgassing rate approaches the low-humidity 
outgassing rate, even though the residual tritium inventory on 
the sample remains high. Only 2% of the tritium is removed 
from the sample when it is exposed to 1120 ppm of moisture 
in helium, and an additional 5.3% is removed when the water 
content is increased to 6740 ppm. Diffusion of tritons from 
the near surface to the surface of the stainless steel or from 
the inner oxide layers appears to limit the rate of tritium 
outgassing at room temperature. It is noteworthy that +8% 
of the tritium inventory resides in and can be removed from 
the near surface with humidity. Finally, humidity-stimulated 
peak outgassing rates are seen to be at least one order of 
magnitude lower than thermally driven peak outgassing rates. 
For example, a peak outgassing rate of 34 nCi/cm2/s was 
attained at 300°C compared to 0.84 nCi/cm2/s achieved with 
6740 ppm of water vapor.

Figure 140.28 further demonstrates that the rate-limiting 
step in humidity-stimulated outgassing is triton diffusion to the 
surface. A second stainless-steel sample was decontaminated 

using a similar purge protocol to that described above. In this 
case, however, a second high-humidity run (Run 4) was added 
to the protocol.

Overall, the outgassing behavior of the second stainless-steel 
sample is very similar to that observed for the first sample. The 
quantities of tritium removed from the two samples are also 
similar. However, repeating a second run with high humidity 
2 h after the first high-humidity run did not recover the original 
enhanced outgassing rate. The outgassing rate is only slightly 
higher than that observed at the end of the first high-humidity 
run. Tritons were not available at the sample surface for 
exchange with water vapor, even though +90% of the tritium 
inventory remains in the sample.

3. Humidity-Stimulated Outgassing from Warm Metals
The relative contribution of humidity to the outgassing 

rate from warm metal surfaces was measured by subjecting 
a fresh sample to four sequential bake-outs at progressively 
higher temperatures in a wet purge stream. The humidity 
was fixed at 8760 ppm of water vapor in the carrier. The 
bake-out temperatures increased from 100°C to 130°C in 
10°C steps. The outgassing rates for the four runs, provided 
in Fig. 140.29, were arbitrarily set to zero at the start of each 
run for the comparison.

Figure 140.28
The humidity-stimulated outgassing rates of tritium from a second stainless-
steel sample at 30°C.
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Figure 140.29
Outgassing rates for stainless steel heated from 100°C to 130°C in 10°C steps 
into a helium purge stream containing 8760 ppm of water vapor.
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Three observations can be drawn from Fig. 140.29: (1) the 
quantity of tritium extracted from the sample increases with 
metal temperature as expected; (2) the peak outgassing rate 
increases with temperature; and (3) the rate of change in the 
outgassing rate also increases with temperature. With the excep-
tion of the 100°C run, the outgassing rate appears to decline 
more rapidly with time after the peak as the sample temperature 
increases, suggesting that the inventory of tritons that can par-
ticipate in the desorption process is finite. Increasing the sample 
temperature appears to involve tritons deeper in the subsurface 
but this reservoir is depleted more rapidly.

In a second experiment set up to investigate humidity-stim-
ulated desorption from warm stainless steel, the temperature 
was fixed at 100°C and the humidity changed from 4 ppm to 
1000 ppm. The stainless-steel sample was purged with a dry 
(4 ppm of water vapor) helium stream at room temperature to 
establish the baseline outgassing rate. After 30 min, the sample 
temperature was raised to and held at 100°C. Five hours later, 
the humidity of the purge stream was increased from 10 ppm 
of water to 1000 ppm. The outgassing curves are provided in 
Fig. 140.30.

Figure 140.30 shows that outgassing rates for the two cases 
evolved in a similar manner, first increasing to a peak and then 
decreasing toward a steady-state outgassing rate after a long 

time. The profiles are more reminiscent of thermal desorption 
than humidity-stimulated desorption. Increasing the humidity 
increased the tritium removal rate. Tritium desorption from 
stainless steel held at 100°C depends on the water-vapor flux 
to the surface or on the isotherm for water adsorption on stain-
less steel.

4. Discussion
The tritium-concentration profile’s dependence on distance 

was calculated using the Crank–Nicolson equation.8 This 
approach relies on flux balances across a grid spanning the 
metal depth and uses a finite-difference solution to the diffu-
sion equation. The calculation determines where the tritium is 
located during the loading phase and how that profile evolves 
during the storage of the stainless-steel samples. Three major 
assumptions were used in this calculation:

(a) The concentration of tritium at the surface was constant 
during loading.

(b) No tritium was lost during the storage period.

(c) The oxide and metal bulk concentrations at the oxide–metal 
interface were related by the ratio of their respective solubilities:

 ) .C
S

S
Coxide

bulk

oxide
bulk=  (1)

While the metal bulk solubility is a known value, the oxide 
solubility was determined by varying its value until the cal-
culated total activity in the sample agreed with the measured 
value. The difference between calculation and experiment was 
minimized with the Minuit routine contained in the ROOT data 
analysis package from CERN. The resulting oxide solubility is 
6000!200 times greater than the metal bulk solubility.

To calculate the amount of tritium that participates in each 
experiment, the penetration depth must be known. As tritium 
diffuses from the bulk to the surface, the tritium concentra-
tion profile in the metal will develop into an error function. 
The concentration at the oxide–metal interface will be low 
compared to the concentration deep in the bulk. The distance 
(z) that a triton can diffuse from the bulk into the oxide layer 
at a given temperature depends on time (t) according to Eq. (2):

 ) ) ,z D T t4= ^ h  (2)

Figure 140.30
The temporal evolution of the outgassing rate variation from stainless steel held 
at 100°C and exposed to a purge stream containing 10 ppm and then 1000 ppm 
of water vapor.
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where D is the diffusivity of the triton in stainless steel at 
temperature T. The tritium diffusivity in stainless steel9,10 at 
130°C is 9.9 # 10–10 cm2/s. Tritons in the bulk metal located 
109 nm beyond the oxide–metal interface cannot contribute to 
the desorption flux over the course of a 500-min experiment. 
The diffusivity decreases to 5.4 # 10–12 cm2/s at 30°C and the 
tritons penetration depth drops to 8 nm.

Integrating the tritium concentration profile over the pen-
etration depth yields the calculated amount of tritium that 
can contribute during an experiment. Using a depth of 8 nm, 
which corresponds to the data in Fig. 140.27, the calculated 
activity that can contribute is 281 nCi. This value compares 
with 243 nCi of tritium collected during the three runs shown 
in Fig. 140.27.

5. Conclusions
Baking out stainless steel at or above 300°C is an effective 

method of reducing the tritium inventory in stainless steel. 
Humidity-stimulated peak outgassing rates are seen to be at 
least one order of magnitude lower than thermally driven peak 
outgassing rates.

The quantity of tritium removed increases with humidity. A 
sixfold increase in moisture content in the purge stream gener-
ates at least a tenfold improvement in the peak outgassing rate.

Calculations show more activity is present than is actually 
removed during each experiment, suggesting that the bulk dif-
fusivity limits tritium removal.
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Introduction
A capacity gathering of over 100 researchers from 25 universi-
ties and laboratories met at the Laboratory for Laser Energet-
ics (LLE) for the Sixth Omega Laser Facility Users Group 
(OLUG) workshop. The purpose of the 2.5-day workshop was 
to facilitate communications and exchanges among individual 
OMEGA users, and between users and the LLE manage-
ment; to present ongoing and proposed research; to encourage 
research opportunities and collaborations that could be under-
taken at the Omega Laser Facility and in a complementary 
fashion at other facilities [such as the National Ignition Facility 
(NIF) or the Laboratoire pour l’Utilisation des Lasers Intenses 
(LULI)]; to provide an opportunity for students, postdoctoral 
fellows, and young researchers to present their research in an 
informal setting; and to provide feedback from the users to 
LLE management about ways to improve and keep the facility 
and future experimental campaigns at the cutting edge. The 
interactions were wide-ranging and lively, as illustrated in the 
accompanying photographs.

The OLUG consists of over 400 members from 44 universi-
ties and many research centers and national laboratories. Names 

and affiliations can be found at http://www.lle.rochester.edu/
media/about/documents/OLUGMEMBERS.pdf. OLUG is 
by far the largest users group in the world in the field of high-
energy-density (HED) physics and also one of the most active.

The first two mornings of the workshop comprised six sci-
ence and facility presentations. The facility talks proved espe-
cially useful for those unfamiliar with the art and complexities 
of performing experiments at the Omega Laser Facility. Since 
the facility is constantly evolving and improving, even expe-
rienced users significantly benefited from these updates. The 
overview science talks, given by leading world authorities, 
described the breadth and excitement of HED science either 
being currently undertaken at the Omega Laser Facility or well 
within the reach of the facility with improvements or upgrades.

A total of 63 students and postdoctoral fellows, 53 of whom 
were supported by travel grants from the National Nuclear 
Security Administration (NNSA), participated in the workshop. 
The content of their presentations encompassed the spectrum 
from target fabrication to simulating aspects of supernovae; the 
presentations generated spirited discussions, probing questions, 

The Sixth Omega Laser Facility Users Group Workshop

Figure 140.31
A capacity gathering of over 100 researchers, from 
universities and laboratories around the world, 
participated in this year’s workshop. The Users 
Group itself has over 400 members who come from 
44 universities and 25 laboratories, making it by 
far the largest users group in the world in high-
energy-density physics. The next annual OMEGA 
Users Workshop will occur on 22–24 April 2015.

U1738JR
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and friendly suggestions. In total there were 93 posters, includ-
ing eight that focused on the Omega Laser Facility.

An important function of the workshop was to develop a 
set of Findings and Recommendations (p. 247) to help set 
and define future priorities for the Omega Laser Facility. They 
were grouped into three broad areas: OMEGA EP, 60-beam 
OMEGA, and general facility improvements and the accessi-
bility and transparency of OMEGA operational information. 
LLE management uses these recommendations as a guide 
for making decisions about Omega Laser Facility operations, 
priorities, and future changes. In addition, the status of these 
OLUG Findings and Recommendations was updated and 
reviewed at a satellite evening meeting during the fall Ameri-
can Physical Society’s Division of Plasma Physics Conference 
(New Orleans, 27 October 2014). They will also form the grist 
for the forthcoming workshop.

One highlight of the workshop, as in past workshops, was 
the panel of students and postdocs who discussed their experi-
ences at the Omega Laser Facility along with their thoughts and 
recommendations on facility improvements. Engaging discus-
sions sparked by this forum resulted in the student/postdoctoral 
recommendations for the facility.

A new and very well attended event was the Wednesday 
evening session, sponsored by the students and postdocs. The 
event featured the University of Chicago’s Petros Tzeferacos, 

who gave a tutorial on the radiation–hydrodynamics code 
FLASH that is used widely in the HED community.

For the second time, three posters were presented by LLE’s 
Summer High-School Research Program students. Participants 
found their work impressive!

Finally, one of the important decisions made at the workshop 
was the selection of 22-24 April 2015 as the date of the next 
workshop. Planning for this event has already begun.

Several of the Findings and Recommendations of past 
workshops were either completed or are well underway. Some 
of the most-recent accomplishments include an enhanced 
tritium fill capability; an update of the OMEGA Users Guide; 
establishing a support group from whom the users can get 
technical help and assistance contact (Chuck Source and team); 
development of low-energy neutron spectroscopy; initiation of 
high-resolution x-ray imaging; the Wednesday evening Student/
Postdoc Tutorial session; full implementation of the super gas 
Cherenkov detector (GCD-3) gamma-ray spectrometer; imple-
mentation of compact 14.1-MeV neutron spectrometers; and 
initiation of the Phase I differential nuclear burn diagnostic for 
D2, D3He, and T3He.

The photographs on the following pages provide a rep-
resentative sampling of the workshop’s talks, interactions, 
and ambience.

U1739JR

Figure 140.32
A total of 63 students and postdoctoral fellows 
attended and nearly all made poster presenta-
tions. An NNSA grant provided travel assis-
tance for 53 of these attendees. The workshop 
emphasizes the participation and involvement 
of young researchers.
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Figure 140.33
The Wednesday morning registration brought in researchers from around the 
world; MIT students welcome and registered the arrivals.
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Figure 140.35
Tours of the OMEGA and OMEGA EP Laser Systems help researchers under-
stand the complexity of the facilities and get a first-hand taste of the knowledge 
required to implement a successful campaign.
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Figure 140.37
The spirited Findings and Recommendation sessions are central to the mission 
of the workshop for formulating and discussing ways, both technologically and 
through greater information transparency, to improve the facility and keep it 
at the forefront of high-energy-density research.
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Figure 140.34
A total of 93 posters were presented in three different poster sessions, engen-
dering lively discussions and often new insights. Students and postdocs, many 
of whom traveled to the workshop through the support of the NNSA travel 
grant, presented 63 of the posters.
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Figure 140.36
The student and postdoc sessions/town meetings are wonderful forums for 
young researchers to talk about their current research, as well as to delve 
into issues that particularly concern them in the course of implementing an 
OMEGA campaign.
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Figure 140.39
Beam 4 is the left-most beam in the OMEGA EP Bay, as 
seen from the target chamber.
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Figure 140.38
One of the important and challenging Findings 
and Recommendations, first discussed by General 
Atomic’s Mingsheng Wei, is the redirection of 
OMEGA EP Beam 4 so that it opposes Beam 3.

Figure 140.40
The cost and time to implement the “opposing beam” 
Findings and Recommendations is about $1.5 mil-
lion and would take about 18 months to implement. 
Importantly, it would have a very minimum impact on 
facility use. The enabling high-energy-density labora-
tory physics science would be transformative; examples 
of this were presented by Mingsheng Wei, Patrick 
Harrtigan, Raymond Jeanloz, Chikang Li, Gianlucca 
Grigori, Michel Koenig, and Channing Huntington 
among others. The opposing-beam concept and white 
paper were presented to the Fusion Energy Sciences 
Advisory Committee on 4 June 2014.
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Figure 140.41
The Workshop banquet at the Meliora offers a wonderful time for old and new friends to mingle in 
a congenial ambiance.
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4. In-situ gas-fill capability on OMEGA and OMEGA EP
5. Large phase plates for OMEGA (2 mm or larger, nominally 

ten in number)
6. Installation of hardware to enable the absolute timing of 

OMEGA neutron time-of-flight detectors
7. New and updated National Laser Users’ Facility Guide
8. Theory/simulations and diagnostics to explore multifluid/

kinetic effects
9. Reduction of D2 contamination in 3He to of the order of  

1 # 10–6
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Principal Findings and Recommendations of 2014 Workshop
OMEGA EP:
1. Thomson scattering on OMEGA EP with 4~ probe laser
2. Continuation of work for OMEGA EP to full specifications
3. Investigation of +100-ns pulses on OMEGA EP
4. Opposing beams on OMEGA
5. Pulse-shaping capability of 1 ps to 10 ps on OMEGA EP
6. 4~ interferometry on OMEGA EP
7. Four phase plates similar to the IDI-300 for smoother, 

higher-intensity spots on OMEGA EP
8. Scoping of beam splitter on OMEGA EP for short-pulse mode
9. Developing guidance for OMEGA EP debris shield use

OMEGA Centric and Overarching Considerations:
1. A 61st beam for Thomson scattering OMEGA
2. Independent operations of the three legs of OMEGA
3. Improvements of streaked optical pyrometer/active shock 

breakout on OMEGA
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During the summer of 2014, 16 students from Rochester-area 
high schools participated in the Laboratory for Laser Energet-
ics’ Summer High School Research Program. The goal of this 
program is to excite a group of high school students about 
careers in the areas of science and technology by exposing them 
to research in a state-of-the-art environment. Too often, students 
are exposed to “research” only through classroom laboratories, 
which have prescribed procedures and predictable results. In 
LLE’s summer program, the students experience many of the 
trials, tribulations, and rewards of scientific research. By par-
ticipating in research in a real environment, the students often 
become more excited about careers in science and technology. 
In addition, LLE gains from the contributions of the many 
highly talented students who are attracted to the program.

The students spent most of their time working on their 
individual research projects with members of LLE’s technical 
staff. The projects were related to current research activities at 
LLE and covered a broad range of areas of interest including 
laser physics, computational modeling of implosion physics, 
radiation physics, experimental diagnostic development, cryo-
genic targets, theoretical and experimental chemistry, tritium 
capture, electronics, image display, and 3-D virtual modeling 
(see Table 140.II).

The students attended weekly seminars on technical topics 
associated with LLE’s research. Topics this year included laser 
physics, fusion, holography, nonlinear optics, atomic force 
microscopy, electronic paper, and attosecond science. The 
students also received safety training, learned how to give sci-
entific presentations, and were introduced to LLE’s resources, 
especially the computational facilities.

The program culminated on 27 August with the “High 
School Student Summer Research Symposium,” at which the 
students presented the results of their research to an audience 

LLE’s Summer High School Research Program

including parents, teachers, and LLE staff. The students’ writ-
ten reports will be made available on the LLE Website and 
bound into a permanent record of their work that can be cited 
in scientific publications.

Three hundred and twenty-eight high school students have 
now participated in the program since it began in 1989. This 
year’s students were selected from nearly 70 applicants.

At the symposium LLE presented its 18th annual William D. 
Ryan Inspirational Teacher Award to Dr. Jeffrey Lawlis, Chair 
of the Science Department at Allendale Columbia High School. 
This award is presented to a teacher who motivated one of the 
participants in LLE’s Summer High School Research Program 
to study science, mathematics, or technology and includes a 
$1000 cash prize. Teachers are nominated by alumni of the 
summer program. Dr. Lawlis was nominated by Alex Frenett, 
a participant in the 2013 program. Describing his physics class, 
Alex wrote, “Dr. Lawlis began the year challenging the stu-
dents, not spoon-feeding them information. He not only taught 
them to derive the necessary equations (instead of having us 
memorize them), but also used his background in science to 
make the class entertaining, as he constructed many of the lab 
setups himself.” He proceeded to say, “Dr. Lawlis’ dedication 
to students is rare to find. Throughout the year, you could find 
his students in his classroom, working one-on-one with him 
for help…His class, his help, and his distinctive puns somehow 
inspired intelligent thinking.” He concluded, “This combination 
of intellect, support, and talent exemplifies how this man has 
devoted himself to his school, his community, and, most of 
all, his students in a way that only the best teachers ever do.” 
Dr. Lawlis also received strong support from Mr. Michael Gee, 
principal of Allendale Columbia High School, who described 
him as “a knowledgeable person who has raised the bar of the 
Science Department.”
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Table II: High School Student and Projects—Summer 2014.

Name High School Supervisor Project Title

Ryan Dens Allendale Columbia D. W. Jacobs-Perkins Display of Scientific Image Sources with Mobile Devices

Pranav Devarakonda Brighton R. Epstein The Use of Rosseland- and Planck-Averaged Opacities 
in Multigroup Radiation Diffusion

William Franceschi Victor B. E. Kruschwitz 
and A. Kalb

Optimization of Wavefront Control Using a High-
Resolution Wavefront Sensor

Emma Garcia Penfield R. S. Craxton Optimization of Uniformity for Current Polar- 
Drive Implosion Experiments on the National 
Ignition Facility

Jack Gumina Harley K. L. Marshall Next-Generation Polymers for High-Power UV Optics

Krishna Patel Webster Schroeder W. T. Shmayda Capturing Hydrogen on a Chilled Molecular Sieve

Sophia Rogalskyj Mercy W. T. Shmayda Isotopic Exchange on a Platinum-Coated Molecular Sieve

Liam Smith Webster Schroeder R. W. Kidder Evaluation of a Collaborative Networking Environ-
ment for Experimental Configurations

Jeremy Weed Victor D. Hassett, R. Peck, 
and D. Axman

Creating an Open Source LLE-Based Ethernet 
to LonTalk Adapter 

Felix Weilacher Penfield P. B. Radha Optimizing Beam Profiles for Polar-Drive Implosions 
on the National Ignition Facility

Kyle Xiao Webster Schroeder K. L. Marshall Computational Modeling of Azobenzenes for Optically 
Addressable Liquid Crystal Alignment 

Nathan Xu Pittsford Sutherland S. X. Hu Effects of Alpha-Particle Stopping-Power Models 
on Inertial Confinement Fusion Implosions 

Christopher Ye Webster Schroeder J. A. Delettrez Limits on the Level of Fast-Electron Preheat 
in Direct-Drive Ignition Designs

Robin Zhang Webster Schroeder C. Kingsley Statistical Investigation of Cryogenic Target Defects

Roger Zhang Webster Schroeder R. S. Craxton Polar-Driven X-Ray Backlighter Targets 
for the National Ignition Facility

Junhong (Sam) Zhou Victor C. Stoeckl Analyzing the Sensitivity of a Hard X-Ray Detector 
Using Monte Carlo Methods
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During FY14, the Omega Laser Facility conducted 1405 target 
shots on OMEGA and 699 target shots on OMEGA EP for 
a total of 2104 target shots (see Tables 140.III and 140.IV). 
OMEGA averaged 11.1 target shots per operating day with 
Availability and Experimental Effectiveness averages for FY14 
of 95.8% and 93.3%, respectively.

OMEGA EP was operated extensively in FY14 for a variety 
of internal and external users. A total of 638 target shots were 
taken into the OMEGA EP target chamber and 61 joint target 
shots were taken into the OMEGA target chamber. OMEGA EP 
averaged 7.6 target shots per operating day with Availability 

and Experimental Effectiveness averages for FY14 of 95.7% 
and 92.8%, respectively.

Highlights of Achievements in FY14
1. IR Transmission Diagnostic

Hardware was installed to collect final optics transmission 
data for the short-pulse beams on OMEGA EP. These optics 
will be characterized after each campaign to understand the 
resultant degradation of the surfaces from target debris and 
increase accuracy of on-target energy measurements. The 
diagnostic will also be used to collect data for debris-shield 
policy modifications. 

FY14 Laser Facility Report

Table 140.IV: OMEGA EP Laser System target shot summary for FY14.

Laboratory
Planned Number 
of Target Shots

Actual Number 
of Target Shots ICF

Shots in Support 
of ICF Non-ICF

LANL 12 15 7 0 8

LBS 90 133 0 0 133

LLE 168 242 0 128 114

LLNL 60 70 39 0 31

NLUF 84 88 0 0 88

SNL 12 13 13 0 0

Maintenance 0 138 0 138 0

Total 426 699 59 266 374

Table 140.III: OMEGA Laser System target shot summary for FY14.

Laboratory
Planned Number 
of Target Shots

Actual Number 
of Target Shots ICF

Shots in Support 
of ICF Non-ICF

CEA 61 67 0 0 67

DTRA 22 26 0 0 26

LANL 187 206 33 0 173

LBS 154 165 0 0 165

LLE 495 484 0 455 29

LLNL 253 270 70 0 200

NLUF 165 178 0 0 178

Maintenance 0 9 0 9 0

Total 1337 1405 103 464 838
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2. OMEGA Digital Imaging System
The aging laser alignment video system for OMEGA is 

being replaced with modern digital equipment. The core infra-
structure has been installed and many of the cameras have been 
replaced as part of project work this year. As with the system 
in OMEGA EP, integration of GigE-based camera diagnostics 
can be supported in shorter time frames.

3. Short- and Long-Pulse Late-Cycle Wavefront Control
The late-cycle control software has been implemented to 

optimize focal-spot performance. It coordinates the wavefront 
control and device motion control during the amplifier charge 
sequence on OMEGA EP. This capability significantly reduces 
the amount of time between final wavefront correction and each 
shot. Results include reduced wavefront error and consistent 
on-target short-pulse spot sizes of less than 20-nm radius.

4. OMEGA EP ASBO Laser Installation and ASBO/VISAR 
Diagnostic Tune Up
The OMEGA EP active shock breakout (ASBO) and veloc-

ity interferometer system for any reflector (VISAR) diagnostic 
have been significantly refurbished to ensure optimum mea-
surements. An additional source laser for OMEGA EP was 
commissioned to reduce dependence on the OMEGA source, 
mitigate campaign conflicts, and provide a spare resource for 
OMEGA. With this system operational, both laser systems 
are able to support campaigns that require ASBO diagnostic 
measurements on the same day.

5. OMEGA Arbitrary Waveform Generator 
on the SSD Driver
The OMEGA smoothing by spectral dispersion (SSD) driver 

pulse-shaping system has been converted from aperture-cou-
pled stripline technology to modern digital arbitrary waveform 
generator technology. Accuracy and repeatability of pulse-
shape generation have been dramatically improved. The facility 
has also extended available pulse-shaping features by adding 
a fourth-picket capability. The changing hardware required a 
redesign of all pulse shapes. The facility used this opportunity 
to update the pulse nomenclature to improve clarity and cor-
relate the pulse shape name more closely to the design features.

6. 4~ Probe Polarimetry Diagnostic
The 4~ probe polarimetry diagnostic was activated over the 

past year and is being used to measure the polarization rotation 
of the probe beam after transmission through plasma formed 
at the target chamber center (TCC). The primary purpose is to 
diagnose magnetic fields generated at TCC that induce Faraday 

rotation of the 4~ probe-beam polarization as it passes through 
a plasma or dielectric medium. The angular filter refractom-
etry diagnostic is simultaneously used to measure the plasma 
density profile complementing the plasma characterization and 
enabling one to calculate the magnetic fields.

7. Co-Propagation Activation
The OMEGA EP beam combiner optic coating has been 

re-engineered to withstand the fluences present in the beam 
path. With this advancement, LLE has activated a mode where 
the short-pulse signal from the upper and lower compressors 
is co-propagated to the target along the same beam path. The 
co-propagation option is available for either the backlighter 
beam path (on OMEGA EP) or the OMEGA target chamber 
beam path. In addition to simultaneous co-propagation, the 
ability to alternate shots using a single laser source through the 
same beam path to target is now available to users to achieve 
a higher shot rate.

8. 3~ Beam Timing Prototype System
The use of a target-sized scattering sphere enables one to 

directly measure UV light at the target chamber center. A 
procedure has been developed to launch a 5-Hz-repetition-rate 
infrared pencil beam into one of the beamlines such that suf-
ficient energy is present at the frequency-conversion crystals 
to make several nanojoules of UV light. The signal scattered 
from the target is captured and characterized relative to a 
reference beamline, allowing the path-length adjustment to be 
characterized for co-timing of all 60 beams. The initial data 
have shown that less-than-10-ps peak-to-peak timing can be 
achieved with this system.

9. Experimental Operations
Ten qualifications have been completed in FY14 to improve 

the capabilities of OMEGA and OMEGA EP, including the 
MIT split nose for the proton temporal diagnostics, the LLNL 
B-dot probes, and the LANL gas Cherenkov detector #3. As in 
previous years, many of the new instruments and capabilities 
were developed by, or in collaboration with, other laboratories.

Several infrastructure projects were completed this year to 
support target diagnostics: the final two ten-inch manipulators 
(TIM’s) have been retrofitted with modern mechanical and 
electrical control systems; the magneto-inertial fusion energy 
delivery system (MIFEDS) has been qualified in two additional 
TIM locations; and a pressurized gas-handling system has been 
implemented to support the gas Cherenkov and gamma reaction 
history diagnostics for LANL.
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The National Ignition Facility (NIF) x-ray spectrometer 
(NXS) has been qualified for use on OMEGA, calibrated on a 
two-day shot campaign, and then transferred to the NIF. Image 

plates for NXS were subsequently cross calibrated to those 
actively used on the NIF.
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Under the facility governance plan implemented in FY08 to for-
malize the scheduling of the Omega Laser Facility as a National 
Nuclear Security Administration (NNSA) User Facility, Omega 
Facility shots are allocated by campaign. The majority of the 
FY14 target shots were allocated to the Inertial Confinement 
Fusion (ICF) Campaign conducted by integrated teams from 
the national laboratories and LLE and the High-Energy-Density 
(HED) Campaigns conducted by teams led by scientists from 
the national laboratories. 

The Fundamental Science Campaigns accounted for 26.9% 
of the shots taken in FY14. Nearly half of these were dedicated 
to university fundamental science under the National Laser 
Users’ Facility (NLUF) Program, and the remaining shots 
were allotted to the Laboratory Basic Science (LBS) Program, 
comprising peer-reviewed fundamental science experiments 
conducted by the national laboratories and by LLE, including 
the Fusion Science Center (FSC). 

The Omega Laser Facility is also used for several campaigns 
by teams from the Commissariat à l’Énergie atomique et aux 
energies (CEA) of France and the Atomic Weapons Establish-
ment (AWE) of the United Kingdom. These programs are 
conducted at the facility on the basis of special agreements put 
in place by DOE/NNSA and participating institutions. 

The facility users during this year included 11 collabora-
tive teams participating in the NLUF Program; 16 teams led 
by Lawrence Livermore National Laboratory (LLNL) and 
LLE scientists participating in the LBS Program; many col-
laborative teams from the national laboratories conducting 
ICF experi ments; investigators from LLNL and Los Alamos 
National Laboratory (LANL) conducting experiments for 
high-energy-density–physics programs; and scientists and 
engineers from CEA. 

In this section, we briefly review all the external user activity 
on OMEGA during FY14.

FY14 NLUF Program 
FY14 was the second of a two-year period of performance 

for the NLUF projects approved for the FY13–FY14 funding 
and OMEGA shots. Eleven NLUF projects (see Table 140.V) 
were allotted Omega Laser Facility shot time and conducted 
a total of 265 target shots at the facility. This NLUF work is 
summarized in the following section.

In response to a DOE-issued solicitation in late FY14 for 
FY15-FY16 experiments, 23 proposals were received. The 
proposals were to be reviewed by a technical evaluation panel 
in October 2014 so that DOE may decide which proposals can 
be accepted and receive shots at the Omega Facility.

Study of Fast-Electron Transport into Imploded High-
Density Plasmas Using Cu-Doped CD Shell Targets
Principal Investigators: F. N. Beg (University of California, 
San Diego) and M. S. Wei (General Atomics)
Co-investigators: R. B. Stephens (General Atomics); C. McGuffey, 
B. Qiao, and H. Sawada (University of California, San Diego); 
A. A. Solodov, W. Theobald, C. Stoeckl, J. A. Delettrez, R. Betti, 
F. J. Marshall, and C. Mileham (LLE); M. H. Key, P. K. Patel, 
and H. S. McLean (LLNL); T. Yabuuchi, T. Iwawaki, and 
H. Habara (ILE); and J. J. Santos and D. Batani (University of 
Bordeaux, France)
Lead Graduate Student: L. C. Jarrott (University of California, 
San Diego)

Understanding the generation of fast electrons inside the 
cone and its subsequent transport into hot dense plasmas is cru-
cial to the success of the cone-guided fast-ignition (FI) scheme 
of inertial confinement fusion. In our prior work, we developed 
a new platform that measured, for the first time, the spatial 
map of fast-electron transport in the vicinity of the core of an 
imploded shell in joint OMEGA and OMEGA EP experiments. 
In this University of California San Diego (UCSD)-led NLUF 
project, we use the same platform to investigate several meth-
ods of improving coupling efficiency into an imploded CH/CD 

National Laser Users’ Facility and External Users’ Programs
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shell attached to a re-entrant gold cone target. The shell has an 
outer diameter of 870 nm, consisting of a 15-nm-thick outer 
CH ablator and a 23-nm-thick inner CD layer. A Cu dopant (at 
+1% atomic number density of CD) is added to the CD layer of 
the shell, which makes it possible to characterize fast-electron 
transport via its induced Cu K-shell fluorescence radiation. 

Fifty-four OMEGA beams (with a total energy of +18 kJ) 
were used to compress the shell. The 10-ps OMEGA EP Beam-
line 2 was tightly focused at the inner cone tip with various time 
delays relative to the OMEGA driver chosen to be before and 
after breakout on the inner cone tip. In this experiment, air was 
evacuated from the shells and the driver pulse shape was modi-
fied because radiation-hydrodynamic simulations predicted 
increased density at the instant of cone-tip breakout.

The breakout timing was measured by the active shock break-
out (ASBO) diagnostics for this new configuration. A zinc Von 
Hamos (ZVH) x-ray spectrometer tuned to measure the Cu K 
shell and ionic line emission provided spatially integrated Cu Ka 
yield measurements. As seen in Fig. 140.42, the total Cu Ka yield 
increased significantly (up to a factor of 3.5) in the joint shots 
compared to the OMEGA-only implosion shots. Fast-electron 
energy coupling to the compressed core was found to increase 

with the OMEGA EP beam energy. Neutron yield from D–D 
fusion, measured by a liquid crystal neutron time-of-flight detec-
tor, was also found to increase with OMEGA EP energy by a 
factor of up to 2.9, compared to those from only the implosion. 

While the ZVH provided the total yield of Cu Ka, a mono-
chromatic spherical crystal imager (SCI) (centered at 8048 eV 
with a 6-eV bandwidth) gave unprecedented spatial informa-
tion about where the fast electrons deposit their energy. Fig-
ures 140.43(a)–140.43(c) show data from joint shots at three 
delays. They clearly show that fast electrons penetrated through 
the cone (wall and tip) into the compressed shell, producing 
strong Cu Ka emission from the region of the imploded high-
density plasmas. The brightness, characteristic shape, and size 
change as a function of delay. The spatially resolved SCI data 
indicate that nearly all of the enhancement in Cu Ka yield is a 
result of emission from within 150 nm of the cone tip’s position. 

A comprehensive hierarchy of simulation tools was used to 
model the entire process from the implosion (2-D radiation-
hydrodynamics code DRACO), cone pre-plasma (2-D radiation-
hydrodynamics code HYDRA), electron generation, and finally, 
electron-beam transport particle-in-cell (PIC) code LSP. Diag-
nostic capabilities were implemented into the final transport steps 

Table 140.V:  NLUF proposals approved for shots at the Omega Laser Facility for FY13–FY14.

Principal Investigator Institution Project Title

F. N. Beg University of California,  
San Diego

Systematic Study of Fast-Electron Energy Deposition in Imploded 
Plasmas with Enhanced OMEGA EP Laser Contrast and Intensity 

R. P. Drake University of Michigan Experimental Astrophysics on the OMEGA Laser

T. Duffy Princeton University Dynamic Compression of Earth and Planetary Materials  
Using OMEGA

W. Fox University of New Hampshire Dynamics and Instabilities of Magnetic Reconnection Current Sheets 
in High-Energy-Density Plasmas

P. Hartigan Rice University Astrophysical Dynamics in the Laboratory: Mach Stems  
and Magnetized Shocks

R. Jeanloz University of California, 
Berkeley

Journey to the Center of Jupiter, Recreating Jupiter’s Core on OMEGA

H. Ji Princeton University Study of Particle Acceleration and Fine-Scale Structures of Collision-
less Magnetic Reconnection Driven by High-Energy Petawatt Lasers

R. D. Petrasso Massachusetts Institute 
of Technology

Studies of Laboratory Astrophysics, Inertial Confinement Fusion,  
and High-Energy-Density Physics with Nuclear Diagnostics

B. Qiao University of California,  
San Diego

Dynamics of High-Energy Proton Beam Focusing and Transition  
into Solid Targets of Different Materials

A. Spitkovsky Princeton University Generation of Collisionless Shocks in Laser-Produced Plasmas

R. B. Stephens General Atomics Investigation of the Dependence of Fast-Electron Generation  
and Transport on Laser Pulse Length and Plasma Materials
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to emulate the generation of Cu Ka photons, taking into account 
temperature effects on emission and crystal response caused by 
the shifting and broadening of the Cu Ka spectral line at plasma 
temperatures increasing above the order of 150 eV (using the code 
PrismSPECT3D), opacity, and 2-D projection for direct compari-
son to the experimental images. Figures 140.43(d)–140.43(f) show 
simulated data at the same three delays, reproducing several of 
the features as functions of time, including decrease in size, close-

ness to the walls, and decreased signal in the forward direction 
because of heating. Transport studies were also carried out with 
the hybrid PIC code ZUMA for rapid comparison over a wide 
range of electron source parameters. These simulations were also 
able to reproduce the characteristics of the SCI data, as shown in 
Figs. 140.43(g)–140.43(i), and further identified the parameters 
that were most important in determining the energy-deposition 
spatial profile and total coupling.
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Figure 140.42
(a) Cu Ka yield from the zinc Von Hamos (ZVH) spectrometer showed enhancement with OMEGA EP in all three configurations investigated. The cone tip’s 
diameter was either 10 or 40 nm, the OMEGA EP contrast was high (HC) or low (LC, prior to upgrade), and the shells had residual air or were evacuated with 
corresponding reduced driver picket. (b) D–D neutron yield was enhanced with the high-contrast, high-intensity (10-ps) OMEGA EP in joint shots prior to 
tip breakout.

Figure 140.43
[(a)–(c)] Cu Ka images showing the emission from 
the vicinity of the cone tip at various delays with 
the OMEGA EP beam energy at +500 J. The dot-
ted line is added to visualize the cone position.  
[(d)–(f)] Simulated data using a series of codes repro-
duce the emission around and in front of the cone tip 
at the same delays. [(g)–(i)] Simulated data with the 
hybrid particle-in-cell (PIC) code ZUMA allowed 
for comparison to data over a wide range of source 
position, divergence, and energy.
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In summary, the FY14 UCSD-led NLUF fast-electron 
transport experiment used the cone-in-Cu-doped-shell platform 
developed previously to investigate two methods for improving 
the coupling from OMEGA EP to an imploded core: mitigation 
of pre-plasma in the cone by increasing the cone tip’s diameter 
and optimization of the implosion. The changes led to Cu Ka 
yield enhancement by as much as a factor of 3.5. The increased 
yield from the core region along with the enhanced neutron yield 
gives two independent figures of merit showing increased energy 
coupling to the high-density core. This platform identified the 
crucial parameters to the coupling of energy to the core, and the 
data validated modeling codes and tests of new target designs 
so that coupling to the core can be improved—a critical step 
forward in the evaluation of fast-ignition laser fusion.

Laboratory Astrophysics Investigation into the Structure 
of Accretion Shocks
Principal Investigator/Project Director and Technical Point of 
Contact: Professor R. P. Drake
Co-Principal Investigator: C. C. Kuranz (University 
of  Michigan)
Co-investigators: S. Ross (LLNL); C. K. Li and A. Zylstra 
(MIT); S. Klein and M. Trantham (University of Michigan); 
and D. H. Froula, G. Fiksel, and P.-Y. Chang (LLE) 

This work involves the design and implementation of laboratory 
astrophysics experiments on OMEGA to study accretion shocks at 
the surface of young stars. In the current model of accretion, mate-
rial from the accretion disk surrounding the young star funnels to 
the stellar surface along magnetic-field lines (see Fig. 140.44). By 
understanding the structure of these accretion shocks, we hope 
to give astronomers the tools to better calculate accretion rates 
and, thereby, develop better models for the evolution of young 
stars—much like the Sun some five billion years ago. 

Since the material is supersonic, it creates a shock and a 
region of heated plasma when it hits the stellar surface. By 
studying the spectra of young stars, astronomers can tell that 
a small fraction (on average 1%) is covered by very hot plasma 
(roughly 3 MK) and a slightly larger fraction (on average 5%) 
is covered by less hot plasma (roughly 2 MK). But what do 
these fractions tell us about the accretion process? Are the 
3-MK hot spots and the 2-MK hot spots caused by independent 
accretion streams with different densities or are the 2-MK hot 
spots just heated regions surrounding the 3-MK hot spots? 
Figure 140.45 illustrates the dilemma. By understanding the 
structure of accretion shocks, we hope to determine which of 
these scenarios is more likely and, thereby, enable astronomers 
to make more-accurate studies of accretion rates.

Our experiment involves creating a plasma flow by rear-
irradiating a thin acrylic cone with seven OMEGA full-power 
beams (see Fig. 140.46). This plasma (the “accreting flow”) trav-
els roughly 3 mm and impacts a solid block (the “stellar surface”). 
We impose a magnetic field parallel to the plasma flow with a 
magneto-inertial fusion electrical discharge system (MIFEDS) 
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Figure 140.44
A diagram of an accreting protostar system. The protostar is surrounded by 
an active accretion disk and the star-disk system generates bipolar outflows.
There is a gap between the inner edge of the disk and the surface of the 
star; material bridges this gap by flowing along magnetic-field lines. Credit: 
Thomas Greene, American Scientist, July–August (2001).
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Figure 140.45
(a) Is the 2-MK plasma (shown in medium pink) associated with the 3-MK 
plasma (shown in dark pink) or (b) are the 2-MK and 3-MK hot spots inde-
pendent? Understanding which of these scenarios applies has implications 
when trying to calculate an accretion rate.
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device and image the experiment with proton radiography to 
capture the magnetic distortion caused by the impact.

Previous experience with plasma jets generated in this fash-
ion demonstrates that we have plasma b . 5 to 50, where b is 
the ratio of ram pressure to magnetic pressure. This is similar 
(to an order of magnitude) to the plasma b present on young 
stars with low magnetic fields. Figure 140.47 shows plasma 
b versus time for a magnetic field of 7 T and plasma parameters 
from Thomson-scattering data from five shots in April 2012.

Structure of Molybdenum and Iron Oxide Under Dynamic 
Compression on OMEGA
Principal Investigator: T. Duffy (Princeton)
Co-investigators: R. Smith and F. Coppari (LLNL); J. Wang 
and J. Wicks (Princeton); and T. R. Boehley (LLE)

During FY14, we carried out a series of experiments as part of 
our long-term effort to constrain the structure and properties of key 
materials of interest in geophysics and high-pressure science. This 
year we focused on molybdenum (Mo), a high-pressure standard 
material, and iron oxide, a key constituent of the deep mantle and 
core of terrestrial planets. The OMEGA laser was used to ramp or 
shock compress these materials to as high as 1 TPa of pressure, and 
the powder x-ray diffraction image plate (PXRDIP) diagnostic was 
used to record x-ray diffraction patterns. Active shock breakout 

(ASBO) was used to measure free surface and interface velocities 
from which pressure in the sample could be determined.

Molybdenum is an important body-centered-cubic (bcc) 
transition metal that has been extensively studied at high pres-
sure but significant unanswered questions and discrepancies 
remain. The nature of the stable phase along the Hugoniot 
above 210 GPa is uncertain. There is also a large discrepancy 
between static and shock-wave experiments and theoretical 
calculations regarding the pressure at which Mo melts on the 
Hugoniot and the slope of the melting curve with pressure. In 
our experiments, Mo was shock compressed between 250 and 
450 GPa. Between 250 to 380 GPa, we observed a diffraction 
peak consistent with the strong (110) reflection of bcc molyb-
denum. Other possible phases, such as the hexagonal-close-
packed and face-centered-cubic structures, are not consistent 
with the observed diffraction pattern. Our results agree well 
with the most-recent sound velocity measurements and theo-
retical calculations for Mo and enable us to rule out a phase 
transition at 210 GPa. At 390 GPa, the diffraction pattern 
changes, with the strong, textured (110) peak replaced by a 
weak, untextured broad feature. This is consistent with partial 
melting of Mo beginning near 390 GPa. Our melting results 
are in agreement with theoretical calculations and demonstrate 
that the melting temperature of Mo increases strongly with 
pressure. This work shows that direct structural determinations 
by x-ray diffraction on dynamically compressed materials on 
OMEGA can provide key insights into material behavior along 
the Hugoniot. 
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Figure 140.47
The plasma b (ratio of ram pressure to magnetic pressure) for jets made by 
the method employed for Fig. 140.46. These data are from OMEGA shots 
in April 2012.

Figure 140.46
The experimental target has three pieces: a magneto-inertial fusion electrical 
discharge system (MIFEDS) structure, which imposes a magnetic field on 
the experiment; an experimental target, which is aligned inside the MIFEDS 
structure; and a proton backlighting capsule. For reference, the experimental 
target is 3 mm # 3 mm # 8 mm.

U1752JR

MIFEDS coils

Proton
backlighter

MIFEDS coils

Experimental
target

Proton
backlighter



NatioNal laser Users’ Facility aNd exterNal Users’ Programs

LLE Review, Volume 140258

Iron oxide (FeO) is an important material for modeling Earth 
and planetary interiors. Understanding its properties and measur-
ing its equation of states at multi-megabar pressures are crucial 
to building reliable geophysical models. FeO shows a complex 
polymorphism below 200 GPa, and experimental data on its 
structure and density exist only up to 300 GPa. In our experi-
mental campaigns on OMEGA, we ramp-compressed FeO from 
350 to 750 GPa and measured the high-pressure polymorph in a 
totally unexplored pressure regime. The d spacings reported in 
Fig. 140.48 as a function of pressure show that the stable structure 
in this pressure regime is the B2 phase, which has never been 
measured experimentally to such a high pressure. These data 
will allow us to experimentally determine the stress–density 
relation for B2–FeO and its equation of state and will provide 
an experimental benchmark to theoretical simulations.

Dynamics of Magnetic-Reconnection Current Sheet  
in High-Energy-Density Plasmas
Principal Investigator: W. Fox and A. Bhattacharjee (Princeton, 
Plasma Physics Laboratory) 
Co-investigators: G. Fiksel, P. M. Nilson, S. X. Hu, and 
D. Haberberger (LLE)

We have developed and conducted experiments on 
OMEGA EP to study the phenomenon of magnetic reconnec-
tion. Magnetic reconnection occurs when regions of opposite 
directed magnetic fields in a plasma can interact and relax to a 

lower-energy state; it is an essential plasma physics process in 
many systems that governs the storage and explosive release of 
magnetic energy in systems such as the earth’s magnetosphere, 
the solar corona, and magnetic-fusion devices. The energy 
liberated in this way can produce heat flows and enable the 
acceleration of a large number of particles to high energies. 

These experiments on OMEGA EP used an externally 
applied magnetic field of the order of 12 T as the seed field 
for reconnection. With an externally applied field, the fields 
undergoing reconnection are under experimental control, so it is 
possible to conduct experiments with variable fields and topolo-
gies. In our first experiment, we conducted the “zero-field” case, 
in which the plumes can interpenetrate and drive the Weibel 
instability,1 which is also very interesting as a mechanism to 
produce unmagnetized shocks in astrophysical blast waves.

We have now also successfully magnetized and collided 
the counterpropagating plasmas and observed reconnection 
of the fields as the plumes collided.2 Figures 140.49(a)–
140.49(d) shows a sequence of proton radiography images of 
the collision and interaction of the magnetized plasmas. The 
results are qualitatively different than the unmagnetized case 
and show the formation of a pair of magnetized “ribbons” 
propagating toward one another. These ribbons are regions of 
a deficit of protons to the film and indicate regions of strong 
magnetic field—magnetized plasma—which has steered the 

Figure 140.48
(a) Phase diagram of molybdenum (Mo). Black circles represent our experimentally measured shock pressures. The black and purple dashed lines show the 
calculated Hugoniot temperatures and melting curve for Mo. Our results are consistent with theoretical calculations that melting begins on the Hugoniot near 
390 GPa and require a steeper melting curve than suggested from diamond anvil cell (DAC) data (red triangles). (b) Experimentally determined d spacings for 
FeO as a function of pressure as obtained in our ramp-compression experiments. Green circles represent our data, which are compared with static compres-
sion experiments (black squares) and theoretical simulations (green dotted lines). Our data show that the B2 phase of FeO is stable at least up to 750 GPa.
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diagnostic proton beam off-film. The successful formation of 
these pairs of ribbons is non-trivial: it was found that it was 
essential to add a third, “background” plasma source, trig-
gered before the blowoff forms the two primary targets, to fill 
the experimental volume with a diffuse low-density plasma. In 
Fig. 140.49 a sequence of images from both the experiments 
and associated particle-in-cell simulations show the ribbons 
propagating toward one another and colliding at the midplane, 
generating bubble-like structures as the regions of oppositely 
magnetized plasmas interact and drive the reconnection of 
the magnetic fields.

Finally, in our most-recent results, we added the angular 
filter refractometry (AFR) diagnostic based on the new fourth-
harmonic optical probe beam on OMEGA EP. This diagnostic 
measures density structures; in particular, transition bands 
occur in the image at specific values of the plasma density 
gradients (see Fig. 140.50 for an example). We are presently 
working to unfold these measurements to provide the plasma 
density in the reconnection region. Additionally, we observe 
very narrow AFR features that indicate steep density jumps at 
the edges of the plumes, coincident with where the magnetic 
fields are compressing, likely indicating formation of a shock. 
Similar features in the magnetic fields and density gradients are 
observed in our particle-in-cell simulations; we are investigat-
ing the specific mechanisms for shock formation.
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Figure 140.50
Angular filter refractomety image of two colliding magnetized plumes. The 
transition bands correspond to specific values of the plasma density gradient. 
A sharp density jump is formed at the edge of the plumes and coincident with 
the magnetic-field ribbons.

Astrophysical Dynamics in the Laboratory: Mach Stems 
and Magnetized Shock Waves
Principal Investigator: P. Hartigan (Rice University)
Co-investigators: J. Foster and P. Rosen (AWE); C. Kuranz 
(University of Michigan); G. Fiksel (LLE); A. Frank (Univer-
sity of Rochester); B. Blue (General Atomics); A. Liao (Rice 
University); and P. Graham (AWE)

Supersonic flows are associated with a wide variety of astro-
physical phenomena, including stellar winds, jets from young 
stars and black holes, and interacting binary systems; they are 
pervasive throughout both the interstellar and intergalactic 

Figure 140.49
Proton radiography data and associated particle-in-cell simulations post-
processed with a virtual proton radiography diagnostic for comparison. The 
white areas [(e)-(h)] indicate regions of strong magnetic fields (+30 T). As 
the two plumes expand and collide, the magnetic fields are brought together 
and reconnect. (From Ref. 1.) 
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media. All of these types of objects have magnetic fields of 
sufficient strength to affect how the systems evolve dynami-
cally. In the past year we have been using the MIFEDS system 
on OMEGA to explore different experimental designs with the 
goal of creating a platform that we can use to study strongly 
magnetized, high-Mach-number shock waves in a controlled 
laboratory environment. 

While highly magnetized plasmas are the norm in most 
astrophysical contexts, the densities in the laboratory are much 
larger, so that when magnetic fields are compressed by strong 
shock fronts, the fields tend to diffuse out of the compressed 
material, which limits the effects that fields have on the flow 
dynamics. This problem can be particularly acute when 
magnetic fields are applied externally, for example, through 
the application of Helmholtz coils. One way to eliminate the 
problem of magnetic diffusion is simply to drive a supersonic 
flow into a wire that carries a strong current. With this type of 
setup, the current in the wire continues to generate the field, 
which can then be compressed by the supersonic flow. 

Numerical simulations of this configuration are shown in 
Fig. 140.51. Using the MIFEDS coils on OMEGA, we are able 
to achieve a magnetic-field strength of +20 T at the surface of the 
wire. The importance of this field dynamically is determined by 
the parameter v, which is the ratio of the ram pressure tv2 to the 
magnetic pressure B2/8r. The simulations [Fig. 140.51(a)] show 
that the magnetic case should create a well-known morphology of 
a bow shock, where incident material is decelerated, and a mag-

netopause that defines the boundary of the compressed magnetic 
field around the wire. A plot [Fig. 140.51(b)] of the equilibrium 
position of the bow shock and magnetopause reveals that even 
when v is as large as +50, the position of the bow shock in the 
magnetized case should be displaced by a measureable offset 
(+30 nm) compared with the nonmagnetic case. 

Our first laser shots using this configuration were completed in 
mid-October 2014. In Fig. 140.52 we show the magnetic images 
(green) superposed upon the nonmagnetic ones (red). A clear offset 
exists between the bow shock in the two cases, in the sense that the 
magnetic field from the wire maintains the bow shock at a larger 
distance from the wire surface. We have also obtained streaked 
optical pyrometer data for each shot and will be analyzing these to 
better quantify how the velocities varied in the experiment. This 
work shows great promise for producing a platform with which 
we will be able to study supersonic magnetic phenomena.

Journey to the Center of Jupiter, Recreating Jupiter’s Core 
on OMEGA 
Principal Investigator: R. Jeanloz (University of California, 
Berkeley)
Co-investigators: M. Millot (LLNL); and P. Loubeyre and 
S. Brygoo (CEA)

Our experimental documentation of He/H2 phase sepa-
ration, the insulator–metal transition in the vicinity of the 
predicted plasma phase transition (PPT), and the transport of 
dense hydrogen is significantly different from predictions by 

Figure 140.51
Numerical simulations of a supersonic flow moving past a current-carrying wire. (a) The flow is incident from the left and produces a bow shock and a mag-
netopause in the magnetic case (bottom half) as compared with the nonmagnetic case (top half). (b) Predicted offset of the bow shock (open circles) and mag-
netopause (solid circles) relative to the wire plotted as a function of the ratio v of the ram pressure and magnetic pressure at the wire surface. Even a relatively 
small field produces a measureable magnetosphere.3
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first-principles calculations. It also reveals the rich quantum 
nature of hydrogen up to tenfold compression and provides 
thermodynamic constraints on the hydrogen phase diagram 
that is otherwise based mainly on theory. 

A few years ago, we launched a new capability to explore 
H2, He, and H He2  mixtures at the Omega Laser Facility. The 
first step of our work was used to benchmark new techniques; 
produce new data to test structure and evolution models for Sat-
urn and Jupiter; and extend the Hugoniot of hydrogen, deuterium, 
and helium as determined by several groups on different plat-
forms: gas gun, Z, and lasers. Using diamond-anvil high-pressure 
cells (at room temperature) to tune the initial density of hydrogen 
to that of a cryogenic liquid, we established these techniques by 
comparing to previous data and validated our sample metrol-
ogy, Hugoniot, reflectivity, and temperature measurements. The 
second step has been to significantly extend the Hugoniot, tem-
perature, and transport measurements off the principal Hugoniot 
by changing the precompression of the sample. 

We have now collected shock data with precompressed 
samples at initial pressures in the range 0.15 GPa to 9 GPa, 
(0.7 to 4# the cryogenic fluid density), giving access to a broad 
new range of warm-dense-matter conditions for hydrogen and 
helium systems (Fig. 140.53). This led to several significant 
discoveries: (a) the maximum compression of the Hugoniot 
depends strongly on initial density, which provides a stringent 
test of existing equation-of-state models, and allows for the 
determination of several derivatives such as the specific heat, 
Grüneisen coefficient, adiabatic exponent, thermal coefficient 

of expansion, etc.;4 (b) the reflectivity of hydrogen changes 
abruptly in the vicinity of the predicted plasma phase transition, 
with this transition from electrically insulating to conducting 
states appearing related to the recently observed maximum in 
the melting curve; and (c) the electrical conductivity of hydrogen 
deduced from reflectivity data differs from values predicted with 
current models at the highest densities examined.
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Figure 140.52
Optical images of the bow shock that forms around a wire. Left to right shows a time sequence of images as the flow moves from the top of the frame past the 
wire at the bottom. At early times there is significant ablation from the wire in response to irradiation from the laser drive. The color offset between the red 
and green shocks clearly demonstrates the effect of the magnetic field.
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Magnetic-Reconnection Experiments in Laser-Driven, 
High-Energy-Density Plasmas
Principal Investigator: H. Ji (Princeton) 

In FY14, the team led by Princeton University carried out 
experiments on magnetically driven reconnection in laser-
driven high-energy-density (HED) plasmas using a novel 
magnetic-field–generation technique. A schematic of the 
experimental setup on OMEGA EP is shown in Fig. 140.54. 
The main interaction target is comprised of two parallel cop-
per plates, connected with two copper wires. Two OMEGA EP 
2.5-kJ, 1-ns laser pulses pass through the laser entrance holes 
on the front plate and are focused on the back foil, generat-
ing a beam of superthermal hot electrons. The hot electrons 
stream onto the front plate and build up an electrical potential 
between the plates. This, in turn, drives large currents in both 
wires and creates magnetic reconnection because anti-parallel 
magnetic-field lines exist in the middle plane. Ultrafast proton 
radiography was utilized to probe the reconnection process at 
various times with high spatial and temporal resolutions. To 
characterize the magnetic-field generation around the wire, 
targets with double plates connected with a single wire were 
also used.

The experiments successfully demonstrate a large external 
field source on OMEGA EP and provide a solid platform toward 

realizing magnetic reconnection in magnetically driven HED 
systems. Figure 140.55 shows the experimental results. Fig-
ure 140.55(a) is an example proton image for the single-wire 
case, taken at t = t0 + 3.101 ns for 20-MeV protons, where t0 is 
the arrival time of the long-pulse drive beams at the copper foil 
surface. The image is high quality, showing the location of the 
copper plate and the wire. In particular, a light bubble is formed 
when incident protons are deflected by the azimuthal magnetic 
field around the wire. The results show +500-T magnetic fields 
at a distance of 40 nm from the wire surface. Energetically, 
the generated magnetic energy by the coil is of the order of 1% 
of the total energy of two incidental lasers. Figure 140.55(b) 
shows an example proton image for the two-wire case, taken 
at t = t0 + 4.088 ns for 20-MeV protons. Besides the features of 
copper plate and copper wire, two light bubbles and a jet-like 
feature in the center are observed. Detailed analysis on the 
cause of the jet is underway. 
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Figure 140.55
(a) A proton radiograph of a single-wire case where the light bubble is caused 
by magnetic fields around the wire deflecting incident protons. (b) A proton 
image for the two-wire case. 

Studies of High-Energy-Density Plasmas, Inertial 
Confinement Fusion Implosions, and Nuclear 
Science for Astrophysics
Principal Investigators: R. D. Petrasso and C. K. Li (MIT)
Co-investigators: F. H. Séguin, J. A. Frenje, and M. Gatu Johnson 
(MIT); T. C. Sangster, V. Yu. Glebov, D. D. Meyerhofer, and 
R. Betti (LLE); and O. L. Landen (LLNL)

MIT work in FY14 included a wide range of experiments 
applying proton radiography, charged-particle spectrometry, 
and neutron-spectrometry methods developed by MIT and col-
laborators to the study of high-energy-density physics (HEDP) 
and inertial confinement fusion (ICF) plasmas. In FY14 eight 
papers,5-12 one MIT Ph.D. thesis,13 one MIT M.Sc. thesis,14 

Figure 140.54
Experimental setup for the recent reconnection experiments on OMEGA EP 
based on a novel field-generation technique. The main target is comprised 
of two copper plates connected with two wires. Target parameters are well 
characterized before the experiment. Two OMEGA EP long-pulse beams 
pass through the holes on the first plate to reach the second plate, where hot 
electrons are released to charge up the first plate and form electric currents 
through the coils. Energetic protons generated by the OMEGA EP short-pulse 
beam are used to probe the reconnection process.
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and one MIT senior thesis15 about NLUF-related research 
were published; there were also many invited and contributed 
talks presented at conferences. Two additional papers have 
been submitted for publication.16,17 The students also won 
numerous awards, including the 2014 Marshall N. Rosenbluth 
Outstanding Doctoral Thesis Award, given to Dr. M. Manuel 
for NLUF work.18-20 This award has never before been given 
for HEDP research. In addition, recent Ph.D. M. Rosenberg 
has accepted a position at LLE.

Among recent publications are two Physical Review Let-
ters5,6 by MIT students who presented analyses of OMEGA 
data, shedding new light on the important topic of kinetic/multi-
ion effects in plasmas. Most ICF simulations are carried out 
with single average-ion, radiation–hydrodynamic codes, but we 
now know that deviations from hydrodynamic conditions are 
prevalent during the early stages of implosions when strongly 
shocked, low-density plasmas are affected by kinetic physics 
related to long ion mean free paths. Reference 5 discusses a 
series of NLUF experiments on OMEGA that provide clear 
evidence of a transition from hydrodynamic-like to strongly 
kinetic behavior in shock-driven ICF implosions as the initial 
equimolar D3He gas density was decreased (illustrated in 
Fig. 140.56). References 6 and 7 discuss OMEGA experiments 
that lead to the first kinetic mix mechanisms in shock-driven 
ICF implosions; an important aspect of these data is illustrated 
in Fig. 140.57. These results are very important for testing non-

benchmarked ion diffusion models and codes that have recently 
been developed for high-energy-density (HED) plasmas. 

Another publication in Physical Review Letters10 describes 
how monoenergetic proton radiography21 was used on OMEGA 
(as illustrated in Fig. 140.58) for the first observations of the 
structures, dynamics, and self-generated fields of pairs of laser-
generated, high-Mach-number plasma jets that collide at various 
angles. Proton radiography has great sensitivity to fields, unlike 
x ray or other optical diagnostics.22 The observed self-generated 
magnetic fields, largely azimuthal around the colliding jets and 
generated by the well-known dTe # dne Biermann battery effect 
near the periphery of the laser spots, were demonstrated to be 
“frozen in” the plasma and advected along the jet streamlines 
of the electron flow. For comparison to the proton radiographs, 
Fig. 140.58 shows electron flow streamlines predicted by an 
analytic model23 and a plasma simulation using the 2-D hydro-
dynamic code DRACO24 for the 180° collision case. The radio-
graphs of collisions of noncollinear jets are relevant, for example, 
to the asymmetric structures and dynamics of the collisions in 
jet-driven, differentially rotating quasi-planar disk associated 
with accretion disks and outflows in astrophysics.

Results of other recent NLUF work will soon be submitted 
for publication. Topics will include implementation of a new 
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multiple particle temporal diagnostic (multi-PTD) for probing 
kinetic and multi-ion-fluid effects; charged-particle stopping in 
weakly to moderately coupled plasmas; ion–electron equilibra-
tion in plasmas; hohlraum physics; nuclear reactions relevant 
to stellar and big-bang nucleosynthesis, and new work on 
magnetic reconnection. 

Dynamics of High-Energy Proton-Beam Focusing and 
Transition into Solid Targets of Different Materials
Principal Investigator: B. Qiao (University of California, 
San Diego)
Co-investigators: C. McGuffey, J. Kim, and F. N. Beg (Uni-
versity of California, San Diego); M. S. Wei, P. Fitzsimmons, 
M. Evans, and R. B. Stephens (General Atomics); J. Fuchs 
and S. N. Chen (LULI, France); P. M. Nilson, D. Canning, 
and D. Mastrosimone (LLE); and M. E. Foord and H. S. 
McLean (LLNL)

The Proton Dynamics NLUF project, led by the University 
of California, San Diego, studied proton generation in the 

regime of a kilojoule, multipicosecond (multi-ps) laser driver. 
High-current applications, such as proton fast ignition, may 
prefer this regime, but the focusing and transport of such high-
current beams in materials have not been explored. A curved 
chemical vapor deposition (CVD) diamond target was shot 
with an OMEGA EP backlighter (BL) (1250 J in 10 ps) to focus 
protons into a Cu foil. Al (13-nm) or Ag (7-nm) transport layers 
were deposited on the front side of the Cu foil to investigate the 
material’s dependence on transport of the intense proton beam.

The Cu Ka (8.048-keV) emission was imaged with the 
spherical crystal imager (SCI), as shown in Figs. 140.59(d)–
140.59(f) for three target types [Figs. 140.59(a)–140.59(c)]. For 
the case of freestanding, separated foils, the Cu Ka signal was 
weak and diffuse over the entire Cu foil. This confirmed that 
the inherently diverging electron beam from the interaction 
contributed minimally to the Cu Ka signal at this standoff 
distance. For the case in which the gap was filled by a wedged 
structure [Fig. 140.59(b)], however, the signal was increased 
on the wedge center plane [Fig. 140.59(e)]. The emission is 

Figure 140.58
(a) A proton radiography setup on OMEGA and (b) recorded images of plasma jets colliding at various angles. (c) The images are compared to an analytic 
model of electron-flow streamlines and (d) to a 2-D DRACO simulation of the head-on collision case. The backlighter (D3He-gas–filled, thin-glass-shell capsule 
imploded by 30 OMEGA laser beams and producing 3- and 14.7-MeV protons) was positioned 1 cm from the jet collision region. Each jet was formed by the 
collision of two plasma bubbles generated by laser beams incident on a V-shaped target (a). The angle between the two jets, determined by the positions of 
the two V-shaped targets, was either 180° (head-on), 135°, or 90°, as seen in the radiographs (b). The relative timing between backlighter and V-shaped–target 
drive was adjusted to sample the jets’ propagation and collision at 4.7 ns from the onset of the drive on the V-shaped targets. (These results are from Ref. 12.)
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greatest in the center, not at the edges of the wedge connection 
vertices, and no signal enhancement is observed in the region 
directly in contact with the wedge walls. This suggests that the 
signal is caused by focused, free-streaming particles within 
the vacuum gap rather than particles transporting through the 
wedge. For the case with a cone filling the gap [Figs. 140.59(c) 
and 140.59(f)], the effect was even clearer, with an 8# higher 
peak signal than the freestanding case. Cu Ka yields are plot-
ted in Fig. 140.59(g). These data indicate beam focusing in one 
dimension by the wedge and in two dimensions by the cone. 
This focusing effect has been studied in detail by our group 
using a subpicosecond laser25 and particle-in-cell simula-
tions,26 while this result demonstrates that structures are still 
effective for focusing in the kilojoule, multipicosecond regime. 

Two-dimensional particle-in-cell simulations are underway 
to further study the accelerating and focusing dynamics relevant 
to the OMEGA EP experiment. Two cases are being run: the 
freestanding target case and a conical enclosure case. In the 
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[(a)–(c)] Three target types used in the OMEGA EP experiment show heating by a focused beam as indicated by [(d)–(f)] the emission profiles of 8.048-keV 
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case. The cone focused the beam, resulting in a 100-nm FWHM emission region. (h) Large-scale plasma suite (LSP) code simulation plot of the transverse 
electric field Ex at time t = 6.2 ps for a cone target.

freestanding case, protons are initially focused because of 
the curvature of the target; however, a significant fraction of 
them diverge away. In the case with the cone, a strong focus-
ing field is observed to persist along the cone’s inner surface 
[Fig. 140.59(h)] with a strength comparable to the focusing 
field from the curved target, which confines the protons and 
increases their density. These simulations will continue to run 
for at least 30 ps as the protons continue to move. A diagnostic 
plane at the end of the cone collects individual particle infor-
mation, including energy, which will be used to calculate the 
predicted Cu Ka yield from both electrons and protons for 
comparison to the experiment. 

The proton and ion spectra were also measured continuously 
for energies down to 0.4 MeV, using a Thomson parabola spec-
trometer (TPIE) in-line with the axis of the curved target. In 
Fig. 140.60, the source spectrum from the curved foil is shown 
in black. This spectrum is in agreement with previous measure-
ments using radiochromic film (RCF).27 The cone cases (red) 
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showed spectra similar to the free cases (green) except above 
10 MeV. This is in agreement with our understanding of elec-
tron escape from the target: electrons that escape the target into 
the cone create an accelerating sheath that is quickly dampened, 
reducing the highest energy gained but not reducing the charge. 

The peak beam current is estimated to be 4 # 109 A/cm2, 
300 nm behind the curved target, based on the recorded 
spectrum, assumed beam duration of 10 ps, and SCI emission 
region of 100-nm full width at half maximum. This density 
is sufficient to heat the metal foils locally to a warm dense 
matter, which models predict can cause self-modified beam 
transport. Our particle-in-cell codes predict that the stopping 
range can be measurably changed as beam densities increase 
from 109  to 1010 A/cm2, but thicker transport layers may 
be necessary.

Magnetic Shock
Principal Investigators: A. Spitkovsky (Princeton) and 
C. Huntington (LLNL)

The FY14 joint MagShock Campaigns (4 February and 
18 August 2014) used the OMEGA laser to drive counter-
propagating, colliding plasma flows to study their interaction. 
Characterization of the plasma conditions in this system on 
previous experiments provided a ready platform to investi-
gate the electromagnetic-field structure generated during the 
flow interaction. The MagShock Campaigns studied the flow 
dynamics as the plasma interacts with a 10-T magnetic field 

supplied by the magneto-inertial fusion electrical discharge 
system (MIFEDS). The physics of this OMEGA experiment 
are analogous to many astrophysical phenomena, including the 
dynamics of supernova ejecta streaming through a magnetized 
cosmic background plasma or interacting with magnetized 
star clusters.

The campaigns focused on proton radiography, interleaving 
shots where protons were generated via either target-normal 
sheath acceleration (TNSA) using an OMEGA EP beam or 
laser compression of a D3He-filled capsule. The quasi-monoen-
ergetic 14.7-MeV protons from the capsules were particularly 
effective at imaging the field structure, as seen in Fig. 140.61. 
The long, narrow filaments stretched along the direction of 
plasma flow are consistent with the Weibel instability. Also 
persistent in the images are horizontal “plates”—a signature 
of magnetic Biermann-battery fields advected from the target 
surface to the imaging field of view. These results are currently 
under review in a manuscript titled “Observation of Magnetic-
Field Generation Via the Weibel Instability in Interpenetrating 
Plasma Flows.” 

Figure 140.60
The absolute proton spectra measured with a Thomson parabola without 
the metals (black) and transmitted through two metals for both target types.

Figure 140.61 
A time sequence of proton radiographs, each produced by the etching of a 
CR39 nuclear track detector to reveal the flux of 14.7-MeV protons. In each 
case, plasma flows enter from the top and bottom of the frame and interact 
near the mid-plane of the image. Strong filament growth occurs between 3 and 
4 ns, consistent with the Weibel instability. The top–bottom asymmetry in the 
proton flux at early time will be investigated further in future experiments.
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Figure 140.62
Experiments with the external field parallel to the flow direction (EP-
MagShock-14A). (a) View of the experimental setup from the direction of 
proton film; (b) proton image without external field at t = 4 ns; and (c) proton 
image with external field. Note the blowout area indicated by the blue arrow. 

On OMEGA EP (EP-MagShock-14A in November 2013) we 
succeeded in porting our MIFEDS configuration to OMEGA EP 
utilizing the OMEGA EP MIFEDS system. This allows for 
increased experimental efficiency since we can use only one laser 
system to have both the magnetic fields and proton diagnostics. 
On OMEGA EP-MagShock-14A we tried a different magnetic 
configuration using a Helmholz coil. It provided a magnetic field 
(7 T on axis) along the direction of the flow, unlike our previous 
work where the field was orthogonal to the flow. While overall 
the plate-filament structure was not significantly affected by the 
applied field, plasma did get onto the magnetic-field lines and 
new features in the proton image were detected. In Fig. 140.62 
we show (a) the experimental configuration of this day along with 
two proton images taken at 4 ns for shots (b) without a B field 
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(a)

(b)

B = 0 T, t = 4 ns

(c)

B = 8 T, t = 4 ns

B

and (c) with B field parallel to the flow. The Biermann plates are 
clearly visible, although they are tilted in these experiments likely 
because additional plasma was ablated off of the MIFEDS stalk 
by reflected laser light. The differences induced by the B field 
are highlighted with a blue arrow [Fig. 140.62(c)]. We notice 
new wispy proton caustics indicating field enhancement on 
plasma-loaded field lines that undergo sideways expansion. This 
experiment suggests that we can produce magnetized plasma, 
if plasma is loaded along the magnetic field, and points to the 
way forward to generate magnetized shocks in the laboratory. 

Study of Relativistic Laser–Plasma Interaction and Fast-
Electron Beam Dynamics Using the 10-ps High-Contrast 
OMEGA EP Laser with a Controlled Pre-Plasma 
Principal Investigators: M. S. Wei and R. B. Stephens (Gen-
eral Atomics)
Co-investigators: C. McGuffey, B. Qiao, and F. N. Beg (Uni-
versity of California, San Diego); A. Link and H. S. McLean 
(LLNL); W. Theobald, D. Haberberger, and A. Davies (LLE); 
and Y. Sentoku (University of Nevada, Reno)
Lead graduate student: J. Peebles (University of California, 
San Diego)

Efficient conversion of high-intensity laser energy to fast 
electrons and their subsequent transport are fundamental to 
high-energy-density (HED) science, which has many potential 
applications such as fast-ignition (FI) laser fusion, warm dense 
matter by isochoric heating, and a short-pulse, bright x-ray 
source. The energy coupling is controlled by the laser–plasma 
interaction (LPI) dynamics, which strongly depends on laser-
intensity distribution and the plasma density scale length at the 
LPI interface as well as the dynamic response of the transport 
material. In our previous experiments using the high-intensity, 
high-energy (up to 1.5 kJ) OMEGA EP laser with low-contrast 
pulses, we observed electron beams dynamically evolved 
from a single diffuse spot in subpicosecond interaction into 
multiple angularly separated electron filaments over a 10-ps 
interaction.28 Particle-in-cell simulations suggest that high-
intensity laser beams undergo filamentation, hole-boring, and 
hosing instabilities over multiple picoseconds in the preformed 
plasma created by the intrinsic nanosecond pedestal prepulse, 
leading to the observed electron filaments.29 The objectives of 
this General Atomics NLUF project is to further investigate 
the LPI dynamics and fast-electron transport dependence on 
pre-plasma, pulse duration, and target material using the high-
contrast OMEGA EP laser. In our FY13 NLUF experiments 
we showed that the high-contrast OMEGA EP laser produces 
a more-confined electron beam, leading to an improved energy 
coupling to the target.30
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In the FY14 NLUF experiment, we focused on the inves-
tigation of the pre-plasma effect on relativistic LPI and the 
resultant fast-electron beam dynamics by systematically vary-
ing pre-plasma scale length using a separate UV beam prior to 
the high-intensity OMEGA EP pulse. For this study, we used 
the identical multilayered planar foil targets composed of an 
Al substrate with a Cu x-ray tracer layer buried +125 nm below 
the front surface and a large, 2-mm # 2-mm, 1-mm-thick con-
ductive carbon layer at the back to minimize refluxing, similar 
to that used in previous experiments. A low-energy UV beam 
(20 J, 1-ns pulse duration) was focused onto the target’s front 
surface with a large focal spot using a 750-nm distributed phase 
plate to produce pre-plasma. The 10-ps, high-energy (up to 
1250 J), high-intensity (3 # 1019 W/cm2) OMEGA EP pulse was 
normally incident onto the target with several timing delays, 
i.e., 0.2, 0.5, 0.7, and 1.0 ns, with respect to the beginning of 
the UV beam. For comparison, shots were also taken without 
the UV beam–produced pre-plasma. A 2-D radiation–hydro-
dynamics simulation using the HYDRA code suggested that the 
scale length of the preformed plasmas was about 14, 40, 80, and 
110 nm, respectively, for the corresponding OMEGA EP beam-
delay times mentioned above. The intrinsic prepulse (1 mJ, 3-ns 
duration)-produced pre-plasma had a scale length of +4 nm. 

Fast electrons were characterized by measuring their induced 
Cu Ka fluorescence spot with a spherical crystal imager (SCI) 
and the total Ka yield by a calibrated x-ray spectrometer using 
a curved highly oriented pyrolytic graphite (HOPG) crystal 
(ZVH). A fast-electron–induced, high-energy bremsstrahlung 
spectrum was monitored by two fixed-port bremsstrahlung 
MeV x-ray spectrometers (BMXS’s). A magnetic spectrometer 
was also fielded along the axis of the OMEGA EP beam to 
monitor the escaped fast-electron energy spectrum. In addi-
tion, an angular filter refractometer (AFR) with a short-pulse 
(10-ps), 4~ optical probe was used to characterize a pre-plasma 
electron density profile. A proton probe was also utilized to 
map electromagnetic fields and structures in relativistic LPI’s. 

As shown in Fig. 140.63(a), the fast-electron temperature 
inferred from the measured bremsstrahlung radiation spectrum 
decreases with increasing pre-plasma scale length. It drops 
from +3 MeV with the intrinsic prepulse produced pre-plasma 
(scale length of L = 4 nm) to +1.2 MeV with the UV beam–
produced large pre-plasma (L = 110 nm). Compared with the 
intrinsic prepulse case, the measured 2-D SCI Cu Ka images 
indicate that the fast-electron beam significantly spreads out 
when relativistic LPI occurrs in a large-scale-length pre-
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Figure 140.63
(a) The inferred hot-electron temperature from the measured bremsstrahlung x-ray spectrum as a function of the preformed plasma density scale length. (b) The 
measured 2-D Cu Ka spot from the 10-ps relativistic interaction without the UV beam and (c) with the UV beam-produced pre-plasma.



NatioNal laser Users’ Facility aNd exterNal Users’ Programs

LLE Review, Volume 140 269

Figure 140.64
Proton probing images (false color) of electromagnetic-field structures during 
nonlinear relativistic laser–plasma interaction with a UV beam-produced large 
pre-plasma (L = 40 nm). Channels and bubbles are clearly visible. 

plasma. The measured R50 spot size is nearly doubled for the 
L = 110-nm pre-plasma case [Fig. 140.63(c)] compared to the 
intrinsic pre-plasma case [Fig. 140.63(b)], i.e., 266 nm versus 
136 nm, where R50 is the radius of the spot that contains 50% 
of the total Ka yield. We also note that there was 2.3#  less 
energy within the center spot with a radius of 125 nm for the 
L = 110-nm case compared to the intrinsic pre-plasma case. 

High-resolution proton probing images of electromagnetic 
fields that result from relativistic LPI have revealed strong non-
linear phenomena when interactions occurred in large preformed 
plasmas. Figure 140.64 shows the observed field structures 
during the high-intensity OMEGA EP laser interaction with 
an L = 40-nm-scale-length pre-plasma. Multiple channels and 
bubbles can be clearly seen. Such phenomena were not observed 
with the intrinsic pre-plasma case. Instead, a planar sheath (not 
shown here) was seen expanding backward with a high velocity 
(30% of the speed of light) from the target’s front surface.

In summary, the FY14 General Atomics-led NLUF experi-
ment has been successfully performed to further investigate 
the effect of preformed plasma in a controlled way with added 
diagnostics. Strong nonlinear interaction phenomena such as 
channel and bubbles were directly observed during relativis-

tic LPI in large preformed plasmas. This led to a significant 
spread of the fast-electron beam and the reduced fast-electron 
temperature observed on the solid targets. Detail data and PIC 
modeling is underway. 

FY14 Laboratory Basic Science (LBS) Program 
In FY14, LLE issued a solicitation for LBS proposals to 

be conducted in FY15. A total of 25 proposals were submit-
ted. An independent review committee reviewed and ranked 
the proposals; on the basis of these scores, 14 proposals were 
allocated 20 shot days at the Omega Laser Facility in FY15. 
Table 140.VI lists the approved FY15 LBS proposals.

Seventeen approved LBS projects were allotted Omega 
Facility shot time and conducted a total of 269 target shots 
at the facility in FY14 (see Table 140.VII). This work is sum-
marized in this section.

Search for Nuclear Excitation by Electron Capture 
in Osmium and Thulium
Principal Investigator: L. Bernstein (LLNL)
Shot Principal Investigator: R. F. Heeter (LLNL)
Co-investigators: D. Bleuel, J. Emig, and S. Ross (LLNL); 
M. Comet, V. Meot, F. Phillippe, and C. Reverdin (CEA)

Nuclear excitation by electron capture (NEEC) is an exotic 
process that has never been observed in the laboratory, but in 
stellar plasmas it is thought to populate low-lying nuclear excited 
states and may modify neutron capture and other astrophysical 
rates. In laser-driven plasmas created on +1-ns time scales, 
NEEC may be observed through gamma decays re-emitted on 
+5-ns time scales, after the plasma has cooled and x-ray emission 
is negligible. Earlier experiments searched for 8.41-keV NEEC in 
169Tm hohlraums (made from rolled thulium foil), using erbium 
as a null comparison, and found an ambiguous signature. 

The FY14 experiments revisited these measurements and 
also searched for 9.76-keV NEEC decay emission in isotopi-
cally pure 187Os-lined Ti hohlraums, with 192Os as a null 
comparison. Ti was chosen because it could be electroplated 
with 187Os, while not providing any x-ray contamination in 
the NEEC spectral band. The hohlraums were 0.6 mm in 
diameter and were driven at 10 kJ in 1 ns using 20 beams of 
the 60-beam OMEGA. 

In the experiments, optical Thomson-scattering data obtained 
300 nm outside the cavity laser entrance hole showed electron 
temperatures of +4.3 keV and densities +4 # 1020/cm3. A suite 
of time-integrated and time-resolved x-ray spectra were obtained 
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with CEA’s X-Ray CEA Crystal Spectrometer (XCCS) and 
LLNL’s MSPEC and HENWAY spectrometers; the XCCS view 
is illustrated in Fig. 140.65. These measurements failed to show 
NEEC emission in either 169Tm or 187Os within the sensitivi-
ties of these instruments but are able to set an upper bound on 
the highly uncertain NEEC rates. Improved measurements with 
larger quantities of 187Os and more-sensitive spectrometers could 
further constrain NEEC rates. 

Viscosity Measurements on Liquid Silica
Principal Investigator: P. M. Celliers (LLNL)
Co-investigators: M. A. Barrios and A. E. Gleason (LLNL)

This campaign was the third in a series to demonstrate 
a method for determining the viscosity of a high-pressure 

fluid created by propagating a strong shock front through an 
initially transparent sample. This measurement technique is 
based on observing the evolution of a spectrum of perturba-
tions imposed on a multimegabar shock front passing through 
the sample material. The viscosity of the liquid state just 
behind the shock front is expected to influence the decay rate 
of the perturbations as the shock front propagates; detailed 
measurements of the perturbation state can be compared 
with calculations in order to assess the viscosity. The sample 
under study is liquid silica (SiO2), produced by propagating 
the shock through samples of either alpha quartz or fused 
silica. The viscosity of high-pressure liquid silica has obvi-
ous geophysical relevance, and measurements in the megabar 
domain are not possible with conventional methods. Two ear-
lier campaigns in 2010 and 2012 examined the shock response 

Table 140.VI:  LBS proposals approved for shots in FY15.

Principal  
Investigator

 
Affiliation

 
Title

OMEGA 
shot days 
allocated

OMEGA EP 
shot days  
allocated

Joint shot 
days**

R. Smith LLNL X-Ray Diffraction Study to Map Out Pressure– 
Temperature Phase Space in a Key Planetary  
Mineral: MgO

2 0 0

G. Fiksel LLE Detailed Study of Magnetic Fields During Magnetic 
Reconnection in High-Energy-Density Plasma

0 1 0

R. Betti LLE Ultra-Strong Spherical Shock for High-Energy-
Density Physics Studies

2 0 0

D. E. Fratanduono LLNL Exploring Earth’s Lower Mantle 1 0 0

M. Beckwith LLNL EXAFS Study of Iron Melting Temperature  
at Earth’s Core Conditions

2 0 0

H.-S. Park LLNL Weibel Instabilities and Astrophysical Collisionless 
Shocks from Laser-Produced Plasmas

2 0 0

W. Theobald LLE Integrated Channeling for Fast Ignition 1 1 1

H. Chen LLNL Demonstration of a Relativistic Electron–Positron  
Pair Plasma

0 2 0

J. R. Davies LLE Laser-Driven Adiabatic Compression  
of Magnetized Plasma

1 0 0

C. Stoeckl LLE Spectroscopy of Neutrons Generated Through 
Nuclear Reactions with Light Ions in Short-Pulse 
Laser Interaction Experiments

0 1 0

A. Pak LLNL Phase Separation of Hydrocarbons at High Pressure 0 1 0

C. Wehrenberg LLNL Flow Stress and Deformation Mechanisms  
for Plasticity in Shock-Compressed Vanadium

0 1 0

C. J. Forrest LLE Studies of the Deuteron Break-up Reaction  
at 14 MeV Using High-Energy-Density  
Plasmas (HEDP’s)

1 0 0

D. Martinez LLNL Eagle Pillar Formation on OMEGA EP 0 1 0
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Table 140.VII:  Approved FY14 LBS proposals.

Principal Investigator Affiliation Project Title

A. Bernstein LLNL Nuclear Excitation by Electron Capture in a Reduced-Scale Hohlraum

P. M. Celliers LLNL Measurement of the Viscosity of Shock-Compressed Fluids of Water and Silica

H. Chen LLNL Exploring Pair Plasmas and Their Applications Using the OMEGA EP  
and OMEGA Lasers

G. Fiksel LLE Magnetized ICF Implosions on OMEGA

R. F. Heeter LLNL Gattling-Gun Long-Duration Radiation Sources on OMEGA EP for Sustained-Drive 
Hydrodynamics and Low-Density Atomic Physics Applications on OMEGA EP  
and the NIF

S. Ivancic LLE Channeling Through Long-Scale-Length Plasmas

M. Lafon LLE Gigabar Shocks for Shock-Ignition and High-Energy-Density-Physics Studies

T. Ma LLNL Creation and Measurements of Novel High-Pressure Electride States of Matter

D. Martinez LLNL Imprint-Driven Richtmyer–Meshkov Instability in Thick Planar Targets

D. McNabb LLNL Thermonuclear Reactions in Stellar Plasmas

S. Nagel LLNL Measuring Charged-Particle Stopping Powers Using Short-Pulse Lasers

P. M. Nilson LLE Radiation Hydrodynamics of Double-Ablation Fronts

H.-S. Park LLNL Astrophysical Collisionless Shocks and Magnetic Fields in Laser-Produced Plasmas

P. K. Patel LLNL Fast-Electron Focusing Using Ellipsoidal-Tip Cone Targets for Fast Ignition

J. R. Rygg LLNL Structure and Equation of State of Solid and Superionic Warm Dense Matter

R. Smith LLNL Understanding Strength Effects in Diamond Ablators Used for Ramp Compression

C. Stoeckl LLE Spectroscopy of Neutrons Generated Through Nuclear Reactions with Light Ions  
in Short-Pulse Laser Interaction Experiments

to perturbation spectra that were generated by both random 
and coherent patterns imposed on the sample surface at the 
interface with the ablator. These initial experiments demon-
strated the feasibility of using the OMEGA high-resolution 
velocimeter (OHRV) to produce quantitative measurements 
of the multimode velocity perturbations directly from the 
surface of the reflecting rippled shock front.

In the 2014 experiments, the shocks were driven using a 
hohlraum coupled to a 50-nm CH (PMMA) ablator followed by 
the sample. Although measurements on water samples as well 
as silica were envisaged for this campaign, that option assumed 
successful fabrication of novel water cell targets, which turned 
out to be more difficult than expected and precluded collecting 
a dataset on water in this campaign. Nevertheless, excellent data 
were obtained for silica.

In the experiments, as the shock passed through this inter-
face, the perturbations were transferred to the shock front, 
where they were detected and measured quantitatively by 
the OHRV. Figure 140.66 shows an example velocity spec-
trum for an +200-GPa shock driven into fused silica. The 

Figure 140.65
Experimental configuration showing the Os-lined Ti hohlraum with an over-
the-shoulder view of CEA’s x-ray CEA crystal spectrometer (XCCS), together 
with the level diagram for nuclear excitation by electron capture (NEEC) and 
subsequent gamma decay in 187Os.
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cies between experiments and theory. A total of 31 shots 
were performed.

The OMEGA EP short-pulse beams (+1 kJ in 10 ps) irradi-
ated 1-mm-thick targets of Sn, Ta, Au, Pb, and U. Unexpect-
edly high positron yields were recorded from the Ta, Pb, and 
U targets (see preliminary results in Fig. 140.68), in disagree-
ment with the expected +Z4 scaling from the Bethe–Heitler 
process. The reasons for the discrepancy, once understood, 
should significantly impact future pair-production experiments. 
Previous experiments almost exclusively used gold targets. The 
prior experiments showed that quasi-monoenergetic relativistic 
positron jets are formed during high-intensity irradiation of 
thick gold targets32,33 and that these jets can be strongly col-
limated34 using the magneto-inertial fusion electrical discharge 
system (MIFEDS).35 The external field produces a 40-fold 
increase in the peak positron and electron signal.34 The FY14 
results suggest that the pair density could be increased up to an 
order of magnitude with U instead of Au targets. This would 
enable the laboratory study of relativistic pair plasmas that 
are important to understanding some of the most exotic and 
energetic systems in the universe.36
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Two-dimensional velocity spectral density of a rippled shock front generated 
at a roughened interface between a PMMA ablator and a fused-silica sample 
recorded 800 ps after passage of the shock through the interface (shot 72454). 
The gray scale is proportional to the mode velocity amplitude. Nodal regions 
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Figure 140.67
Background-subtracted and azimuthally averaged mode amplitude as a func-
tion of mode spatial frequency. The first node is near 0.09 nm-1, the second 
near 0.14 nm-1, and so on. Also shown are theoretical mode amplitudes 
expected for the inviscid response and several viscous cases, where the bulk 
viscosity l is taken to be different multiples of the shear viscosity h. The data 
suggest the viscosity is +1.8 Pa-s (18 poise).

spectrum shows the presence of nodal zones—modes whose 
instantaneous oscillation velocity was near zero at the time of 
the OHRV probe. These nodal patterns are expected from the 
multimode solution of the rippled shock evolution. Details of the 
amplitudes and positions of the nodes depend on the viscosity. 
Model calculations employing an analytical expression derived 
by Miller and Ahrens31 are used to estimate the mode amplitude 
as a function of spatial frequency, shown in Fig. 140.67. Here, 
we see that the observed spectrum is consistent with viscosities 
+1.8 Pa-s (20 poise). 

Exploring Pair Plasmas and Their Applications
Principal Investigator: H. Chen (LLNL)

In FY14, an LLNL/LLE team continued the project 
“Exploring Pair Plasmas and Their Applications” with 
two LBS shot days on OMEGA EP. The experiments used 
the short-pulse beams to produce jets of electron–positron 
antimatter pairs. The experiments focused on measuring 
the pair yield and its dependence on the target material. The 
experiments successfully probed the basic physics processes 
involved in pair generation, and the data reveal discrepan-
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Figure 140.68
The Z-dependent positron-yield measurement on OMEGA EP in FY14.

Figure 140.69
Experimental setup showing the coil and the target.

Fusion Enhancement in Spherically Imploded Magnetized 
Targets MagICF_14A
Principal Investigator: G. Fiksel (LLE)

The purpose of the MagICF Campaign on 16 July 2014 was 
to demonstrate a neutron-yield enhancement in magnetized 
spherical ICF implosions. A magnetic field of up to 15 T was 
embedded in a spherical target, which was a spherical plastic 
(CH) shell with a thickness of 22.3!0.4 nm, filled with 10 atm 
of D2 gas. The field was created using a single magnetic coil 
on the equatorial plane of the target, energized by MIFEDS. 
The coil was tilted along the P5–P8 axis to accommodate dif-
ferent diagnostics, and the spherical target was compressed 
using 40 OMEGA beams in a polar-direct-drive configuration 
along the same axis, delivering +16.9 kJ of energy on target 
(see Fig. 140.69 for the experimental setup).

The results were compared to the result published in 2011 
(Ref. 37) when an 8-T field was embedded in the target, leading 
to a 30!5% neutron-yield enhancement while the simulation 
predicted a 22% increase. Ten successful shots were conducted 
on the shot day, including four shots without a magnetic field 
as the baseline, four shots with B = 15 T, and two shots with 
B = 12 T. One of the shots with a 12-T field had very differ-
ent target specifications (23.4 nm in shell thickness) and was 
not included in the analysis. For the shots with a 15-T seed 
magnetic field, the average neutron-average ion temperature 
and the average neutron yield increased by 9!2% and 30!7%, 
respectively. These results agree with the results of 2011 and 

with the simulation-predicted neutron yield increase of 35.6% 
(see Fig. 140.70).

Furthermore, the x-ray framing camera shows a brighter 
self-emission from the central hot region in magnetized tar-
gets, which indeed indicates a higher temperature in magne-
tized implosions.

Figure 140.70
Comparison of recent and previous experimental results and simulations.
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Initial Applications of the Sustained-Drive “Gatling-Gun” 
X-Ray Source
Principal Investigator: R. F. Heeter (LLNL)
Shot Principal Investigator: D. Martinez (LLNL)
Co-investigators: J. Kane (LLNL); R. C. Mancini (University 
of Nevada, Reno); and B. Villette and A. Casner (CEA)

This FY14 OMEGA EP campaign continued the success-
ful development of “Gatling-gun” multihohlraum-array x-ray 
sources began in FY13, in which a radiation temperature of 
90 eV was produced for 30 ns. This capability is important 
for multiple physics experiments, including investigations of 
(a) x-ray photoionization equilibrium at relatively low plasma 
densities of +1018 ions/cm3 and (b) the hydrodynamics of 
pillar formation from directional radiation relevant to the 
Eagle nebula. 

The FY14 campaign used a copper three-hohlraum array 
[shown in Fig. 140.71(a)] to drive a Ti photoionization sample 
and a hydrodynamics sample, simultaneously, demonstrating 
the capabilities of the Gatling-gun hohlraum. The three hohl-
raums were heated in succession using three UV beams, each 

with 10-ns square pulses and 3.8 kJ of energy. The hohlraum 
temperature was measured with CEA’s Mini-DMX, which 
again recorded 80 to 100 eV over 30 ns. 

The photoionization sample consisted of a 0.6-mm # 
0.6-mm # 0.5-nm Ti foil sandwiched between two 1-nm-thick 
tamper layers of 1-mm # 1-mm CH. The emission spectrum, 
recorded using the variable-spaced grating (VSG) diffraction-
grating spectrometer, showed strong Cu emission from the hohl-
raum and a weak signal in the expected range of the Ti L-shell 
emission lines. Interpretation of the spectrum is ongoing. 

The hydrodynamics sample consisted of 50 mg/cm3 of 
resorcinol formaldehyde (R/F) foam with an embedded, solid-
density CH ball of 350-nm diameter. The hydrodynamics of the 
sample was studied using a Ti area backlighter driven by a 1-ns, 
1.25-kJ UV beam with a 500-nm focal spot. The backlit image 
was imaged onto a single-frame x-ray framing camera with a 
4 # 4, 20-nm pinhole array, providing a detailed composite 
radiograph from the multiple images. Figure 140.71 shows the 
recorded images, in which the shock front has propagated into 
the R/F foam past the CH ball. 

Both aspects of the experiments successfully demonstrated 
the application of the Gatling gun, resulting in additional shots 
for further specific applications.

Laser Channeling Through Large-Scale-Length Plasmas
Principal Investigators: S. Ivancic and W. Theobald (LLE) 
Co-investigators: C. Stoeckl and C. Ren (LLE); and H. Habara 
and K. A. Tanaka (Osaka University, Japan)

Propagating a laser beam at relativistic intensities (>1018 W/cm2) 
through a plasma with a large density scale length is dominated 
by highly nonlinear interactions. These effects are important for 
both fundamental aspects of relativistic laser–plasma interaction 
physics and applications such as fast ignition in inertial confinement 
fusion.38 The purpose of this LBS experiment was to study the 
physics of channel formation with high-intensity IR laser pulses of 
a longer, 100-ps pulse duration and compare the results to previous 
results from a shot day with 10-ps pulses. The experiments showed 
that 100-ps infrared pulses with a peak intensity of 1 # 1019 W/cm2 
produced channel-to-plasma densities beyond critical, while 10-ps 
pulses with the same energy but higher intensity did not propagate 
as far.39 The experiments were carried out on the OMEGA EP 
Laser System using two UV laser beams to create, on planar plastic 
targets, large-density-scale-length plasmas with a scale length of 
250 nm at the critical density (nc) of the IR laser. The channel-

Figure 140.71
(a) Target image showing the Gatling-gun triple hohlraum and attached 
resorcinol formaldehyde (R/F) foam with an embedded solid-density CH 
ball. (b) Radiograph reconstructed from a 16-pinhole array gated at t = 35 ns. 
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ing laser pulse was an IR beam with energy of up to 2.6 kJ. The 
vacuum peak intensities were 1 # 1019 W/cm2 for 2.6-kJ, 100-ps 
pulses compared to 4 # 1019 W/cm2 for 1-kJ, 10-ps pulses. The 
average laser intensities are about an order of magnitude lower. 
The focal position of the channeling beam was set to 750 nm from 
the original target surface, and the corresponding electron plasma 
density at that location was predicted to be ne = 2.5 # 1020 cm–3. 
The plasma was diagnosed using an optical diagnostic employ-
ing a 10-ps, 263-nm probe laser40 to measure simultaneously the 
background plasma density and to image the channel. The phase 
gradients are discriminated by a technique using an angular spec-
tral filter [angular filter refractometry (AFR)] that is placed in a 
Fourier plane behind the collection optics of the probe beam.41 

Figure 140.23 from Channeling Multikilojoule High-
Intensity Laser Beams in an Inhomogenous Plasma 
(p.  235) shows measured channels at different probing 
times for 10-ps and 100-ps laser irradiation. The channel 
is visualized by the perturbations in the AFR contours. The 
contours bend as a result of strong density gradients created 
by the channeling pulse. The top row shows the results for 
the 10-ps pulse. The head of the channel reached at 6 ps to 
a position 450 nm from the original target surface, corre-
sponding to 0.6 nc. The last contour in the collection system 
corresponds to light that is refracted through a peak density 
above nc (1.4 # 1021 cm–3). The channel was observed up 
to 200 ps after its creation. Later in time, the tip of the 
channel retreats backward with a velocity of +3 # 107 cm/s 
away from the target surface. There is a clear difference 
in the channel depth between the 10-ps and 100-ps pulses. 
The 100-ps pulse [Figs. 140.23(e)–140.23(h)] reaches to the 
contour closest to the original target surface, indicating that 
a density >1.4 # 1021 cm-3 has been reached. The 100-ps 
pulse shown in Fig. 140.23(e) reached in only 18 ps to about 
the same depth as the 10-ps pulse. The 100-ps pulse contin-
ues to bore through the plasma, reaching overcritical density 
at 65 ps after the start of the laser beam. The upper-contour 
bands in the lower-density region are smoothly shifted in 
space, while the contours at higher density inside the channel 
are highly distorted and obscured. Bright fourth-harmonic 
emission of the channeling beam was measured in the vicin-
ity of the critical surface [Figs. 140.23(e)–140.23(h)] with 
the 100-ps pulse. Harmonics from the critical-density surface 
have been observed in experiments with high-intensity laser 
beams interacting with solid-density plasmas.42 No self-
generated harmonic emission was observed with the 10-ps 
pulse, confirming that it did not reach as high a density as 
the 100-ps pulse.

Spherical Strong-Shock Experiments Using Medium-Z 
Ablators on OMEGA
Principal Investigators: M. Lafon and W. Theobald (LLE) 
Co-investigators: R. Nora, R. Betti, J. R. Davies, K. S. Anderson, 
M. Hohenberger, and C. Stoeckl (LLE); A. Casner (CEA); and 
X. Ribeyre (University of Bordeaux, France)

The shock-ignition concept43 is an alternative to the con-
ventional hot-spot approach of inertial confinement fusion 
that involves generating of an intense shock at the end of 
the assembly pulse. The ignitor shock is generated by a 
power spike at the end of the laser pulse. The shock strength 
increases as a result of convergence and reaches 3 to 5 Gbar 
as the shock travels through the imploding shell. A key mile-
stone for shock ignition to be a credible path to ignition is to 
demonstrate the generation of a seed shock pressure of at least 
0.3 Gbar at laser intensities of 5 # 1015 to 1 # 1016 W/cm2. 
The spherical strong-shock platform was developed to study 
the seed pressures at shock-ignition–relevant laser intensities 
on OMEGA. The experiments are very promising and have 
demonstrated seed pressures exceeding 0.3 Gbar (Ref. 44). At 
such intensities, laser–plasma instabilities play an important 
role in the coupling of laser energy to the target. The goal 
of this LBS day was to study the effect of different Z ablator 
materials on shock generation and laser–plasma instabilities 
producing hot electrons.

The 60 UV beams from the OMEGA laser are focused 
to high intensity (overlapping beam intensity of +6 #  
1015 W/cm2) on the surface of spherical solid targets to 
launch a shock wave that converges in the center. The tar-
gets with an outer diameter of 430 nm consist of an inner 
plastic (CH) core that is doped with titanium with an atomic 
concentration of 5% and an outer ablator layer of a different 
material. Four different ablator materials were used: 20 nm 
Be, 34 nm CH, 28 nm C, and 20 nm SiO2. The shock wave 
converges in the center of the solid target and heats a small 
volume (radius <10 nm) to temperatures of several hundred 
eV. The heated plasma is ionized and emits a short burst of 
x-ray radiation that is detected with an x-ray framing cam-
era. The hot electrons are characterized from the measured 
hard x-ray bremsstrahlung emission. Figure 140.72(b) shows 
the measured x-ray flash time for different ablator materials 
with smoothing by spectral dispersion (SSD) (squares) and 
without SSD (circles). An earlier flash time was measured 
with a plastic ablator, indicating that a stronger shock was 
produced in the laser–target interaction. The data show that 
turning SSD off shortened the flash time by +50 ps for most 



NatioNal laser Users’ Facility aNd exterNal Users’ Programs

LLE Review, Volume 140276

of the different ablators. This indicates that stronger shocks 
were produced when SSD was turned off. Figure 140.72(b) 
shows the measured hot-electron energy for the different 
ablator materials. For each of the materials, about a factor of 
2 more hot electrons were produced without SSD. The plastic 
ablator produced, by far, the most hot electrons and more than 
2 kJ of hot-electron energy without SSD, which corresponds 
to a conversion efficiency of +9% of the total laser energy. 
This is more than a factor of 2 more than what is produced in 
SiO2 and almost a factor of 3 more than in carbon, which is 
very close in effective atomic number to plastic. Simulations 
are underway to study the effect of the ablator material to 

understand why plastic produced a stronger shock and more 
hot electrons.

Creation and Measurement of Novel High-Pressure 
Electride States of Matter
Principal Investigator: T. Ma (LLNL)
Co-investigators: A. Pak, B. Bachmann, S. LePape, and 
T. Doeppner (LLNL)

Density functional theory (DFT) simulations predict a new 
material phase in highly compressed matter, where valence 
electrons, instead of becoming delocalized, actually bunch up 
in interstitial pockets. This creates an electron lattice co-exist-
ing within the ion lattice. This experiment used x-ray Thomson 
scattering to search for the existence of this electride phase by 
probing the lattice spacing that corresponds to the electrides.

Magnesium foils, 100 nm thick, were shock compressed 
to 5 to 8 Mbar (Fig. 140.73) using a single-sided ramp drive 
utilizing nine OMEGA beams with up to a total of 800 J 
of energy. The shocked samples were probed using Zn Hea 
x rays (8.9 keV) at a time corresponding to peak pressure. 
By varying the scattering angle between the shots, the static 
structure factor was directly probed, where the scattering 
profile would show pronounced peaks at low-k values because 
of the additional reflections and interferences of the electride 
lattice. Excellent scattering data were acquired at the various 
phases of Mg reached under varying shock conditions; however, 
preliminary data analysis does not seem to show scattering 
variations that would immediately indicate the existence of 
electrides. Further data analysis is required.

Ablative Richtmyer–Meshkov Experiments
Principal Investigator: D. Martinez (LLNL)

The ablative Richtmyer–Meshkov (RM) instability driven 
from laser imprinting in the presence of a phase inversion 
was explored on the 60-beam OMEGA Laser System. Fig-
ure 140.74 shows the experimental configuration. Planar 
30- and 50-nm-thick CH targets were directly driven with 
three UV beams using a 3-ns square pulse shape, a total 
energy of +0.7 kJ, and a laser intensity of +5 # 1013 W/cm2. 
Initial target modulations were imposed by laser imprint-
ing, using a beam with a special 2-D phase plate with a 
modulation wavelength of +30 nm and timing advanced by 
+200 ps relative to the other drive beams, which had regular 
OMEGA distributed phase plates (DPP’s). The growth of 

Figure 140.72
(a) Measured x-ray flash time from the convergent shock wave from the 
target center for different ablator materials with smoothing by spectral 
dispersion (SSD) (squares) and without SSD (circles) . An earlier flash time 
was measured with a plastic ablator, indicating that stronger shocks were 
produced. There is also an indication that turning SSD off increased the 
shock strength. (b) Measured hot-electron energy deposited in the target for 
different ablator materials. More hot electrons are generated with a plastic 
ablator and SSD turned off.
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Figure 140.73
(a) Experimental configuration. (b) Raw scattering 
data taken at 49° for Mg compressed to between 
5 to 8 Mbar [face-centered cubic (fcc) phase] and 
>8 Mbar [simple hexagonal (sh) phase]. (c) Com-
parison of scattering profiles for four shots taken at 
various scattering angles for Mg shock compressed 
to fcc (5 to 8 Mbar) phase.  TIM: ten-inch manipu-
lator; SSCA: x-ray streak camera; TPS: target 
positioning system.

target modulations was measured with gated x-ray radiog-
raphy using samarium (+1.8-keV) and tantalum (+2.2-keV) 
backlighters, 10-nm spatial resolution, and 80-ps temporal 
resolution. The backlighters were driven with a 2-ns square 
pulse shape at +3 #  1014 W/cm2 using seven additional 
UV beams. Figure 140.75(a) shows a typical radiograph of 
the RM instability for a shot using laser imprinting. For 
comparison, foils with preimposed modulations were also 
used to observe the differences between the RM instabil-
ity from preimposed modulations and the data shown in 
Fig. 140.75(b). Although the modulations were not purely 
orthogonal, the power spectrum shows that the modulations 
are sufficiently separated [Fig. 140.75(c)]. Figure 140.76 
shows that the imprinted and preimposed modulations follow 
the same growth trajectory, suggesting that imprint, in the 
observed case, had little to no influence on the RM instabil-
ity after the initial seed. Simulations using the CHIC code 
from CEA and the DRACO code from LLE disagree with 
the trajectory of the modulations; one possible explanation is 
that the codes overpredict the ablation velocity. Investigation 
into the disagreement is ongoing. 
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Figure 140.74
Experimental configuration for FY14 ablative Richtmyer–Meshkov experiments.
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Thermonuclear Reactions in Stellar Plasmas
Principal Investigator: D. McNabb (LLNL)
Shot Principal Investigator: M. Gatu Johnson (MIT) 

Two distinct Laboratory Basic Science (LBS) “Stellar Rates” 
Campaigns were fielded in FY14, in conjunction with a related 
NLUF effort and with extensive collaboration between LLNL, 
MIT, LLE, and LANL. The main goals of the first campaign 
were to study stratification (between T and 3He) and nuclear 
product spectra in T3He implosions (with trace D in the fuel). 
Understanding the impact of stratification on implosion yields 
is a key step toward using the implosion platforms developed in 
inertial confinement fusion (ICF) research to measure cross sec-
tions relevant to stellar and big-bang nucleosynthesis. T3He(D) 

Figure 140.76
Richtmyer–Meshkov growth for 30-nm- and 80-nm-thick CH foils for 
imprinted (triangles) and preimposed (circles) modulations. Shock breakout 
is expected at 0.9 ns for 30-nm-thick foils and 2.4 ns for 80-nm-thick foils.

is an ideal fuel mixture to study stratification because of the 
many measurable nuclear yields produced from these implo-
sions (T3He-p, T3He-d, D3He-p, DT-n, TT-n). Trace quantities 
of D are not expected to significantly impact stratification 
between the T and 3He majority ions. Although detailed data 
analysis and post-shot simulations are in progress, Fig. 140.77 
shows preliminary measured D3He/DT yield ratios (points 
with error bars) for these shots as a function of partial 3He 
pressure in the fuel. Three different fill mixtures were shot 
to test a theoretical prediction that stratification effects will 
cancel out in T3He fuel at 90:10 T:3He (Ref. 45). Also shown 
in the figure is the pre-shot simulation of the D3He/DT ratio, 
from hydro-simulations (ARES) that do not consider possible 
stratification effects. Stratification between T and 3He would 
show up as a deviation from the predicted ratio. Pending post-
shot simulations, the preliminary indication is that stratification 
effects are small in these experiments.

Figure 140.75
Data showing (a) imprint modulations in 30-nm-thick 
foil at 0.8 ns; (b) imprint and preimposed growth at 
0.8 ns in a 50-nm-thick CH target; and (c) the Fourier 
power spectrum of (b). 

Figure 140.77
Preliminary measured D3He-to-DT yield ratios as a function of partial 3He 
fill pressure in the capsule (points with error bars). Also shown is the ratio 
predicted in pre-shot simulations (red line) assuming no stratification of the 
T and 3He. 
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In the second experiment, the c rays from the p + D fusion 
reaction were measured for the first time in an ICF plasma, 
at a center of mass (Gamow peak) energy of +16 keV. This 
reaction is relevant to astrophysics. In particular, during 
big-bang nucleosynthesis, it produces 3He (at particle ener-
gies L100 keV), and in protostars and brown dwarfs, it is 
the primary source of nuclear energy (at particle energies 
<1 keV). The low energy of this c (5.5 MeV) necessitated the 
use of the new gas Cherenkov detector (GCD)-3 detector by 
LANL. Excellent data were acquired for the p + D reaction, 
highlighted in Fig. 140.78. These shots also measured the 
DD-c for the first time in ICF, which is the primary source 
of background for the p + D measurement.
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Figure 140.78
Cherenkov detector signals for the p + D experiments, showing four shot 
types: D3He (detector calibration, black), HD (primary signal, red), DD 
(background, blue), and null (background, green). Excellent p + D fusion 
data were acquired for the first time.

Measurements of Charged-Particle Stopping Power  
on OMEGA EP
Principal Investigator: S. Nagel (LLNL)
Co-investigator: A. Zylstra (MIT)

Calculations of charged-particle energy loss in ICF-relevant 
plasma conditions still depend on untested theories. To address 
the need to validate these theories, a platform is being devel-
oped on OMEGA EP to measure charged-particle energy loss. 
Strongly coupled or fully degenerate conditions are difficult 
to obtain, but warm-dense-matter (WDM) plasmas that have 
temperatures of several tens of eV and approximately solid 
densities (1022 to 1023) are well within the moderately coupled 
and degenerate regimes. 

The experimental schematic is shown in Fig. 140.79. A 
short-pulse beam is used to generate energetic protons via the 
target-normal sheath acceleration (TNSA) mechanism to probe 
a warm foam target. The foam target is heated by x rays using 
a halfraum driven by three long-pulse UV beams. Compared 
to previous campaigns on OMEGA EP, this method showed an 
improvement of the proton-beam smoothness, better pointing 
of the proton beam through the material, and reduced cross-
talk between the heating and proton probing. This, therefore, 
significantly advanced the platform, and new measurements 
are planned.
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Figure 140.79
Experimental schematic. One OMEGA EP short-pulse laser beam is used 
to create the probing protons, whose proton-beam profile and spectra were 
characterized by a new combination of both radiochromic film and the elec-
tron–proton–positron spectrometer (EPPS). The other three beams are used 
to heat the foam target. RCF: radiochromic film; SL: sidelighter.

Radiation Hydrodynamics of Double Ablation Fronts
Principal Investigator: P. M. Nilson (LLE)
Co-investigators: M. Lafon and R. Betti (LLE)

Laser-driven ablator dynamics in moderate-Z materials pro-
vide a basic test for radiation–hydrodynamic model predictions 
in a regime where electron and radiation transport are dynami-
cally significant. This series of experiments studied directly 
driven ablator dynamics in brominated plastic (CHBr) targets 
where double ablation fronts are known to form. Ablation is 
driven at the first front by an electron heat flux and at the sec-
ond front by a radiative heat flux. The system is optically thin 
in the outer ablation front and close to the corona. The system 
is optically thick at the inner ablation front and in the plateau 
region. Here, radiation and matter are almost in equilibrium 
and the radiative energy flux is described by a thermal heat 
wave. Combining streaked x-ray radiography with self-emission 
imaging allows one to track these regions as a function of time 
for comparison with model predictions. 
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The experiments were carried out on the OMEGA EP Laser 
System. CHBr (6 at. %) targets were driven with a 2.5-ns square 
pulse at focused intensities of 1014 W/cm2. Target trajectories 
and density profiles were measured using time-resolved x-ray 
radiography based on a laser-driven Ti x-ray source and a one-
dimensional slit imager coupled to an x-ray streak camera. With 
appropriate filtration, emission from the hot coronal plasma 
was simultaneously imaged. An example radiograph for a 
20-nm-thick target with superposed x-ray self-emission imag-
ing is shown in Fig. 140.80. The data show x-ray transmission 
and coronal emission consistent with a density plateau where 
the double ablation front forms. Tracking the location of the 
ablation fronts and measuring the hydrodynamic efficiency of 
the driven target provide a novel and direct test for equation-
of-state and opacity model predictions. Detailed analysis of 
these data is underway.

Astrophysical Collisionless Shock Experiments  
with Lasers (ACSEL) on OMEGA EP 
Principal Investigator: H.-S. Park (LLNL)
Shot Principal Investigator: C. Huntington (LLNL)

The ACSEL collaboration is studying high-velocity plasma 
flow interactions and the role of self-generated or amplified 
magnetic fields in such systems. Study of these phenomena is 
essential to understanding a range of astrophysical systems, 
including gamma-ray bursts, supernova remnants, and young 
stellar objects. The FY14 experiments using OMEGA EP 
expanded on the collisionless shock platform common to 
ACSEL (LBS) and MagShock (NLUF), with the former con-
centrating exclusively on plasmas without externally applied 
magnetic fields. Irradiating a pair of opposing planar targets 
with 2.2 kJ (OMEGA EP), counter-propagating flows are cre-
ated, each with bulk velocity near 1000 km/s. The flows interact 
near the midplane between the targets, where the interpenetrat-
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Figure 140.80
Streaked x-ray radiograph of double ablation front formation in a 20-nm-thick CHBr (6 at. %) target driven with a 2.5-ns square pulse at focused intensities of 
1014 W/cm2. The ablation front driven by radiative energy flux propagates into the target ahead of the electron-driven ablation front.

ing plasma is susceptible to a range of instabilities, including 
the two-stream and Weibel instabilities. 

The FY14 campaigns studied the effect of varying the target 
material, including the effect of collisional flow from higher-Z 
target materials. Figure 140.81 compares data obtained for CH2 
(the same as most of the previous studies), Al, and Cu targets. 
The central magnetic-field advection feature46,47 is very dif-
ferent among these target types. The data show that the two 
horizontal features, thought to be associated with piled-up 
magnetic fields from the Biermann battery at the laser spot, 
move apart over time, which is different from collisionless flow 
experiments where the two features stay at the same place. This 
is likely caused by pressure buildup in the interaction region, 
which pushes the features apart. Both FLASH and OSIRIS 
simulations show qualitative agreement with the experimen-
tal data. On the other hand, the actual size of the interaction 
region remains narrow, and the fact that the two plates are still 
horizontal indicates that the turbulence is probably not very 
developed. This implies that turbulence in the collisional flow 
plays an important role in the formation of the magnetic field. 
Further experiments are planned in FY15.

Fast Ignition Using Elliptical-Tip Cone-in-Shell Targets 
Principal Investigators: P. K. Patel and F. Pérez (LLNL)
Co-investigators: H. Sawada (University of Nevada, Reno); 
W. Theobald and A. A. Solodov (LLE); L. C. Jarrott and F. N. 
Beg (University of California, San Diego); M. S. Wei (General 
Atomics); and A. Link, Y. Ping, and H. S. McLean (LLNL)

The fast-ignition (FI) approach to inertial confinement fusion 
has the potential to achieve higher energy gain compared to central 
hot-spot-ignition schemes. Fast ignition uses a separate short-
pulse ignition laser to locally heat the fuel core near the time of 
peak compression. This ignition laser is focused inside the tip of a 
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Figure 140.81
Comparison of magnetic fields from interpenetrating high-
velocity flows. The higher-Z targets create colliding flows that 
affect the magnetic-field advection generated by the Biermann 
battery from the target surface. This indicates that turbulence in 
the collisional flows plays an important role in the formation of 
the magnetic field.

Figure 140.82
Schematic of the targets.

re-entrant gold cone and accelerates a large number of high-energy 
electrons. The efficiency of heating the fuel to thermonuclear 
conditions can be greatly increased if the electrons accelerated 
from the laser-interaction region can be guided to the dense fuel.

This year’s experiments investigated electron-beam guiding 
using resistivity discontinuities through structured material inter-
faces. The OMEGA EP picosecond laser was focused on a slab 
of plastic containing short aluminum wires of various shapes. 
Laser-generated electrons tend to stay localized inside the wire 
because of magnetic fields generated along the resistivity discon-
tinuity. As illustrated in Fig. 140.82, a copper slab was attached at 
the back of the CH/Al foil to detect the location of the electrons 
exiting the foil. Wires of three formats were used: traversing the 
whole slab (“long”), traversing only a short portion of the slab 
(“short”), or in the shape of an ellipsoid. The latter have been 
predicted to provide better focusing characteristics, in the man-
ner of elliptical mirrors in optics. The electrons passing through 
the Cu foil induce Cu-Ka x-ray emission, which was imaged 
using the spherical crystal imager (as shown in Fig. 140.83). 
The presence of the wires clearly produced structure in the 
electron beam, showing that some guiding is occurring. In this 
experiment, however, the ellipsoids were not proven to be more 

efficient than straight wires. A simulation effort is benchmarking 
the current models to these results and extending the models to 
ignition-scale situations. It is expected that the guiding effects 
will be enhanced in full-scale scenarios.
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Figure 140.83
Cu-Ka images, reflecting the shape of the electron beam through the Cu foil. 
The green blocks correspond to plastic and the red blocks correspond to Al. 
The (a) long wire; (b) short wire; and (c) ellipsoid structure.



NatioNal laser Users’ Facility aNd exterNal Users’ Programs

LLE Review, Volume 140282

Structure and Equation of State of Solid and Superionic 
Warm Dense Water
Principal Investigator: J. R. Rygg (LLNL)
Shot Principal Investigators: F. Coppari and M. Millot (LLNL)

The structure and equation of state of solid and superionic 
warm dense water at the core conditions of Uranus and Nep-
tune were investigated to explore a proposed superionic phase, 
essentially a solid lattice of oxygen ions surrounded by fluid-
like diffusing protons. Its existence in the deep interiors of icy 
giant planets would have a dramatic impact on their internal 
structure and evolution. 

The experiments on the 60-beam OMEGA Laser System 
employed new laser dynamic compression techniques, novel 
liquid-cell targets, and advanced diagnostics, including 
both optical diagnostics and x-ray diffraction. Multishock 
compression in these experiments squeezed initially liquid 
water into solid and superionic ices at pressures of several 
megabars, while keeping the temperature below 0.5 eV. Data 
were obtained using streaked optical reflectivity and pyrom-
etry and interferometric Doppler velocimetry (VISAR), as 
well as x-ray diffraction. Ongoing analysis of the recently 
obtained x-ray diffraction data will provide unprecedented 
insight on the equation of state and structure of solid and 
superionic megabar water ices in the portion of phase space 
shown in Fig. 140.84. 

Spectroscopy of Neutrons Generated Through Nuclear 
Reactions with Light Ions in Short-Pulse Laser 
Interaction Experiments
Principal Investigators: C. Stoeckl, U. Schroeder, and V. Yu. 
Glebov (LLE)

The experimental objective of this project is to study nuclear 
reactions in light ions by measuring the spectrum of neutrons gen-
erated in short-pulse laser-interaction experiments and compare 
it with simulated spectra based on the published cross sections. 

Planar targets are irradiated with one short-pulse beam 
focused at the target’s front surface. Charged particles from the 
back side of the target create neutrons and charged particles 
through nuclear reactions in a second converter target placed 
closely behind the primary interaction target. The spectrum 
of the neutrons generated in the converter target is measured 
using a three-channel scintillator photomuliplier–based neutron 
time-of-flight (nTOF) detector system. Charged-particle detec-
tors are used to measure the spectra of the primary particles. 

The previous experiments in FY13 with CD primary and 
CD secondary targets resulted in neutron spectra showing a 
clear DD fusion neutron peak. For these experiments a pre-
plasma was created on the front side of the primary target 
using a 100-J, 100-ps UV laser pulse, which was fired 0.5 ns 
before the main IR short pulse. This pre-plasma significantly 
reduced the number and energy of charged particles on the 
front surface of the primary target and significantly improved 
the signal-to-background ratio. 

Two shot days were allocated for these experiments in FY14. 
On the first day LiD secondary targets were used with the 
reduced background primary CD target developed in FY13. 
Unfortunately no DT neutrons were recorded from the tritium 
generated in Li breakup reactions. Preliminary analysis of the 
data indicates that the cross sections for the Li breakup reac-
tions are too small to generate enough tritium, given the flux 
and spectrum of the primary ions and the geometry of the 
experimental setup. 

On the second day a neutron pickup reaction in Be 
[Be9(d,t) Be8] was chosen to produce the tritium, which then 
generated the DT fusion neutrons. The theoretical cross sec-
tions of this reaction reach +150 mb above 1-MeV deuteron 
energy. The experimental values reported in the literature 
are varying significantly between +20 mb and 200 mb. For 
these experiments, a Be foil of +50- to 100-nm thickness was 
attached in front of the 2-mm-thick CD secondary target. 

Figure 140.84
Pressure–temperature phase diagram of warm dense water, showing the region 
explored with multishock compression of liquid water using ultrafast optical 
diagnostics and x-ray diffraction on the OMEGA Laser System. PBcm: a 
particular type of crystal structure, characteristic of high-density water ices. 
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Figure 140.85 shows the nTOF spectra from the BeCD 
secondary target compared to the results from a CD second-
ary target.

With the BeCD secondary target, the neutrons are recorded 
much earlier compared to the CD secondary, indicating a higher 
energy. The short signal seen before –50 ns in the nTOF spectrum 
is caused by the x rays from the laser interacting with the primary 
target and can be used as a timing reference. Using the x-ray tim-
ing reference, the energy of the neutrons can be estimated to be 
+2.5 MeV for the CD foil, typical for DD fusion neutrons, and 
+4.3 MeV for the BeCD target. The +4.3-MeV neutron emission 
is consistent with a Be9(d,n)B10 nuclear reaction. Few data have 
been published about this reaction. Typical cross sections shown 
in the literature are of the order of +100 mb. A more-detailed 
analysis of this data is in progress. 

FY14 LLNL OMEGA Experimental Programs
R. F. Heeter, K. B. Fournier, K. Baker, M. A. Barrios Garcia, 
L. Bernstein, G. Brown, P. M. Celliers, H. Chen, F. Coppari, 
D. E. Fratanduono, C. Huntington, A. Lazicki, R. Kraus, T. Ma, 
D. Martinez, D. McNabb, M. Millot, A. Moore, S. Nagel, H.-S. 
Park, P. K. Patel, F. Pérez, Y. Ping, B. Pollock, J. S. Ross, J. R. 
Rygg, R. Smith, G. W. Collins, O. L. Landen, A. Wan, and 
W. Hsing (LLNL); and M. Gatu Johnson and A. Zylstra (MIT)

In FY14, LLNL’s High-Energy-Density (HED) Physics and 
Indirect-Drive Inertial Confinement Fusion (ICF-ID) Programs 

conducted several campaigns on the OMEGA and OMEGA EP 
Laser Systems, as well as campaigns that used the OMEGA 
and OMEGA EP beams jointly. Overall, these LLNL pro-
grams led 324 target shots in FY14, with 246 shots using only 
OMEGA, 62 shots using only OMEGA EP, and 16 joint shots 
using OMEGA and OMEGA EP jointly. Approximately 31% of 
the total number of shots (62 OMEGA shots, 42 OMEGA EP 
shots) supported the ICF-ID Campaign. The remaining 69% 
(200 OMEGA shots and 36 OMEGA EP shots, including the 
16 joint shots) were dedicated to experiments for the HED 
Campaign. Highlights of the various HED and ICF campaigns 
are summarized in the following reports.

Indirect-Drive Inertial Confinement Fusion Experiments

Thomson-Scattering Measurements from Laser-Driven 
Gold Spheres 
Principal Investigator: J. S. Ross
Co-investigators: R. F. Heeter and M. Rosen (LLNL); and 
D. H. Froula (LLE)

In the FY14 AuSphere and GasCoSphere Campaigns, we 
performed experiments using high-Z–coated spheres illu-
minated uniformly in direct-drive geometry to investigate 
atomic physics models and radiative properties of the laser-spot 
plasma relevant to inertial confinement fusion (ICF) indirect-
drive–ignition hohlraum plasmas. Bare Au and gas-covered 
Au spheres (shown in Fig. 140.86) were both investigated. 

Figure 140.85
Neutron time-of-flight signals from the experiments with (a) CD primary and CD secondary and (b) BeCD secondary targets. The arrival time of the neutrons 
shifts significantly earlier with the BeCD, indicating a change in the average neutron energy from 2.45 to +4.3 MeV.
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The laser irradiation of 1 # 1014 to 1015 W/cm2 is similar to 
the intensities found in National Ignition Campaign (NIC) 
hohlraums. The gas-covered Au sphere experiments use a gas 
fill of 1 atm of propane or 1 atm of a 70/30 mix of propane and 
methane to achieve initial electron densities of 7.5% and 6.0% 
of the critical density, respectively, of the 3~ drive beams. The 
plasma temperature and density at various radial positions in 
the blowoff plasma are characterized using optical Thomson 
scattering. The probe beam was aligned at various radial loca-
tions ranging from 100 to 300 nm from the target surface for 
Thomson-scattering characterization of the low-density plasma 
blowoff. The laser beams used either a 1-ns square laser pulse 
or a two-step laser pulse (1-ns square foot, 1-ns square peak) 
designed to reduce the shock produced by the gas-bag window. 

The electron temperature and density, the plasma-flow 
velocity, and the average ionization state are measured by fitting 
the theoretical Thomson-scattering form factor to the observed 

Figure 140.86
(a) A 1-mm-diam Au sphere centered in a 2.6-mm-diam gas bag. The gas bag 
is filled with 1 atm of propane or a mix of methane and propane to achieve 
different initial electron densities. The location of the Thomson-scattering 
(TS) volume is shown. (b) TS spectrum as a function of time for Au sphere. 
(c) TS spectrum as a function of time for gas-covered Au spheres. 

Figure 140.87
For bare Au spheres, the (a) measured electron temperature and (b) electron 
density are compared to post-shot simulations using the detailed-configuration 
accounting (DCA) nonlocal model (green line), the XSN flux-limited model 
with a flux limiter of 0.05 (blue line), and a nonlocal heat-transport model 
(black line) for an intensity of 5 # 1014 W/cm2.

data. Examples of the Thomson-scattering data from ion-acous-
tic fluctuations are shown in Fig. 140.86 for both target types. 
The measured data are then compared to post-shot simulations 
with different atomic physics and electron-transport models. 
The different models predict different electron temperatures 
for the experimental conditions; sample results are shown for 
the bare Au spheres in Fig. 140.87.

The simulation with the XSN nonlocal model most closely 
reproduces the temperatures measured during the experiment. 
The XSN model with a flux-limited transport model using a 
flux limiter of 0.05, previously used to simulate high-Z hohl-
raums, predicts an electron temperature significantly higher 
than measured. A detailed analysis of the gas-covered sphere 
data is currently underway, and a comparison of Thomson-
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scattering data, Dante absolute x-ray flux measurements, and 
x-ray spectroscopy to simulations will be used to further vali-
date the atomic physics models employed in these simulations.

Cryogenic Cell Measurements of the Viscosity  
of Rippled Shocks 
Principal Investigator: P. M. Celliers

The Shock Viscosity Campaigns began as an effort to 
probe the decay of rippled shocks in National Ignition Facil-
ity (NIF) ablator materials as a means of assessing whether 
the rippled shock response was inviscid or showed evidence 
of more-complicated viscous behavior. As part of this effort, 
attempts were initiated to field a planar cryogenic platform 
compatible with the viewing axis of the 2-D VISAR (velocity 
interferometer system for any reflector) using the OMEGA 
high-resolution velocimeter (OHRV). The planar cryogenic 
platform addresses an important surrogacy issue associated 
with the CapSeed Campaigns. In all prior campaigns using 
room-temperature targets, a layer of transparent polymethyl 
methacrylate (PMMA) was used as the surrogate for the fuel 
layer. The shock-impedance difference between PMMA and 
ICF ablators is much less than for DT ice or liquid D2, so 
any issues associated with the deep release of the ablator into 
the fuel are not captured accurately in the room-temperature 
PMMA-based platform. For this reason, the cryogenic plat-
form is expected to produce more-definitive data sets for the 
level of ablator nonuniformities transmitted into the fuel. The 
initial cryogenic shots of the Shock Viscosity Campaigns 
(Figs. 140.88 and 140.89) were aimed at establishing a base-
line data set for the response of various ablators releasing into 
liquid deuterium. A single baseline dataset on glow-discharge 
polymer (GDP) was collected during the initial campaign, with 
other targets leaking because the GDP samples stress-fractured 
at cryogenic temperatures. Based on this experience, improve-
ments were made to the target design and a second campaign 
produced several more datasets on high-density carbon (HDC) 
and Be ablator samples. The stress-fracturing issue with GDP 
remains to be solved.

Velocity Fluctuations in Doubly Shocked Glow-
Discharge-Polymer Ablators 
Principal Investigator: P. M. Celliers

The CapSeed Campaign in FY14 continued our study of 
GDP, the plastic polymer material used in NIF ablators. The 
primary goal was to study the response of GDP at the second 
shock level, by observing the shock-front nonuniformities 
shortly after a second shock (launched behind the initial shock) 

had overtaken the first. Several shots were devoted to tuning 
the two-shock drive by adjusting the timing delay between 
two groups of drive beams. The tuning study was completed 
and two preliminary data sets were recorded (Figs. 140.90 and 
140.91). These initial results did not reveal a level of nonunifor-
mity significantly different from the nonuniformity levels that 
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Figure 140.88
Interferogram from the first cryogenic test of a glow-discharge polymer (GDP) 
ablator releasing into liquid deuterium.
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Figure 140.89
Velocity-fluctuation spectra measured for GDP on the first cryogenic test of 
GDP using the OMEGA high-resolution velocimeter (OHRV) diagnostic, in 
comparison with data from warm platform tests with PMMA as a surrogate 
for the fuel. Velocity-fluctuation spectra are very similar for the two platforms.
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Figure 140.90
Gray-scale representation of the shock-front velocity in a GDP sample 
double-shocked to +7 Mbar. The large ripple disturbance originates from a 
localized defect on the ablation surface; the smaller localized disturbances 
originate from dust particles trapped at the GDP–PMMA interface during 
target assembly.
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Figure 140.91
Velocity fluctuation spectra measured for GDP on two double-shock GDP 
experiments compared with earlier single-shock tests. Spectra have had 
the background subtracted. The background level is shown for comparison.

have been recorded at the first shock level in the GDP material. 
The current series has laid the foundation for further data col-
lection of GDP using the two-shock drive in a future campaign.

Shock-Release Isentrope Measurements  
of ICF-Relevant Materials 
Principal Investigator: D. E. Fratanduono

To address concerns regarding uncertainties in the release 
isentropes of inertial confinement fusion (ICF) ablator mate-
rials into low-density gas, experiments were performed to 
measure the release of glow-discharge polymer (GDP) and CH 
into methane gas at gas densities comparable to an ICF capsule, 
to examine the momentum transfer in this low-density kinetic 
regime. The experiment measured the shock velocity in the 
GDP prior to shock breakout and the shock transit time through 
a known methane gas density (0.25 to 1.0 atm). We then uti-
lized a momentum transfer technique to extract P–Up data (the 
release isentrope). These experiments suffered unexpectedly 
from nonreproducible effects, which made it difficult to distill 
conclusions. On average, the shock velocity in the methane 
gas was anomalously low, suggesting that the equation-of-state 
model may be overpredicting the release state. Since the results 
were not consistently reproducible, future experiments will be 
required to examine this region of phase space in detail.

Platform Development for Measuring Charged-Particle 
Stopping in Warm Dense Plasmas 
Principal Investigator: A. Zylstra (LLNL/MIT Collaboration)

The TransportEP-14A Campaign conducted shots to con-
tinue developing a stopping-power measurement platform 
using the short-pulse lasers on OMEGA EP. In this experi-
ment, the sidelighter beam was used for proton isochoric 
heating of a warm-dense-matter sample, while the backlighter 
beam drove a planar foil, generating protons via target-normal 
sheath acceleration (TNSA) to probe the sample. For the 
backlighter-driven proton source, the uniformity of the proton 
beam was studied using source-only shots with a lower-energy 
drive (40J/1 ps) and smooth wafer targets of chemical vapor 
deposition (CVD) and Si, compared to standard Au. The 
proton beam images are shown in Figs. 140.92(a)–140.92(c). 
While the uniformity has improved over previous higher-
intensity shots, modulations in the proton beam remain. The 
proton isochoric heating configuration sends a TNSA proton 
beam through a CH slab (200 # 200 # 50 nm), which is 
heated by proton energy deposition and characterized by x-ray 
backlighting. The backlighter was a uranium area backlighter, 
with data taken from 0.5 ns before the slab was heated until 
1.5 ns after, as shown in Fig. 140.92(d). Preliminary data 
analysis suggests nonthermal expansion potentially driven 
by electromagnetic fields.
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Measurements of the Opacity of Silicon  
in ICF Ablator Conditions 
Principal Investigator: R. F. Heeter
Co-investigators: G. V. Brown, C. Mauche, and B. Wilson

Continuing earlier ablator-opacity measurements, improved 
experiments were performed to measure the transmission opac-
ity of hot silicon at T ≈ 70 eV, t ≈ 0.2 g/cm3 on OMEGA EP. 
At these temperatures and densities from 0.2 to 20 g/cm3, the 
Atwood number in Si-doped capsules has a strong sensitivity 
to the Si opacity. The FY14 experiment used a Be-tamped 
Si foil sample heated by 250-J, 250-ps impulses from two of 
the long-pulse beams. The sample plasma was characterized 
with dual-axis, simultaneous backlighting, both face-on and 
edge-on, using the two short-pulse beams in 10-ps mode. The 
backlighters were timed 200 ps after the peak of the heating 
impulse, as verified with the ultrafast x-ray streak camera. The 
edge-on radiograph measures density via the sample expansion 
from a known initial thickness (2.1 nm); the face-on measure-
ment delivers Si ionization balance and transmission opacity 
data via absorption spectroscopy across the x-ray band from 
1600 eV to 3000 eV. To probe the sample at higher density than 
previously, the edge-on radiography was improved by using 
a smaller backlighter and samples with improved planarity. 
The new technique delivered +10-nm resolution, verified by 
radiographing a cold 10-nm Cu wire and also by discriminat-
ing the continuum absorption of the heated Si from the weaker 
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(a) CVD wafer (17414) (b) Si wafer (17416)

(d) X-ray radiographs of heated slab

(c) Goodfellow Au (17418)

absorption of the underlying Be substrate. A target density of 
0.2 g/cm3 was achieved by probing the Si plasma 200 ps after 
the peak of the heating pulse, when the silicon had expanded to 
20 nm. As illustrated in Fig. 140.93, the Si measurements show 
absorption features from at least five of the L-shell charge states 
of Si, plus time-integrated self-emission from earlier in the 
heating pulse. This high-quality dataset will be analyzed and 
compared with the opacity models used for the NIF capsules.

Figure 140.92
[(a)–(c)] Proton source spatial distribution 
images for various foil targets and (d) x-ray 
radiography of proton-isochoric–heated slabs.
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Figure 140.93
Space-resolved absorption spectrum obtained on OMEGA EP using face-on 
broadband spectroscopy from a Zn bremsstrahlung continuum backlighter. 
Photon energy increases from top to bottom; emission is dark and absorp-
tion is light. Multiple time-resolved absorption and time-integrated emission 
features of hot silicon are detected with an excellent signal-to-noise ratio.
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Hohlraum Magnetization Using Laser-Driven Currents 
Principal Investigator: B. Pollock
Co-investigators: J. Moody, J. S. Ross, and D. Turnbull

In FY14 the HohlFaradayRot Campaigns on OMEGA EP 
and the B-FieldHohl Campaign on OMEGA launched an 
investigation of the feasibility of self-magnetizing hohlraum 
targets for ICF applications. The first campaign in this new 
experimental effort employed a target consisting of a half-loop 
formed by folding a thin gold sheet around a 500-nm-diam 
fused Si rod. Figure 140.94 illustrates how the OMEGA EP 
long-pulse beams shine through the holes in one of two paral-
lel plates on the open side of the loop, producing a plasma at 
the surface of the second plate. Hot electrons formed by this 
process collect around the holes in the first plate, essentially 
charging up a parallel plate capacitor. The half-loop connects 
the plates, allowing the current to flow and produce a magnetic 
field on the loop axis. The OMEGA EP 4~ probe capability 
was employed to directly measure the magnetic field inside the 
loop via Faraday rotation along the hohlraum axis. Fields of up 
to 4.6 T were measured at the time of the probe beam. A new 
B-dot probe was also developed for this campaign and acquired 
a signal on all shots. Combining the B-dot probe data with a 

second set of Faraday rotation measurements from a second 
piece of fused Si outside of the loop, the produced peak field is 
inferred to be +40 T. In the second HohlFaradayRot shot day, 
the short-pulse backlighter beam was used to drive a proton 
source for proton-deflectometry measurements of the fringing 
magnetic fields around the target. This campaign allowed for 
additional parameter scans and extended the previous dataset. 

The B-FieldHohl Campaign transitioned the experiment 
to OMEGA, taking advantage of the 60 beams available and 
increasing the target diameter from a 0.5-mm half-loop to a 
2.0-mm, nearly complete loop. Similar to the OMEGA EP 
experiment, the magnetic field was driven by using 14 beams 
to illuminate parallel plates. Another eight beams were directed 
into the loop to heat the quasi-hohlraum, and the fringing 
magnetic field outside of the target was diagnosed with proton 
deflectometry from a D3He capsule source. The analysis of 
this recent experiment is ongoing and will be used to guide 
the FY15 continuation of this effort.

High-Energy-Density Experiments
1. Material Equation of State Using Diffraction Techniques

Kinetics of Melting in Iron 
Principal Investigator: R. Kraus
Co-investigators: F. Coppari, D. E. Fratanduono, A. Lazicki, 
D. Swift, J. H. Eggert, and G. W. Collins

The iron melting curve at multimegabar pressures is criti-
cal to understanding the earth’s thermal state and also how its 
magnetosphere formed and evolves. Dynamic experiments can 
probe the melting transition at pressures near the inner-core 
boundary of the earth (+330 GPa). Nguyen and Holmes previ-
ously studied the melting transition with a gas gun,48 using 
sound velocity measurements, but concerns about the results 
were raised because of the possible kinetics of melting. 

This issue was addressed using in-situ x-ray diffraction at the 
Omega Laser Facility to directly probe the onset and completion 
of melting along the principal Hugoniot. Polycrystalline diffrac-
tion from the high-pressure hexagonal close-packed (hcp) phase 
of iron was monitored. As the iron was shocked to higher-pressure 
states along the melt curve, we observed an intensity decrease for 
the solid diffraction lines together with an increase in the diffuse 
scattering signal. Attributing this to liquid scattering (Fig. 140.95), 
we have shown that both incipient and complete melting occurred 
at the same stress states on the laser time scale (ns) as the gas gun’s 
time scale (100’s of ns), so the kinetics of melting are negligible for 
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(a)

(b)

Figure 140.94
(a) Geometry for hohlraum self-magnetization on OMEGA EP with the beam 
path shown schematically in red; (b) sample of 4~ probe data used to infer 
Faraday rotation.
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Figure 140.95
(a) Geometry for in-situ x-ray diffraction at the Omega Laser Facility. Also 
shown are image-plate data for shock-induced melting of iron, with a decrease 
of intensity in the solid diffraction signal and an increase in the diffuse back-
ground as melting occurs at higher shock pressures.

these time scales and longer. The data also show that iron stays in 
the hcp phase along the melt curve until nearly 270 GPa, clarifying 
an issue that has been debated theoretically.

Kinetics of Melting in Tin 
Principal Investigator: R. Kraus
Co-investigators: F. Coppari, D. E. Fratanduono, A. Lazicki, 
D. Swift, J. H. Eggert, and G. W. Collins

In this campaign, we used the PXRDIP diagnostic to 
obtain in-situ x-ray diffraction at the Omega Laser Facility. 
Tin has a complicated high-pressure phase diagram, and the 
melting curve of tin has come under recent debate. Prior 
measurements of the melting temperature up to 1 Mbar 
show a dramatic increase in the slope of the melting curve 
as the solid phase transitions from a body-centered-ortho-
rhombic (bco) to body-centered-cubic (bcc) structure.49 
Phase transitions in tin are also thought to be sluggish in 
comparison with other metals.50 Our campaign’s goal was 
to directly probe the onset and completion of melting along 
the principal Hugoniot of tin and compare the data with dif-
ferent time-scale experiments to learn about the kinetics of 
melting. For shock pressures below 50 GPa, the data show 
strong textured diffraction from the high-pressure phase of 
tin, whereas above 60 GPa, the data show a strong diffuse 
scattering signal from liquid tin (Fig. 140.96). These data 
bracket the melting transition along the principal Hugo-
niot, in agreement with significantly longer time-scale 
gas-gun experiments. 
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Figure 140.96
Pressure–temperature phase diagram for tin, showing the melting curve data 
from Ref. 49. Plotted along the Hugoniot of the 2161 SESAME equation of 
state are the pressure states where solid diffraction (green) and liquid dif-
fraction (red) are observed.
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Shock-Resolidification Kinetics of Tin and Iron 
Principal Investigator: R. Kraus
Co-investigators: F. Coppari, D. E. Fratanduono, A. Lazicki, 
D. Swift, J. H. Eggert, and G. W. Collins

The Diffraction-EP Campaign extended earlier OMEGA 
experiments on melting kinetics of iron and tin by using 
OMEGA EP to probe the time scale for resolidification of both 
materials. Having previously shown that tin and iron can be 
shock melted on the time scale of a laser-shock experiment, 
and that melting occurred at the same pressures as in gas-gun 
experiments (to within the error bars of our measurements), 
these OMEGA EP experiments sought to quasi-isentropically 
compress tin and iron from shock-melted states back across the 
melt curve into the solid phase.

In the tin experiments, we generated an initial shock that was 
consistently at +65 GPa (into the liquid phase) and then generated 

Figure 140.97
(a) Pressure–temperature phase diagram for tin from the SESAME 2161 equation of state. Static melting curve measurements (blue points) are from Ref. 49. 
(b) Pressure–temperature phase diagram for tin from SESAME 2161. [(c),(d)] Image plates from a double-shock experiment on Sn (first shock to 65 GPa, second 
shock to 160 GPa). The second shock in (c) is timed so that the x rays principally interact with unshocked and single-shocked material. The second shock in 
(d) is timed so that a larger volume of material reaches a second shock state of 160 GPa. Note the strong polycrystalline diffraction line observed in (d) does 
not exist in (c).

a second shock that brought the tin to a peak pressure of +160 GPa. 
The first shock set the initial thermodynamic state of the tin in 
the liquid phase, and the second shock quasi-isentropically com-
pressed the tin into the solid stability field. After some tuning, 
we accurately timed the second shock and the backlighter. Fig-
ure 140.97 shows the observed strong polycrystalline diffraction 
peak from resolidified tin. These results are the first unambiguous 
observation of pressure-driven solidification in a metal. They show 
great promise that (1) we can probe the kinetics of solidification 
using laser-shock platforms and (2) in-situ x-ray diffraction pro-
vides an important tool in diagnosing the resolidification process.

In the iron experiments, we successfully observed strong 
diffraction from high-pressure hexagonal close-packed (hcp) 
iron, diffuse liquid scattering, and a very preliminary signature 
of resolidification. However, the initial thermal state in the 
liquid could not be accurately confirmed because of the issue 
with this initial experiment. 
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Figure 140.98
Fluorescence shield used on OMEGA to block x rays generated by the fluo-
rescence of the bottom image plate hit by the direct x-ray beam. (a) Drawing 
of the position of the shield within the PXRDIP diagnostic; (b) a photograph 
of the shield on the image plate.
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Improving the OMEGA High-Pressure Tantalum 
Diffraction Platform 
Principal Investigator: F. Coppari
Co-investigators: J. H. Eggert, R. Smith, D. E. Fratanduono, 
A. Lazicki, and J. R. Rygg

This campaign improved the tantalum diffraction platform 
using the PXRDIP diagnostic on OMEGA by resolving issues 
related to the high background signal observed in high-pressure 
shots; it also sought an understanding of the texture evolution 
when the sample material is ramp compressed to high-pressure 
states. We tested mitigation schemes that decreased the back-
ground signal and improved the platform overall. In particular, 
a tungsten wire, placed in a specific location of the diagnostic, 
provided a geometric trace of the background source. Although 
most of the background is caused by the ablation-generated 
plasma, some background also comes from the fluorescence 
of the image plates when hit by the direct x-ray beam. To 
mitigate this source of background, a fluorescence shield was 
implemented using a Ta skewed cylinder placed around the 
region where the direct x rays hit the image plate (Fig. 140.98). 
This mitigation scheme has also been adopted in the diffrac-
tion platform on the NIF with the target diffraction in-situ  
(TARDIS) diagnostic.

The second goal of the campaign was to start looking at the 
texture formation and evolution in ramp-compressed materials 
and, in particular, Ta. The shots compared diffraction from 
Ta samples with three different initial textures: commercial 
foils, coatings, and pressed powder. Preliminary characteriza-
tion of the initial texture by laboratory x-ray diffraction and 
pole-figure analysis indicated that foils and coatings are char-
acterized by a strong fiber texture, while the pressed-powder 
samples are randomly oriented, so that the corresponding dif-
fraction signal is an untextured diffraction ring. The data show 
that when laser-driven ramp compression is used to achieve 
high-pressure states in these three materials, the initial texture 

is preserved at high pressure and also across a phase transition. 
The initially untextured powder remained untextured, while 
samples with initial fiber texture showed a highly textured 
diffraction signal that persisted even above a solid–solid phase 
transition. This suggests that some sort of memory mechanism 
may take place that certainly deserves further investigation in 
future campaigns. 

Development of Higher-Energy Backlighters  
for X-Ray Diffraction 
Principal Investigator: R. Smith

The goal of these shots was to develop and optimize Zr Hea 
(16.3-keV) and Ge Hea (10.3-keV) x-ray sources for future x-ray 
diffraction experiments on OMEGA, OMEGA EP, and the NIF. 
The standard x-ray source for diffraction on OMEGA, using 
the PXRDIP diagnostic, is the Cu Hea quasi-monochromatic 
line emission at 8.3 keV. In those experiments51 the main 
noise contributor at a high sample pressure is from thermal 
x rays generated in the sample drive plasma. To increase the 
signal-to-noise ratio of x-ray diffraction experiments, higher-
energy sources that are spectrally decoupled from the drive 
plasma emission spectrum are necessary for more-effective 
noise filtering. 

The targets for these experiments consisted of a freestand-
ing, 2 # 2-mm, 10-nm-thick Zr foil or a 6-nm Ge layer coated 
on both sides of a 200-nm pyrolytic graphite substrate. The 
spectrally resolved emission for a range of laser irradiance 
conditions was recorded with the XRS Rowland spectrometer 
and the NRL dual crystal spectrometer (DCS), which covers 
the x-ray bands from 10.4 to 45 keV and 20 to 120 keV. To 
optimize the output from Zr Hea, up to 20 OMEGA beams 
were employed in a double-sided illumination geometry. 
Prepulse and main-pulse laser irradiance conditions on the 
Zr foil were systematically varied, and the resulting Hea 
production was measured. The laser power as a function of 
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time was varied shot-to-shot as illustrated in Fig. 140.99. The 
resultant PSL (photospectral luminescence) counts on the XRS 
spectrometer image plates from the Hea line per kJ of main-
pulse laser energy are shown in Fig. 140.100 as a function of 
the main-pulse energy and intensity. The peak 16.3-keV Hea 
production occurs at an intensity of +8 # 1015 W/cm2. A similar 
experimental approach and analysis for Ge suggest that the 
Hea optimization occurs at a laser intensity of 1 # 1015 W/cm2.
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Figure 140.99
Laser power versus time for the ZrHea backlighter development campaign.
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Figure 140.100
PSL (photospectral luminescence) counts on the XRS spectrometer image 
plates from the 16.3-keV Zr Hea line per kJ of main-pulse laser energy are 
shown as a function of the main-pulse energy and intensity.

2. Material Equation of State Using Other Techniques

Measurements of the Lithium Hydride Equation of State
Principal Investigator: A. Jenei
Co-investigators: J. Hawreliak, R. London, D. E. Fratanduono, 
and G. W. Collins

The LiH equation-of-state (EOS) measurements started in 
FY13 were completed in FY14, providing data to constrain the 
shock Hugoniot EOS of LiH between 0 to 10 Mbar. Two different 
techniques were employed to determine the shock Hugoniot. The 
first method used velocimetry data from the VISAR (velocity inter-
ferometer system for any reflector) diagnostic to infer the velocities 
of reflecting shocks in a target with layers of single-crystal quartz 
and single-crystal LiH and pyrometry data from the streaked 
optical pyrometer (SOP) diagnostic to determine temperatures. 
Quartz was used as the EOS reference standard to determine the 
velocities and temperatures in LiH. Figure 140.101(a) shows an 
example of the raw data from this configuration, which succeeded 
in measuring the Hugoniot up to nearly 12 Mbar. 

In the second approach, a framing camera radiographed 
the shock front and pusher/sample interface positions as a 
function of time in a shock-compressed sample backlit using a 
chlorine-doped plastic (2.8-keV) area backlighter. The motion 
of these fronts can provide absolute data on the shock and 
particle velocities. Although the pulse length was insufficient 
to generate a steady shock long enough to make an accurate 
EOS measurement, this experiment demonstrated successful 
imaging of the interfaces, as shown in Fig. 140.101(b). The 
information gathered about contrast and resolution provided 
valuable feedback for future experiment designs.

Equation-of-State Measurements  
on Single-Crystal Diamond 
Principal Investigator: D. E. Fratanduono

NIF diffraction EOS experiments utilize single-crystal 
diamond in the target design to ramp compress the sample to 
high pressure and minimize the diffraction signal from the 
diamond. These experiments require an accurate stress–den-
sity response of single-crystal diamond. Previous OMEGA52 
and NIF experiments53 measured the stress-density response 
of CVD (polycrystalline) diamond, but there has been concern 
that the stress–density response of single-crystal diamond (G100H 
and G110H) could be different from the CVD measurements. To 
address this, experiments were performed on OMEGA to mea-
sure the response of single-crystal diamond in the G100H and 
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Figure 140.101
(a) LiH equation-of-state (EOS) measurements using a shock Hugoniot configuration and sample data using quartz as a reference standard. (b) Radiographic 
configuration and sample data for absolute EOS measurements.

G110H orientations, with a key result shown in Fig. 140.102. The 
stress–density response of single-crystal diamond is in excellent 
agreement with the stress–density response of CVD (polycrystal-
line) diamond, but results indicate that the “pullback” features 
observed in NIF experiments are significantly reduced in the 
G110H orientation when compared to G100H. Radiation–hydro-
dynamics simulations have demonstrated a better predictive 
capability for the G110H orientation versus G100H, but the EOS at 
high pressure must be improved. Future “A versus B compari-
son” experiments of the EOS of diamond G110H versus G100H will 
greatly assist in our development of a diamond strength model 
and will further probe the stress–density response up to 10 Mbar.

Extended X-Ray Absorption Fine-Structure Measurements 
of Ramp-Compressed Ta up to 200 GPa 
Principal Investigator: Y. Ping
Co-investigators: F. Coppari, J. H. Eggert, and G. W. Collins 
(LLNL); and B. Yaakobi (LLE)

Based on successful improvements of the extended x-ray 
absorption fine-structure (EXAFS) platform in FY13,54 high-
quality EXAFS data of compressed Ta up to 200 GPa were 

Figure 140.102
Newly measured pressure–density EOS data for single-crystalline diamond 
(red and blue curves), compared with prior data on polycrystalline diamond 
(black curve) and a reference EOS model (green curve).
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that Ta undergoes a phase transition above 1 Mbar. Subsequent 
shots reached 350 GPa; however, the quality of this EXAFS data 
was not as good as previous data. Two reasons have been identi-
fied: First, the target alignment fiducial was not as accurate as 
before, reducing the number of observable channels from 5 to 2, 
significantly degrading the signal-to-noise ratio. Second, the back-
lighter brightness was +40% less than on prior shots for reasons 
under investigation but not yet understood. Both findings provide 
important guidance for upcoming FY15 shots.

3. Hydrodynamics

Mix-Width Measurements of Accelerated Copper Foam 
on OMEGA 
Principal Investigator: K. Baker

This campaign evaluated two experimental configurations to 
determine the mix width of accelerated copper foams and mea-
sured the effect of the internal structure of the copper foams on 
the measured mix width to compare the experimental results with 
simulations. All the targets were cylindrical shock tubes with a 
reduced-density copper (Cu) foam, 1 g/cm3, pusher-accelerated 
into a low-density carbonized resorcinol formaldehyde (CRF) 
foam at 50 mg/cm3. The Cu foams, which could contain voids 
as large as 5 to 10 nm, were characterized via x-ray–computed 
tomography at either the Advance Photon Source or with an 
X-Radia MicroXCT. An example is displayed in Fig. 140.104. 

Figure 140.103
EXAFS data of Ta at (a) ambient conditions, (b) 65 GPa, and (c) 200 GPa. The 
measurements are shown in blue and the calculated EXAFS spectra for the 
bcc phase are shown for comparison in red. The 200-GPa data demonstrate 
that Ta is no longer in the bcc phase at such high pressures.
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Figure 140.104
Reconstructed density profile of a copper foam. The voxel size of the recon-
structed density is a cube, +7 nm per side.

obtained in FY14. The spectra at three pressures are shown in 
Fig. 140.103. The data at ambient conditions and at 65 GPa are 
consistent with Ta in the body-centered-cubic (bcc) phase, whereas 
the data at 200 GPa cannot be fit with the bcc phase, indicating 
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Figure 140.105
Radiograph of an accelerated copper foam 25 ns after the start of the hohl-
raum drive.
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Figure 140.106
Vertical lineout through the accelerated copper foam shown in Fig. 140.105. 
The mix width comes from the 10% to 90% region between 0 and 250 nm 
of the graph.

In the first configuration, the copper foam was reduced to an 
800-nm-diam cylinder for the 120 nm closest to the Cu/CRF 
interface (to reduce edge effects in the images) and radiographed 
using the OMEGA EP backlighter. The removed Cu foam was 
replaced with CH. The second experimental configuration used 
a nickel Hea backlighter at 7.66 keV and a modified target 
design to accommodate the lower energy and minimize edge 
effects. Figure 140.105 shows a radiograph of the accelerated 
copper foam obtained using the OMEGA EP backlighter in 
the first configuration; Fig. 140.106 shows a lineout through  

the radiograph. The mix width for this foam was determined 
to be 135 nm. 

Shock Transit Time Measurements on Novel CH Foams 
Principal Investigator: K. Baker

Shock breakout times from x-ray–driven samples of newly 
formulated CH1.6 foams were measured on this campaign for 
comparison with traditional carbonized resorcinol formalde-
hyde (CRF) foams. The foams were positioned as packages on 
the end of a gold halfraum. To account for differences in the 
drive between experiments, the hohlraum drive history was 
measured via breakout from an aluminum witness plate, as well 
as via shock speeds in a quartz using the velocity interferometer 
system for any reflector (VISAR). As illustrated in Fig. 140.107, 
all shots returned good VISAR data, showing the breakout 
times of the foam into and out of the VISAR window and 
the breakout of the shock from the CH1.6 or CRF foams. The 
corresponding VISAR unfold of the drive is inset in the lower 
right-hand corner of the figure. Comparison of experimental 
breakout times with simulations showed very good agreement 
with the CRF foams and good agreement with the CH1.6 foams.

Additionally, three Ross pair channels were implemented in 
Dante to look at the gold M-band emission from the laser-driven 
hohlraum: Saran, silver, and Mo. Four Ross pair channels were 
also implemented in a time-integrated x-ray pinhole camera 
to look at the M-band wall emission: Si, Zr, Mo, Saran, and 
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Kapton. These also look promising for determining the time-
integrated M-band spatial and spectral distribution on the wall.

Copper Foam Shock Breakout Measurements on OMEGA 
Principal Investigator: A. Moore

High-Z metal foams made via a copper ceramic casting 
process and with +1/10th solid density (+1 g/cm3) have been 
developed at LLNL and are being produced routinely at the 
Atomic Weapons Establishment (AWE). This campaign 
investigated the relative shock propagation in foams having 
1.0-nm characteristic pore sizes to qualify the equation of state 
(EOS) for use in future experiments. Propagation of a single 
shock through a material sample is an established technique 
to quantitatively validate the EOS model for that material via 
the simple dependence of the shock velocity on the pressure 
and, therefore, the internal energy of the material, but it had 
not been applied previously to these novel foams. The platform 
to measure the shock transit time in Cu foams was unchanged 
from prior campaigns of this type, using a 1.6-mm-diam, 
1.0-mm-long hohlraum driven by 5.5 kJ of 351-nm laser energy 

using 15 beams of the OMEGA Laser System. To improve the 
measured accuracy of the x-ray drive from the hohlraum, how-
ever, an Al witness sample was added so that the target package 
on the halfraums included a foam sample with a polystyrene 
ablator along a 60-nm aluminum sample backed by 300 nm 
of quartz. When the shock breaks out into the quartz, it can be 
measured directly using the active shock breakout (ASBO) or 
VISAR diagnostic, and the pressure history at the hohlraum 
ablator interface can be inferred.55 

In the experiments the drive pulse shape was varied to extend 
the density and temperature regimes probed. A 1.0-ns square 
pulse shape was used on experiments with the C8H8 ablator 
and a 2.7-ns ramp-shaped laser pulse on experiments without 
this ablator. The copper foam samples were 0.7 mm in diameter 
and nominally 0.35 mm in thickness, with a nominal density of 
1.0 g/cm3. On these experiments the hohlraums reached a peak 
effective radiation temperature of 208!5 eV. 

Data from the streaked optical pyrometer (SOP) were obtained 
on five shots, an example of which is shown in Fig. 140.108(c). 
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These data indicate that some spatial structure exists in the shock 
traveling through the Cu foam, but the average shock breakout time 
was still determined to within !3%. The ASBO was used on three 
shots to measure the decaying shock velocity as a function of time 
in the quartz, returning data very close to pre-shot predictions. 

High-Energy Point-Projection Backlighter Experiments 
on OMEGA 
Principal Investigator: K. Baker

The goal of this campaign was to evaluate high-energy back-
lighters for use on the NIF. The backlighter energies needed on 
the NIF range from 35 to 45 keV. Previous conversion efficiency 
(CE) measurements with short-pulse lasers at 1~ indicated a 
CE of 7 # 10–5 for tin through 4 # 10–5 for samarium. These 
efficiencies are close to meeting NIF-required fluences using 
the Advanced Radiographic Capability short-pulse laser being 
deployed on the NIF but would require that the NIF detector be 
placed much closer to the target than previously. However, the 
previous experiments had been conducted with wire backlight-
ers, and other laser–target geometries are possible to improve 
x-ray fluence yields. In this campaign, the OMEGA 3~ lasers 
were used to drive a point-projection backlighter with a Ta pin-
hole to reduce the source size. Tin and samarium targets were 
fielded, with and without a prepulse, using either thick solid 
or exploding-foil plasmas. Figure 140.109 illustrates the target 
geometry. The transmission crystal spectrometer (TCS) mea-
sured the tin and samarium spectra. Figure 140.110 shows the 
TCS spectra from these shots, together with a prior 1~ short-
pulse silver wire backlighter spectrum.

The highest conversion efficiency was seen for thick foils 
without a prepulse. The prepulsed plasmas may have refracted 
the drive laser beams, leading to a reduction of yield. Resolution 
tests using a sharp, opaque gold edge had blurry features for all 
the targets, indicating a large source size. This could be improved 
with a significantly thicker or more-advanced pinhole substrate. 

Radiographic Techniques for Drive Symmetry 
Principal Investigator: D. Martinez

Hohlraum experiments were performed on the OMEGA 
Laser System to develop and exploit radiographic techniques to 
study the symmetry of foam balls illuminated with hohlraum 
x rays. Using a joint OMEGA EP configuration, 10-nm-thick 
Ag wire backlighters mounted on 300 # 300-nm-sq, 10-nm-
thick polyimide foils were irradiated with the +1-kJ short-pulse 
OMEGA EP beam in a configuration similar to that expected 
on the NIF Advanced Radiographic Capability short-pulse 

laser, with a pulse duration of +50 ps at a laser intensity of 
+2 # 1017 W/cm2. Point-projection x-ray radiographs of the 
targets with a magnification of +40 were measured on image 
plates using the HERIE diagnostic positioned +50 cm from 
target chamber center. The high-energy bremsstrahlung spec-
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Figure 140.109
Target geometry used to evaluate the efficacy of high-energy point-projection 
backlighters. The pinhole substrate was 200-nm-thick Ta, sandwiched 
between 100-nm disks of CH to limit the number of hot electrons reaching 
the pinhole substrate.

Figure 140.110
Backlighter spectra measured with the transmission crystal spectrom-
eter (TCS).
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trum was used to diagnose the target. Figure 140.111 shows 
data from resolution test objects illustrating the radiographic 
signal and contrast, which were consistent with previous 
Ag n-wire experiments using OMEGA EP and demonstrated 
17-nm resolution. Transmission of the backlighter through a 
Cu step wedge was measured and used to infer the hot-electron 
temperature by modeling the backlighter with a simple single-
temperature bremsstrahlung spectrum. These experiments 
produced high-quality radiographs and established a baseline 
for future complex hydrodynamics experiments on the NIF.
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[(a),(b)] Silver n-wire backlighter from past Toto experiments compared with 
(c) current performance. [(d),(e)] Trends in the peak signal and approximated 
hot-electron temperature show that results are consistent with previous 
Ag n-wire experiments using the same filtering and diagnostic. 

Proton Heating of Copper Foams on OMEGA EP 
Principal Investigator: A. Moore

High-Z metal foams made by a copper ceramic casting process 
at +10% of solid density (+1 g/cm3) provide a novel target material 
for use in high-energy-density–physics experiments on the NIF, 
Orion, and OMEGA. For experimental results to be constrain-
ing to radiation–hydrodynamics simulation codes, however, the 
materials must be well characterized, with a good understanding 

of the material opacity and EOS. These proton-heating experi-
ments developed a platform to access the EOS of the Cu foam via 
isochoric heating of the material with protons and investigated the 
feasibility of scaling the approach to the NIF using the upcoming 
Advanced Radographic Capability short-pulse laser. 

Proton heating offers a novel way to measure the low-tem-
perature EOS since the energy is absorbed near-isochorically by 
the Cu foam, especially when compared to heating with x rays 
or via direct laser irradiation.56 If the density profile of the 
expanding plasma is measured, the isentrope can be extracted 
directly. These experiments studied density measurements of 
proton-heated disks of Al and Cu foam and Cu wires. The pro-
ton source consisted of a 10-nm-thick, 500-nm-diam Au foil 
irradiated by a high-intensity (+1 # 1018 W/cm2), 1053-nm, 10-ps 
laser pulse from the OMEGA EP laser. This generated a proton 
beam through target-normal sheath acceleration (TNSA).57 The 
Cu foam and other samples were placed 2 mm from the proton 
source along the normal to the Au disk. To radiograph the sample 
expansion, a Ni foil backlighter was positioned 5 mm from the 
sample perpendicular to the foam disk normal. Beamlines 1, 3, 
and 4 delivered 1-ns, 351-nm laser pulses to this Ni foil with a 
10-ns delay after the short-pulse beam, generating Hea x rays 
(7.9 keV) to radiograph the expanding Cu foam.

The proton spectrum was measured using a radiochromic 
film (RCF) stack 25 mm past the Au disk source. Figure 140.112 
shows the proton “auto-radiograph” measured using the RCF 
stack when the Cu-foam disk was present and heated by the 
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Figure 140.112
“Proton auto-radiograph” of the proton-heated Cu foam measured by a radio-
chromic film pack in the near-target arm diagnostic.
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protons. Figure 140.113 shows the success of the area-backlit 
radiography in obtaining images of the unheated and heated 
Cu foams. Work is ongoing to establish the relative contribution 
of x-ray and proton heating at the front surface of the Cu foam.
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Figure 140.113
Radiograph of unheated (shot 18928) and proton-heated (shot 18929) Cu foam 
after 10 ns of free expansion. The density profile of the heated foam is obtained 
assuming no significant changes to the opacity of the Cu foam when heated 
and calibrating the backlighter x-ray spectrum using the predicted transmis-
sion of the 0.9-g/cm3 unheated foam.

4. Radiation Transport and Opacity

X-Ray Spectroscopy of Fully Characterized Non-LTE 
Gold Plasmas 
Principal Investigator: G. Brown
Co-investigators: J. A. Emig, M. E. Foord, R. F. Heeter, 
D. Liedahl, C. A. Mauche, J. S. Ross, M. B. Schneider, and 
K. Widmann (LLNL); and D. H. Froula and J. Katz (LLE)

Experiments on the NIF have shown a need for a more-precise 
understanding of the radiative properties of non-LTE gold to 
improve x-ray drive simulations of laser-driven hohlraums used 

in inertial confinement fusion and other areas of high-energy-
density physics. Expanding on prior work,58 the AuNLTE-14A 
Campaign fielded laser-heated beryllium-tamped gold/iron/
vanadium foils, with the following primary objectives: (1) high-
resolution measurements of time-resolved gold M-band spectra 
from 2 to 5.5 keV, simultaneously with (2) measurements of 
the plasma electron temperature (Te) via K-shell emission from 
helium-like V and Fe ions, (3) independent measurements of 
Te using Thomson scattering in a transmission geometry, and 
(4) measurements of the sample density by time-resolved spectral 
imaging of its expansion normalized to the initial thickness. 

This campaign acquired data for three different target types: 
(a) “thicker” and (b) “thinner” mixtures of Au, Fe, and V, and 
(c) a mixture of Fe and V without Au. Simultaneous K-shell 
spectra from He-like Fe24+ and V21+ and M-band Au, together 
with expansion images, were acquired for all three target types 
(Fig. 140.114). After some adjustments, ion-acoustic–wave 
(IAW) “transmission” Thomson-scattering data were success-
fully obtained, for the first time, from plasmas at electron densi-
ties >1021/cm3. Some of the IAW data were obtained simultane-
ously with the other measurements, with measured Te in the 
+1-keV range. Although detailed data analysis is ongoing, this 
suite of measurements is potentially the most-comprehensive 
non-LTE data set recorded to date. If confirmed in the final 
analysis, this will yield improved validation benchmarks for 
non-LTE models.

Figure 140.114
Spectrum measured by the MSpec spectrometer of the x-ray emission from 
K-shell transitions in highly charged vanadium and iron. 
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5. Material Dynamics and Strength

Classical Rayleigh–Taylor Growth
Principal Investigator: C. Huntington

Within the material strength effort aimed at assessing the 
strength of various metals at high pressure and a high strain 
rate, the goal of the Classical Rayleigh–Taylor Campaign is to 
measure Rayleigh–Taylor (RT) growth of samples that behave 
“classically,” i.e., can be fully modeled using a fluid descrip-
tion. Without the stabilization of strength, classical RT growth 
is characterized by a growth rate ,kgAnc =  where k is the 
wavelength of the unstable mode, g is the acceleration, and the 
Atwood number An quantifies the magnitude of the density 
jump at the interface. The sample in the experiment is acceler-
ated by the stagnation of a releasing shocked plastic “reservoir,” 
which is directly driven by +1 kJ of laser energy. The growth 
of preimposed ripples is recorded using transmission x-ray 
radiography of a vanadium Hea source, where the opacity of 
the sample is calibrated to the ripple amplitude. The FY14 
campaigns collected data for ripples with 30-nm, 60-nm, and 
120-nm wavelengths. An example of 60-nm data is shown in 
Fig. 140.115. The area backlighter generates an image with 
varying brightness across the image; the brightest region is 
analyzed, and a background curve that captures the shape of 
the x-ray illumination is subtracted. The pre-shot metrology and 
measured tR of the driven sample together yield the growth 
factor, which is compared to models of RT growth. 

6. X-Ray Source Development and Application

Calibration of the NIF X-Ray Spectrometer 
Principal Investigator: S. P. Regan (LLE)
Co-investigators: F. Pérez, M. A. Barrios Garcia, K. B. Fournier, 
G. E. Kemp, J. Pino, J. Emig, and S. Ayers (LLNL); M. Bedzyk, 
M. J. Shoup III, A. Agliata, B. Yaakobi, and F. J. Marshall (LLE); 
and J. Jaquez, M. Farrell, and A. Nikroo (GA)

The NIF x-ray spectrometer (NXS) is an elliptically bent 
crystal spectrometer that provides both time-resolved and time-
integrated spectral measurements. The NXS covers a spectral 
range from 2 to 18 keV in ten discrete spectral windows, each 
corresponding to a particular crystal configuration. Two FY14 
OMEGA campaigns provided data for a photometric calibra-
tion for all 30 NXS crystals (each configuration has three 
interchangeable crystals), by uniformly irradiating millimeter-
scale spherical targets coated with various cocktails of mid-Z 
elements. The targets were designed to generate either L-shell 
or K-shell emission within the energy range of the NXS’ spec-

tral windows. Five different targets were designed for these 
calibration shots: four coated with CrNiZn, ZnZr, SiAgMo, or:  
TiCrAg coatings, and one uncoated CH target used to measure 
continuum emission. Target emission was recorded by five dif-
ferent spectrometers for each shot: three NXS and two XRS 
spectrometers. The XRS spectrometer crystals were absolutely 
calibrated off-line and provide an absolute x-ray yield from 
which the photometric calibration of the NXS crystals will 
be derived. All data were recorded onto Fuji spatial resolu-
tion (SR)-type image plates, which are also being calibrated 
off-line to provide an end-to-end absolute calibration for the 
NXS spectrometer. 

In preparation for the OMEGA calibration shots, hydrody-
namic simulations using HYDRA and ARES were performed 

Figure 140.115
(a) A region of interest (shown in red) is selected from a piece of data. (b) The 
integrated profile of these ripples is shown in red, and the “corrected” trace 
is shown in blue, after being adjusted by the black curve. 
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Figure 140.116
Simulated spectra using HYDRA and ARES hydrodynam-
ics codes are compared to measured XRS data for metal-
coated targets A (SiMoAg), B (TiCrAg), C (CrNiZn), and 
D (ZnZr). Good qualitative agreement between data and 
simulations is observed.
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to predict the emission from the metal-coated targets. Fig-
ure 140.116 compares these simulation results with the absolute 
x-ray yields measured by the XRS spectrometer for all four 
metal-coated targets. Here, target types A, B, C, and D corre-
spond to SiMoAg, TiCrAg, CrNiZn, and ZnZr coatings, respec-
tively. The predicted line emission agrees qualitatively with the 

XRS results. Details on the simulations and comparison with 
the XRS data have been published.59 A more-rigorous com-
parison between model and measured data will be performed 
once the absolute NXS calibration is finalized. Figure 140.117 
shows sample data measured for one of the NXS spectrometers. 
This shot used a CrNiZn-coated target; measured data on the 
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top and bottom image plate are shown in Fig. 140.117(a), with 
corresponding lineouts in Fig. 140.117(b). Several K-shell emis-
sion lines from Cr, Ni, and Zn were observed and identified. 

X-ray Source Fluence Measured as a Function  
of Viewing Angle
Principal Investigator: M. Barrios Garcia
Co-investigators: M. J. May, K. B. Fournier, F. Pérez, and J. D. 
Colving (LLNL); F. Girard and B. Villette (CEA); S. Seiler and 
J. Davis (DTRA); and J. Fisher and C. D. Newlander (Fifth 
Gait Technologies)

The NSView Campaign was designed to understand tar-
get fluence as a function of viewing angle for x-ray source 
applications, to better understand the fluence delivered to 
material samples and other test objects using these or similar 
targets as x-ray sources. In this campaign, stainless-steel–
lined cavities were symmetrically driven with +20 kJ of 
3~ light delivered in 1 ns. To provide distinct view angles 
for the diagnostics fielded, three different laser–target ori-
entations were used throughout the day. The target x-ray 
emission was recorded with a suite of x-ray diagnostics, 
enabling one to characterize both the temporal evolution 
and spectral content of the source. 

Figure 140.118 shows the measured spectra recorded 
using the Dante and DMX spectrometers, for view angles 
relative to the target symmetry axis of 0°, 42°, and 79°, and 
5°, 46°, and 75°, respectively. These instruments observe a 
pronounced view angle dependence on the measured flux for 
x-ray energies below 4 keV, but little to no dependence on a 
view angle is observed for the Fe K-shell emission at higher 
energies. The observed x-ray emission from 4 to 9 keV, 
describing the Fe K shell, is consistent with a volumetric 
emitter that is therefore optically thin and independent of 
view angle. The emission from 2 to 4 keV is also consistent 
with a volumetric emitter, once geometric and optical-depth 
corrections are considered. These factors cause the x-ray 
yield to decrease as a function of increasing view angle. 
For x-ray emission between 0 to 2 keV, corresponding to the 
Fe L shell, the observed yields peak at angles +42° to 46° 
and show the largest variation between view angles. This 
low-energy x-ray yield is also the dominant contribution to 
the total x-ray production. A spectral reconstruction model 
developed to match these observations suggests the x-ray 
output between 0 to 2 keV is best described as a surface emit-
ter, where the emission originates from the cavity’s inner 
walls and laser entrance hole. Figure 140.119 compares this 

model with the data. Future work will measure x-ray emis-
sion for intermediate angles to better constrain the model 
and investigate other types of targets. 

Optimizing X-ray Emission from Nanostructured  
Copper-Doped Foams
Principal Investigator: F. Pérez (LLNL)
Co-investigators: J. D. Colvin, K. B. Fournier, M. J. May, S. O. 
Kucheyev, and S. Charnvanichborikarn (LLNL); and T. E. 
Felter (Sandia)

In FY13 the X-Ray Source Development team, funded 
by the Defense Threat Reduction Agency, began a study of 
the x-ray emission from laser-irradiated Cu-doped foams. 
The goal is to generate bright, nanosecond-class x-ray pulses 

Figure 140.118
Measured (a) DMX and (b) Dante time-integrated spectra.
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Figure 140.119
Dante and DMX total x-ray yield as a function of view angle, compared to 
the developed model. 

with +9-keV photon energies. A novel fabrication technique 
successfully produced Cu-doped carbon foams with densities 
below 50 mg/cm3 for FY13 shots. In 2014 this effort continued, 
developing another novel foam-fabrication method and yield-
ing, for the first time, doped foam densities below 10 mg/cm3.

These C/Cu foams [Fig. 140.120(a)] were irradiated 
by 40  beams of the OMEGA laser to generate x rays 
[Fig. 140.120(b)]. Various foams, with densities ranging from 
5 to 50 mg/cm3, were shot on two campaigns. Measurements 
of the x-ray yield show that the optimal density is close to 
10 mg/cm3, where the conversion efficiency from laser energy 
into Cu K-shell x-ray energy reaches 0.8%. The dynamics of 
the laser–foam interaction were also investigated using fram-
ing and streak cameras, revealing that the low-density foams 
are heated over a much larger volume [Fig. 140.120(c)]. X-ray 
spectra also provided information on the plasma temperature. 
These measurements are currently being used as a simula-
tion benchmark, with the wide range of densities providing 
tight constraints.

In FY14 this research also led to pure-Cu foams under 
20 mg/cm3, which will be fielded in FY15 experiments. 

This type of material has never been fabricated before and is 
expected to achieve even higher x-ray yield.
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FY14 LANL Experimental Campaigns
In FY14, LANL scientists conducted 218 target shots at the 

Omega Laser Facility including 206 shots on OMEGA and 
12 on OMEGA EP. The ICF program accounted for 40 of these 
shots and the HED program accounted for 174.

Shear
The Los Alamos National Laboratory (LANL) Shear 

Campaign is examining instability growth and its transition to 
turbulence relevant to mix in ICF capsules. An experimental 
platform was developed with antisymmetric flows about a shear 

0.5 ns 1.0 ns 1.5 ns
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Cone 1 = 21°
Cone 2 = 42°
Cone 3 = 59°
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Figure 140.120
(a) Foam sample held in a plastic tube; (b) laser irradiation pattern of the 
OMEGA laser; (c) x-ray emission images at different times relative to the 
beginning of the irradiation. The top and bottom rows correspond to foams 
of 50- and 8-mg/cm3 density, respectively.
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interface to examine the Kelvin–Helmholtz (KH) instability 
growth. The platform consists of a directly driven shock-tube 
target with an internal physics package consisting of two 
hemi-cylindrical foams separated by a layer of tracer material 
(Fig. 140.121). Gold plugs are situated on opposing ends of the 
foams to limit shock propagation from the direct drive to only 
one end of the foam; this sets up a pair of pressure-balanced 
counter-propagating shocks about the tracer layer. Measurements 
of the tracer layer (shear interface) mixing dynamics are used 
to benchmark the LANL Besnard-Harlow-Rauenzhan (BHR) 
turbulence model.60 The mixing dynamics are characterized 
by measuring the mix width of the layer as well as examining 
multidimensional structure growth along the layer surface. 

The FY14 Shear Campaign focused on examining the model’s 
initial condition parameter space by varying the characteristics of 
the target’s tracer layer. In November 2013 the Shear Campaign 
completed a set of experiments varying the tracer material and 
thickness, using 12-nm and 20-nm Ti  tracer foils as opposed to 
the 20-nm Al tracer foils used in previous years. In May 2014 the 
Shear Campaign completed a two-day platform test of streaked 
imaging for measuring the mixing width of the tracer layer, dem-
onstrating that streaked imaging could be a viable alternative to 
radiography. The May 2014 experiments were also a successful 
test for using a controlled increase in the tracer layer’s surface 
roughness as another avenue for changing the mixing/instability 
initial conditions (see Fig. 140.122). Experiments with enhanced 
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Figure 140.122
X-ray radiographs of edge-on and plan-view shear experiment 
for smooth and enhanced surface roughness foils.

Figure 140.121
Schematic of counter-propagating shear experiment.
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roughened foils have shown a qualitative difference in early-time 
tracer-layer surface structures compared to previous experiments. 
Preliminary analysis also suggests that greater surface roughness 
can be used to alter the growth rate of the tracer layer.

CoaxDiff
The Coaxial Diffusion Experimental Campaign on the 

OMEGA laser is a radiation transport experiment specifically 
designed to challenge the implementation of implicit Monte 
Carlo (IMC) radiation transport techniques in radiation–hydro-
dynamics simulations. A gold half-hohlraum is driven with 
20 OMEGA laser beams to generate x rays that interact with 
a low-density SiO2 foam. The x-ray drive from the hohlraum 
is modified using filtration and apertures to move the physics 
of the radiation transport through the foam into a regime that 
requires the use of IMC radiation transport. 

In FY14, the coaxial diffusion platform demonstrated 
the ability to radiograph the hydrodynamic response to the 
Marshak wave (heat front) when it transitioned from super- to 
subsonic. This gives a measure of the total energy deposited 
into the foam as well as information on the anisotropy of 
the radiation source. Experiments were also performed that 

demonstrated a new technique to introduce a localized Ti dop-
ant into the foam for absorption spectroscopy measurements 
(Fig. 140.123) without impacting the overall radiation transport 
of the experiment. This was achieved by fabricating a Ti-doped 
SiO2 foam and inserting it into our standard SiO2 foam. 

WDFeos
In FY14 we built on recent results of equation-of-state (EOS) 

measurements of shocked silica (SiO2) aerogel foam at the Omega 
Laser Facility, which used the velocity interferometer system for 
any reflector (VISAR) diagnostic to obtain shock-velocity mea-
surement in the foam and a streaked optical pyrometer (SOP) to 
measure temperature in the shock front. Foams are important 
low-density pressure standards used in many high-energy-density 
experiments, including the novel technique of shock and release, 
and are also used in radiation transport and hydrodynamic insta-
bility experiments. Because of their many applications, foams 
are heavily studied materials and have a well-known Hugoniot 
curve. This work complements the velocity and pressure measure-
ments with additional independent temperature data providing 
the full EOS information within the warm-dense-matter regime 
for the temperature interval of 1 to 15 eV and shock velocities 
between 10 and 40 km/s, corresponding to shock pressures of 

Figure 140.123
(a) A static radiograph of an undriven target using a nested Ti-doped foam for absorption spectroscopy. (b) An x-ray radiograph of the driven target 6 ns after 
the 1-ns-long hohlraum drive shows a well-developed Marshak wave without discontinuities at the SiO2/Ti-doped SiO2 foam interface. This indicates that the 
titanium dopant has been introduced in a way that is noninvasive to the overall radiation transport of the problem.
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0.3 to 2 Mbar. The experimental results were compared with 
hydrodynamic simulations and EOS models. We found that the 
measured temperature was systematically lower than suggested 
by theoretical calculations. Simulations provide a possible expla-
nation that the emission measured by optical pyrometry comes 
from a radiative precursor rather than from the shock front, which 
could have important implications for such measurements. Our 
previous findings were summarized in Ref. 61. 

Consequently, in the latest experiments we used imaging x-ray 
scattering to directly measure the temperature in the shocked 
aerogel without relying on self-emission that appears to come 
from the precursor plasma, not from the bulk of the plasma 
within the shock wave. In FY14 we focused on CH foams at 
0.15 g/cm3, which are not transparent like silica aerogel. The tar-
get designs are shown in Fig. 140.124. VISAR and SOP diagnos-
tics are used to obtain shock velocity from breakout timing in a 
stepped foam sample. A shock wave is driven by laser ablation in 

the planar-layered targets using 14 OMEGA beams (1-ns square 
pulse) stacked to give 2-ns drive at high intensity (450 J/beam) 
and low intensity (300 J/beam). An additional ten OMEGA 
beams were used to create a Ni Hea x-ray line at 7.8 keV by 
irradiating a Ni foil at +2 to 3 # 1015 W/cm2, which was used to 
probe the conditions with x-ray scattering. The scattered signals 
were measured by the imaging x-ray Thomson spectrometer 
(IXTS). We obtained excellent VISAR and SOP data, which 
provided us with consistent shock-velocity measurements (see 
Fig. 140.125). We also obtained our first x-ray scattering data 
from the low-density CH foams. The scattering spectra were 
clear and the signal-to-noise ratio was excellent; however, we 
found that the quartz pusher was mixing into the field of view 
of the IXTS diagnostic, causing contamination of the scattering 
signal (see Fig. 140.126). Based on radiation–hydrodynamics 
simulations, we have redesigned the scattering targets to use a 
thicker Al pusher that should minimize this contamination and 
provide us with scattering data that simplifies the analysis.
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Figure 140.124
Schematic images of the targets. Each target consisted of a 25-nm-thick plastic ablator, a 40-nm quartz pusher, and 0.15 g/cm3 of CH foam (in the VISAR/
SOP targets there were four 40-nm-thick steps on the back of the foam).
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ObliShockEP
The ObliqueShockEP-14A experiment was a test of a new 

platform designed to investigate the coupling between low-
mode and high-mode asymmetries at a shocked interface on the 
OMEGA EP laser. Single-mode, machined sinusoidal modula-
tions were used as the high-mode asymmetry, and an angled 

interface with respect to the shock front made up the low-mode 
asymmetry. Data were taken using the OMEGA EP spherical 
crystal imager (SCI), a spherical crystal designed for Cu Ka 
x rays (+8 keV), to radiograph the perturbed interface side-on. 

This experiment successfully demonstrated the platform as 
a viable tool to investigate the nature of oblique shock interac-
tions with high-mode features (Fig. 140.127). The SCI resolu-
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Figure 140.126
Example of x-ray scattering data from shocked CH foam. These datasets suffer 
from significant contamination scattering from the quartz pusher, which will 
be mitigated by using a thicker Al pusher for FY15 experiments.

Figure 140.125
Example of the shock breakout measurement across four steps on the back 
of the foam target using the SOP diagnostic. Parabolic profiles are fit to each 
step to estimate the timing between the breakout for each step to measure 
the shock velocity.
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(a) Filtered data taken from a nonoblique target shows large single-mode 
modulations that have two amplitudes of 30 to 35 nm from an initial amplitude 
of 10 nm. (b) The data are overplotted with an analytic model for the classical 
Richtmyer-Meshkov instability using the 1-D hydrodynamics code HELIOS 
for the hydrodynamic parameters.
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tion was +10 nm, and the fluence from the backlighter was 
sufficient to use a low-sensitivity image plate (BAS-SR). 
Publication-quality data were obtained on all physics shots 
with the only exception being the placement of the fiducial 
grid overlapping with the shocked interface on some of the 
late-time data points. 

MagLPI
The goals of the MagLPI experiments in FY14 were to use 

a large external magnetic field to insulate conduction losses 
of the underdense plasma within a low-Z, gas-filled hohlraum 
and increase the plasma temperature to improve laser–plasma 
coupling in gas-filled hohlraum targets. Magnetic insulation 
is expected to occur when the electron gyroradius in the field 
is much smaller than the electron–ion collisional mean free 
path such that the gyroradius sets the step size for thermal 
transport. A successful demonstration of magnetic insulation 
may improve laser–plasma coupling in NIF ignition hohlraums.

In the OMEGA experiments, a gas-filled hohlraum was heated 
with 39 beams in a 1-ns pulse, and an additional 4~ probe beam 
measured the plasma temperatures using Thomson scattering. 
The 4~ probe beam propagated along the hohlraum axis. The 
hohlraum was 2.4 mm long and 1.6 mm in diameter with 1.2-mm-
diam laser entrance holes, with 500-nm-thick polyimide windows 
covering the holes. A 0.4-mm-diam diagnostic hole centered in 
the hohlraum side was used to measure the Thomson-scattered 
light. The hohlraum wall was 5-nm-thick Au supported externally 
by 25-nm-thick epoxy. The hohlraum was filled with 1 atm of 
a mixture of CH4 and C5H12 gases to produce a fully ionized 
average electron density of 4 # 1021 e/cm3, and the pressure was 
monitored for each target up to shot time. An external B field was 
applied along the hohlraum axis using a Helmholtz coil driven 
by MIFEDS, and B fields up to 8 T were generated. A schematic 
of the experiment (without heater beams for simplicity) is shown 
in Fig. 140.128.

The time-dependent plasma temperature was measured using 
4~ Thomson scattering, and the scattering profiles were fit with 
!100-eV accuracy. An increase of up to 50% in electron plasma 
temperature was measured with an applied field B = 7.5 T. Fig-
ure 140.129 shows the measured time-dependent temperatures 
for an experiment with (red circles) and without (blue triangles) 
an external B field. Figure 140.130 shows the measured electron 
temperature early and late in time as a function of applied B field.

DPeos
Accurate measurements and determination of the equation 

of state (EOS) of light elements at high pressure, solid densi-

ties, and moderate temperatures (1 to 100 eV), often referred 
to as the warm-dense-matter (WDM) regime, are essential to 
understanding the structure of many astrophysical objects, 
including giant gaseous planets, and play an important role 
in the development of inertial confinement fusion (ICF). At 
WDM conditions, quantum degeneracy and strong interparticle 
coupling effects become significant and theoretical models of 
WDM face many challenges. Unfortunately, it is difficult to 
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Figure 140.128
Schematic of the experiment as viewed from the Thomson-scattering diag-
nostic. For simplicity, the heater beams are not shown.

Figure 140.129
Plot of measured temperature versus time for an experiment with (red circles) 
and without (blue triangles) an external B field.
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obtain complete EOS information through experiments at these 
conditions. The goal of our project is to produce uniform dense 
plasma conditions in an experimental target and to measure 
three thermodynamic variables to determine the full EOS.

Figure 140.130
Plot of measured temperature versus applied B field for early time (blue) and 
late time (red).

0
1

2

3

4

5

42 6 8

Bz (T)

T
e 

(k
eV

)

Te (early)
Te (late)

U1827JR

Our approach to obtaining WDM EOS data utilizes a stan-
dard shock and release technique, with two important innova-
tions. First, the OMEGA laser was used to drive very strong 
(10-Mbar) initial shocks into a thin carbon or diamond foil, 
creating release states previously not accessed by other shock 
and release EOS experiments. When this shock moves through 
the foil and follows into a low-density, low shock impedance 
material (0.2-g/cm3 silica aerogel foam), the shocked carbon 
sample undergoes a very deep release. This results in generat-
ing WDM conditions in the carbon, roughly solid density, and 
temperatures +10 eV. These temperatures are far above melt or 
any phase transitions and are very different from the principal 
Hugoniot conditions typically produced in shock experiments 
and used to constrain EOS models like SESAME. Our technique, 
thereby, creates a useful platform for testing EOS models in this 
important parameter regime where no complete experimental 
data have been available to date (Fig. 140.131). The second 
key innovation is the use of x-ray Thomson scattering (XRTS) 
to determine the temperature of the released WDM carbon in 
conjunction with additional independent measurements of den-
sity and pressure using radiography and velocity interferometry 
(VISAR)/streaked optical pyrometry (SOP), providing us with 
a full EOS measurement. We succeeded, for the first time, in 
obtaining data on all these measurements for material at dense 
plasma conditions. Previous data with a Ni Hea backlighter as 
an x-ray-scattering probe driven by beams of 10-ns duration have 
been recently published (see Ref. 62). 

Figure 140.131
Schematic of the x-ray scattering and VISAR targets. The driven 
target sits inside the larger cone inside a small gold cap and 
consists of a plastic (CH) ablator, a graphite or diamond sample, 
and a silica (SiO2) aerogel disk. The second smaller gold cones 
contain Ni and V backlighted foils for XRTS and radiography 
measurements, respectively, coated on top of a Be filter on the 
inner side of the cone. Laser beams then illuminate the driven 
target and the ablator from the inside of each Au cone. The 
XRTS target also includes Ta pinholes on top of each backlighter 
to collimate the x rays. The VISAR target is identical but has 
no backlighter cones or pinholes and includes a 40-nm step on 
the back side of the aerogel disk.
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The experiments were performed on carbon at different con-
ditions using graphite and diamond targets driven by either a low 
laser drive at a total intensity of 5 # 1014 W/cm2 and a duration 
of 4 ns or a 2-ns (high) drive of 1.5 # 1015 W/cm2. The targets 
consisted of planar layers of a plastic ablator, Au radiation shield, 
the carbon sample (diamond or graphite), and a thick layer of 
silica aerogel foam, which acted as a low-density release mate-
rial. The strong shock first travels through the carbon layer and 
later releases into the foam, while a release wave travels back 
through the carbon layer, creating the desired WDM conditions. 
The radiographic measurement using the 5.2-keV-V-Hea line 
was used to obtain a direct mass-density measurement through 
transmission. The temperature measurement was obtained 
from noncollective x-ray Thomson scattering using the IXTS 
diagnostic. Previously we used ten OMEGA beams to create 
Ni Hea x rays at 7.8 keV, but in 2014 we began developing a 
new platform for utilizing a Cu Ka x-ray source to be driven 
by the OMEGA EP beam conveyed into the OMEGA target 
chamber. We experienced issues with a strong electromagnetic 
pulse (EMP) that impaired the charge-coupled–device (CCD) 
camera in the IXTS diagnostic. We are currently redesigning the 
diagnostic to use image plates for our FY15 joint OMEGA EP 
shots. We managed, however, to get some additional scattering 
data using the old configuration with a Ni backlighter. In 2014 
we obtained valuable VISAR, SOP, and radiography data as 
well (Figs. 140.132–140.134). We also measured an excellent 
flat-field spectrum that characterized the crystal nonuniformity 
in the IXTS diagnostic and provided an intensity correction for 
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Figure 140.132
An example of shock breakout measurement using the SOP diagnostic. The 
shock breakout is used to measure shock velocity in the foam, which provides 
the release pressure in carbon.
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Figure 140.133
An example radiography image of released diamond showing transmitted 
intensity (a) compared to a mass density plot from 2-D FLASH simulation. 
(b) The 2-D simulations confirm that the transverse effects in warm-dense-
matter (WDM) conditions within the release wave are negligible.
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Figure 140.134
X-ray scattering data from shock-released diamond at high drive using the 
Ni Hea x-ray source. The best-fit conditions were Te = 13!2 eV, ne = 2.6!0.2 
1023 cm–3, and Z = 2.0 to 2.5. The error bars were determined by a |2 fit 
(inserted image).

measured x-ray spectra. The release pressure was obtained from 
a VISAR/SOP measurement of the velocity in the aerogel using 
the EOS relationship from SESAME Table 7387, which was 
confirmed by direct measurements by Knudson and Lemke.63 
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Figure 140.135
Pie diagram of capsules used to validate LANL’s Besnard-Harlow-

Rauenzhan (BHR) mix model implemented in the Eulerian Applications 
Project code suite.
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Figure 140.136
Neutron spectrum from a CDT Mixcap shot with 1 nm of CD on the inside 
of the shell. Clear evidence of D-T, T-T, and D-D fusion reactions is pres-
ent in the spectra.

CDTMixCap
One of the challenges for developers of radiation–hydrody-

namics codes is the proper calculation of burn in turbulent mix-
ing fluids. In 2011, LANL embarked on a three-year program 
of study to validate turbulent models implemented in LANL’s 
Eulerian Applications Project code suite under the conditions of 
a reacting plasma. On 3 April 2014 at the Omega Laser Facil-
ity, a LANL team successfully executed a day of direct-drive 
implosions of 865-nm-diam plastic shells filled with pure tritium. 
As shown in Fig. 140.135, the plastic shells were manufactured 
with 1-nm-thick (dRt) deuterated plastic layers, positioned on 
the inner surface of the capsule, as well as 1 and 2 nm from 
the inner surface (dRb). In these implosions, deuterium–tritium 
fusion reactions provide a diagnostic for burn and mix.

Nuclear data collected from the implosions included fusion 
yields from D-D, D-T, and D-T reactions, TT ion tempera-
tures, and gamma and neutron bang times. These data are 
being used to validate cutting-edge burn physics models being 
implemented in LANL’s Eulerian Applications Project (EAP) 
code suite. Figure 140.136 shows an example neutron spectrum 
collected from the data set. The spectrum shows clear evidence 
of T-T fusions from the hot gas core, D-T fusions from the 
atomically mixed gas-shell region, and D-D fusions from 
plastic chunks in the gas-shell mix volume—an experimental 
first! Simulations of these data and validation of the turbulent 
mix models in the EAP code suite are currently still ongoing.

Gas Cherenkov Detector 3 (GCD-3)
In collaboration with LLE, LANL scientists and engineers have 

designed, constructed, and implemented a new gas Cherenkov 
detec tor (GCD-3) on OMEGA, opening a new window to iner-
tial confinement fusion (ICF) gamma-ray spectroscopy. GCD-3 
(Figs. 140.137 and 140.138) was funded by the National Nuclear 
Security Administration ICF Program (LANL C-10). GCD’s oper-
ate by converting MeV gammas to UV/visible Cherenkov photons 
for easy detection. They provide a variable energy thresholding 
based on the pressure and temperature of the Cherenkov con-
version gas. Previously two ten-inch manipulator–based GCD’s 
were fielded on OMEGA, both limited to 100 psia of CO2, provid-
ing a >6.3-MeV energy threshold. These GCD’s were primarily 
designed to measure DT fusion gammas at 16.75 MeV to provide 
a fusion reaction history. An additional GCD-type detector, 
known as gamma reaction his tory (GRH), operates outside the 
OMEGA target chamber, re stricting sensitivity, and is limited to 
operation with <215 psia of SF6, lowering the Cherenkov conver-
sion threshold to 2.9 MeV. In addition to reaction history, the 
improved lower threshold of GRH makes it possible to measure 
ablator areal density based on the 12C(n,nl) gamma at 4.44 MeV. 
The OMEGA GRH acted as the prototype for the four-gas cell 
GRH-6m, which has been in operation at the National Ignition 
Facility (NIF) since 2010. The new GCD-3 fulfills the need for 
greater sensitivity and lower threshold than afforded by the exit-
ing detectors. This was achieved by designing GCD-3 to operate 
inside the target chamber with high-pressure fluorinated gases. It 
can be safely pressurized up to 400 psia and uses all metal seals 
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Figure 140.138
GCD-3 pressure vessel prior to insertion in an OMEGA ten-inch 
manipulator (TIM). GCD-3 is capable of being pressurized to 
400 psia, providing Cherenkov thresholds as low as 1.8 MeV.

Figure 140.137
CAD model depicting differences between the super gas 
Cherenkov detector (GCD-3) and GCD-1. Each gas cell 
is +1 m long.

to virtually eliminate leakage into the target chamber. With this 
instrument, the energy threshold can be as low as 1.8 MeV, open-
ing a new portion of the gamma-ray spectrum to investigation. Its 
first use was in collaboration with MIT to measure the cross sec-
tion for H–D fusion [H + D $ 3He + c(5.5 MeV)], an important 
step in big-bang nucleosynthesis, brown dwarfs, protostars, and 
the solar proton-proton fusion chain. It performed as expected 
with CO2 at 400 psia, successfully measuring H–D gammas for 
the first time in an ICF experiment. It was also used at the end of 
August 2014 to compare gamma emission of samples of 12C and 
13C under 14-MeV neutron exposure as part of a feasibility study 
for time-dependent “dark-mix” studies on the NIF. 

HED-MMI
While deficiencies in modeling of fuel–shell mixing have 

been suggested to play a role in the under-predicted performance 
in ICF, we have primarily relied on integrated measurements to 
test this understanding. In this work our goal is to more severely 

constrain this modeling via spectroscopic imaging [multiple-
monochromatic imager (MMI)] of a Ti tracer layer. The dopant 
is incorporated into the plastic shell adjacent to the fuel interface.

As an example of the importance of imaging data, we note 
the integrated time-resolved spectroscopy in our experiments. 
These data clearly indicate that the Ti accesses a higher tem-
perature than predicted from 1-D simulation, consistent with 
fuel-shell mixing. This information does not provide, however, 
a direct measure of the extent of mixing. The near-bang-time 
MMI images from 7 August 2014 show two principal features: 
(1) a broadened emission limb (as predicted) with a much-
reduced contrast, and (2) an elliptical outer shape with an 
axis ratio of 1.3 to 1.4 from one of the two views. Analysis of 
the limb broadening/contrast is ongoing but we note here that 
little variation was observed in this aspect across thicknesses 
ranging from 16 to 21 nm. This insensitivity suggests that the 
ablative Rayleigh–Taylor does not vary this observable, so the 
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Figure 140.139
HED-MMI images and laser drive characteristics: (a) Narrowband Ti Heb image obtained from TIM-5 at +100 ps prior to nuclear bang time. (b) Image obtained 
(same shot, same approximate timing) from TIM-3. The gross features of the implosion symmetry are typical of all targets shot for the day. (c) Equatorial fluence 
distribution with coordinates defined such that the pole (i = 0) is aligned toward the viewing position. (d) Modal composition of the equatorial fluence distribution.

first FY15 shot day will explore the dependence on fill pressure 
(related to deceleration-phase Rayleigh–Taylor instability). For 
the low-mode asymmetry, this feature is observed to persist 
across all the targets and show no alignment with the target 
stalk. The ellipticity is also observed both in an undoped target 
and from the GMXI imager at a view angle 140° from the MMI. 
Surprisingly, the fluence distribution on target (hard sphere 
assumption with area corrections from F. Marshall) suggests 
the larger low-mode drive imbalance (+!2%) from the perspec-
tive showing the more-symmetric contour (see Fig. 140.139). 
This may suggest inaccuracies in the drive characterization or 
a breakdown in the interpretation of the 3-D implosion within 
2-D frameworks. An indication of an understanding of the drive 
will be obtained in the FY15 experiments that will correct beam 
energies for the measured area variations.

FY14 CEA Experiments at the Omega Laser Facility

During FY14 CEA-led teams conducted 67 target shots on 
the OMEGA laser for several experiments. A brief summary 
of some of this work is included in this section.

Wall Motion
The objective of the wall motion experiment performed on 

18 June 2014 was to characterize the interaction that occurs 
between the laser beams and the expanded plasma from the 
hohlraum walls and, more precisely, in the rugby-shaped cavity. 
The expansion of the gold plasma wall produced by the external 
laser cone can indeed modify the propagation of laser beams 
of an internal cone and then directly affect the implosion of 
the imploded microsphere.



NatioNal laser Users’ Facility aNd exterNal Users’ Programs

LLE Review, Volume 140314

This experiment on OMEGA was performed with a halfraum 
(a double-wall design with one wall tilted by 30° relative to 
the second wall) filled with methane (see Fig. 140.140). At t0, 
laser beams from the 21° and 59° cones (heating beams) were 
focused inside the target. The 59° cone was located near the point 
where the production of the plasma bubbles (in which we are 
interested) originated. At t0 + dt, laser beams from the 42° cone 
were focused inside the halfraum and propagated through the 
plasma bubbles, which were more or less expanded, depending 
on the time delay dt.

Figure 140.140
Principle of the experiment.

On the opposite side of the laser entrance hole (LEH), a 
window in the halfraum gives direct access to the plasma 
bubbles. In configuration “P8” represented in Fig. 140.140, 
plasma expansion was studied using an x-ray imager positioned 
in TIM-5. In configuration P5, the target was turned by 180°, 
and the plasma bubbles were studied using the broadband x-ray 
spectrometers DMX and Dante. 

The x-ray imager in TIM-5 in the P5 configuration gives 
access to the expansion of the plasma wall produced by the 
59°-cone laser beams. Figure 140.141 shows an example of 

Figure 140.141
Images obtained with the hard x-ray imager in TIM-5 (P5 configuration). 
LEH: laser entrance hole. 
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Figure 140.142
(a) Laser pulse for shot 73811 and (b) VISRAD view of the target seen from TIM-5. (c) Images obtained with the hard x-ray imager in TIM-5 (P8 configuration).

images obtained with dt = 1 ns and a gas pressure P = 1 bar, 
where the collision of two plasmas can be seen.

In the P8 configuration, the hard x-ray imager in TIM-5 
can view the laser beams (42° and 59° cones), which impact 
the halfraum walls. Figure 140.142 shows experimental results 
obtained with dt = 0.5 ns and P = 1 bar. The maximum emission 
of the heating laser beams (59° cone) can be seen on the first 
image. Persistence of the signal and features could suggest a 
42°-cone laser-beam energy deposition inside the plasma bubble 
produced by the 59° cone.

Neutron and X-Ray Imaging on the same axis on OMEGA
O. Landoas, T. Caillaud, S. Laffite, F. Girard, V. Tassin, and 
J. L. Bourgade (CEA); F. J. Marshall, V. Yu. Glebov, and T. C. 
Sangster (LLE)

On 9 July 2014 an experimental campaign labeled Chono-
mix was conducted at the Omega Laser Facility to study the 
mix between the target shell and the fuel during implosion. 
During this shot day, direct-drive implosions of D2, D2-Ar, and 

DT-filled CH targets were conducted with several laser pulse 
shapes. The neutron yield ranged from 4 # 109 to 2 # 1010 for 
D–D implosions and from 1011 to 3 # 1012 for D–T implosions.

Among the many diagnostics activated, the neutron imag-
ing system (NIS) was one of the main diagnostics required to 
acquire the core image shape. For many years, comparison 
between neutron and x-ray images was provided by two differ-
ent diagnostics viewing the target from different target chamber 
ports and then integrating 3-D effects by different viewing 
angles. This year, we developed a system to produce neutron 
and x-ray images simultaneously on the same axis through the 
same penumbral aperture.

Over the past 15 years, we have developed the Laser 
Mégajoule Facility (LMJ) NIS diagnostic using a penumbral 
or annular coded aperture technique.64-68 With the NIS 
diagnostic, we are able to use both the small neutron imag-
ing system’s (SNIS)69 and the large neutron imaging system’s 
(LNIS)70 cameras placed, respectively, at 4 and 13 m from 
the target. 
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To acquire an x-ray image on the same axis as the neutron 
image, we set a charge-injection-device (CID) camera behind 
the aperture manipulator (cf., Fig. 140.143). 

The CID was placed at 1.4 m from target chamber center 
(TCC), giving a magnification of slightly higher than 5. Several 
x-ray filters were set at different places to adjust x-ray trans-
mission. A 50-nm copper filter was set in front of the CID. A 
200-nm beryllium blast shield and a 100-nm aluminum filter 
were set on the front shutter of the aperture manipulator and a 
100-nm-thick aluminum filter on the back shutter. This back 
shutter can be opened or closed during the shot, allowing us 
to adjust the x-ray transmission to optimize the signal-to-noise 
ratio (SNR) on the CID camera. Some preliminary results are 
presented in Fig. 140.144.

The locations of the CID, SNIS, and LNIS along the line 
of sight were accurately measured during alignment using a 
telescope as reference. Previous experiments at CEA were 
performed to define a referenced pixel on each detector, view-
ing in the same plane the front and the back of each detector. 
In this way, we make no hypotheses about the position of the 
neutron and x-ray sources using the center of the projection of 
the source through the penumbral aperture.

Preliminary overlaying results of neutron (SNIS) and x-ray 
(CID) images are presented in Fig. 140.145. The tracking 
accuracy of SNIS over the CID can be estimated at 15 nm in 
the source plan.

U1841JR

Front shutter

Penumbral aperture

Back shutter

CID camera

Front shutter
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CID camera

Figure 140.143
Aperture manipulator and CID camera on the TIM-6 line of sight.
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Publications

S.-W. Bahk, I. A. Begishev, and J. D. Zuegel, “Precompensa-
tion of Gain Nonuniformity in a Nd:Glass Amplifier Using 
a Programmable Beam-Shaping System,” Opt. Comm. 333, 
45 (2014).

S.-W. Bahk, J. Bromage, and J. D. Zuegel, “Offner Radial 
Group Delay Compensator for Ultra-Broadband Laser Beam 
Transport,” Opt. Lett. 39, 1081 (2014). 

H.-M. P. Chen, J. J. Ou, and S. H. Chen, “Glassy Liquid Crystals 
as Self-Organized Films for Robust Optoelectronic Devices,” 
in Nanoscience with Liquid Crystals: From Self-Organized 
Nanostructures to Applications, edited by Q. Li, Springer 
Series in NanoScience and Technology (Springer, Switzerland, 
2014), Chap. 6, pp. 179–208.

A. Davies, D. Haberberger, R. Boni, S. Ivancic, R. Brown, 
and D. H. Froula, “Polarimetry Diagnostic on OMEGA EP 
Using a 10-ps, 263-nm Probe Beam,” Rev. Sci. Instrum. 85, 
11E611 (2014).

A. K. Davis, D. T. Michel, S. X. Hu, R. S. Craxton, R. Epstein, 
V. N. Goncharov, I. V. Igumenshchev, T. C. Sangster, and D. H. 
Froula, “Mass-Ablation-Rate Measurements in Direct-Drive 
Cryogenic Implosions Using X-Ray Self-Emission Images,” 
Rev. Sci. Instrum. 85, 11D616 (2014).

C. Dorrer, “Analysis of Nonlinear Optical Propagation in a 
Longitudinal Deuterated Potassium Dihydrogen Phosphate 
Pockels Cell,” J. Opt. Soc. Am. B 31, 1891 (2014).

C. Dorrer, “Spectral and Temporal Properties of Optical Sig-
nals with Multiple Sinusoidal Phase Modulations,” Appl. Opt. 
53, 1007 (2014).

C. Dorrer, R. G. Roides, J. Bromage, and J. D. Zuegel, “Self-
Phase Modulation Compensation in a Regenerative Amplifier 
Using Cascaded Second-Order Nonlinearities,” Opt. Lett. 39, 
4466 (2014).

C. Dorrer, R. Roides, R. Cuffney, A. V. Okishev, W. A. Bittle, 
G. Balonek, A. Consentino, E. Hill, and J. D. Zuegel, “Fiber 
Front End With Multiple Phase Modulations and High-Band-
width Pulse Shaping for High-Energy Laser-Beam Smoothing,” 
IEEE J. Sel. Top. Quantum Electron. 19, 3500112 (2013).

G. Fiksel, W. Fox, A. Bhattacharjee, D. H. Barnak, P.-Y. Chang, 
K. Germaschewski, S. X. Hu, and P. M. Nilson, “Magnetic 
Reconnection Between Colliding Magnetized Laser-Produced 
Plasma Plumes,” Phys. Rev. Lett. 113, 105003 (2014).

V. Yu. Glebov, C. J. Forrest, K. L. Marshall, M. Romanofsky, 
T. C. Sangster, M. J. Shoup III, and C. Stoeckl, “A New Neutron 
Time-of-Flight Detector for Fuel-Areal-Density Measurements 
on OMEGA,” Rev. Sci. Instrum. 85, 11E102 (2014).

V. N. Goncharov, T. C. Sangster, R. Betti, T. R. Boehly, M. J. 
Bonino, T. J. B. Collins, R. S. Craxton, J. A. Delettrez, D. H. 
Edgell, R. Epstein, R. K. Follett, C. J. Forrest, D. H. Froula, 
V. Yu. Glebov, D. R. Harding, R. J. Henchen, S. X. Hu, I. V. 
Igumenshchev, R. Janezic, J. H. Kelly, T. J. Kessler, T. Z. Kosc, 
S. J. Loucks, J. A. Marozas, F. J. Marshall, A. V. Maximov, 
R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, D. T. Michel, 
J. F. Myatt, R. Nora, P. B. Radha, S. P. Regan, W. Seka, W. T. 
Shmayda, R. W. Short, A. Shvydky, S. Skupsky, C. Stoeckl, 
B. Yaakobi, J. A. Frenje, M. Gatu-Johnson, R. D. Petrasso, 
and D. T. Casey, “Improving the Hot-Spot Pressure and Dem-
onstrating Ignition Hydrodynamic Equivalence in Cryogenic 
Deuterium–Tritium Implosions on OMEGA,” Phys. Plasmas 
21, 056315 (2014) (invited).

D. Haberberger, S. Ivancic, S. X. Hu, R. Boni, M. Barczys, 
R. S. Craxton, and D. H. Froula, “Measurements of Electron 
Density Profiles Using an Angular Filter Refractometer,” Phys. 
Plasmas 21, 056304 (2014) (invited).

J. D. Hager, T. J. B. Collins, V. A. Smalyuk, J. P. Knauer, D. D. 
Meyerhofer, and T. C. Sangster, “Study of Rayleigh–Taylor 
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Growth in Laser Irradiated Planar SiO2 Targets at Ignition-
Relevant Conditions,” Phys. Plasmas 20, 072707 (2013).

D. R. Harding, H. Goodrich, A. Caveglia, and M. Anthamatten, 
“Effect of Temperature and Volume on the Tensile and Adhe-
sive Properties of Photocurable Resins,” J. Polym. Sci. B, 
Polym. Phys. 52, 936 (2014).

M. Hohenberger, F. Albert, N. E. Palmer, J. J. Lee, T. Döppner, 
L. Divol, E. L. Dewald, B. Bachmann, A. G. MacPhee, 
G. LaCaille, D. K. Bradley, and C. Stoeckl, “Time-Resolved 
Measurements of the Hot-Electron Population in Ignition-
Scale Experiments on the National Ignition Facility,” Rev. Sci. 
Instrum. 85, 11D501 (2014) (invited).

M. Hohenberger, N. E. Palmer, G. LaCaille, E. L. Dewald, 
L. Divol, E. J. Bond, T. Döppner, J. J. Lee, R. L. Kauffman, 
J. D. Salmonson, C. A. Thomas, D. K. Bradley, C. Stoeckl, and 
T. C. Sangster, “Measuring the Hot-Electron Population Using 
Time-Resolved, Hard X-Ray Detectors on the NIF,” in Target 
Diagnostics Physics and Engineering for Inertial Confinement 
Fusion II, edited by P. M. Bell and G. P. Grim (SPIE, Belling-
ham, WA, 2013), Vol. 8850, Paper 88500F.

M. Hohenberger, W. Theobald, S. X. Hu, K. S. Anderson, 
R. Betti, T. R. Boehly, A. Casner, D. E. Fratanduono, M. Lafon, 
D. D. Meyerhofer, R. Nora, X. Ribeyre, T. C. Sangster, 
G. Schurtz, W. Seka, C. Stoeckl, and B. Yaakobi, “Shock-Ignition 
Relevant Experiments with Planar Targets on OMEGA,” Phys. 
Plasmas 21, 022702 (2014).

S. X. Hu, T. R. Boehly, and L. A. Collins, “Properties of Warm 
Dense Polystyrene Plasmas Along the Principal Hugoniot,” 
Phys. Rev. E 89, 063104 (2014).

S. X. Hu, L. A. Collins, T. R. Boehly, J. D. Kress, V. N. Goncharov, 
and S. Skupsky, “First-Principles Thermal Conductivity of 
Warm-Dense Deuterium Plasmas for Inertial Confinement 
Fusion Applications,” Phys. Rev. E 89, 043105 (2014).

S. X. Hu, L. A. Collins, V. N. Goncharov, T. R. Boehly, 
R. Epstein, R. L. McCrory, and S. Skupsky, “First-Principles 
Opacity Table of Warm Dense Deuterium for Inertial-Con-
finement-Fusion Applications,” Phys. Rev. E 90, 033111 (2014).

I. V. Igumenshchev, A. B. Zylstra, C. K. Li, P. M. Nilson, V. N. 
Goncharov, and R. D. Petrasso, “Self-Generated Magnetic 
Fields in Direct-Drive Implosion Experiments,” Phys. Plasmas 
21, 062707 (2014).

J. Katz, J. S. Ross, C. Sorce, and D. H. Froula, “A Reflective 
Image-Rotating Periscope for Spatially Resolved Thomson-
Scattering Experiments on OMEGA,” J. Inst. 8, C12009 (2013).

H. P. H. Liddell, J. C. Lambropoulos, and S. D. Jacobs, “Ther-
momechanical Model to Assess Stresses Developed During 
Elevated-Temperature Cleaning of Coated Optics,” Appl. Opt. 
53, 5865 (2014).

H. P. H. Liddell, K. Mehrotra, J. C. Lambropoulos, and S. D. 
Jacobs, “Fracture Mechanics of Delamination Defects in 
Multilayer Dielectric Coatings,” Appl. Opt. 52, 7689 (2013).

F. J. Marshall and P. B. Radha, “Masked-Backlighter Technique 
Used to Simultaneously Image X-Ray Absorption and X-Ray 
Emission from an Inertial Confinement Fusion Plasma,” Rev. 
Sci. Instrum. 85, 11E615 (2014).

K. L. Marshall, D. Saulnier, H. Xianyu, S. Serak, and 
N. Tabiryan, “Liquid Crystal Near-IR Laser Beam Shapers 
Employing Photoaddressable Alignment Layers for High-Peak-
Power Applications,” in Liquid Crystals XVII, edited by I. C. 
Khoo (SPIE, Bellingham, WA, 2013), Vol. 8828, Paper 88280N.

R. L. McCrory, D. D. Meyerhofer, R. Betti, T. R. Boehly, 
D. T. Casey, T. J. B. Collins, R. S. Craxton, J. A. Delettrez, 
D. H. Edgell, R. Epstein, J. A. Frenje, D. H. Froula, 
M. Gatu-Johnson, V. Yu. Glebov, V. N. Goncharov, D. R. 
Harding, M. Hohenberger, S. X. Hu, I. V. Igumenshchev, T. J. 
Kessler, J. P. Knauer, C. K. Li, J. A. Marozas, F. J. Marshall, 
P. W. McKenty, D. T. Michel, J. F. Myatt, P. M. Nilson, S. J. 
Padalino, R. D. Petrasso, P. B. Radha, S. P. Regan, T. C. 
Sangster, F. H. Séguin, W. Seka, R. W. Short, A. Shvydky, 
S.  Skupsky, J.  M. Soures, C. Stoeckl, W. Theobald, 
B. Yaakobi, and J. D. Zuegel, “Progress Toward Polar-Drive 
Ignition for the NIF,” in Proceedings of the 24th IAEA Fusion 
Energy Conference (IAEA, Vienna, 2013), Paper IFE 2-1.

R. L. McCrory, D. D. Meyerhofer, R. Betti, T. R. Boehly, T. J. B. 
Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
D. H. Froula, V. Yu. Glebov, V. N. Goncharov, D. R. Harding, 
S. X. Hu, I. V. Igumenshchev, J. P. Knauer, S. J. Loucks, J. A. 
Marozas, F. J. Marshall, P. W. McKenty, T. Michel, P. M. 
Nilson, P. B. Radha, S. P. Regan, T. C. Sangster, W. Seka, 
W. T. Shmayda, R. W. Short, D. Shvarts, S. Skupsky, J. M. 
Soures, C. Stoeckl, W. Theobald, B. Yaakobi, J. A. Frenje, D. T. 
Casey, C. K. Li, R. D. Petrasso, F. H. Séguin, S. J. Padalino, 
K. A. Fletcher, P. M. Celliers, G. W. Collins, and H. F. Robey, 
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“Progress in Direct-Drive Inertial Confinement Fusion,” EPJ 
Web of Conferences 59, 01004 (2013).

P. W. McKenty, T. J. B. Collins, J. A. Marozas, T. J. Kessler, 
J. D. Zuegel, M. J. Shoup, R. S. Craxton, F. J. Marshall, 
A. Shvydky, S. Skupsky, V. N. Goncharov, P. B. Radha, 
R. Epstein, T. C. Sangster, D. D. Meyerhofer, R. L. McCrory, 
J. D. Kilkenny, A. Nikroo, M. L. Hoppe, A. J. MacKinnon, 
S. LePape, M. M. Marinak, M. J. Schmitt, P. A. Bradley, 
N. S. Krasheninnikova, G. R. Magelssen, and T. J. Murphy, 
“Preparing for Polar-Drive Ignition on the National Ignition 
Facility,” EPJ Web of Conferences 59, 02014 (2013).

D. T. Michel, V. N. Goncharov, I. V. Igumenshchev, R. Epstein, 
and D. H. Froula, “Demonstration of the Improved Rocket 
Efficiency in Direct-Drive Implosions Using Different Ablator 
Materials,” Phys. Rev. Lett. 111, 245005 (2013).

M. Mikulics, H. Hardtdegen, R. Adam, D. Grützmacher, 
D. Gregušová, J. Novák, P. Kordoš, Z. Sofer, J. Serafini, 
J. Zhang, R. Sobolewski, and M. Marso, “Impact of Thermal 
Annealing on Nonequilibrium Carrier Dynamics in Single-
Crystal, Freestanding GaAs Mesostructures,” Semicond. Sci. 
Technol. 29, 045022 (2014).

J. F. Myatt, J. Zhang, R. W. Short, A. V. Maximov, W. Seka, 
D. H. Froula, D. H. Edgell, D. T. Michel, I. V. Igumenshchev, 
D. E. Hinkel, P. Michel, and J. D. Moody, “Multiple-Beam 
Laser–Plasma Interactions in Inertial Confinement Fusion,” 
Phys. Plasmas 21, 055501 (2014) (invited).

R. Nora, R. Betti, K. S. Anderson, A. Shvydky, A. Bose, K. M. 
Woo, A. R. Christopherson, J. A. Marozas, T. J. B. Collins, P. B. 
Radha, S. X. Hu, R. Epstein, F. J. Marshall, R. L. McCrory, T. C. 
Sangster, and D. D. Meyerhofer, “Theory of Hydro-Equivalent 
Ignition for Inertial Fusion and Its Applications to OMEGA 
and the National Ignition Facility,” Phys. Plasmas 21, 056316 
(2014) (invited).

A. V. Okishev, “Abnormal Beam-Profile Behavior in a 
Nd:YAG Ceramic Regenerative Amplifier,” in Solid State 
Lasers XXIII: Technology and Devices, edited by W. A. 
Clarkson and R. K. Shori (SPIE, Bellingham, WA, 2014), 
Vol. 8959, Paper 89591O.

J. B. Oliver, J. Bromage, C. Smith, D. Sadowski, C. Dorrer, and 
A. L. Rigatti, “Plasma-Ion-Assisted Coatings for 15 Femtosec-
ond Laser Systems,” Appl. Opt. 53, A221 (2014).

J. B. Oliver, T. J. Kessler, C. Smith, B. Taylor, V. Gruschow, 
J. Hettrick, and B. Charles, “Electron-Beam–Deposited Distrib-
uted Polarization Rotator for High-Power-Laser Applications,” 
Opt. Express 22, 23883 (2014).

S. Papernov, A. A. Kozlov, J. B. Oliver, T. J. Kessler, and 
B. Marozas, “Near-Ultraviolet Absorption-Annealing Effects 
in HfO2 Thin Films Subjected to Continuous-Wave Laser 
Irradiation at 355 nm,” in Laser-Induced Damage in Optical 
Materials: 2013, edited by G. J. Exarhos, V. E. Gruzdev, J. A. 
Menapace, D. Ristau, and M. J. Soileau (SPIE, Bellingham, 
WA, 2013), Vol. 8885, Paper 888504.

S. Papernov, A. A. Kozlov, J. B. Oliver, T. J. Kessler, A. Shvydky, 
and A. B. Marozas, “Near-Ultraviolet Absorption-Annealing 
in Hafnium Oxide Thin Films Subjected to Continuous-Wave 
Laser Radiation,” Opt. Eng. 53, 122504 (2014).

P. B. Radha, M. Hohenberger, F. J. Marshall, R. S. Craxton, 
D. H. Edgell, D. H. Froula, V. N. Goncharov, J. A. Marozas, 
R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, D. T. Michel, 
J. F. Myatt, T. C. Sangster, W. Seka, and S. Skupsky, “Polar-
Drive Implosions—Results from OMEGA and the National 
Ignition Facility,” Stockpile Stewardship Quarterly 4, 10, 
NNSA Office of Research, Development, Test, and Evaluation, 
Washington, D.C., DOE/NA-0023 (2014).

P. B. Radha, F. J. Marshall, T. R. Boehly, T. J. B. Collins, R. S. 
Craxton, D. Edgell, R. Epstein, J. Frenje, V. N. Goncharov, J. A. 
Marozas, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, 
R. D. Petrasso, T. C. Sangster, A. Shvydky, and S. Skupsky, 
“Polar Drive on OMEGA,” EPJ Web of Conferences 59, 
02013 (2013).

B. Rice, J. Quinzi, L. Lund, J. Ulreich, and M. Shoup, “Mea-
surement of Young’s Modulus and Damping of Fibers at Cryo-
genic Temperatures,” Cryogenics 63, 43 (2014).

S. Salzman, H. J. Romanofsky, Y. I. Clara, L. J. Giannechini, 
G. West, J. C. Lambropoulos, and S. D. Jacobs, “Magnetorheo-
logical Finishing with Chemically Modified Fluids for Studying 
Material Removal of Single-Crystal ZnS,” in Optifab 2013, 
edited by J. L. Bentley and M. Pfaff, (SPIE, Bellingham, WA, 
2013), Vol. 8884, Paper 888407.

D. Saulnier, B. Taylor, K. L. Marshall, T. J. Kessler, and S. D. 
Jacobs, “Liquid Crystal Chiroptical Polarization Rotators for 
the Near-UV Region: Theory, Materials, and Device Applica-
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tions,” in Liquid Crystals XVII, edited by I. C. Khoo (SPIE, 
Bellingham, WA, 2013), Vol. 8828, Paper 882807.

J. E. Schoenly, W. Seka, and P. Rechmann, “Pulsed Laser Abla-
tion of Dental Calculus in the Near Ultraviolet,” J. Biomed. 
Opt. 19, 028003 (2014).

W. Seka, J. F. Myatt, R. W. Short, D. H. Froula, J. Katz, V. N. 
Goncharov, and I. V. Igumenshchev, “Nonuniformly Driven 
Two-Plasmon-Decay Instability in Direct-Drive Implosions,” 
Phys. Rev. Lett. 112, 145001 (2014).

C. Stoeckl, M. Bedzyk, G. Brent, R. Epstein, G. Fiksel, D. Guy, 
V. N. Goncharov, S. X. Hu, S. Ingraham, D. W. Jacobs-Perkins, 
R. K. Jungquist, F. J. Marshall, C. Mileham, P. M. Nilson, 
T. C. Sangster, M. J. Shoup III, and W. Theobald, “Soft X-Ray 
Backlighting of Cryogenic Implosions Using a Narrowband 
Crystal Imaging System,” Rev. Sci. Instrum. 85, 11E501 (2014).

W. Theobald, A. Casner, R. Nora, X. Ribeyre, M. Lafon, 
K. S. Anderson, R. Betti, R. S. Craxton, J. A. Delettrez, J. A. 

OMEGA External Users’ Publications

D. Batani, S. Baton, A. Casner, S. Depierreux, M. Hohenberger, 
O. Klimo, M. Koenig, C. Labaune, X. Ribeyre, C. Rousseaux, 
G. Schurtz, W. Theobald, and V. T. Tikhonchuk, “Physics 
Issues for Shock Ignition,” Nucl. Fusion 54, 054009 (2014).

D. Eimerl, E. M. Campbell, W. F. Krupke, J. Zweiback, W. L. 
Kruer, J. Marozas, J. Zuegel, J. Myatt, J. Kelly, D. Froula, and 
R. L. McCrory, “StarDriver: A Flexible Laser Driver for Iner-
tial Confinement Fusion and High Energy Density Physics,” 
J. Fusion Energ. 33, 476 (2014).

R. Florido, R. C. Mancini, T. Nagayama, R. Tommasini, 
J. A. Delettrez, and S. P. Regan, “Time-Resolved Character-
ization and Energy Balance Analysis of Implosion Core in 
Shock-Ignition Experiments at OMEGA,” Phys. Plasmas 21, 
102709 (2014).

W. Fox, G. Fiksel,  A. Bhattacharjee, P.-Y. Chang, 
K.  Germaschewski, S. X. Hu, and P. M. Nilson, “Fila- 
mentation Instability of Counterstreaming Laser-Driven 
Plasmas,” Phys. Rev. Lett. 111, 225002 (2013).

D. E. Fratanduono, D. H. Munro, P. M. Celliers, and G. W. 
Collins, “Hugoniot Experiments with Unsteady Waves,” 
J. Appl. Phys. 116, 033517 (2014).

O. A. Hurricane, D. A. Callahan, D. T. Casey, P. M. Celliers, 
C. Cerjan, E. L. Dewald, T. R. Dittrich, T. Döppner, D. E. 
Hinkel, L. F. Berzak Hopkins, J. L. Kline, S. Le Pape, T. Ma, 
A. G. MacPhee, J. L. Milovich, A. Pak, H.-S. Park, P. K. 
Patel, B. A. Remington, J. D. Salmonson, P. T. Springer, and 
R. Tommasini, “Fuel Gain Exceeding Unity in an Inertially 
Confined Fusion Implosion,” Nature 506, 343 (2014).

O. A. Hurricane, D. A. Callahan, D. T. Casey, E. L. Dewald, 
T. R. Dittrich, T. Döppner, M. A. Barrios Garcia, D. E. Hinkel, 
L. F. Berzak Hopkins, P. Kervin, J. L. Kline, S. Le Pape, T. Ma, 
A. G. MacPhee, J. L. Milovich, J. Moody, A. E. Pak, P. K. Patel, 
H.-S. Park, B. A. Remington, H. F. Robey, J. D. Salmonson, 
P. T. Springer, R. Tommasini, L. R. Benedetti, J. A. Caggiano, 
P. Celliers, C. Cerjan, R. Dylla-Spears, D. Edgell, M. J. Edwards, 
D. Fittinghoff, G. P. Grim, N. Guler, N. Izumi, J. A. Frenje, 
M. Gatu Johnson, S. Haan, R. Hatarik, H. Herrmann, S. Khan, 

Frenje, V. Yu. Glebov, O. V. Gotchev, M. Hohenberger, S. X. 
Hu, F. J. Marshall, R. L. McCrory, D. D. Meyerhofer, L. J. 
Perkins, T. C. Sangster, G. Schurtz, W. Seka, V. A. Smalyuk, 
C. Stoeckl, and B. Yaakobi, “Progress in the Shock-Ignition 
Inertial Confinement Fusion Concept,” EPJ Web of Confer-
ences 59, 03001 (2013).

R. Yan, J. Li, and C. Ren, “Intermittent Laser-Plasma Interac-
tions and Hot Electron Generation in Shock Ignition,” Phys. 
Plasmas 21, 062705 (2014).

J. Zhang, M. Mikulics, R. Adam, D. Grützmacher, and 
R. Sobolewski, “Generation of THz Transients by Photoexcited 
Single-Crystal GaAs Meso-Structures,” Appl. Phys. B. 113, 
339 (2013).

J. Zhang, J. F. Myatt, R. W. Short, A. V. Maximov, H. X. Vu, 
D. F. DuBois, and D. A. Russell, “Multiple Beam Two-Plasmon 
Decay: Linear Threshold to Nonlinear Saturation in Three 
Dimensions,” Phys. Rev. Lett. 113, 105001 (2014).
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J. Knauer, B. J. Kozioziemski, A. L. Kritcher, G. Kyrala, S. A. 
Maclaren, F. E. Merrill, P. Michel, J. Ralph, J. S. Ross, J. R. 
Rygg, M. B. Schneider, B. K. Spears, K. Widmann, and C. B. 
Yeamans, “The High-Foot Implosion Campaign on the National 
Ignition Facility,” Phys. Plasmas 21, 056314 (2014) (invited).

V. V. Ivanov, A. A. Anderson, D. Papp, B. R. Talbot, J. P. 
Chittenden, N. Niasse, and I. A. Begishev, “UV Laser-Probing 
Diagnostics for the Dense Z Pinch,” IEEE Trans. Plasma Sci. 
42, 1153 (2014).

J. D. Moody, D. A. Callahan, D. E. Hinkel, P. A. Amendt, 
K. L. Baker, D. Bradley, P. M. Celliers, E. L. Dewald, L. Divol, 
T. Döppner, D. C. Eder, M. J. Edwards, O. Jones, S. W. Haan, 
D. Ho, L. B. Hopkins, N. Izumi, D. Kalantar, R. L. Kauffman, 
J. D. Kilkenny, O. Landen, B. Lasinski, S. LePape, T. Ma, B. J. 
MacGowan, S. A. MacLaren, A. J. Mackinnon, D. Meeker, 
N. Meezan, P. Michel, J. L. Milovich, D. Munro, A. E. Pak, 
M. Rosen, J. Ralph, H. F. Robey, J. S. Ross, M. B. Schneider, 
D. Strozzi, E. Storm, C. Thomas, R. P. J. Town, K. L. Widmann, 
J. Kline, G. Kyrala, A. Nikroo, T. Boehly, A. S. Moore, and 
S. H. Glenzer, “Progress in Hohlraum Physics for the National 
Ignition Facility,” Phys. Plasmas 21, 056317 (2014) (invited).

T. Nagayama, R. C. Mancini, R. Florido, D. Mayes, R. Tommasini, 
J. A. Koch, J. A. Delettrez, S. P. Regan, and V. A. Smalyuk, 
“Direct Asymmetry Measurement of Temperature and Density 
Spatial Distributions in Inertial Confinement Fusion Plasmas 
from Pinhole Space-Resolved Spectra,” Phys. Plasmas 21, 
050702 (2014).

F. Pérez, G. E. Kemp, S. P. Regan, M. A. Barrios, J. Pino, 
H. Scott, S. Ayers, H. Chen, J. Emig, J. D. Colvin, M. Bedzyk, 
M. J. Shoup III, A. Agliata, B. Yaakobi, F. J. Marshall, R. A. 
Hamilton, J. Jaquez, M. Farrell, A. Nikroo, and K. B. Fournier, 
“The NIF X-Ray Spectrometer Calibration Campaign at 
Omega,” Rev. Sci. Instrum. 85, 11D613 (2014).

F. Philippe, V. Tassin, S. Depierreux, P. Gauthier, P. E. 
Masson-Laborde, M. C. Monteil, P. Seytor, B. Villette, 
B. Lasinski, H. S. Park, J. S. Ross, P. Amendt, T. Döppner, 
D. E. Hinkel, R. Wallace, E. Williams, P. Michel, J. Frenje, 
M. Gatu-Johnson, C. K. Li, R. Petrasso, V. Glebov, C. Sorce, 
C. Stoeckl, A. Nikroo, and E. Giraldez, “Demonstrated High 
Performance of Gas-Filled Rugby-Shaped Hohlraums on 
Omega,” Phys. Plasmas 21, 074504 (2014).

H. G. Rinderknecht, H. Sio, J. A. Frenje, J. Magoon, A. Agliata, 
M. Shoup, S. Ayers, C. G. Bailey, M. Gatu Johnson, A. B. 

Zylstra, N. Sinenian, M. J. Rosenberg, C. K. Li, F. H. Séguin, 
R. D. Petrasso, J. R. Rygg, J. R. Kimbrough, A. Mackinnon, 
P.  Bell, R. Bionta, T. Clancy, R. Zacharias, A. House, 
T. Döppner, H. S. Park, S. LePape, O. Landen, N. Meezan, 
H. Robey, V. U. Glebov, M. Hohenberger, C. Stoeckl, T. C. 
Sangster, C. Li, J.Parat, R. Olson, J. Kline, and J. Kilkenny, “A 
Magnetic Particle Time-of-Flight (MagPTOF) Diagnostic for 
Measurements of Shock- and Compression-Bang Time at the 
NIF,” Rev. Sci. Instrum. 85, 11D901 (2014) (invited).

H. G. Rinderknecht, H. Sio, C. K. Li, N. Hoffman, B. Zylstra, 
M. J. Rosenberg, J. A. Frenje, M. Gatu Johnson, F. H. Séguin, 
R. D. Petrasso, R. Betti, V. Yu. Glebov, D. D. Meyerhofer, T. C. 
Sangster, W. Seka, C. Stoeckl, G. Kagan, K. Molvig, C. Bellei, 
P. Amendt, O. Landen, J. R. Rygg, V. A. Smalyuk, S. Wilks, 
A. Greenwood, and A. Nikroo, “Kinetic Mix Mechanisms in 
Shock-Driven Inertial Confinement Fusion Implosions,” Phys. 
Plasmas 21, 056311 (2014).

H. G. Rinderknecht, H. Sio, C. K. Li, A. B. Zylstra, M. J.  
Rosenberg, P. Amendt, J. Delettrez, C. Bellei, J. A. Frenje, 
M. Gatu Johnson, F. H. Séguin, R. D. Petrasso, R. Betti, V. Yu. 
Glebov, D. D. Meyerhofer, T. C. Sangster, C. Stoeckl, O. Landen, 
V. A. Smalyuk, S. Wilks, A. Greenwood, and A. Nikroo, “First 
Observations of Nonhydrodynamic Mix at the Fuel-Shell 
Interface in Shock-Driven Inertial Confinement Implosions,” 
Phys. Rev. Lett. 112, 135001 (2014).

H. F. Robey, P. M. Celliers, J. D. Moody, J. Sater, T. Parham, 
B. Kozioziemski, R. Dylla-Spears, J. S. Ross, S. LePape, J. E. 
Ralph, M. Hohenberger, E. L. Dewald, L. Berzak Hopkins, J. J. 
Kroll, B. E. Yoxall, A. V. Hamza, T. R. Boehly, A. Nikroo, O. L. 
Landen, and M. J. Edwards, “Shock Timing Measurements and 
Analysis in Deuterium-Tritium-Ice Layered Capsule Implosions 
on NIF,” Phys. Plasmas 21, 022703 (2014).

M. J. Rosenberg, H. G. Rinderknecht, N. M. Hoffman, P. A. 
Amendt, S. Atzeni, A. B. Zylstra, C. K. Li, F. H. Séguin, 
H. Sio, M. Gatu Johnson, J. A. Frenje, R. D. Petrasso, V. Yu. 
Glebov, C. Stoeckl, W. Seka, F. J. Marshall, J. A. Delettrez, 
T. C. Sangster, R. Betti, V. N. Goncharov, D. D. Meyerhofer, 
S. Skupsky, C. Bellei, J. Pino, S. C. Wilks, G. Kagan, K. Molvig, 
and A. Nikroo, “Exploration of the Transition from the Hydro-
dynamiclike to the Strongly Kinetic Regime in Shock-Driven 
Implosions,” Phys. Rev. Lett. 112, 185001 (2014).

M. J. Rosenberg, F. H. Séguin, C. J. Waugh, H. G. Rinderknecht, 
D. Orozco, J. A. Frenje, M. Gatu Johnson, H. Sio, A. B. Zylstra, 
N. Sinenian, C. K. Li, R. D. Petrasso, V. Yu. Glebov, C. Stoeckl, 
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M. Hohenberger, T. C. Sangster, S. LePape, A. J. Mackinnon, 
R. M. Bionta, O. L. Landen, R. A. Zacharias, Y. Kim, H. W. 
Herrmann, and J. D. Kilkenny, “Empirical Assessment of the 
Detection Efficiency of CR-39 at High Proton Fluence and a 
Compact, Proton Detector for High-Fluence Applications,” 
Rev. Sci. Instrum. 85, 043302 (2014).

V. A. Smalyuk, M. Barrios, J. A. Caggiano, D. T. Casey, C. J. 
Cerjan, D. S. Clark, M. J. Edwards, J. A. Frenje, M. Gatu-
Johnson, V. Y. Glebov, G. Grim, S. W. Haan, B. A. Hammel, 
A. Hamza, D. E. Hoover, W. W. Hsing, O. Hurricane, J. D. 
Kilkenny, J. L. Kline, J. P. Knauer, J. Kroll, O. L. Landen, J. D. 
Lindl, T. Ma, J. M. McNaney, M. Mintz, A. Moore, A. Nikroo, 
T. Parham, J. L. Peterson, R. Petrasso, L. Pickworth, J. E. Pino, 
K. Raman, S. P. Regan, B. A. Remington, H. F. Robey, D. P. 
Rowley, D. B. Sayre, R. E. Tipton, S. V. Weber, K. Widmann, 
D. C. Wilson, and C. B. Yeamans, “Hydrodynamic Instability 
Growth and Mix Experiments at the National Ignition Facility,” 
Phys. Plasmas 21, 056301 (2014).

V. A. Smalyuk, R. E. Tipton, J. E. Pino, D. T. Casey, G. P. Grim, 
B. A. Remington, D. P. Rowley, S. V. Weber, M. Barrios, L. R. 
Benedetti, D. L. Bleuel, D. K. Bradley, J. A. Caggiano, D. A. 
Callahan, C. J. Cerjan, D. S. Clark, D. H. Edgell, M. J. Edwards, 
J. A. Frenje, M. Gatu-Johnson, V. Y. Glebov, S. Glenn, S. W. 
Haan, A. Hamza, R. Hatarik, W. W. Hsing, N. Izumi, S. Khan, 
J. D. Kilkenny, J. Kline, J. Knauer, O. L. Landen, T. Ma, J. M. 
McNaney, M. Mintz, A. Moore, A. Nikroo, A. Pak, T. Parham, 
R. Petrasso, D. B. Sayre, M. B. Schneider, R. Tommasini, R. P. 

Town, K. Widmann, D. C. Wilson, and C. B. Yeamans, “Mea-
surements of an Ablator-Gas Atomic Mix in Indirectly Driven 
Implosions at the National Ignition Facility,” Phys. Rev. Lett. 
112, 025002 (2014).

M. Storm, B. Eichman, C. Orban, S. Jiang, G. Fiksel, 
C. Stoeckl, G. Dyer, T. Ditmire, R. Stephens, W. Theobald, 
J. A. Delettrez, R. R. Freeman, and K. Akli “Ka X-Ray Imag-
ing of Laser-Irradiated, Limited-Mass Zirconium Foils,” Phys. 
Plasmas 21, 072704 (2014).

M. Storm, B. Eichman, Z. Zhong, W. Theobald, P. Schiebel, 
C. Mileham, C. Stoeckl, I. A. Begishev, G. Fiksel, R. B. Stephens, 
R. R. Freeman, and K. U. Akli, “Note: Characterization of a 
High-Photon-Energy X-Ray Imager,” Rev. Sci. Instrum. 84, 
106103 (2013).

H. X. Vu, D. F. DuBois, D. A. Russell, J. F. Myatt, and J. Zhang, 
“Nonlinear Development of the Two-Plasmon Decay Insta-
bility in Three Dimensions,” Phys. Plasmas 21, 042705 (2014).

A. B. Zylstra, M. Gatu Johnson, J. A. Frenje, F. H. Séguin, 
H. G. Rinderknecht, M. J. Rosenberg, H. W. Sio, C. K. Li, R. D. 
Petrasso, M. McCluskey, D. Mastrosimone, V. Yu. Glebov, 
C. Forrest, C. Stoeckl, and T. C. Sangster, “A Compact Neutron 
Spectrometer for Characterizing Inertial Confinement Fusion 
Implosions at OMEGA and the NIF,” Rev. Sci. Instrum. 85, 
063502 (2014).

The following presentations were made at the SLAC High-
Power Laser Workshop, Menlo Park, CA, 1–2 October 2013:

D. H. Froula, “Direct-Drive Fusion and High-Energy-Density 
Research at the Laboratory for Laser Energetics.”

R. J. Henchen, R. K. Follett, D. H. Edgell, V. N. Goncharov, 
J. S. Ross, J. Katz, C. Sorce, and D. H. Froula, “Collective 
Ultraviolet Thomson Scattering from High-Power Laser-
Produced Plasmas.”

P. W. McKenty, “Current Status of NIF Polar-Drive–Ignition 
Designs,” ICF Burning Plasma Platforms, Livermore, CA, 
2–3 October 2013.

R. Epstein, S. P. Regan, B. A. Hammel, L. J. Suter, H. A. 
Scott, M. A. Barrios, D. K. Bradley, D. A. Callahan, C. Cerjan, 
G. W. Collins, S. N. Dixit, T. Döppner, M. J. Edwards, D. R. 
Farley, K. B. Fournier, S. Glenn, S. H. Glenzer, I. E. Golovkin, 
A. Hamza, D. G. Hicks, N. Izumi, O. S. Jones, M. H. Key, J. D. 
Kilkenny, J. L. Kline, G. A. Kyrala, O. L. Landen, T. Ma, J. J. 
MacFarlane, A. J. Mackinnon, R. C. Mancini, R. L. McCrory, 

Conference Presentations



Publications and conference Presentations

FY14 Annual Report 327

D. D. Meyerhofer, N. B. Meezan, A. Nikroo, H.-S. Park, 
P. K. Patel, J. E. Ralph, B. A. Remington, T. C. Sangster, 
V. A. Smalyuk, P. T. Springer, R. P. J. Town, and J. L. Tucker, 
“Applications and Results of X-Ray Spectroscopy in Implosion 
Experiments on the National Ignition Facility,” 18th Annual 
International Conference on Atomic Processes in Plasmas, 
Auburn, AL, 7–10 October 2013 (invited).

S. Salzman, H. J. Romanofsky, Y. I. Clara, L. J. Giannechini, 
G. West, J. C. Lambropoulos, and S. D. Jacobs, “Magneto-
rheological Finishing with Chemically Modified Fluids for 
Studying Material Removal of Single Crystal ZnS,” Optifab 
2013, Rochester, NY, 14–17 October 2013.

The following presentations were made at the Sixth Inter-
national Symposium on Ultrafast Photonics Technologies, 
Rochester, NY, 21–22 October 2013:

J. Bromage, R. G. Roides, S.-W. Bahk, J. B. Oliver, C. Mileham, 
C. Dorrer, and J. D. Zuegel, “Noncollinear Optical Parametric 
Amplifiers for Ultra-Intense Lasers.”

D. D. Meyerhofer, “The University of Rochester is a Pioneer 
in Laser Fusion.”

W. T. Shmayda and N. Redden, “New Tritium Facilities at the 
University of Rochester’s Laboratory for Laser Energetics,” 
10th International Conference on Tritium Science and Technol-
ogy, Nice, France, 21–25 October 2013.

The following presentations were made at the 55th Annual 
Meeting of the APS Division of Plasma Physics, Denver, CO, 
11–15 November 2013:

K. S. Anderson, P. W. McKenty, T. J. B. Collins, J. A. Marozas, 
and R. Betti, “An Implosion-Velocity Survey for Shock Igni-
tion on the NIF.”

D. H. Barnak, P.-Y. Chang, G. Fiksel, R. Betti, and C. Taylor, 
“Increasing the Magnetic-Field Capability of MIFEDS Using 
an Inductively Coupled Coil.”

R. Betti, K. S. Anderson, M. Lafon, R. Nora, W. Theobald, 
J. A. Delettrez, A. Solodov, J. R. Davies, C. Stoeckl, R. Yan, 
J. Li, and C. Ren, “Electron Shock Ignition.”

A. Bose, R. Betti, R. Nora, K. Woo, P.-Y. Chang, J. R. Davies, 
A. Christopherson, J. A. Delettrez, and K. S. Anderson, 
“Hydrodynamic Scaling of the Deceleration-Phase Rayleigh–
Taylor Instability.”

P.-Y. Chang, G. Fiksel, D. Barnak, J. R. Davies, and R. Betti, 
“Neutron Yield Enhancement by Magnetizing Implosions 
on OMEGA.”

T. J. B. Collins, J. A. Marozas, J. A. Delettrez, P. W. McKenty, 
K. S. Anderson, A. Shvydky, F. J. Marshall, D. Cao, J. Chenhall, 
A. Prochaska, and G. Moses, “Optimization of the NIF Polar-
Drive–Ignition Point Design.”

R. S. Craxton, P. B. Radha, A. K. Davis, D. H. Froula, 
M. Hohenberger, P. W. McKenty, D. T. Michel, P. A. Olson, T. C. 
Sangster, S. LePape, T. Ma, and A. J. Mackinnon, “Optimization 
of Azimuthal Uniformity in NIF Polar-Drive Implosions.”

A. K. Davis, D. T. Michel, R. S. Craxton, R. Epstein, 
M. Hohenberger, T. C. Sangster, P. B. Radha, T. Mo, and D. H. 
Froula, “Three-Dimensional Modeling of X-Ray Self-Emission 
Images on NIF Polar-Drive Implosions.”

J. A. Delettrez, T. J. B. Collins, P. W. McKenty, P. B. Radha, 
S. X. Hu, S. Skupsky, F. J. Marshall, S. To, A. Shvydky, D. Cao, 
A. Prochaska, J. Chenhall, and G. Moses, “Effect of Non-
local Thermal-Electron Transport on the Symmetry of Polar-
Drive Experiments.”

D. F. DuBois, D. A. Russell, H. X. Vu, J. F. Myatt, and W. Seka, 
“Half-Harmonic Radiation from Turbulence Driven by the 
Two-Plasmon–Decay Instability.”

D. H. Edgell, D. Haberberger, S. X. Hu, D. T. Michel, J. F. Myatt, 
C. Stoeckl, B. Yaakobi, and D. H. Froula, “Measurements of 
the Two-Plasmon–Decay Generated Hot-Electron Fraction 
as a Function of the Quarter-Critical Density Scale Length.”

R. Epstein, F. J. Marshall, V. N. Goncharov, R. Betti, A. R. 
Christopherson, R. Nora, I. E. Golovkin, and J. J. MacFarlane, 
“A Pressure Diagnostic Based on X-Ray Continuum Images of 
Compressed Isobaric Hydrogen Implosion Cores.”
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G. Fiksel, D. Barnak, P.-Y. Chang, S. X. Hu, P. M. Nilson, 
R. Betti, W. Fox, A. Bhattacharjee, and K. Germaschewski, 
“Magnetic Reconnection of an Externally Applied Magnetic 
Field in a High-Energy-Density Plasma.”

R. K. Follett, D. H. Edgell, R. Henchen, S. X. Hu, D. T. Michel, 
J. F. Myatt, and D. H. Froula, “Observation of Two-Plasmon–
Decay Electron Plasma Waves Driven by Multiple Beams Using 
UV Thomson Scattering.”

C. J. Forrest, V. Yu. Glebov, V. N. Goncharov, S. X. Hu, D. D. 
Meyerhofer, P. B. Radha, T. C. Sangster, C. Stoeckl, J. A. Frenje, 
and M. Gatu Johnson, “Diagnosing Cryogenic DT Implosion 
Performance Using Neutron Spectroscopy on OMEGA.”

D. H. Froula, T. J. Kessler, I. V. Igumenshchev, V. N. 
Goncharov, H. Huang, S. X. Hu, E. Hill, J. H. Kelly, D. T. 
Michel, D. D. Meyerhofer, A. Shvydky, J. D. Zuegel, and 
R. Epstein, “Mitigation of Cross-Beam Energy Transfer in 
Direct-Drive Implosions on OMEGA.”

V. Yu. Glebov, C. J. Forrest, K. L. Marshall, A. Pruyne, 
M. Romanofsky, T. C. Sangster, M. J. Shoup III, and C. Stoeckl, 
“A New Neutron Time-of-Flight Detector for Areal Density 
Measurements on OMEGA.”

V. N. Goncharov, T. C. Sangster, R. Betti, T. R. Boehly, T. J. B. 
Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding, S. X. 
Hu, I. V. Igumenshchev, R. Janezic, J. H. Kelly, T. J. Kessler, 
T. Z. Kosc, S. J. Loucks, J. A. Marozas, F. J. Marshall, A. V. 
Maximov, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, 
D. T. Michel, J. F. Myatt, R. Nora, P. B. Radha, S. P. Regan, 
W. Seka, W. T. Shmayda, R. W. Short, A. Shvydky, S. Skupsky, 
C. Sorce, C. Stoeckl, B. Yaakobi, J. A. Frenje, M. Gatu Johnson, 
R. D. Petrasso, and D. T. Casey, “Demonstrating Ignition 
Hydrodynamic Equivalence in Cryogenic DT Implosions on 
OMEGA” (invited).

M. C. Gregor, R. Boni, A. Sorce, C. A. McCoy, M. Millot, J. H. 
Eggert, P. M. Celliers, T. R. Boehly, and D. D. Meyerhofer, 
“The Absolute Calibration of the Streaked Optical Pyrometer 
at the Omega Laser Facility.”

D. Haberberger, D. H. Edgell, S. X. Hu, S. Ivancic, B. Yaakobi, 
R.  Boni, and D. H. Froula, “Coronal Plasma Density 
Characterization in Long-Scale-Length High-Energy-Density 
Plasmas” (invited).

R. J. Henchen, V. N. Goncharov, D. T. Michel, R. K. Follett, 
J. Katz, and D. H. Froula, “Ultraviolet Thomson Scattering 
from Direct-Drive Coronal Plasmas.”

M. Hohenberger, A. Shvydky, J. A. Marozas, T. J. B. Collins, 
D. Canning, M. J. Bonino, G. Fiksel, T. J. Kessler, P. W. McKenty, 
D. D. Meyerhofer, J. D. Zuegel, and T. C. Sangster, “Measurement 
of 1-D Multi-FM SSD Smoothing Performance on OMEGA EP.”

S. X. Hu, P. B. Radha, V. N. Goncharov, R. Betti, R. Epstein, 
F. J. Marshall, R. L. McCrory, D. D. Meyerhofer, T. C. Sangster, 
and S. Skupsky, “Integrated Two-Dimensional DRACO Simu-
lations of Cryogenic DT Target Performance on OMEGA.”

I. V. Igumenshchev, P. M. Nilson, V. N. Goncharov, A. B. 
Zylstra, C. K. Li, and R. D. Petrasso, “Investigation of Electric 
and Self-Generated Magnetic Fields in Implosion Experiments 
on OMEGA.”

S. Ivancic, W. Theobald, D. Haberberger, D. H. Froula, 
C. Stoeckl, K. S. Anderson, D. D. Meyerhofer, K. Tanaka, 
H. Habara, and T. Iwawaki, “Optical-Probe Measurements of 
a Plasma Channel for Fast Ignition.”

J. P. Knauer, J. A. Caggiano, R. Hatarik, J. M. McNaney, B. K. 
Spears, M. Gatu Johnson, J. A. Frenje, and J. D. Kilkenny, 
“Bulk Fluid Velocity Construction from NIF Neutron Spec-
tral Diagnostics.”

M. Lafon, R. Betti, K. S. Anderson, T. J. B. Collins, J. Li, 
R. Nora, C. Ren, and P. W. McKenty, “Direct-Drive–Ignition 
Designs with Moderate-Z Ablators.”

J. Li, C. Ren, X. Kong, M. C. Huang, and W. B. Mori, “Adapting 
a Collision Package in Particle-in-Cell Simulations on a GPU.”

J. A. Marozas, T. J. B. Collins, J. A. Delettrez, P. B. Radha, 
P. W. McKenty, I. V. Igumenshchev, D. H. Edgell, D. H. 
Froula, M. Hohenberger, F. J. Marshall, D. T. Michel, W. Seka, 
A. J. Mackinnon, S. LePape, T. Ma, D. Cao, A. Prochaska, 
J. Chenhall, and G. Moses, “Comparison of 2-D DRACO Cross-
Beam Energy Transfer (CBET) Simulations with OMEGA and 
NIF Experiments.”

F. J. Marshall, P. B. Radha, M. J. Bonino, D. R. Harding, J. A. 
Delettrez, R. Epstein, and E. Giraldez, “Improved Polar-Driven 
Implosion Performance Obtained with Contoured Shells.”
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A. V. Maximov, J. F. Myatt, R. W. Short, I. V. Igumenshchev, 
and W. Seka, “Laser–Plasma Interaction Model for Cross-Beam 
Energy Transfer.”

P. W. McKenty, J. A. Marozas, F. J. Marshall, J. A. Delettrez, 
R. S. Craxton, M. Hohenberger, D. H. Froula, D. T. Michel, 
P. A. Olson, S. To, D. D. Meyerhofer, R. L. McCrory, D. Cao, 
G. Moses, S. Laffite, L. Videau, S. LePape, T. Ma, and A. J. 
Mackinnon, “Evaluation of Cross-Beam Energy Transfer in 
NIF Polar-Drive Exploding-Pusher Experiments.”

D. D. Meyerhofer, R. S. Craxton, D. H. Froula, M. Hohenberger, 
P. W. McKenty, D. T. Michel, F. J. Marshall, J. F. Myatt, 
P. B. Radha, T. C. Sangster, W. Seka, S. LePape, K. N. 
LaFortune, B.J. MacGowan, A. J. Mackinnon, J. D. Moody, 
and C. Widmayer, “Initial Polar-Drive Implosions on the NIF.”

D. T. Michel, V. N. Goncharov, I. V. Igumenshchev, P. B. Radha, 
R. J. Henchen, S. X. Hu, and D. H. Froula, “Comparison of 
Implosion Velocities for Be, C, and CH Ablators Measured in 
Direct-Drive Implosions.”

J. F. Myatt, R. W. Short, A. V. Maximov, A. A. Solodov, 
J. Zhang, R. S. Craxton, C. Ren, R. Yan, I. V. Igumenshchev, 
S. X. Hu, V. N. Goncharov, W. Seka, D. H. Edgell, D. H. Froula, 
B. Yaakobi, D. T. Michel, D. F. DuBois, D. A. Russell, D. E. 
Hinkel, P. Michel, and H. X. Vu, “Multibeam Laser–Plasma 
Interactions in Inertial Confinement Fusion” (invited).

P. M. Nilson, C. Stillman, A. Shvydky, A. A. Solodov, R. Betti, 
D. H. Froula, and D. D. Meyerhofer, “Material Release at High-
Energy Densities.”

R. Nora, R. Betti, K. S. Anderson, A. Shvydky, A. Bose, K. M. 
Woo, A. R. Christopherson, J. A. Marozas, T. J. B. Collins, P. B. 
Radha, S. X. Hu, R. Epstein, F. J. Marshall, T. C. Sangster, and 
D. D. Meyerhofer, “Theory of Hydro-Equivalent Ignition for Iner-
tial Fusion and Its Applications to OMEGA and the NIF” (invited).

P. B. Radha, M. Hohenberger, R. S. Craxton, J. A. Marozas, 
F. J. Marshall, D. H. Edgell, R. Epstein, D. T. Michel, D. H. 
Froula, V. N. Goncharov, R. L. McCrory, P. W. McKenty, D. D. 
Meyerhofer, T. C. Sangster, A. Shvydky, S. Skupsky, T. Ma, A. J. 
Mackinnon, and S. Le Pape, “Polar-Drive Implosions on the NIF.”

S. P. Regan, R. Epstein, T. C. Sangster, D. D. Meyerhofer, C. A. 
Iglesias, B. G. Wilson, H.-S. Park, L. J. Suter, H. Scott, O. S. 
Jones, J. D. Kilkenny, B. A. Hammel, M. A. Barrios, V. A. 

Smalyuk, B. Remington, G. A. Kyrala, T. J. Murphy, J. Kline, 
P. A. Bradley, N. S. Krasheninnikova, and R. J. Kanzleiter, 
“Plasma Conditions of the Compressed Ablator at Stagnation 
in NIF Implosions.”

T. C. Sangster, V. N. Goncharov, P. B. Radha, R. Betti, T. R. 
Boehly, C. J. Forrest, D. H. Froula, V. Yu. Glebov, S. X. Hu, I. V. 
Igumenshchev, J. Kwiatkowski, F. J. Marshall, R. L. McCrory, 
P. W. McKenty, D. D. Meyerhofer, D. T. Michel, J. F. Myatt, 
W. Seka, C. Stoeckl, J. A. Frenje, and M. Gatu Johnson, “Status of 
Ignition Hydro-Equivalent Implosion Performance on OMEGA.”

W. Seka, J. F. Myatt, J. Zhang, R. W. Short, D. H. Froula, A. V. 
Maximov, V. N. Goncharov, and I. V. Igumenshchev, “Non-
linearity of the Two-Plasmon–Decay Instability in Imploding 
Direct-Drive Targets.”

R. W. Short, J. F. Myatt, and J. Zhang, “The Effects of Beam 
Geometry and Polarization on Two-Plasmon Decay Driven by 
Multiple Laser Beams.”

A. Shvydky, M. Hohenberger, J. A. Marozas, M. J. Bonino, 
D. Canning, T. J. B. Collins, T. J. Kessler, B. E. Kruschwitz, 
P. W. McKenty, D. D. Meyerhofer, T. C. Sangster, and J. D. 
Zuegel, “Two-Dimensional Numerical Evaluation of 1-D Multi-
FM SSD Experiments on OMEGA EP.”

A. A. Solodov, W. Theobald, K. S. Anderson, A. Shvydky, 
R. Epstein, R. Betti, J. F. Myatt, C. Stoeckl, L. C. Jarrott, 
C. McGuffey, B. Qiao, F. N. Beg, M. S. Wei, and R. B. Stephens, 
“Simulations of Fuel Assembly and Fast-Electron Transport in 
Integrated Fast-Ignition Experiments on OMEGA.”

C. Stoeckl, R. Epstein, G. Fiksel, D. Guy, V. N. Goncharov, 
D. W. Jacobs-Perkins, R. K. Jungquist, C. Mileham, P. M. 
Nilson, T. C. Sangster, M. J. Shoup III, and W. Theobald, 
“Soft X-Ray Backlighting of Cryogenic Implosions Using a 
Narrowband Crystal Imaging System.”

B. R. Talbot, V. V. Ivanov, I. A. Begishev, A. L. Astanovitskiy, 
V. Nalajala, and O. Dmitriev, “Development of the Diagnostic 
Laser for Deep UV Probing of the Dense Z-Pinch.”

W. Theobald, R. Nora, M. Lafon, K. S. Anderson, J. R. Davies, 
M. Hohenberger, T. C. Sangster, W. Seka, A. A. Solodov, 
C. Stoeckl, B. Yaakobi, R. Betti, A. Casner, C. Reverdin, 
X. Ribeyre, and A. Vallet, “Demonstration of 200-Mbar Abla-
tion Pressure for Shock Ignition.”



Publications and conference Presentations

FY14 Annual Report330

H. Wen, A. V. Maximov, R. Yan, C. Ren, J. F. Myatt, and W. B. 
Mori, “Three-Dimensional Modeling of the Two-Plasmon–
Decay Instability and Stimulated Raman Scattering Near the 
Quarter-Critical Density in Plasmas.”

J. Zhang, J. F. Myatt, R. W. Short, A. V. Maximov, H. X. Vu, 
D. A. Russell, and D. F. DuBois, “Two-Plasmon Decay Driven 
by Multiple Incoherent Laser Beams.”

D. R. Harding, H. Goodrich, A. Caveglia, and M. Anthamatten, 
“Properties and Fracture Behavior of Nanoliter Size Volumes 
of Acrylate Adhesives at Cryogenic Temperatures,” 2013 
Materials Research Society Fall Meeting, Boston, MA, 
1–6 December 2013.

The following presentations were made at the Fusion 
Power Associates 34th Annual Meeting, Washington, DC, 
11 December 2013:

R. Betti and D. D. Meyerhofer, “Near-Term Issues for Inertial 
Confinement Fusion.”

R. L. McCrory, “Perspectives on Inertial Fusion Energy.”

A. V. Okishev, “Abnormal Beam-Profile Behavior in a Nd:YAG 
Ceramic Regenerative Amplifier,” Photonics West, San Fran-
cisco, CA, 1–6 February 2014.

D. H. Barnak, G. Fiksel, H. Chen, P.-Y. Chang, and D. D. 
Meyerhofer, “Positron Focusing Using Externally Applied 
Axially Symmetric Magnetic Fields,” NIF and JLF User Group 
Meeting, Livermore, CA, 9–12 February 2014.

T. Jacobs, M. Mayton, Z. Hobbs, and S. D. Jacobs, “Process 
Improvements and Future Work for Flint Creek Resources’ 
Cerium Oxide Reclamation Project,” The Institute of Optics 
Industrial Associates Meeting, Rochester, NY, 3 March 2014.

C. Stoeckl, R. Epstein, G. Fiksel, D. Guy, V. N. Goncharov, 
D. W. Jacobs-Perkins, R. K. Junquist, C. Mileham, P. M. 
Nilson, T. C. Sangster, M. J. Shoup III, and W. Theobald, 
“Soft X-Ray Backlighting of Cryogenic Implosions Using a 
Narrowband Crystal Imaging System,” COST LMJ Meeting, 
Bordeaux, France, 5–7 March 2014.

T. Jacobs, M. Mayton, Z. Hobbs, and S. D. Jacobs, “Cerium 
Oxide Polishing Slurry Reclamation: Process Improvements 
at Flint Creek Resources and Sydor Optics,” CEIS 14th 
Annual University Technology Showcase, Rochester, NY, 
10 April 2014.

W. T. Shmayda, M. D. Wittman, J. Reid, N. Redden, R. Early, 
J. Magoon, K. Heung, S. Xiao, T. Sessions, and S. Redd, “Initial 
Operation of the nTCAP Using H2 and D2,” Tritium Focus 
Group, Aiken, SC, 22–24 April 2014.

The following presentations were made at the Sixth Omega 
Laser Facility Users Group Workshop, Rochester, NY,  
23–25 April 2014:

W. J. Armstrong, J. Puth, and R. Rombaut, “Target Diagnostic 
Timing Manager (TDTM).”

A. Bose, K. Woo, R. Nora, and R. Betti, “Hydrodynamic Scaling 
of the Deceleration Phase from OMEGA to NIF Implosions.”

A. Christopherson, R. Betti, R. Epstein, F. J. Marshall, R. Nora, 
P. B. Radha, C. Stoeckl, J. A. Delettrez, and C. J. Forrest, “Com-
prehensive Analysis of a High Adiabat Implosion on OMEGA.”

V. N. Goncharov, T. C. Sangster, R. Betti, T. R. Boehly, T. J. B. 
Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding, S. X. 
Hu, I. V. Igumenshchev, R. Janezic, J. H. Kelly, T. J. Kessler, 
T. Z. Kosc, S. J. Loucks, J. A. Marozas, F. J. Marshall, A. V. 
Maximov, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, 
D. T. Michel, J. F. Myatt, R. Nora, P. B. Radha, S. P. Regan, 
W. Seka, W. T. Shmayda, R. W. Short, A. Shvydky, S. Skupsky, 
C Sorce, C. Stoeckl, B. Yaakobi, J. A. Frenje, M. Gatu Johnson, 
R. D. Petrasso, and D. T. Casey, “Demonstrating Ignition 
Hydrodynamic Equivalence in Cryogenic DT Implosions 
on OMEGA.”
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S. Goodman, W. T. Shmayda, and N. Redden, “Evaluation of 
a Compact Cryotrap.”

M. C. Gregor, R. Boni, A. Sorce, C. A. McCoy, M. Millot, J. H. 
Eggert, P. M. Celliers, T. R. Boehly, and D. D. Meyerhofer, 
“The Absolute Calibration of the Streaked Optical Pyrometer 
at the Omega Laser Facility.”

D. Haberberger, R. Boni, M. Barczys, J. Brown, R. Huff, 
S.  X. Hu, S. Ivancic, R. G. Roides, M. Bedzyk, R. S. 
Craxton, F. Ehrne, C. Stoeckl, E. Hill, R. K. Jungquist, 
J. Magoon, D. Mastrosimone, J. Puth, W. Seka, M. J. Shoup III, 
W. Theobald, D. Weiner, J. D. Zuegel, D. H. Froula, J. Moody, 
D. Turnbull, B. Pollock, S. Ross, and A. Harvey-Thompson, 
“Optical Probing Measurements on OMEGA EP.”

R. A. Hamilton, W. T. Shmayda, and N. Redden, “X-Ray Emis-
sion from DT-Filled Targets.”

E. Hill, G. Balonek, R. Cuffney, J. H. Kelly, and T. Z. Kosc, 
“OMEGA SSD Arbitrary Waveform Generation Installation 
and Activation.”

E. Hwang, R. Boni, and W. R. Donaldson, “Testing of the 
OMEGA Beam-Timing System.”

R. W. Kidder and C. Kingsley, “LLE Resources are Established 
to Provide Access to Information for External Users.”

Y. Kong, R. S. Craxton, P. W. McKenty, and C.-K. Li, “Beam-
Pointing Optimization for Proton Backlighting at the National 
Ignition Facility.”

B. E. Kruschwitz, A. Kalb, J. Kwiatkowski, and T. Nguyen, 
“Co-Propagation of Short-Pulse Beams on OMEGA EP.”

J. Kwiatkowski, E. Hill, B. Ehrich, M. Heimbueger, and F. J. 
Marshall, “OMEGA EP Pointing, Focusing, and Timing.”

D. Mastrosimone, G. Fiksel, J. Magoon, A. Agliata, P.-Y. 
Chang, and D. Barnak, “Fielding MIFEDS on OMEGA.”

S. F. B. Morse, “Omega Facility Update: OLUG Recommenda-
tions and Items of General Interest.”

G. Pien, W. J. Armstrong, and M. Labuzeta, “Diagnostic 
Effectiveness and Availability at the Omega Laser Facility.”

C. Sorce, A. Sorce, J. Katz, R. E. Bahr, and P. M. Nilson, 
“Omega Laser Facility Diagnostic Highlights.”

M. D. Wittman, N. Redden, J. Reid, and W. T. Shmayda, “Initial 
Operation of the Isotope Separation System Using Protium 
and Deuterium.”

The following presentations were made at the Cryo Workshop, 
Rochester, NY, 29–30 April 2014:

D. H. Froula, A. K. Davis, D. H. Edgell, G. Fiksel, R. K. 
Follett, V. N. Goncharov, R. J. Henchen, H. Hu, S. X. Hu, 
I. V. Igumenshchev, T. J. Kessler, D. D. Meyerhofer, D. T. 
Michel, J. F. Myatt, P. B. Radha, T. C. Sangster, C. Stoeckl, 
and B. Yaakobi, “Mitigation of Cross-Beam Energy Transfer 
in Direct-Drive Implosions on OMEGA.” 

V. N. Goncharov, T. C. Sangster, R. Betti, T. R. Boehly, T. J. B. 
Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding, S. X. 
Hu, I. V. Igumenshchev, R. Janezic, J. H. Kelly, T. J. Kessler, 
T. Z. Kosc, S. J. Loucks, J. A. Marozas, F. J. Marshall, A. V. 
Maximov, R. L. McCrory, P. W. McKenty, D. D. Meyerhofer, 
D. T. Michel, J. F. Myatt, R. Nora, P. B. Radha, S. P. Regan, 
W. Seka, W. T. Shmayda, R. W. Short, A. Shvydky, S. Skupsky, 
C. Sorce, C. Stoeckl, B. Yaakobi, J. A. Frenje, M. Gatu Johnson, 
R. D. Petrasso, and D. T. Casey, “Demonstrating Ignition 
Hydrodynamic Equivalence in Cryogenic DT Implosions 
on OMEGA.”

R. L. McCrory, “Direct-Drive Cryogenic Implosion Workshop: 
Goals and Charge.”

P. W. McKenty, “Hydrodynamic Modeling in 2-D and 3-D: 
Plans and Challenges.”

J. F. Myatt, D. F. DuBois, H. X. Vu, and D. A. Russell, “Hot-
Electron Production and Preheat at the Omega Laser Facility.”

T. C. Sangster, V. N. Goncharov, R. Betti, T. R. Boehly, T. J. B. 
Collins, R. S. Craxton, J. A. Delettrez, D. H. Edgell, R. Epstein, 
C. J. Forrest, D. H. Froula, V. Yu. Glebov, D. R. Harding, 
M. Hohenberger, S. X. Hu, I. V. Igumenshchev, R. T. Janezic, 
J. H. Kelly, T. J. Kessler, J. P. Knauer, T. Z. Kosc, S. J. Loucks, 
J. A. Marozas, F. J. Marshall, A. V. Maximov, R. L. McCrory, 
P. W. McKenty, D. D. Meyerhofer, D. T. Michel, J. F. Myatt, 
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P. B. Radha, S. P. Regan, W. Seka, W. T. Shmayda, R. W. Short, 
A. Shvydky, S. Skupsky, C. Sorce, C. Stoeckl, B. Yaakobi, 
J. A. Frenje, M. Gatu Johnson, R. D. Petrasso, A. Nikroo, and 
M. Farrell, “Overview of Cryogenic Target Experiments.”

J. B. Oliver, T. J. Kessler, B. Charles, and C. Smith, “Fabrica-
tion of a Continuous-Enfolded Grating by Ion-Beam–Sputter 
Deposition,” SVC Techcon 2014, Chicago, IL, 3–8 May 2014.

R. Betti, “Status and Prospects for High-Energy-Density Sci-
ence on High-Power Lasers in the U.S.,” International Sympo-
sium on Status and Prospects of High Energy Density Science 
by Giant Lasers, Tokyo, Japan, 1–4 June 2014.

The following presentations were made at the 20th High-
Temperature Plasma Diagnostics, Atlanta, GA, 1–5 June 2014:

P.-Y. Chang, A. Agliata, D. H. Barnak, R. Betti, G. Fiksel, 
D. Hassett, D. J. Lonobile, J. Magoon, M. J. Shoup III, and C. S. 
Taylor, “Magnetized High-Energy-Density-Physics Platform 
on OMEGA.”

A. Davies, R. Boni, S. Ivancic, R. Brown, D. H. Froula, 
D. Haberberger, J. D. Moody, B. Pollock, S. Ross, and 
D. Turnbill, “Polarimetry Diagnostic on OMEGA EP Using a 
10-ps, 263-nm Probe Beam.”

A. K. Davis, D. T. Michel, S. X. Hu, R. S. Craxton, R. Epstein, 
V. N. Goncharov, I. V. Igumenshchev, T. C. Sangster, and D. H. 
Froula, “Mass Ablation Rate Measurements in Direct-Drive 
Cryogenic Implosions Using X-Ray Self-Emission Images.”

V. Yu. Glebov, C. J. Forrest, K. L. Marshall, M. Romanofsky, 
T. C. Sangster, M. J. Shoup III, and C. Stoeckl, “A New Neutron 
Time-of-Flight Detector for Fuel Areal-Density Measurements 
on OMEGA.”

M. C. Gregor, R. Boni, A. Sorce, C. A. McCoy, T. R. Boehly, 
D. D. Meyerhofer, M. Millot, J. H. Eggert, and P. M. Celliers, 
“The Absolute Calibration of the OMEGA Streaked Optical 
Pyrometer at the Omega Laser Facility.”

M. Hohenberger, F. Alber t, N. E. Palmer, J. J. Lee, 
T. DÖppner, L. Divol, E. L. Dewald, B. Bachmann, A. G. 
MacPhee, G. LaCaille, D. K. Bradley, and C. Stoeckl, “Time-
Resolved Measurements of the Hot-Electron Population in 
Ignition-Scale Experiments on the National Ignition Facil-
ity” (invited).

F. J. Marshall and P. B. Radha, “Masked Backlighter Technique 
Used to Simultaneously Image X-Ray Absorption and X-Ray 
Emission from an ICF Plasma.”

C. Stoeckl, M. Bedzyk, G. Brent, R. Epstein, G. Fiksel, D. Guy, 
V. N. Goncharov, S. X. Hu, S. Ingraham, D. W. Jacobs-Perkins, 
R. K. Jungquist, F. J. Marshall, C. Mileham, P. M. Nilson, 
T. C. Sangster, M. J. Shoup III, and W. Theobald, “Soft X-Ray 
Backlighting of Cryogenic Implosions Using a Narrowband 
Crystal Imaging System” (invited).

S. X. Hu, “Attosecond Control of Photoabsorption Through 
Manipulating the Electron–Electron Correlation,” 45th Annual 
DAMOP Meeting, Madison, WI, 2–6 June 2014.

The following presentations were made at CLEO 2014, 
San Jose, CA, 8–13 June 2014:

S.-W. Bahk, J. Bromage, and J. D. Zuegel, “A Linear Phase-
Conjugation Imaging (LPCI) System.” 

J. Bromage and C. Dorrer, “Pump-to-Signal Spatial Modula-
tion Transfer in Noncollinear Optical Parametric Amplifiers.”

J. Bromage, R. G. Roides, S.-W. Bahk, C. Mileham, L. E. 
McIntire, C. Dorrer, and J. D. Zuegel, “A White-Light–Seeded 
Front End for Ultra-Intense Optical Parametric Chirped-
Pulse Amplification.”

C. Dorrer, “Spectral and Temporal Properties of Optical Sig-
nals with Multiple Sinusoidal Phase Modulations.”

C. Dorrer, R. G. Roides, J. Bromage, and J. D. Zuegel, “Self-
Phase Modulation Compensation in a Regenerative Amplifier 
Using Cascaded Second-Order Nonlinearities.”
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J. D. Zuegel, J. Bromage, S.-W. Bahk, I. A. Begishev, 
J. Bunkenburg, T. Conley, C. Dorrer, D. H. Froula, H. Huang, 
R. K. Jungquist, C. Kellogg, T. J. Kessler, E. Kowaluk, 
M. Millecchia, S. F. B. Morse, A. V. Okishev, J. B. Oliver, 
T. Petersen, and J. Qiao, “Status of High-Energy OPCPA at 
LLE and Future Prospects” (invited).

The following presentations were made at the 44th Annual Anom-
alous Absorption Conference, Estes Park, CO, 8–13 June 2014.

K. S. Anderson, P. W. McKenty, T. J. B. Collins, J. A. Marozas, 
M. Lafon, and R. Betti, “An Implosion-Velocity Survey for 
Shock Ignition at the National Ignition Facility.” 

D. H. Edgell, V. N. Goncharov, I. V. Igumenshchev, D. T. Michel, 
J. F. Myatt, and D. H. Froula, “Two-Plasmon–Decay Scaling 
for Improved-Performance Cryogenic Implosion Strategies.”

R. K. Follett, D. H. Edgell, R. J. Henchen, S. X. Hu, D. T. 
Michel, J. F. Myatt, H. Wen, and D. H. Froula, “Observation 
of Two-Plasmon–Decay Common Plasma Waves Using Ultra-
violet Thomson Scattering.”

D. H. Froula, T. J. Kessler, G. Fiksel, I. V. Igumenshchev, V. N. 
Goncharov, H. Huang, S. X. Hu, J. H. Kelly, D. T. Michel, and 
A. Shvydky, “Mitigation of Cross-Beam Energy Transfer in 
Direct-Drive Implosions on OMEGA.”

J. A. Marozas, T. J. B. Collins, J. D. Zuegel, P. B. Radha, F. J. 
Marshall, and W. Seka, “Cross-Beam Energy Transfer Mitiga-
tion Strategy for NIF Polar Drive.”

J. F. Myatt, J. Shaw, J. Zhang, A. V. Maximov, R. W. Short, 
W. Seka, D. H. Edgell, D. H. Froula, D. F. DuBois, D. A. 
Russell, and H. X. Vu, “A Numerical Investigation of Two-
Plasmon–Decay Localization in 60-Beam Spherical Implosion 
Experiments on OMEGA.”

S. P. Regan, R. Epstein, B. A. Hammel, L. J. Suter, H. A. Scott, 
M. A. Barrios, D. K. Bradley, D. A. Callahan, C. Cerjan, G. W. 
Collins, T. Dittrich, S. N. Dixit, T. Doeppner, M. J. Edwards, 
K. B. Fournier, S. Glenn, S. H. Glenzer, I. E. Golovkin, S. W. 
Haan, A. Hamza, D. Hinkel, H. Huang, O. A. Hurricane, C. A. 
Iglesias, N. Izumi, J. Jaquez, O. S. Jones, J. D. Kilkenny, J. L. 

Kline, G. A. Kyrala, O. L. Landen, T. Ma, J. J. MacFarlane, 
A. J. Mackinnon, R. C. Mancini, R. L. McCrory, N. B. Meezan, 
D. D. Meyerhofer, A. Nikroo, A. Pak, H. S. Park, P. K. Patel, 
J. Ralph, B. A. Remington, T. C. Sangster, V. A. Smalyuk, P. T. 
Springer, R. P. J. Town, and B. G. Wilson, “X-Ray Spectroscopy 
of Implosions at the National Ignition Facility” (invited).

W. Seka, J. F. Myatt, J. Zhang, R. W. Short, J. A. Delettrez, 
D. H. Froula, D. T. Michel, A. V. Maximov, V. N. Goncharov, 
and I. V. Igumenshchev, “Multibeam Interaction Processes 
Relevant to Direct-Drive Inertial Confinement Fusion.”

R. W. Short, J. F. Myatt, J. Zhang, and W. Seka, “Absolute 
and Convective Two-Plasmon Decay Driven by Multiple 
Laser Beams.”

A. A. Solodov, W. Theobald, K. S. Anderson, A. Shvydky, 
R. Epstein, P. M. Nilson, R. Betti, J. F. Myatt, C. Stoeckl, L. C. 
Jarrott, C. McGuffey, B. Qiao, F. N. Beg, M. S. Wei, and R. B. 
Stephens, “Simulations of Integrated Fast-Ignition Experiments 
on OMEGA.”

W. Theobald, R. Nora, M. Lafon, K. S. Anderson, A. Casner, 
M. Hohenberger, F. J. Marshall, D. T. Michel, C. Reverdin, 
X. Ribeyre, T. C. Sangster, W. Seka, A. A. Solodov, C. Stoeckl, 
A. Vallet, J. Peebles, M. S. Wei, B. Yaakobi, and R. Betti, 
“Strong-Shock Generation and Laser–Plasma Interactions for 
Shock-Ignition Inertial Fusion” (invited).

R. Yan, J. Li, and C. Ren, “Intermittent Laser–Plasma Interac-
tions and Hot-Electron Generation in Shock Ignition.”

The following presentations were made at Research at High 
Pressure, Biddeford, ME, 22–27 June 2014:

M. C. Gregor, C. A. McCoy, T. R. Boehly, D. E. Fratanduono, and 
P. M. Celliers, “The Release Behavior of High-Density Carbon.” 

C. A. McCoy, M. C. Gregor, T. R. Boehly, D. E. Fratanduono, 
and P. M. Celliers, “Sound-Speed Measurements with Non-
Steady Wave Correction.”
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D. T. Michel, R. S. Craxton, A. K. Davis, R. Epstein, V. Yu. 
Glebov, V. N. Goncharov, S. X. Hu, I. V. Igumenshchev, D. D. 
Meyerhofer, P. B. Radha, T. C. Sangster, W. Seka, C. Stoeckl, 
and D. H. Froula, “Implosion Dynamics in Direct-Drive 
Experiments,” 41st EPS Conference on Plasma Physics, Berlin, 
Germany, 23–27 June 2014 (invited).

K. S. Anderson, “A Conceptual Summary of Basic Mathemat-
ics in Laser Fusion,” Toyota-RIT Applied Math Initiative, 
Rochester, NY, 30 June–3 July 2014.

D. H. Froula, J. F. Myatt, A. Shvydky, S. H. Glenzer, L. Divol, 
O. L. Landen, O. S. Jones, C. H. Still, S. Langer, A. J. Mackinnon, 
J. S. Ross, B. B. Pollock, M. J. Edwards, R. P. J. Town, L. J. Suter, 
G. R. Tynan, and G. Gregori, “Effects of Thermal Transport and 
Laser-Beam Smoothing on Beam Propagation Through Long-
Scale-Length Plasmas,” Fundamental Science with Pulsed Power 
Workshop, Albuquerque, NM, 20–23 July 2014.

The following presentations were made at Turbulent Mixing 
and Beyond, Trieste, Italy, 4–9 August 2014:

I. V. Igumenshchev, L. Gao, and P. M. Nilson, “Self-Generated 
Magnetic Fields in Rayleigh–Taylor Unstable Laser-Pro-
duced Plasma.”

S. P. Regan, R. Epstein, R. L. McCrory, D. D. Meyerhofer, T. C. 
Sangster, B. A. Hammel, L. J. Suter, H. A. Scott, M. A. Barrios, 
D. K. Bradley, D. A. Callahan, C. Cerjan, G. W. Collins, 
T. Dittrich, S. N. Dixit, T. Doeppner, M. J. Edwards, K. B. 
Fournier, S. Glenn, S. W. Haan, A. Hamza, D. E. Hinkel, O. A. 
Hurricane, C. A. Iglesias, N. Izumi, O. S. Jones, O. L. Landen, 
T. Ma, A. J. Mackinnon, N. B. Meezan, A. Pak, H.-S. Park, P. K. 
Patel, J. Ralph, B. A. Remington, V. A. Smalyuk, P. T. Springer, 
R. P. J. Town, B. G. Wilson, S. H. Glenzer, I. E. Golovkin, J. J. 
MacFarlane, H. Huang, J. Jaquez, J. D. Kilkenny, A. Nikroo, 
J. L. Kline, G. A. Kyrala, and R. C. Mancini, “Diagnosing Hot-
Spot Mix with X-Ray Spetroscopy.”

The following presentations were made at Optics and Pho-
tonics, San Diego, CA, 17-21 August 2014:

K. L. Marshall, O. Didovets, and D. Saulnier, “Contact-Angle 
Measurements as a Means of Probing the Surface Alignment 
Characteristics of Liquid Crystal Materials on Photoalign-
ment Layers.”

S. P. Regan, M. Bedzyk, M. J. Shoup III, R. K. Jungquist, 
C.  Abbott, A. Agliata, F. J. Marshall, R. A. Hamilton, 
B. Yaakobi, C. Sorce, R. E. Bahr, N. Whiting, E. Kowaluk, 
J. M. Schoen, W. Byrne, P. Mittermeyer, A. L. Rigatti, 
J. Hettrick, K. L. Marshall, T. Lewis, T. Clark, S. Lombardo, 
R. Callari, R. Fellows, S. Gross, C. DeBottis, S. Ross, G. Pien, 
J. DeWandel, T. C. Sangster, D. D. Meyerhofer, R. Epstein, 
J. Magoon, B. Staerker, J. Rodas, J. Church, M. Callahan, 
J. Kendrick, H. Beck, M. Schleigh, B. Ruth, T. Davlin, 
D. Neyland, D. Walker, S. Dent, C. Lucas, M. Rowland, 
S. Stagnitto, D. Mastrosimone, W. J. Armstrong, M. Labuzeta, 
T. Klingenberger, C. Kingsley, M. J. Bonino, J. Fooks, D. R. 
Harding, S. F. B. Morse, R. L. McCrory, K. B. Fournier, M. A. 
Barrios, H. Chen, F. Perez, S. Ayers, N. Izumi, A. G. MacPhee, 
P. Bell, J. D. Kilkenny, D. K. Bradley, J. Emig, B. Ehrlich, D. H. 
Kalantar, R. Wood, C. Bailey, G. E. Kemp, J. Pino, D. Larson, 
J. Celeste, B. W. Hatch, J. Jaquez, M. Farrell, A. Nikroo, 
C. Shipbaugh, S. C. Wilks, and A. Dalton, “Streaked X-Ray 
Spectrometer for the National Ignition Facility.”

C. M. Sorce, R. Boni, S. Ingraham, C. Mileham, A. Sorce, 
and P. Jaanimagi, “Streak Camera Usage at the Laboratory for 
Laser Energetics: Past, Present, and Future,” Streak Camera 
Workshop, Albuquerque, NM, 26–27 August 2014.

The following presentations were made at Laser Damage 
2014, Boulder, CO, 14-17 September 2014:

K. Mikami, S. Papernov, S. Motokoshi, S. D. Jacobs, and 
T. Jitsuno, “Detection of the Laser-Damage Onset in Optical 
Coatings by the Photothermal-Deflection Method.”
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J. B. Oliver, J. Bromage, C. Smith, and D. Sadowski, “Large-
Aperture Plasma-Ion–Assisted Coatings for Femtosecond-
Pulsed Laser Systems” (invited).

J. B. Oliver, T. J. Kessler, S. Papernov, C. Smith, B. Taylor, 
V. Gruschow, J. Hettrick, and B. Charles, “Electron-Beam–
Deposited Distributed-Polarization Rotator for High-Power 
Laser Applications.”

S. Papernov, A. A. Kozlov, and J. B. Oliver, “Interface Absorp-
tion Versus Film Absorption in SiOHfO2 2  Thin-Film Pairs 
in the Near-Ultraviolet and Relation to Pulsed-Laser Damage.”

A. A. Solodov, W. Theobald, K. S. Anderson, A. Shvydky, 
C. Stoeckl, R. Epstein, G. Fiksel, V. Yu. Glebov, S. Ivancic, 
F. J. Marshall, G. McKiernan, C. Mileham, P. M. Nilson, 
T. C. Sangster, L. C. Jarrott, C. McGuffey, B. Qiao, F. N. Beg, 
E. Giraldez, R. B. Stephens, M. S. Wei, H. Habara, K. Tanaka, 
H. McLean, H. Sawada, and J. Santos, “Hydrodynamics of 
Cone-in-Shell Implosions on OMEGA,” 13th International 
Fast Ignition Workshop, Oxford, UK, 14-18 September 2014.




	LLE 2014 Annual Report Cover
	About the Cover
	Table of Contents
	Executive Summary
	Theory of Hydro-Equivalent Ignition for Inertial Fusion and Its Applications to OMEGA and the National Ignition Facility
	Improving Hot-Spot Pressure and Demonstrating Ignition Hydrodynamic Equivalence in Cryogenic Deuterium–Tritium Implosions on OMEGA
	Measurements of Electron Density Profiles Using an Angular Filter Refractometer
	Multibeam Laser–Plasma Interactions in Inertial Confinement Fusion
	First-Principles Thermal Conductivity of Deuterium for Inertial Confinement Fusion Applications
	Self-Phase Modulation Compensation in a Regenerative Amplifier Using Cascaded Second-Order Nonlinearities
	Method to Measure Young’s Modulus and Damping of Fibers at Cryogenic Temperatures
	Self-Generated Magnetic Fields in Direct-Drive–Implosion Experiments
	Absolute Calibration of the OMEGA Streaked Optical Pyrometer for Laser-Driven Shock Waves
	Multibeam Two-Plasmon Decay in Three Dimensions: Thresholds and Saturation
	Near-Ultraviolet Absorption Annealing in HfO2 Thin Films Subjected to Continuous-Wave Laser Irradiation
	Static and Optical Properties of Warm Dense Polystyrene Along the Principal Hugoniot
	Fabrication of a Continuous-Enfolded Grating by Ion-Beam-Sputter Deposition
	Magnetic Reconnection Between Colliding Magnetized, Laser-Produced Plasma Plumes
	Implosion Dynamics in Direct-Drive Experiments
	X-Ray Continuum as a Measure of Pressure and Fuel–Shell Mix in Compressed Isobaric Hydrogen Implosion Cores
	Soft X-Ray Backlighting of Cryogenic Implosions Using a Narrowband Crystal Imaging System
	Time-Resolved Compression of a Spherical Shell with a Re-Entrant Cone to High Areal Density for Fast-Ignition Laser Fusion
	Precompensation of Gain Nonuniformity in a Nd:Glass Amplifier Using a Programmable Beam-Shaping System
	A New Neutron Time-of-Flight Detector for Fuel-Areal-Density Measurements on OMEGA
	Gigabar Spherical Shock Generation on the OMEGA Laser
	Direct-Drive–Ignition Designs with Mid-Z Ablators
	Channeling Multikilojoule High-Intensity Laser Beams in an Inhomogeneous Plasma
	Dependence of Tritium Release on Temperature and Water Vapor from Stainless Steel
	The Sixth Omega Laser Facility Users Group Workshop
	LLE’s Summer High School Research Program
	FY14 Laser Facility Report
	National Laser Users’ Facility and External Users’ Programs
	Publications and Conference Presentations



