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In Brief
This volume of the LLE Review, covering October–December 2007, features “High-Intensity Laser–
Plasma Interactions in the Refluxing Limit,” by P. M. Nilson, W. Theobald, J. Myatt, C. Stoeckl, M. Storm,
O. V. Gotchev, J. D. Zuegel, R. Betti, D. D. Meyerhofer, and T. C. Sangster. In this article (p. 1), the
authors report on target experiments using the Multi-Terawatt (MTW) Laser Facility to study isochoric
heating of solid-density targets by fast electrons produced from intense, short-pulse laser irradiation.
Electron refluxing occurs due to target-sheath field effects and contains most of the fast electrons within
the target volume. This efficiently heats the solid-density plasma through collisions. X-ray spectroscopic
measurements of absolute Ka (x-radiation) photon yields and variations of the K b Ka emission ratio both
indicate that laser energy couples to fast electrons with a conversion efficiency of approximately 20%.
Bulk electron temperatures of at least 200 eV are inferred for the smallest mass targets.
Additional highlights of recent research presented in this issue include the following:
• M. Storm, I. A. Begishev, R. J. Brown, D. D. Meyerhofer, C. Mileham, J. F. Myatt, P. M. Nilson, T. C.
Sangster, C. Stoeckl, W. Theobald, and J. D. Zuegel, along with C. Guo (The Institute of Optics) present
the design of a high-resolution optical transition-radiation diagnostic for fast-electron-transport studies using the MTW Laser Facility. Coherent transition radiation is generated as relativistic electrons,
generated in high-intensity laser–plasma interactions, exit the target’s rear surface and move into
vacuum. High-resolution images of the rear-surface optical emission from high-intensity (I ~ 1019 W/
cm2) laser-illuminated metal foils have been recorded using a transition radiation diagnostic (TRD).
The detector is a scientific-grade charge-coupled-device (CCD) camera that operates with a signalto-noise ratio of 103 and has a dynamic range of 104. The TRD has demonstrated a spatial resolution
of 1.4 n m over a 1-mm field of view, limited only by the CCD pixel size.
• V. N. Goncharov, T. C. Sangster, P. B. Radha, T. R. Boehly, T. J. B. Collins, R. S. Craxton, J. A.
Delettrez, R. Epstein, V. Yu. Glebov, S. X. Hu, I. V. Igumenshchev, S. J. Loucks, J. A. Marozas, F. J.
Marshall, J. P. Knauer, P. W. McKenty, S. P. Regan, W. Seka, S. Skupsky, V. A. Smalyuk, J. M. Soures,
C. Stoeckl, R. Betti, R. L. McCrory, and D. D. Meyerhofer, along with D. Shvarts (Nuclear Research
Center Negev), J. A. Frenje, R. D. Petrasso, C. K. Li, and F. H. Séguin (Plasma Science Fusion Center,
MIT), W. Manheimer (RSI), and D. G. Colombant (Naval Research Laboratory) describe the performance of direct-drive cryogenic target implosions on OMEGA. The success of direct-drive-ignition
target designs depends on two issues: the ability to maintain the main fuel adiabat at a low level and
the control of the nonuniformity growth during the implosion. A series of experiments was performed
to study the physics of low-adiabat, high-compression cryogenic-fuel assembly. High-areal-density
(with tR > 200 mg/cm2) cryogenic-fuel assembly has been achieved on OMEGA in designs where the
shock timing was optimized using the nonlocal treatment of the heat conduction and the suprathermalelectron preheat generated by two-plasmon-decay instability was mitigated.
• W. Theobald, R. Betti, C. Stoeckl, K. S. Anderson, J. A. Delettrez, V. Yu. Glebov, V. N. Goncharov,
F. J. Marshall, D. N. Maywar, R. L. McCrory, D. D. Meyerhofer, P. B. Radha, T. C. Sangster, W. Seka,
V. A. Smalyuk, A. A. Solodov, B. Yaakobi, and C. D. Zhou, along with D. Shvarts (Nuclear Research
Center Negev), J. A. Frenje, C. K. Li, F. H. Séguin, and R. D. Petrasso (Plasma Science Fusion Center,
MIT), and L. J. Perkins (LLNL) present the results from initial experiments on the shock-ignition
inertial confinement fusion concept. Shock ignition is a two-step inertial confinement fusion concept
iii

where a strong shock wave is launched at the end of the laser pulse to ignite the compressed core of
a low-velocity implosion. Initial shock-ignition technique experiments used 40-n m-thick, 0.9-mmdiam, warm surrogate plastic shells filled with deuterium gas. These experiments showed a significant
improvement in the performance of low-adiabat, low-velocity implosions compared to conventional
“hot-spot” implosions. High areal densities with average values exceeding ~200 mg/cm2 and peak
areal densities above 300 mg/cm2 were measured, which is in good agreement with one-dimensional
hydrodynamical simulation predictions. Shock-ignition technique implosions with cryogenic deuterium
and deuterium–tritium ice shells also produced areal densities close to the 1-D prediction and achieved
up to 12% of the predicted 1-D fusion yield.
• W. Seka, D. H. Edgell, J. P. Knauer, J. F. Myatt, A. V. Maximov, R. W. Short, T. C. Sangster, C. Stoeckl,
R. E. Bahr, R. S. Craxton, J. A. Delettrez, V. N. Goncharov, and I. V. Igumenshchev, along with
D. Shvarts (Nuclear Research Center Negev) report investigations on time-resolved absorption in cryogenic and room-temperature, direct-drive implosions on OMEGA. Time-dependent and time-integrated
absorption fractions are inferred from scattered-light measurements that agree reasonably well with
hydrodynamic simulations that include nonlocal electron-heat transport. Discrepancies in the timeresolved scattered-light spectra between simulations and experiments remain for complex laser pulse
shapes indicating beam-to-beam energy transfer and commensurate coupling losses. Time-resolved
scattered-light spectra near ~/2 and 3~/2, as well as time-resolved hard x-ray measurements, indicate
the presence of a strongly driven two-plasmon-decay (TPD) instability at high intensities that may
influence the observed laser light absorption. Experiments indicate that energetic electron production
due to the TPD instability can be mitigated with high-Z-doped plastic shells.
• J. R. Rygg, F. H. Séguin, C. K. Li, J. A. Frenje, M. J.-E. Manuel, and R. D. Petrasso (Plasma Science
Fusion Center, MIT), along with R. Betti, J. A. Delettrez, O. V. Gotchev, J. P. Knauer, D. D. Meyerhofer,
F. J. Marshall, C. Stoeckl, and W. Theobald (LLE) report on monoenergetic proton radiography
of field and density distributions in inertial confinement fusion implosions. This unique imaging
technique reveals field structures through deflection of proton trajectories, and areal densities are
quantified through energy lost by protons while traversing the plasma. Two distinctly different types
of electromagnetic-field configurations are observed during implosions and the capsule size and arealdensity temporal evolution are measured. The first field structure consists of many radial filaments
with complex striations and bifurcations that permeate the entire field of view with 60-T magneticfield magnitudes, while another coherent, centrally directed electric field of the order of 109 V/m is
seen near the capsule surface. Although the mechanisms for generating these fields are not yet fully
understood, their effect on implosion dynamics is expected to be consequential.
Jonathan D. Zuegel
Editor
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Introduction
Studies of energy transfer from high-intensity laser pulses
into solid-density targets address basic issues in laser–plasma
interactions, including electron acceleration, ion acceleration,
and secondary radiation generation.1–5 At laser irradiances
Im2 > 1018 (W/cm2)n m2, where I is the laser intensity and m is
the laser wavelength, electrons are accelerated to relativistic
energies and can be used to create unique states of matter.
These studies are motivated by a variety of applications in
high-energy-density science,6 including bright backlighter
source development7 and advanced inertial confinement fusion
schemes such as fast ignition.8,9

Refluxing in small-mass targets provides a simple geometry for testing laser coupling, fast-electron generation, and
plasma-heating models. For example, K-shell spectroscopy
using buried fluors, a widely used technique for diagnosing
fast-electron transport in massive solid targets,18,21–23,33,36–38
is not necessary here. The target is so small that by choosing
an appropriate mid-Z material (to simplify the ion de-excitation
cascades and reabsorption of fluorescent x rays21,37,39), the
target is the fluor. This is a unique property of the refluxing
limit and provides insightful simplifications to the modeling
of fast-electron stopping and secondary radiation generation
and transport.28

Many uncertainties exist in the transport and energy
deposition of laser-generated high-current electron beams in
dense plasmas. Their propagation is strongly affected by selfgenerated electromagnetic fields and the ability of the plasma
to draw a return current.10–17 Simple, well-characterized
target geometries can identify the dominant laser–plasma and
energy-deposition phenomena and can be used for detailed code
benchmarking. Of particular interest are methods for isochorically heating solid-density targets to hundreds of eV and many
keV using fast electrons18–24 to infer laser–plasma coupling
and heating as a function of laser intensity, wavelength, pulse
duration, and preplasma scale length.25–33

Theobald et al.27 have shown that the energy in Ka emission, per joule of laser energy, from a small-mass target is
insensitive to the fast-electron spectrum and laser intensity in
the relativistic regime. Myatt et al.28 have published modeling
of these experiments, taking into account the effect of spatial
and temporal gradients, target expansion and heating, and
fast-electron refluxing on the absolute and relative emission
of Ka and Kb fluorescent lines. This is used to infer the laserto-electron energy-conversion efficiency hL"e, accounting for
classical fast-electron stopping and relativistic K-shell ionization cross sections.40

The fast electrons generated during high-intensity laser–
plasma interactions with solid targets of just tens or hundreds
of microns in extent and less than a few microns in thickness
rapidly create a solid-density, high-energy-density plasma.25,26
The electrons typically have energies of up to a few MeV and
ranges of many hundreds of microns—far greater than the
target thickness. The Debye sheath fields that rapidly form at
the target surfaces constrain the majority of fast electrons to
multiple transits through the target. This process is known as
refluxing3,34,35 and is a particularly efficient mechanism for
transferring fast-electron energy into thermal-plasma energy
prior to any significant hydrodynamic disassembly.27–29
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This article describes experiments that demonstrate the
effect of bulk heating on L $ K and M $ K electron transitions in small-mass copper targets. It has previously been
demonstrated using high-resolution Ka spectroscopy that high
bulk-electron temperatures can be achieved (hundreds of eV)
in a refluxing geometry.25,26 In our experiment, variations in
the K b Ka ratio as a function of target volume diagnose the
bulk-electron temperature during the rapid isochoric heating
phase. This allows the laser-to-electron energy-conversion
efficiency h L"e to be inferred by comparing experimental
K b Ka measurements to numerical target-heating calculations, in addition to inferring the conversion efficiency from
the absolute Ka yield.

1

High-Intensity Laser–Plasma Interactions in the Refluxing Limit
This is a robust technique for inferring the deposited fraction of laser energy into the target bulk by fast electrons, which
is required to create the experimentally observed K-photon
yields. In the cold material limit, a laser-to-electron energyconversion efficiency of hL"e = (20!10)% has been inferred.
Laser pulses of 5 J and 1 ps at intensities of I > 1019 W/cm2
are shown to heat smaller-volume targets, culminating in 20 #
20 # 2-n m3 copper targets reaching the highest bulk-electron
temperatures of Te > 200 eV. An average laser-to-electron
energy-conversion efficiency of around 20% has been inferred
over a wide range of target volumes, in good agreement with
cold Ka measurements.

camera operating in the single-photon–counting mode.42 The
spectrometer was located 23° to the target front-surface normal
and incorporated extensive lead shielding and collimation tubes
to optimize the signal to noise and minimize the detection of
hard x-ray photons. It is assumed that K photons are emitted
uniformly over 4r steradians and only weakly attenuated by the
target plasma itself, prior to reaching the spectrometer. Copper
filters of 75- to 150-n m thickness attenuated the K-shell emission, allowing Ka and Kb photons to be transmitted just below
the K edge of the filter. The final K-shell spectrum is calculated
taking into account the solid angle sampled by the detector, the
x-ray CCD quantum efficiency, and the filter transmission.

The following sections (1) describe the experimental setup;
(2) compare Ka -emission measurements to a model of Ka
production from small-mass targets; (3) compare bulk-heating
measurements with numerical target-heating calculations; and
(4) provide a discussion and summary.

Measurements of the Ka Yield
High-intensity laser pulses interact with solid-density
targets in a short-density-scale-length preplasma. The collisionless absorption of laser energy into relativistic electrons
occurs up to the relativistic critical-density surface through v
# B acceleration, resonance absorption, vacuum heating, and
parametric instabilities.24,43–45 Electron transport and heating
away from the focal spot require that the fast-electron current
be opposed by an inductively or electrostatically generated
electric field that draws a return current from the thermal
background. At the target boundaries, escaping fast electrons
rapidly form a Debye sheath that, for sufficiently small targets,
provides a potential that prevents a significant fraction of fast
electrons from escaping. A MeV electron, for example, which
has a range of around 1 mm and a characteristic slowing-down
time of approximately 1 ps at solid density, will make multiple transits across a micron-scale-thickness, solid-density
plasma before stopping. The high-energy electrons essentially
provide their own return current. This reduces the enhanced
stopping due to resistive electric fields associated with cold
return currents that are found in more-massive targets.46,47
In this case, resistive inhibition is not important because the
characteristic electron range in the resistive electric fields is
greater than the foil thickness. A resistive electric field Eres .
2 # 105 kV/cm, which is representative of interaction conditions for copper at a few hundred eV, would stop a 1-MeV
electron in 50 nm, assuming a minimum conductivity v = 1 #
106 (Xm)–1 (Ref. 28). This resistive range is greater than the
target thickness, allowing the electrons to contribute to the
return current over time scales greater than their characteristic
target transit time.

Experimental Setup
The experiments were performed using the Multi-Terawatt
(MTW) Laser System at the Laboratory for Laser Energetics.
MTW is a hybrid laser system, which operates in the conventional chirped-pulse–amplification (CPA) mode and combines
optical parametric amplification (OPA) with Nd-doped laserglass amplification.41 The measured contrast ratio after the
OPCPA stage is around 108 during the 100-ps period prior
to the main laser pulse. Maximum output energies >10 J in a
transform-limited subpicosecond pulse duration provide peak
powers of the order of 10 TW. The energy in the laser pulse,
the pulse duration, and the spatial distribution of the laser
beam on the compressor output are monitored on a shot-to-shot
basis. Typical short-term stability over a period of a few days is
3% rms in energy and 10% rms in the pulse duration.
For the experiments described here, the laser delivered 1- to
5-J, 1-ps pulses and was focused at normal incidence onto
planar-foil targets using an f/2 off-axis parabola. The focalspot full width at half maximum was between 4 to 6 n m and
provided a peak intensity of up to 2 # 1019 W/cm2. The targets
were copper foils that ranged in cross-sectional area and thickness between 20 # 20 # 2 n m3 and 500 # 500 # 50 n m3. Two
types of target mounts were used, depending on the target size:
1- to 2-n m-diam spider-silk threads and 17-n m-diam silicon
carbide stalks.
Measurements of the time-integrated copper Ka (8.05-keV)
and copper Kb (8.91-keV) emission were performed using a
spectrometer based on an x-ray charge-coupled-device (CCD)
2

Ka emission has been used in many experiments to diagnose
fast-electron-energy spectra and electron angular distributions
during high-intensity laser–plasma interactions.18,21,22,33,37
K-photon emission is generated during inelastic collisions
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between fast electrons (with energies exceeding the K-shell
binding energy) and electrons in the K shell. The fast-electron–
induced K-shell vacancy is short lived (<10 –12 s) and decays
through radiative and nonradiative de-excitation. The most
important processes for mid-Z elements such as copper is the
competition between Auger decay and K-shell fluorescence,
which is quantified by the K-shell fluorescence probability.48
Ka and K b emission is thus generated during L $ K and
M $ K electronic transitions.

Normalized Ka energy

The copper K-shell spectrum was investigated as a function
of laser intensity using 500 # 500 # 20-nm3 copper targets to
access the cold-material limit by using relatively large-mass
targets, while keeping them thin enough to maintain the Debye
sheath fields that cause refluxing and minimize opacity effects.
Figure 113.1 shows a series of Ka emission measurements (normalized to the laser energy) using 1-ps-duration laser pulses over
an intensity range of 5 # 1016 W/cm2 < I < 5 # 1020 W/cm2. The
intensity on target is varied by changing the laser-spot size and
laser energy. Data from the MTW laser (solid circles) are shown
and compared to previously published data from the Vulcan PW
laser (open circles).27,28,49
10 –3

hL"e = 30%
hL"e = 20%
hL"e = 10%

10 –4
MTW 1 J, 1 ps
Vulcan PW 500 J, 1 ps
10 –5
1016 1017

E16150JRC

1018

1019

1020 1021

Intensity (W/cm2)

Figure 113.1
Ka energy (normalized to the laser energy) as a function of laser intensity.
Data are shown for 500 # 500 # 20-n m3 copper targets from the MTW laser
(solid circles) and the Vulcan PW laser (open circles).27,28 Predictions from
the Ka -production model are shown (solid lines) for laser-to-electron energyconversion efficiencies hL"e = 10%, 20%, and 30%.

The experimental data in Fig. 113.1 are compared to a model
of Ka production (solid black lines) as described in Ref. 27. The
model accounts for collisional fast-electron energy transfer
only and makes no inference to the spatial homogeneity of
the energy deposition, but simply allows the fast electrons to
slow down. An exponential fast-electron-energy spectrum is
LLE Review, Volume 113

specified using a scaling relationship between the fast-electron
temperature Te and the laser intensity I. The ponderomotive
scaling Te 6MeV@ = 0.511 9`1 + I18 m2nm 1.37j1/2 - 1C is used for
I > 1018 W/cm 2 (Ref. 24), where I18 is the laser intensity
in units of 1018 W/cm 2 and mn m is the laser wavelength in
microns. Such a scaling has been shown to become increasingly less accurate at lower laser intensities and is replaced
1 3
by Te 6MeV@ = 0.05 I18 , for interactions I < 1018 W/cm2. This
phenomenological scaling is extrapolated from existing experimental measurements that are summarized in the review by
Gibbon et al.10
The Ka -production model accounts for two distinct properties afforded by the refluxing process. The fast electrons are
allowed to lose all of their energy inside the target, independent
of their range, described using the classical slowing-down
approximation. Energy is transferred to atomic electrons with
high efficiency (>90%),28 and K-shell vacancies are created
during each transit of the target by electrons with energy above
the copper K-shell binding energy. This is accounted for in the
K-shell ionization cross section, which is modified for relativistic effects.39,40 There is also a correction for reabsorption of
the emitted photons. The Ka transmission of a 20-n m-thick
foil, for example, is 70%, which assumes a uniform fast-electron
density and an attenuation length of L = 25 n m.
The fraction of incident laser energy deposited by fast
electrons in the target, which generates the observed K-photon
emission, is, to a good approximation, the laser-to-electron
energy-conversion efficiency hL"e, with ion acceleration effects
representing a small energy correction. For laser parameters
consistent with the experiments reported here, the measured
conversion efficiencies of laser energy into ion acceleration
(including protons from surface contamination) are in the
range of 0.1% to 2% (Refs. 34, 50–52). The experimentally
inferred laser-to-electron energy-conversion efficiency therefore represents, to within experimental error, a minimum of
the absolute hL"e value.
The refluxing model predicts the Ka yield as a function of
laser intensity for various laser-to-electron energy-conversion
efficiencies hL"e. Figure 113.1 demonstrates good agreement
between the energy emitted by Ka photons (normalized to
the laser energy) and the Ka-production model. A conversion
efficiency of laser energy into fast electrons hL"e = (20!10)%
is inferred for I > 1018 W/cm2. If refluxing were not considered, K-photon production would fall dramatically for I >
1018 W/cm2 because there is insufficient time or material in a
single pass of the plasma to support appreciable fast-electron3
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energy loss or significant K-shell vacancy creation with an
increasing electron range.

effect can be used to provide a self-consistency check on the
total fast-electron-energy content.

The data show that Ka conversion efficiency is a weakly
increasing function of laser intensity above I = 1018 W/cm 2.
This is also a feature of the model, caused by the interplay
between the energy dependence of the K-shell ionization cross
section and the insensitivity of the Ka generation mechanism
to the fast-electron temperature and energy spectrum in the
refluxing regime. The effect is demonstrated in both data sets
using both 1-J and 500-J laser pulses with comparable 1-ps
pulse durations. For I < 1018 W/cm 2, the fast-electron temperature Te reduces and the Ka signal is predicted to decrease
with laser intensity. This is a result of the particular energy
dependence of the fast-electron range and the K-shell ionization cross section. This has been confirmed experimentally
by defocusing the MTW laser and entering the nonrelativistic regime.

The variation of K b Ka as a function of local bulk-electron
temperature is shown in Fig. 113.3, based on the calculation
reported in Ref. 28, which takes into account the LTE ion
population, using the code PrismSPECT.53 Here, K b Ka is
normalized to the expected cold-material value K b Ka = 0.14.
A dramatic reduction in K b Ka is demonstrated for bulkelectron temperatures of up to 400 eV, beyond which there are
negligible numbers of ions with populated M shells and no Kb
emission is possible.

Normalized Kb/Ka

1.00

Influence of Target Heating on K-Shell Line Emission
The bulk-electron temperature that an initially cold target
reaches during refluxing is governed by the target mass and
the energy content of the laser-accelerated electrons. Numerical
target-heating calculations28 predict that volumetric heating to
Te > 100 eV in small-mass (<300 # 300 # 20-n m3) copper targets is sufficient to collisionally ionize and partially deplete the
M shell. Filling of the K-shell vacancy from the M shell will be
suppressed and provides diagnostic access to the bulk-plasma
environment through variations of the K b Ka ratio from that
expected in the cold-material limit, as shown in Fig. 113.2. This

Cold material value

0.75
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0

E16147JRC
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Figure 113.3
K b Ka ratio variation with bulk-electron temperature (normalized to the
cold-material value).

(a) Cold-material limit

(b) Bulk Te >100 eV

N

N

Ionization

M

M

Depleted
population

L

400

L
Ka
(8.05 keV)

K

Ka
( 8.05 keV)

Kb
(8.91 keV)

Kb
( 8.91 keV)

K

E16143JRC

Figure 113.2
Copper-energy levels showing L $ K and M $ K electronic transitions that produce Ka and K b radiative emission. Two examples are given: (a) a solid-density
plasma in the cold-material limit (constant K b Ka) and (b) a solid-density plasma with bulk Te > 100 eV (suppressed K b Ka). The number of emitted photons
during L $ K and M $ K transitions is represented schematically by the relative arrow widths.
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Figure 113.4 shows that the influence of bulk heating on
K-shell emission predicted by the estimate in Fig. 113.3 is indeed
observed experimentally. Examples of copper K-shell spectra
are shown for (a) 500 # 500 # 50-nm3 and (b) 20 # 20 # 3-nm3
copper targets. The spectra were measured from interactions with
5-J, 1-ps laser pulses at an intensity of I = 2 # 1019 W/cm2. The
Ka and Kb peaks are fit to Gaussian line shapes with a FWHM
of 220 eV. M-shell depletion in the 20 # 20 # 3-nm3 target has
significantly reduced the Kb emission in comparison to that
measured from the 500 # 500 # 50-nm3 target.

(a)

80

Ka

60

Kb

40
20
0

Number of pixels

(b)
150

Ka
10–2

Region 3

Region 2

Region 1

100
50
Kb
0
7

E16040JRC

8

9

10

Energy (keV)

Figure 113.4
Example spectra for (a) 500 # 500 # 50-n m3 and (b) 20 # 20 # 3-n m3 copper
targets and 5-J, 1-ps laser pulses at intensities I = 2 # 1019 W/cm 2. The Ka
and K b peaks are shown.

The copper K-shell spectrum was measured as a function of
target volume for a 1-ps pulse duration and constant laser intensity of I = 2 # 1019 W/cm2. This shows the variation of K b Ka
with increasing energy density, achieved by depositing a similar
amount of fast-electron energy within decreasing target plasma
volumes. Figure 113.5 shows variations in the energy emitted by
Ka and Kb photons (normalized to the laser energy) for target
volumes of 5 # 10 –6 mm3 < V < 1 # 10 –1 mm3. Three distinct
regions are highlighted. In region 1 (V > 10 –3 mm3) the ratio
of energy emitted in Ka and Kb is constant, consistent with
the cold-material value. In region 2 (5 # 10 –6 mm3 < V < 1 #
LLE Review, Volume 113

Energy in Ka, Kb/laser energy

Number of pixels

100

10 –3 mm3) the energy emitted in Ka remains approximately constant but Kb emission is increasingly suppressed for decreasing
plasma volumes. This is consistent with M-shell depletion due
to collisional ionization from the thermal background plasma.
Any shifts in the Kb emission as M-shell electrons are being
removed, however, are not resolved by our spectrometer. At
sufficiently high-energy densities, achieved in region 3 (V < 5 #
10 –6 mm3), the energy in both Ka and Kb emission is dramatically suppressed. It is possible that for these very small targets,
expansion during the period of active K-shell emission might
impact the Ka and Kb yields. In all cases, a hot plasma corona
of less than solid density is always present but will contribute
negligibly to the total Ka and Kb signal because the emission
is naturally weighted toward higher densities. Nonetheless, the
total mass of the solid part is, in all cases, considerably larger
than in the preplasma/corona during the time of K-shell emission. Figure 113.5 shows the insensitivity of Ka yield to target
mass for volumes ranging between 5 # 10 –6 to 1 # 10 –3 mm3,
suggesting that a significant fraction of the target remains at solid
density. Over the same range, however, K b Ka drops by almost
an order of magnitude.
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Figure 113.5
Energy in Ka and K b (normalized to the laser energy) as a function of target
volume. Three distinct regions of behavior (1, 2, and 3) in the K-photon emission are identified for increasing energy densities (see text for details).

Figure 113.6 shows the experimentally measured variation in
K b Ka (left axis; taken from the data presented in Fig. 113.5)
as a function of target volume. The error associated with each
K b Ka value is given by the standard deviation from a number
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Figure 113.6
K b Ka (normalized to the cold-material value—left axis) and bulkelectron temperature (right axis) as a function of target volume.
Calculated K b Ka [assuming laser-to-electron energy-conversion
efficiencies h L"e = 10% (solid line), 30% (dashed line), and 50%
(dotted line)] as a function of target volume.
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of shots at a given target volume. The right axis shows the corresponding bulk-electron temperatures using the model shown
in Fig. 113.3. A 3.5# reduction in K b Ka for target volumes
V = 10 –6 mm3 below the cold-material value is consistent with
a bulk-electron temperature Te . 200 eV. The drop in Ka yield
in region 3 may indicate temperatures even greater than 200 eV,
causing L-shell depletion through collisional ionization.
A thorough analysis of K b Ka variations requires numerical calculations to take into account the spatial and temporal
variations in the fast-electron distribution and the target heating. This is achieved by combining ion-population distribution
calculations from the collisional-radiative code PrismSPECT53
with 3-D numerical target-heating calculations28 using the
implicit-hybrid PIC code LSP.54 The fast-electron source is
defined in LSP by promoting electrons from the cold bulkelectron population at a rate consistent with a constant fraction
(hL"e) of the laser power. The use of a collisional-radiative code
to calculate the ion-population distribution is justified because a
copper plasma at a few hundred eV and ne = 1023 cm–3 reaches
a steady state in around 1 ps and the charge-state dynamics in
the plasma is governed by the thermal background, with little
influence from the MeV-scale fast-electron component of the
distribution function.
Results of this calculation are shown in Fig. 113.6. The calculated variation in K b Ka as a function of target volume is shown
for hL"e = 10% (solid line), 30% (dashed line), and 50% (dotted
line). Good agreement is demonstrated between the experimental
K b Ka measurements and numerical calculations for hL"e =
6

(20!10)% in the cold-material limit (region 1), consistent with
the previous section (p. 4) on Ka emission. This demonstrates
that the dominant physical phenomena present in the refluxing
limit have been reasonably accounted for in the cold K-photon
production model. On average, the variation of K b Ka is broadly
consistent with a mean laser-to-electron energy-conversion
efficiency of around 20%, except for the very smallest mass
targets. For target volumes V < 2 # 10 –5 mm3, the theoretical
curves begin to converge, making data comparisons increasingly
challenging within the experimental uncertainties. Nonetheless,
the significant reduction of K b Ka in this region below the coldmaterial limit remains consistent with the smallest mass targets,
reaching the highest bulk-electron temperatures.
Discussion and Summary
In summary, high-temperature, solid-density plasmas have
been produced and characterized on the MTW Laser System
and compared to previous measurements from the Vulcan PW
laser. Experiments have shown that absolute Ka yields from
copper-foil targets, which are not heated significantly by the
refluxing process, are constant for laser–plasma interactions in
the relativistic regime. The measured Ka yields are compared
to a Ka-production model, which shows good agreement, confirming the weak dependence of Ka generation on laser intensity, fast-electron temperature, and fast-electron range for I >
1018 W/cm2. Using this comparison, a laser-to-electron energyconversion efficiency of hL"e = (20!10)% has been inferred in
the cold-material limit. Variations in K b Ka over a range of
target volumes (and energy density) for Te > 100 eV have been
measured. Experiments show numerical target-heating calculaLLE Review, Volume 113
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tions are in good agreement with experimental observations
over a wide range of target volumes that are broadly consistent
with laser-to-electron energy-conversion efficiencies inferred
from the simple Ka-production model.
The exploitation of refluxing in small-mass targets offers
exciting potential. It provides a readily achievable method for
the creation of extremely high-energy-density plasmas using
the next generation of multikilojoule-class, high-intensity laser
facilities, such as OMEGA EP.55 These studies will provide
new insights into electron generation, transport, and radiative emission of plasmas at unprecedented energy densities
and under conditions relevant to fast ignition. On the basis of
these experiments, the combined use of absolute Ka yields and
K b Ka variations with increasing bulk-electron temperatures
presents a method for determining the fast-electron-energy
content. This implies that for picosecond-pulse-duration
interactions in the relativistic regime, the laser energy is more
important than the laser intensity for maximizing the fastelectron-energy content. This has far-reaching ramifications
for the creation of high-energy-density plasmas using fastelectron–induced isochoric heating. Future experiments on
OMEGA EP, for example, will use small-mass targets to access
unprecedented energy densities using fast-electron–driven
isochoric heating. Variations in the laser intensity and pulse
duration up to the multikilojoule, 10-ps regime will make possible the formation of high-temperature, solid-density plasma
in the 1- to 10-keV range.
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Introduction
High-current relativistic electron beams are generated by highintensity laser interactions with solids.1 These electron beams
may have applications in compact, tabletop-based, high-brightness laser–plasma particle accelerators,2 narrowband x-ray
sources for medical applications,3 x-ray sources for high-density
inertial fusion energy (IFE) target backlighter radiography,4
and collimated electron beams required for the fast-ignition
approach to IFE.5 The MeV fast electrons are generated in
high-intensity laser–matter interactions, and their subsequent
motion must be understood if their potential applications
are to be fully realized. A promising technique that provides
information about the fast-electron energy and divergence, as
well as spatial and temporal distribution inside the target, is
spatially resolving the spectrum of transition radiation (TR).6
TR is emitted when a charged particle passes through a refractive index interface,7 as in the case of fast electrons exiting a
metal foil into vacuum. The emitted electromagnetic energy is
undetectably small for a single electron; however, laser–solid
interactions typically produce a large number of fast electrons
whose individual contributions sum to provide a measurable
signal. If the fast-electron beam possesses a strongly correlated
longitudinal electron-density structure, the electromagnetic
emission can undergo a considerable coherent enhancement,
producing coherent transition radiation (CTR).8 This enhancement is restricted to a narrow spectral band determined by the
details of the longitudinal fast-electron density profile. Electrons
accelerated by laser–matter interactions have the required longitudinal density profile to generate the CTR.9 The exact form of
this profile depends on the nature of the dominant acceleration
mechanism. For example, the resonance absorption process10
accelerates electrons into the target once per optical cycle,
whereas the v # B component of the Lorentz force11 accelerates electrons twice every optical cycle. These electrons then
travel through the target as a train of microbunches separated
in time by an optical period or half an optical period, generating a CTR signal at the fundamental or second harmonic of the
laser frequency, respectively. The spatial-intensity distribution
and spectrum of the CTR emission provide information about
the electron-transport physics in solid density.12
LLE Review, Volume 113

Experimental Setup
A transition radiation diagnostic (TRD) has been designed to
acquire high-resolution images of rear-side optical emission at
the second harmonic (m + 527 nm) of the laser frequency from
laser-illuminated planar targets. In the optical design shown in
Fig. 113.7, a 20 # infinity corrected objective,13 with a 20-mm
working distance, a numerical aperture of 0.42, a 1.2-mm field
of view, a 1.6-nm depth of focus, and a 0.7-nm resolving power,
collects the optical emission from the target’s rear surface. A
150-n m-thick sacrificial glass microscope cover slip, acting
as a debris shield, is placed on the target side of the objective.
The objective is mounted on a motorized 1-D linear actuator14
with a 10-mm full range of motion and a 20-nm step size. The
objective has an exit pupil diameter of 8.4 mm. A 4-mm-thick
Schott KG5 glass filter with +10 –10 transmission at m = 1053 nm
and +70% transmission from m = 400 to 600 nm prevents laser
light from propagating through the system.15 A 200-mm-focallength achromatic lens focuses the light through a pinhole that
blocks stray light. A narrowband 50/50 beam splitter steers
the signal beam through 90°, and a unit magnification optical
arrangement relays the light to the detector. A 24-nm bandpass
filter centered on m = 529 nm is placed in the collimated region
of this path.16 Optical-quality, neutral-density (ND) filters
can be placed here to control the level of the signal without
significantly compromising the spatial resolution. The overall
transmission of the TRD at m = 527 nm is +20%. The detector
is a Spectral Instruments (SI) 800-series charge-coupled-device
(CCD) camera with a dynamic range of 10 4 (Ref. 17). The
14-mm # 14-mm front-illuminated chip is composed of 1024 #
1024, 13.5-n m # 13.5-n m pixels with a full-well capacity of
105 electrons. At m = 527 nm the CCD quantum efficiency
is 20%. The CCD chip is cooled to –40°C to minimize dark
current (<0.1 e–/pixel/s). The readout rate for the 16-bit analogto-digital converter can be varied from 100 to 800 kHz, with a
read noise of <5 electrons at the slowest speed.
To obtain high-resolution images of the target’s rear-surface
emission, the microscope objective must be positioned 20 mm
away from the rear surface with +1-n m precision. This is
accomplished by using the second arm of the optical system
9
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Figure 113.7
A schematic layout of the TRD optical system. Light emitted from the rear side of the target is magnified and relayed to a CCD camera. Filters and pinholes
minimize background contributions. The right arm of the system is used only for pre-shot focusing on the rear surface.

(Fig. 113.7). Light from an ultrabright green LED18 is transmitted through the collection optics and reflected off the target’s
rear side. Small-scale surface features present on the rear surface of the target act as focusing fiducials and are imaged onto
the CCD camera. The camera’s external shutter control channel
is used to synchronize the LED illumination with the CCD chip
exposure period. The CCD exposure time and readout speed are
selected to accommodate the ND filter strength for the duration
of this procedure. They are returned to standard values of 1 s
and 400 kHz, respectively, for the experiment. The baffle and
beam dump shown in Fig. 113.7 minimize the propagation of
stray LED light through the system during positioning.
The TRD shown in Fig. 113.8 is comprised of two sections:
The cone section resides inside the target chamber and is
mounted on a target chamber port flange. The rear section, the
TRD vacuum box, is attached to the outside face of the cone
section. The rear panel of the vacuum box can be removed (as
10
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Figure 113.8
A photograph of the TRD with the rear-side access panel removed and laid
along side. A detailed discussion of the device is found in the text.
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shown in Fig. 113.8) for easy access to the filtering optics and
pinhole between shots. Vent holes in the KG5 filter mount link
the TRD vacuum box volume to that of the target chamber,
allowing the TRD to be pumped. This allows the CCD camera
to be operated in vacuum without an independent vacuum
system. Operating pressure is reached within 12 min. The TRD
vacuum box can be isolated from the main volume of the target
chamber by replacing the KG5 filter mount and allowing the
KG5 filter to act as a vacuum window. A computer-controlled
linear actuator provides high-precision positioning of the microscope objective (see Fig. 113.9). The objective is mounted to
the carriage and driven by a pico-motor with a 20-nm step size
over a 10-mm range. An encoder using a holographically ruled
grating19 provides closed-loop control of the objective position
with +0.5-nm precision. The system is enclosed in an aluminum
casing. To mitigate the risks posed to the actuator circuitry by
electromagnetic pulses, it is disconnected during the shot. The
actuator maintains its position when powered down.
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Figure 113.9
The microscope objective is firmly held by the carriage, which glides in and
out smoothly on rails attached to the inside of the outer case. The New Focus
pico motor (not shown) is housed in the upper outer case and attached to the
carriage via the mechanical buffer. It moves the objective in 20-nm steps over
a range of 10 mm. Attached to the under side of the carriage is a glass slide
encoded with a holographic ruler with 1-n m graduations. The hologram is
read out from below by a reader embedded in the lower outer case to provide
closed-loop positioning control.

The TRD was deployed on experiments conducted on LLE’s
Multi-Terawatt (MTW) Laser Facility.20 This system is a frontend prototype for OMEGA EP.21 The TRD is mounted on the
MTW target chamber (shown in Fig. 113.10), where it occupies
the port directly facing the off-axis parabolic focusing mirror.
This assignment drove many components of the mechanical
design. Significant amounts of c radiation are produced in the
forward direction during a high-intensity laser-target shot.22
To prevent this radiation from contaminating the CTR signal,
the system is folded through 90° so that the detector can be
LLE Review, Volume 113

Figure 113.10
A 3-D model of the MTW target chamber. An off-axis parabola (OAP) steers
the MTW laser beam to focus at target chamber center (TCC). The TRD is
housed in the port directly opposite the OAP. It images the rear-side optical
emission from a normally illuminated target placed at TCC. The TRD optical
system is folded through 90° so that the CCD camera lies in the c-ray shadow
of the TRD lead shielding.

shielded behind a 10-cm-thick lead brick wall. An additional
2-mm lead shield (not shown in Fig. 113.10) is placed around
the CCD camera to minimize single hits by scattered c rays
arriving from the rear and top sides. Figure 113.11 illustrates
the effect of the lead shielding in suppressing the number of
c-ray single hits. The images were taken under nearly identical
experimental conditions. The solid-curve histogram was taken
with no lead shielding in place. Individual c rays are seen to
produce pixel values of up to + 4000 analog-to-digital units. A
reduction in the number of single hits by more than an order of
magnitude was observed on the subsequent shot with the lead
shielding in place (dashed-curve histogram).
System Performance
The calculated optical transmission curve for the TRD is
shown in Fig. 113.12. The transmission of individual optical
components was obtained either from the corresponding data
sheet or by direct measurement using a spectrophotometer.23
The curve shows that the transmission varies by 15 orders of
magnitude between m = 1053 nm and m = 527 nm, so the laser
light makes no contribution to an image obtained using the
TRD. This was verified with 3-J laser shots taken on 20-n m11
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thick, 500-n m-sq iron foils with the 24-nm bandpass filter
replaced by an RG1000 filter glass.15 This material efficiently
transmits at the laser frequency while strongly attenuating its
second harmonic. The results indicate that no light at the laser
frequency enters the optical system.
The optical resolution of the TRD was determined by measuring the modulation transfer function (MTF).24 The MTF
of an imaging system is a measure of the image contrast at the
object spatial frequencies; it describes with what efficiency
103
Number of single hits

Without lead shield
With lead shield
102

the system can pass each spatial frequency in the object plane.
The optical resolution can be defined as the reciprocal of the
highest frequency passed at which the contrast is maintained
above a specified value. Tatian25 has shown that the MTF can
be obtained directly by analyzing equally spaced samples of
the image edge function, which is the image space conjugate
of a back-illuminated half plane as described below.
The experimental half plane was provided by an edge in a
scanning electron microscope (SEM) 400-resolution grid [see
Fig. 113.13(b)]. The grid was placed in the focal plane of the 20 #
objective, and an ultrabright LED illuminated the grid from
its front side. The illumination was evenly distributed over the
object plane to ensure good contrast in the object. The amount
of stray light entering the optical system was minimized by
mounting the SEM grid in a pinhole and constructing a set
1.0
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Figure 113.11
Histogram of the number of c-ray single hits from two shots conducted under
almost identical conditions. The pixel values are shown in analog-to-digital
units (ADU’s). The solid curve corresponds to a shot taken without lead shielding; the dashed curve corresponds to a shot with the lead shielding in place,
demonstrating the efficiency of TRD shielding in suppressing the number of
c-ray photons incident on the CCD.
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Figure 113.12
The optical transmission curve for the TRD. The transmission efficiency at
the laser second harmonic, m = 527 nm, is +20%. The transmission efficiency
at the laser wavelength, m = 1053 nm, is +15 orders of magnitude lower.
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Figure 113.13
(a) The modulation transfer function (MTF) of the TRD. The curves are
produced by analyzing images obtained using the TRD fitted with a 20 #
microscope objective. The solid line shows the theoretical MTF. The measured
MTF at best focus is indicated by the dotted line; the contrast falls to +1/10 at
around 900 cycles/mm corresponding to a spatial resolution of +1.1 n m. The
dashed-line MTF expresses the effect of defocusing the collection optics. A
4-n m defocus reduces the optical performance of the system. (b) A section
of an SEM 400-resolution grid. The dotted line indicates the position from
which the lineout shown in (c) was taken. The lineout is normalized and used
to calculate the MTF.
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of opaque screens around the objective. The objective was
positioned so that the grid was slightly defocused before being
scanned through best focus. An image of the SEM grid was
obtained every 500 nm, after which the images were postprocessed to obtain the MTF. Figure 113.13(c) shows a normalized lineout, at best focus, taken through the image edge
function. The CCD camera cannot sufficiently sample the
image edge function with a 20 # magnification, so it was necessary to linearly interpolate the data to effectively double the
sampling rate to avoid aliasing in the MTF. Figure 113.13(a)
shows the MTF for the case where a debris shield was placed
in front of the objective. The solid line is the theoretical
MTF; the dotted line shows the measured MTF at best focus.
The limit of the spatial resolution is defined here to be the
point at which the contrast ratio is +10%. At best focus
this corresponds to a spatial frequency of approximately
900 cycles/mm or 1.1 n m. Since it was necessary to linearly
interpolate the image edge function, the value of 1.1 n m corresponds to the MTF of the optical part of the system. The
CCD camera limits the optical resolution of the full system to
+1.4 n m, the size of a CCD pixel over the full field of view.
This pixel-size–imposed limit could be reduced by increasing
the system’s magnification. The effect of defocus is illustrated
in Fig. 113.13(a) by the dashed line MTF. A 4-n m defocus of
the TRD collection optics reduces the MTF-limited resolution
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The TRD has been fielded on experiments conducted to diagnose electron transport in a variety of solid materials of varying
thickness under differing laser conditions. Figure 113.14 shows
three characteristic images of the rear-side emission in both a
linear (top) and a logarithmic (bottom) scale. From left to right
the targets are 20-nm-thick aluminum, 30-nm-thick aluminum
and 50-nm-thick copper; all are 500 nm in the transverse directions. These images are produced by light emitted at the target’s
rear surface in a narrow spectral window around m = 527 nm,
the laser second harmonic. The emission can be explained as
CTR caused by a density-modulated relativistic electron beam
generated by the v # B component of the Lorentz force. The
upper-frame images clearly indicate the presence of smallscale structures, + $2 nm in the emission region, which is
indicative of electron-beam filamentation.26 The lower-frame
images show that the filamentary structures are superimposed
onto a ring-like structure. The annular pattern is almost always
observed and suggests that only the electrons accelerated along
the beam envelope possess the required density modulation to
be observed with the CTR technique. Our calculations suggest
that these electrons make up only a small fraction, <5%, of the
total fast-electron population.

30-nm-thick Al
0

linear

to about 1.5 n m at 10% contrast with the contrast falling about
twice as fast as in the best-focus case.

600
400

30

0

0

log10 (T)

4

0

60
0

log10 (T)

nm

3
30

2

30

1
60

0

E16195JRC

30
nm

60

0

5000

linear

4000
3000

40

2000

200

1
60

0

60

0

30
nm

60

2.5
2.0
1.5
1.0
0.5
0.0

1000
80
0

log10 (T)

3.5
3.0

40

2.5
80

0

40

80

nm

Figure 113.14
Images of the rear-side optical emission from thin foil targets normally illuminated with a laser intensity of 1019 W/cm 2. The upper row shows the images
plotted on a linear scale, while the lower row shows the corresponding log-scale representation. From left to right the images are from 20-n m-thick aluminum,
30-n m-thick aluminum, and 50-n m-thick copper. The upper-frame images indicate the presence of filamentary structures in the emission pattern. The lower
images are demonstrating that the background emission pattern possesses an annular property.
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Figure 113.14 further indicates that the spatial size of the
emission region increases with target thickness. This is presented explicitly in Fig. 113.15, where the radius of the observed
emission pattern is plotted against the target thickness. A least
squares fit to the data shows that the beam diverges inside the
target with a half angle of +16°. The corresponding intercept
with the radius axis indicates that the beam emerges from a
source of radius + 4 n m, consistent with the spatial size of the
focused MTW laser beam.
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Introduction
In the inertial confinement fusion (ICF) approach to fusion, a
spherical shell filled with a deuterium–tritium (DT) mixture
is compressed to reach a temperature of 10 to 12 keV in the
lower-density central core region (hot spot) to initiate a burn
wave through the higher-density colder main fuel surrounding
the core.1–3 The main fuel areal density (tR) at that time must
be large enough to burn a significant fraction of the fuel.1,2 The
peak areal density depends mainly on the fuel adiabat (defined
as a ratio of the shell pressure to the Fermi-degenerate pressure
at the shell density) and laser energy:4

^tRhmax =

2.6

1 3

0.54

a

E MJ .

(1)

To study the physics of low-adiabat, high-compression fuel
assembly, a series of experiments with cryogenic D2 and DT
fuel was designed and performed on OMEGA.5 Figure 113.16
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Figure 113.16
Measured neutron-averaged areal density G tRH as a function of the simulated
value using the hydrocode LILAC, which uses a thermal conduction model
with a constant flux limiter. The drive intensities were above 6 # 1014 W/cm 2
and the laser energy varied from 18 to 23 kJ.
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summarizes the experimental results reported earlier.6,7 The
targets used in these experiments were D2-filled CD shells with
an outer diameter of +860 n m, a shell thickness of 3 to 5 n m,
and a cryogenic layer thickness between 92 and 98 n m. The
targets were driven with shaped laser pulses at peak intensities
of 6 to 10 # 1014 W/cm2 to set the fuel adiabat at a = 2 to 25.
Figure 113.16 compares the experimental areal density G tRH exp
inferred from the energy loss of the secondary protons8 while
they propagate through the compressed fuel and the simulated areal density G tRH 1-D averaged over the 1-D neutronproduction history calculated using the hydrocode LILAC.9
The constant flux-limiter thermal conduction model10 with f =
0.06 was used in such simulations. As seen in the figure, the
experimental data significantly deviate from simulation results
for the implosions with a mid-to-low designed adiabat when the
predicted G tRH 1-D > 100 mg/cm2. The goal of the current study
presented here is to identify the main sources of the measured
G tRH deviation from the theoretical predictions. Equation (1)
is used for guidance in this study. According to this equation,
the observed degradation in the areal density comes from the
underestimation of the predicted adiabat.
In this article we consider several sources for the adiabat
degradation during the implosion, including the shock heating
and the preheat due to the suprathermal electrons. Based on
the result of this study, target designs were optimized using the
improved nonlocal thermal-conduction model implemented in the
1-D hydrodynamic code LILAC. High-areal-density11 cryogenic
fuel assembly with G tRH > 200 mg/cm2 has been achieved on
OMEGA in designs where the shock timing was optimized and
the suprathermal-electron preheat generated by the two-plasmondecay instability was mitigated. The following sections (1) describe
the modeling of the shock heating; (2) consider both the preheat
effects due to the suprathermal electrons and the reduction in the
measured areal density due to the burn truncation before the peak
shell tR is reached; and (3) present conclusions.
Modeling of Shock Heating
A typical laser pulse for a low-adiabat, direct-drive design
consists of a lower-intensity foot (or, as shown in Fig. 113.17,
LLE Review, Volume 113
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a picket used in adiabat-shaping designs12,13 to mitigate the
Rayleigh–Taylor instability growth14), a transition region, and
the higher-intensity main pulse. At the beginning of the pulse,
a shock wave (SW) is launched into the shell. Its strength determines the shell adiabat a. The compression wave (CW), initiated
as the intensity rises during the transition region, must be properly timed to avoid an excessive adiabat increase at the inner part
of the shell. Indeed, if the CW catches the SW too early in the
shell, the SW strength increases, raising the adiabat. Delaying
the CW, on the other hand, steepens up its front and turns into
a shock as the CW travels along the density gradient produced
by a rarefaction wave (RW) that is formed after the SW breaks
out at the inner surface of the cryogenic layer. To prevent an
excessive reduction in the fuel areal density, the coalescence
of the RW with the CW must occur within the last 10% of the
main fuel mass, as observed in calculations. This condition limits allowable mistiming of the shock breakout to Dts ts # 5%
and constrains the modeling accuracy in the absorbed laser
energy E s during the shock propagation. For a constantintensity foot pulse, the shock-propagation time is ts = D0 Us ,
where Us + Pa is the shock speed and D0 is the initial shell
thickness. The ablation pressure scales as1 pa + P2/3, where P
is the laser power, and writing Es + Pts gives ts + D30/2 E s-1/2 .
The same scaling can be obtained when the shock is launched
by a narrow picket. The shock-breakout time in this case12 is
-1
ts + `E p-1/3 D0j b, where b = 81 - 2c ^c - 2h 2 ^2c - 1hB , c is
the ratio of specific heats, and tp and Ep are the picket duration
and energy, respectively. For c > 1.2, the exponent is b - 3/2
with less than 10% error, leading to ts + E p-1/2, similar to
the case of a constant-intensity pulse. Using Dts ts < 5%, the
requirement for the modeling accuracy in the absorbed picket
energy becomes DE p E p < 10%.
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Figure 113.17
A typical pulse shape for the OMEGA direct-drive, low-adiabat design.
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1. Resonance Absorption Modeling
The effect of resonance absorption was studied for directdrive–relevant conditions using a numerical solution of the
wave equations in planar geometry. The results of these calculations16 were used to develop a simplified analytical model
that can be implemented into hydrodynamic codes to model
spherical implosions. The model is based on the approach
described in Ref. 15. We consider a p-polarized electromagnetic wave with incident angle i between the direction of
propagation and the density gradient, which points along the
z direction. The z component of the electric field Ez tunnels
through from the laser turning point to the critical density,
depositing a fraction fA of the incident laser energy into the
plasma waves (resonance absorption15). Propagating down the
density gradient, the energy of these waves is damped into the
electrons. Calculations show16 that the average temperature of
the resonance electrons for mL = 0.351-n m-wavelength laser
irradiation does not exceed +5 keV. Resonance absorption,
therefore, enhances the local absorption due to the inverse
bremsstrahlung. Resonance absorption is calculated by evalu3
ating the energy flux15 Iabs = # oE 2z 8rdz, where o is the
0
damping rate of the plasma waves. The main contribution to
this integral comes near the resonance point, in the vicinity of
the critical density, resulting in
Iabs =

Launch first shock wave (SW)

0.1

Inverse bremsstrahlung is the main absorption mechanism
for the m = 0.351-nm-wavelength laser irradiation. The absorption fraction depends on the electron-temperature and electrondensity profiles.15 These profiles, in turn, are determined by
the thermal conduction near the location of the peak in the
laser-energy deposition. Thermal-conduction modeling is crucial, therefore, when calculating the laser-energy deposition.
In addition to inverse bremsstrahlung, resonance absorption15
can be important at early times when the electron density at the
critical surface is steep enough for the electric field to tunnel
from the laser turning point to the critical density and excite
plasma waves. The next two subsections study the contribution
of resonance absorption and the effects of nonlocal electron
transport to the laser absorption in ICF plasmas.

4

~L n

8

_sin iBcri2,

(2)

where Bcr and Ln are the magnetic field and the density scale
length at the critical density, respectively. The resonance field
is calculated by multiplying the field amplitude at the turning
point, Bt = 0.9 E0 _c ~Lni1/6, by a tunneling factor.15 Here, E 0
is the laser field in free space. In deriving Bt the laser-energy
absorption in the region below critical density was neglected,
leading to an overestimate in the resonance field. Corrected
17
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for this absorption and adding the intensity of the incoming
and outgoing waves, ft E 20 and ^ ft - fAh E 20, respectively, the
magnetic field becomes 0.9 2ft - fA E0 _c ~Li1/6 2, where ft is
the fraction of the laser energy that reaches the turning
point.
zc
- e dzl ,
Multiplying Bt by the tunneling factor exp b- ~ c #
zt
2
we obtain fA = z _2ft - fAi 8 and
fA =

2ft

,
8 z2 + 1

(3)
1/3

where z = 2.3x exp a- 2x 3k, x = a3~ 2c #z - e dzk , e =
t
1–n/ncr is the dielectric function, n and ncr are the electron and
critical densities, respectively, and zt and zc are the position of
the turning point and critical density, respectively. Since the
incident laser light in ICF experiments consists of a mixture
of s and p polarizations, the resonance absorption fraction in
a hydrocode simulation is taken as a half value predicted by
Eq. (3). Simulations show that Eq. (3) agrees very well with
the results of more rigorous calculations.16
3

zc

The tunneling factor depends on the density scale length at
the critical surface. Thus, an accurate calculation of both the
inverse bremsstrahlung and resonance absorption relies on thermal transport modeling, which affects hydrodynamic profiles
in the energy-deposition region. The next subsection discusses
electron thermal transport in laser-produced plasmas.
2. Heat-Transport Modeling
Because of the steep temperature and density profiles
where the laser deposition is at maximum, the validity of
Spitzer thermal conduction17 breaks down (the mean free
path of the heat-carrying electrons is comparable to or larger
than the temperature scale length). In a model using flux
limitation,10 the thermal flux is calculated as a fraction f of
the free-stream flux qfs = nTvT, when the Spitzer heat flux
qsp > fqfs. Here, vT = T m is the electron thermal velocity
and m, T, and n are the electron mass, temperature, and free
electron density, respectively. Since the flux-limiter value f
cannot be determined directly from the physical principles,
its value, usually taken to be a constant in time, is obtained by
comparing the simulation results with experimental observables. Remarkably, such a simple model is able to successfully
explain a large number of experiments with simple pulse
shapes. However, for the shaped, low-adiabat pulses, the flux
limiter, as first shown in the Fokker–Planck simulations,18
must be time dependent. The time dependence is especially
important in simulating the adiabat-shaping designs,12,13
where a narrow picket is introduced at the beginning of
the laser pulse to tailor the shell adiabat and mitigate the
18

Rayleigh–Taylor instability growth.14 Accurate accounting for
the absorbed picket energy as well as for the laser coupling
during the transition region (see Fig. 113.17) is crucial for
the shock-timing calculation. Since it is highly impractical
to obtain the temporal shape of the flux limiter based only
on the experimental data, a thermal-transport model must be
developed for self-consistent flux calculations. Such a model
was proposed in Ref. 19, where the simplified Boltzmann
equation was solved using the Krook approximation.20 The
main disadvantage of such a model is the lack of particle
and energy conservation because of the energy-dependent
collisional frequency. Calculations show that, for the conditions relevant to ICF experiments, the error in calculating
the local electron density and energy using the solution of
the model described in Ref. 19 does not exceed 5%. Despite
the fact that the error is small, the model used in the present
calculations is modified to recover the conservation properties. This is accomplished by renormalizing the local density
and temperature used in evaluating the symmetric part of the
electron-distribution function. Similar modifications appear
in the classical limit when the ratio of the electron mean-free
path m ei to the temperature scale length LT is small.21 The
second-order deviations from the Maxwellian fM, fsym = fM +
f n + v2f T, where fn, T + O 8_mei LT i2B, are due in such a limit
to the contribution from the electron–electron collisions.21
These corrections are equivalent to the renormalization in the
electron density and temperature used in the local Maxwellian
distribution, fsym = fM(nl,Tl). Next, we describe the renormalization procedure used in the present nonlocal model.
The Boltzmann equation with the Krook collisional operator 20 vx 2x f + _eE x mi 2v f = - oei ]vg ^ f - f0h can be solved
analytically by substituting f 0 into the second term of the
left-hand side:19
f = f0 -

$

x

G ^xl, vh e p dp,
y

G = mei ]xlg e

2f0
2x

+

eE x 2f0
o,
T 2e

(4)

where
p ]xlg =

l

#x x dxm

mei ]xmg ,

e = mo2/2T, y = cosi, mei = v/oei, oei + v–3 is the electron–ion

collisional frequency, and Ex is the slowly varying electric field.
Assuming that f0 is a function of the renormalized density nl
and temperature Tl, the relations between (nl, Tl) and (n,T) are
found by integrating Eq. (4), multiplied by 1 and mv2/2, yielding n = nl–R1 and 3nT/2 = 3nlTl/2–R2, respectively, where
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#

where ds = dx/y is a path element. Then, the deposition cutoff
is introduced in Eq. (4) by replacing m ei(xl) with
mei ^xl, xh = mei ]xlg c1 -

1
3
dvv 4 dy _H L - H Ri ,
0
0

#

HL =

#xLx Ge p

y dp,

and
HR =

#x

xR

Ge - p y dp.

The integration limits are defined as

#x

# x R, x L-

dxm mei = "+ , -, 3.

The electric current and the heat flux are calculated using the
standard definitions jx = e# d3vvx f and qx = m# d3vv2vx f/2. The
electric field Ex is defined by the zero-current condition jx = 0.
This condition yields an integral equation for Ex, which is solved
by the iteration method.19 For the distribution function f 0, we
use the Maxwellian function with the corrections due to the
laser field22 f0 = fM exp _- 0.07 aL e 5 2i, where aL = Zv 2e v T2 ,
Z is the average ion charge, and ve and vT = T m are the
electron quiver and thermal velocities, respectively.
Two main effects are introduced by the nonlocal treatment
of the thermal transport: First, the flux is reduced from the
Spitzer value in the regions with steep temperature gradients;
second, the main fuel is heated by the long-range electrons from
the hotter plasma corona. The heat flux calculated using the
distribution function in Eq. (4) does not correctly reproduce the
nonlocal heating because the integrand in Eq. (4) does not go
x
to zero at # dxm mE = 1, where mE is the electron-deposition
xl
range. Since the calculations must accurately account for every
preheat source, it is essential to include a deposition cutoff. In
the previous version of the nonlocal model,19 this was accomplished by replacing the exponential kernel e p y in Eq. (4)
with 1 - p y . Such a substitution, however, does not properly
recover the Spitzer limit. In the current version of the model, a
test-particle approximation is used in evaluating mei to produce
the deposition cutoff. This approach gives Spitzer conductivity
when mei LT % 1. In the test-particle approximation, m ei is
calculated along the particle trajectory using the energy-loss
equation dK/ds = –K/2 mE. Since mE + K2, we obtain
K = K0 1 -
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#xlx dxm

ymE ,

#xlx dxl

ymEm .

Next, we compare the results obtained using the described
nonlocal model with simulations based on the flux-limited
Spitzer conduction. Figure 113.18 shows the effective flux
limiter (defined as a maximum ratio of the nonlocal heat flux
to the free-stream flux qfs in the vicinity of maximum qsp in
the plasma corona) as a function of time for an a = 2 cryogenic
implosion. The higher value of the flux limiter during the picket
indicates a larger predicted laser absorption and a stronger
SW, relative to calculations based on the constant flux-limiter
model. Then, as the laser intensity relaxes after the picket,
the effective flux limiter takes on a reduced value, leading
to a weaker CW. If these effects are not properly modeled in
a simulation, they lead to a significant shock mistiming and
areal-density reduction.
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Figure 113.18
Laser pulse (solid line, left axis) and the effective flux limiter feff (dashed
line, right axis) obtained using the nonlocal model for an a = 2 cryogenic
OMEGA design with a 95-nm-thick D2 layer and a 10-nm-thick CD overcoat.
The thin dashed line shows standard values of the flux limiter used in the
hydrocode LILAC.

To test the accuracy of the absorption calculations with the
nonlocal transport model, the simulation results were compared with experimental absorption data23 for implosions of
20-nm-thick plastic shells driven with a 200-ps Gaussian pulse
at peak intensities varied from 5 # 1013 to 1.5 # 1015 W/cm2.
Figure 113.19 shows the laser absorption fraction calculated
using the flux-limited transport model with f = 0.06 and no resonance absorption (open squares), the flux-limited model with
resonance absorption (solid squares), and the nonlocal model
with resonance absorption (triangles). The resonance absorption
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Figure 113.19
Absorption fraction of the incident laser energy for a 20-n m-thick CH shell
driven by a 200-ps Gaussian pulse at different peak intensities.

effects are small when the nonlocal thermal-transport model is
used. These results, therefore, are not shown in Fig. 113.19. The
flux-limited transport model produces much steeper electrondensity profiles near the laser turning point, resulting in larger
resonance absorption in comparison with the nonlocal model
calculations. However, even with resonance absorption taken
into account, the flux-limited model underestimates the laser
absorption fraction for most of the cases shown in Fig. 113.19.
The nonlocal model, on the other hand, reproduces the experimental results very well. The non-monotonic behavior of the
absorption fraction with peak intensity is due to shot-to-shot
variations in the picket width and the rate of intensity rise.
Next, the areal densities for the cryogenic implosions
shown in Fig. 113.16 were recalculated using the nonlocal
thermal-transport model. The data are plotted in Fig. 113.20.
The improved agreement with the experimental data is due
to a reduction in the calculated areal density, resulting from
significant shock mistiming predicted by the nonlocal model
(see arrows in Fig. 113.20 showing this reduction for individual
shots). Even though the calculations with the nonlocal model
are in better agreement with the experimental data, some
discrepancy still remains. In the next section we examine
possible sources for the remaining discrepancy, starting with
suprathermal-electron preheat.
Suprathermal-Electron Preheat and tR Sampling
Several laser–plasma interaction processes are capable of
generating suprathermal electrons in the plasma corona. As dis20
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Figure 113.20
Measured G tRH in a thin CD cryogenic shell as a function of the simulated
value using the hydrocode LILAC with a constant flux limiter f = 0.06
(diamonds) and the nonlocal (squares) thermal conduction models. Arrows
indicate reduction in calculated G tRH when the nonlocal model is used.

cussed in the Introduction (p. 16), the degradation in tR is significant if the adiabat at the inner part of the shell is increased.
The electron preheat is important, therefore, if the electrondeposition ranges exceed the thickness of the cold part of the
shell during the implosion. Thus, for the OMEGA designs,
only electrons with energy in excess of 50 keV can reduce the
peak shell compression. To estimate the amount of the energy
deposited in the shell required to degrade the fuel areal density,
we use the pressure–density relation1 p + at5/3 and assume the
ideal gas equation of state. This gives a + T 5/3 p 2/3 . The shell
pressure is proportional to the ablation pressure pa, which is
determined by the laser intensity. Therefore, for a given drive
intensity, according to Eq. (1), tR = ^tRh 0 _T T0i0.09, where
(tR)0 and T0 are the areal density and electron temperature
without the effects of preheat. The shell temperature during the
acceleration phase in a typical low-adiabat design is +20 eV.
A 20% reduction in the areal density corresponds to a 6-eV
increase in the shell temperature. For an OMEGA target, this
leads to +10 J of preheat energy deposited into the unablated
part of the shell. The lowest-threshold mechanism capable of
producing energetic electrons with T hot > 50 keV is the twoplasmon-decay instability.15 The threshold parameter h for
this instability24 is
h=

I14 Ln ^nmh
mL
,
230 TkeV 0.351 nm

(5)

where I14 is the laser intensity in units of 1014 W/cm2, Ln is the
density scale length, and mL is the laser wavelength. The instability develops when h > 1. For a typical OMEGA implosion, Ln +
LLE Review, Volume 113

Performance of Direct-Drive Cryogenic Targets on OMEGA
150 nm and T keV + 1 at I14 + 1. Thus, the instability is expected
to develop when the drive intensity exceeds a few 1014 W/cm2.

As the next step, the peak drive intensity was raised to 5 #
and the CD overcoat thickness was increased from 5 to
10 n m. The thicker plastic shell was used to prevent the laser
from burning through the plastic to the deuterium during the
target implosion and thus mitigate the suprathermal-electron
preheat at higher intensity. If the higher-Z plastic burns through
during the pulse, as in the case of a 5-n m-thick shell, lower‑Z
D2 penetrates into the subcritical-density region, reducing
the laser absorption. This in turn leads to a drop in the coronal temperature and an increase in the laser intensity at the
quarter-critical surface. All of these factors raise the value of
h, exciting the two-plasmon-decay instability at the time when
1014
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Figure 113.21
Measured bremsstrahlung radiation above 40 keV for the thin-CD-shell
cryogenic implosions. The inferred hard x-ray temperature in these implosions is above 50 keV.
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The experimental signature of the suprathermal-electron
preheat is the measured hard x-ray25 signal. This correlates
with the 3/2~ signal,23 indicating that the two-plasmon-decay
instability is the main mechanism producing the energetic
electrons. The hard x-ray signal measured in cryogenic implosions, shown in Fig. 113.21, increases with the laser intensity.26
Taking this result into account, the peak drive intensity was
reduced to below 3 # 1014 W/cm2 to minimize the suprathermal-electron-preheat effect on the target performance.26 The
measured and predicted areal densities, together with the data
for I > 5 # 1014 W/cm2, are plotted on Fig. 113.22. The improved
agreement observed for the lower-intensity shots suggests that
suprathermal-electron preheat contributes to a modest degradation in tR at higher drive intensities.

Peak I < 3 × 1014 W/cm2
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Figure 113.22
Measured G t RH as a function of the simulated value using the hydrocode
LILAC with the nonlocal transport model for cryogenic implosions at peak
intensities I > 5 # 1014 W/cm 2 (squares) and I < 3 # 1014 W/cm 2 (circles), and
for a 10-n m-thick CD shell at I = 5 # 1014 W/cm 2 (stars).

the CD layer burns through. Increasing the CD overcoat thickness to 10 n m allowed the drive intensity to be raised to 5 #
1014 W/cm2. This produced a significantly less amount of the
hard x-ray signal compared to the thinner plastic shell, indicating lower suprathermal preheat. The stars in Fig. 113.22 show
the high areal densities (up to 202!7 mg/cm2) measured in the
implosions, which are described in greater detail in Ref. 11.
Despite the small hard x-ray signal, the measured areal densities were +18% lower than the 1-D prediction, indicating that
additional mechanisms could be responsible for the measured
tR deviation from the predicted value.
The areal density in the experiment is inferred from the
energy downshift in the secondary protons created in the
D3He reaction.8 The experimentally inferred G tRH, therefore,
is affected by the timing of the production of these protons with
respect to the tR temporal evolution. Shown in Fig. 113.23(a)
are the experimental and predicted neutron-production histories
for a cryogenic implosion with a 10-n m-thick CD overcoat
that yielded the highest G tRH exp. The predicted areal-density
history is plotted on the same figure. The figure shows that the
experimental burn rate is significantly reduced (presumably by
the perturbation growth during the shell deceleration) at the
time when the shell tR reaches its peak value.27 This could
explain the lower measured areal density with respect to the
results of 1-D calculations [compare solid (measurement) and
dotted (calculation) curves in Fig. 113.23(a)]. To address the
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sampling issue, Fig. 113.23(b) plots the predicted D3He proton
spectrum averaged over the experimental burn history (dashed
curve), showing good agreement with the measured spectrum
(solid curve) averaged over five individual measurements at
different views of the implosion.

the outer layer of the ablator with high-Z elements. In these
experiments, warm plastic shells filled with 15 atm of D2 gas
were imploded using two pulse shapes to set the shell adiabat to
a = 2 and 3, respectively. The outer 3 n m to 10 n m of the shell
were doped with 6%/atom of Si or 2% to 2.6%/atom of Ge. The
total shell thickness was 27 nm. The increased laser absorption
caused by the higher averaged ion charge in the plasma corona
is predicted to raise the threshold for the two-plasmon-decay
instability [see Eq. (5)], reducing the suprathermal-electron
preheat. Figure 113.24 shows the hard x-ray signal measured

The suprathermal-electron–generation efficiency for the
NIF-scaled targets, not fully understood at present time, is
currently under investigation. Preliminary experiments have
been carried out to study the preheat mitigation by doping
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(a) The burn history measured (solid line) and predicted (dotted line). Also shown is the tR evolution calculated with the 1-D code LILAC (dashed line, right
axis). (b) Measured secondary-proton spectrum (solid line) for a 10-n m-thick CD shell with a 95-n m-thick D2 cryogenic layer driven on an a = 2 adiabat at I =
5 # 1014 W/cm 2. The dotted line shows the calculated spectrum averaged over the predicted 1-D burn, and the dashed line represents the calculated spectrum
averaged over the experimental burn history.
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Measured bremsstrahlung radiation above 40 keV for the implosions with
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in pure-CH and CH shells doped with Si or Ge. The observed
significant reduction in the signal level confirms the lower
preheat level in the doped ablators. For comparison, Fig. 113.24
also shows the signal for cryogenic targets with 5- and 10-nmthick CD shells.
In addition to the reduction in the hard x-ray signal, the
shells with Si-doped layers show improved hydrodynamic stability. The radiation from the higher-Z dopant preheats the shell,
reducing both the initial imprint levels28,29 and the Rayleigh–
Taylor instability growth. The improved stability of Si-doped
shells with respect to the pure-CH shells results in an increase
in both the experimental yields and the ratio of the experimental
to the predicted yield. The latter is shown in Fig. 113.25. The
increased yield is especially pronounced in the most-unstable,
a = 2 implosions when the thickness of the doped layer is 3 nm
or greater. The stabilizing property of the high-Z dopants will
be used in the future OMEGA cryogenic designs. Calculations
show that the radiation from the dopant preferably preheats
the higher-opacity CD layer without significantly heating the
lower-opacity main fuel. This enhances cryogenic shell stability
without compromising the fuel adiabat.

Yield (exp)/yield (1-D) (%)

40
a = 3 implosion
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Conclusions
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Inertial Confinement Fusion Concept
Introduction
Shock ignition is a concept for direct-drive laser inertial
confinement fusion (ICF)1–3 that was recently proposed by
Betti et al.4,5 It promises to achieve ignition with +3#-lower
driver energy than the conventional isobaric hot-spot ignition
concept.6 The fuel is assembled to a high areal density (tR)
on a low adiabat (a) with a sub-ignition implosion velocity
using shaped nanosecond laser pulses. The adiabat3 is defined
as the ratio of the plasma pressure to the Fermi pressure of a
degenerate electron gas and is typically a + 1 to 2. Because
of the low implosion velocity, the temperature of the central
hot spot is too low for conventional ignition to occur. A strong
shock wave launched at the end of the laser pulse with an
intensity spike hits the compressed core, further compresses
the hot spot, and triggers ignition. The resulting burn wave
ignites the entire dense core, producing high yields due to
the large areal densities. Similar to fast ignition7 and impact
ignition,8 the fuel assembly and ignition are separated and the
energy gain (G) scales as G + i v1i .25 (Ref. 9), where i is the
burnup fraction that increases with tR (Ref. 2) and vi denotes
the implosion velocity. A low implosion velocity and high tR
are advantageous to producing the highest ICF gains.4 The
peak areal density is approximately independent of the shell’s
implosion velocity and depends on the in-flight adiabat according to (tR)max + a–0.6 (Ref. 4), favoring as low an adiabat as
achievable. Low-velocity, high- tR, a . 1.5 implosions have
recently demonstrated experimentally a neutron-averaged areal
density of 0.13 g/cm2 and peak tR of +0.24 g/cm2 (Ref. 10).
In fast ignition, the implosion laser facility must be combined
with a high-intensity, short-pulse, multipetawatt-ignitor laser
facility delivering a particle beam for ignition. Shock ignition
makes use of the pulse-shaping capabilities of the implosion
laser facility, significantly relaxing the technical constraints
on the concept.
The strong shock wave that triggers ignition is achieved
by adding a sharp intensity spike at the end of the main drive
pulse.4 The laser power must rise to several hundred terawatts
in a few hundred picoseconds to drive the ignitor shock. The
spike pulse is timed so that the shock wave meets with the
LLE Review, Volume 113

return shock driven by the rising hot-spot pressure during the
deceleration phase in the shell close to the cold fuel/hot spot
interface. The colliding shocks generate two new shock waves
with one propagating inward, leading to further compression
of the hot spot and a peaked pressure profile with its maximum
in the center. The resulting fuel assembly is nonisobaric with a
hot-spot pressure greater than the surrounding dense fuel pressure4 and, to achieve ignition, requires a lower energy than the
conventional isobaric hot-spot ignition.4,5 The required driver
energy is lowered roughly by the factor ` phs pisoj2.5 (Ref. 5),
where phs is the nonisobaric hot-spot pressure and piso is the
isobaric pressure. A pressure ratio of +1.6 results in a 3#-lower
ignition energy. This mechanism is very effective in thick-shell
implosions, where the ignitor shock wave significantly increases
its strength as it propagates through the converging shell.
Massive shell implosions have good hydrodynamic-stability
properties during the acceleration phase because of low acceleration and small in-flight aspect ratio (IFAR). The number
of e foldings of Rayleigh–Taylor (RT) instability growth for
the most-dangerous modes with wave numbers about equal to
the inverse in-flight target thickness is roughly proportional
to the square root of IFAR.3 Low IFAR implosions are not
significantly affected by RT instability.
This article describes initial implosion experiments of the
shock-ignition concept that were performed on the OMEGA
Laser System11 using warm plastic surrogate shells and cryogenic shell targets. The power of the OMEGA laser is limited
to about 20 TW, thus preventing the investigation of the shockignition scheme in ignition-relevant regimes (requiring more
than 300 TW). Nevertheless, by lowering the power during the
assembly pulse to about 7 TW, a late shock can be launched
by a fast rise to about 18 TW. Such OMEGA experiments are
used to study important features of the shock-ignition scheme
such as hydrodynamic stability, shell compression, and hotspot compression induced by the late shock. One of the most
important aspects to be investigated is the uniformity of the
shock-induced hot-spot compression. Since the ignitor shock
is launched late in the pulse, its uniformity might be compromised by the large amplitude modulations of the ablation front.
25
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Figure 113.26
Targets that were used to test shock-ignition pulse-shape implosions on the
OMEGA Laser Facility.
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The capsules were imploded by relaxation adiabat pulse
shapes9 for +16- to 20-kJ UV laser pulses. The 351-nm-wavelength laser light was smoothed with polarization smoothing15
and distributed phase plates,16 and in some shots the laser
beam was smoothed with 1-THz-bandwidth, 2-D smoothing by
spectral dispersion (SSD).17 Typical experimental pulse shapes
with and without spike for warm plastic targets and a + 1.5
are compared in Fig. 113.27. The shaped pulses comprise an
80-ps full width at half maximum (FWHM) Gaussian prepulse
(“picket pulse”) and a subsequent shaped main-drive portion
consisting of an +1-TW foot power and a moderate + 6- to
8-TW plateau; the solid curve comprises a high-intensity spike
portion (“spike pulse”) with a peak power of about +17 TW.
The corresponding nominal laser intensity in the spike portion
exceeds 7 # 1014 W/cm2. The nominal laser intensity refers to
the initial target size, while the actual intensity at the critical-
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Targets, Laser Pulse Shapes, and Diagnostics
Figure 113.26 shows the targets that were used in the experiments: (a) 40-n m-thick, 430-n m-outer-radius, plastic (CH)
shells coated outside with a 0.1-n m layer of aluminum and
filled with D2 gas with pressures ranging from 4 to 45 atm and
(b) cryogenic targets comprising a 10-nm-thick, strong deuterated plastic shell and frozen layers of 95-n m-deuterium (D2)
and 78-n m-deuterium–tritium (DT) ice, respectively. Details
of the direct-drive cryogenic-target program can be found in
Refs. 12–14.

(a)
Warm plastic shell

Power (TW)

The ignitor shock could transfer such perturbations from the
ablation front to the hot spot, thus reducing the uniformity of
the compression and possibly quenching the thermonuclear
burn. By comparing the implosion performance with and
without a shock, we infer the relative effectiveness of the shock
compression and hot-spot heating. The low-mode uniformity
of the compression is assessed by measuring the modulation
in the areal density and by the magnitude of the neutron yield
with respect to the calculated 1-D yield. Varying the timing
of the peaks in the laser pulse shape optimizes the timing of
the shock waves and the implosion performance. Plastic-shell
implosions study how fuel–shell mixing affects the yield performance for shock-ignition pulse shapes, compared to standard
low-adiabat picket-pulse capsule implosions.10 Significantly
improved performance using shock-ignition–type pulse shapes
has been observed, leading to peak tR exceeding +0.3 g/cm2.
The following sections present the target types, the laser pulse
shapes, and diagnostics; fusion-reaction yield measurements in
plastic-shell implosions; areal-density analysis of plastic-shell
implosions; and initial spike pulse cryogenic-shell implosions.
A summary and conclusions are also presented.

0

Figure 113.27
Pulse shapes with (solid curve, 46078) and without (dashed, 46073) spike, no
SSD. The laser energies were 18.6 kJ (46078) and 19.4 kJ (46073), respectively.
The onset of the spike pulse was at 2.8 ns.

density surface at the pulse end is a factor of +2 higher due to
compression. A similar pulse shape without spike but the same
laser energy is shown by the dashed curve. The pulse shapes
are very similar in the first nanosecond, including the picket
intensity, the picket timing, and the foot of the main drive
pulse. The no-spike shape reaches a slightly higher power in
the plateau. The energy difference in the plateau is transferred
to form the spike (solid curve). Zero time marks the onset of the
foot of the main drive laser pulse. The picket pulse in front of
the foot of the main pulse launches a shock wave that sets the
LLE Review, Volume 113
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adiabat of the implosion and generates a shaped-adiabat profile
within the shell that is monotonically decreasing from the outer
(ablation) surface toward the inner shell surface (see Fig. 2 in
Ref. 10). The use of adiabat-shaping pulses in the context of
fast-ignition implosions was suggested in Ref. 9. The relaxation
technique18,19 for adiabat shaping simplifies the laser pulse by
lowering the contrast ratio between the peak laser power and
the power in the foot of the main pulse. It also improves the
hydrodynamic stability of the implosion by decreasing the inflight aspect ratio and increasing the ablation velocity.
Figure 113.28 shows a schematic of the timing of the various
shock waves in a warm surrogate shock-ignition implosion. The
picket pulse that is optimally timed with respect to the main
drive pulse launches a shock wave (SW) and sets the adiabat of
the implosion. The slowly rising part of the main drive launches
a compression wave (CW) steepening up while propagating
through the shell and then overtakes the SW just before shock
breakout at the inner interface. A sharp rise in intensity at the
end (spike pulse) generates a “spike shock wave” (SSW) that
must be properly timed to meet the return shock in the inner
region of the cold shell material. The colliding shocks then
generate the shock wave that travels back to the capsule center.
In the experiments, the implosion was optimized by measuring the fuel assembly performance as a function of the timing
of the picket and spike pulses. The picket pulse was timed by
a variable delay line, and the spike pulse timing was varied
by using different pulse shapes that were designed so that the
low-intensity foot drive was kept the same but had a different
temporal onset of the spike portion, which was varied in 100-ps

(a)

Compression
wave

(b)

time increments. The trailing edge of the main drive pulse was
designed to keep the total laser energy constant.
The diagnostics that were used to measure the implosion
performance include proton wedged range filters (WRF’s),20
a nuclear temporal diagnostic (NTD),21,22 and neutron timeof-flight diagnostics comprising scintillator counters coupled
to fast photomultipliers for primary and secondary neutron
yield measurements.23 The kinetic energy downshift of protons
generated by the D3He fusion reactions, which is a secondaryproton production reaction in D2 fuel, was used to infer areal
density24,25
D + D$ 3He + n,

(1)

He + D$p ]12.6 - 17.5 MeVg + 4He.

(2)

followed by
3

The secondary protons have a considerable energy spread due
to the kinetic-energy spread of 3He produced in the primary
reaction. The protons produced in the central hot-spot region
pass through the dense, cold shell where their kinetic energy
suffers a considerable downshift. Therefore the measurement
of the downshifted kinetic-energy spectrum provides information about the shell areal density. By using wedges with an
appropriate range of thicknesses and a CR-39 plastic detector,
it is possible to make an accurate reconstruction of the proton
spectrum by applying the technique discussed by Séguin et al.
in Ref. 20. The lower detection limit given by the thinnest
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Figure 113.28
Schematic of the timing of the various
shock waves generated by the picket pulse,
the drive pulse, and the high-intensity
spike pulse.
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wedge section is + 4 MeV. The proton spectra were measured
at four locations around the target. Areal-density measurements
based on the fusion proton-spectrum downshift are routinely
used at LLE.25,26
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Measurements of Fusion-Reaction Yield
in Plastic-Shell Implosions
A series of plastic-shell implosions with D2-fill pressures
in the range of 9 to 45 atm were performed with and without
SSD using a low-adiabat pulse shape without a spike portion
[Fig. 113.29(a)]. The pulse shapes were similar to that shown in
Fig. 113.27 (dashed curve) but with a higher main-drive power
of +11 to 13 TW. The ratio of the measured primary neutron
yield to that predicted by 1-D simulations using the hydrodynamic code LILAC,27 or neutron yield-over-clean (YOC),
is shown in Fig. 113.29(b) for these implosions as a function

0

Pressure (atm)
30 15
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Figure 113.29
(a) Low-adiabat relaxation laser pulse shapes without a spike pulse. (b) Measured neutron yield over clean versus hot-spot convergence ratio (bottom) and
D2-fill pressure (top) of plastic-shell implosions. The open triangles depict
measurement with SSD; the solid squares depict measurement without SSD.

28

of the calculated hot-spot convergence ratio (bottom) and fill
pressure (top). The calculated hot-spot convergence ratio (CR)
is defined as the initial inner target-shell radius divided by the
minimum radius of the gas–shell interface at peak compression.
The YOC is + 4% at 45 atm and decreases with lower pressure
and higher CR to +1%. SSD has no significant effect on the
yield performance, indicating that thermal conductivity in the
plasma formed by the picket pulse effectively smoothes shortwavelength structures in the laser beams (imprinting). A YOC
decrease by a factor of + 4 when CR increases from +9 to +23
indicates an increased small length mixing for smaller hot-spot
radii. Large convergence ratios of the fuel and the slow assembly make plastic shells inherently RT instable during the deceleration phase, giving rise to a substantial shell–fuel mixing28
that quenches fusion reactions and typically results in YOC of a
few percent.10 Mixing is enhanced in these low-velocity implosions because the hot spot is small relative to the target size.29
In comparison, shock-ignition–type pulse shapes considerably
improve the performance (see Fig. 113.32 on p. 30).
A systematic study of low-adiabat (a . 1.5) plastic-shell
implosions with a short picket and a high-intensity spike
was performed at a constant pressure of 25 atm, a fixed laser
energy of 17 kJ, and a fixed spike-pulse timing of 2.8 ns as
a function of picket timing (see Fig. 113.30). The measured
neutron (open circles) and proton (solid squares) numbers are
shown in Fig. 113.30(a) as a function of the picket-pulse delay.
Zero determines the onset of the foot of the main drive, and
an increased delay shifts the picket earlier in time away from
the foot. The neutron and proton yields increase by a factor of
+2 from 3.5! 0.4 # 109 to 8.0 ! 0.8 # 109 and 2.6 ! 0.5 # 106 to
6.2!1.2 # 106, respectively, when shifting from –550 ps to zero,
which is the optimum picket timing. Calculated neutron and
proton yields using the 1-D hydrocode LILAC27 and a constant
flux limiter of 0.06 show a similar trend, but the predicted
yield variation is not as pronounced as in the measurement.
Figure 113.30(b) shows that the picket timing also affects the
measured average areal density (GtRH). An +100-ps mistiming
lowers the yield by +25%, which is significant compared to the
neutron-yield measurement uncertainty of +10%, and a delay
by up to approximately –550 ps degrades the yield by a factor
of +2 and GtRH by +20%. The measurement shows how shockwave timing of SW and CW affects the implosion performance
of these surrogate targets (see Fig. 113.28). If the CW is too
late, the first shock enters the fuel, prematurely compressing
and heating it, while if the CW is too early, the inner target
portion is placed on too high an adiabat, reducing its compressibility. For direct-drive, hot-spot ignition target designs, the
CW must overtake the first shock within !150 ps of the design
LLE Review, Volume 113
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Figure 113.30
(a) Measured neutron (open circles) and proton (solid squares) yields as functions of the picket-pulse timing. Zero determines the onset of the foot of the
main drive and an increased delay shifts the picket earlier in time away from
the foot. (b) Corresponding measured average areal density. The relative GtRH
error bars are shown.

specification.30 For the surrogate CH experiments, the best
results were obtained for time-zero for both the yield and GtRH
with GtRH = 0.18 ! 0.02 g/cm2 under the experimental conditions of Fig. 113.30. This shows that the correct timing of SW
and CW has been obtained. More details on the areal-density
measurements are discussed in Areal-Density Analysis of
Plastic-Shell Implosions (p. 30).
The implosion was further optimized by studying how the
timing of the SSW affects the implosion performance. This was
done with different pulse shapes that were designed to have the
same low-intensity foot and plateau, but a different spike-pulse
timing. Figure 113.31(a) shows an overview of the neutronyield measurements. The solid circle data point represents a
measurement for a pulse shape without a high-intensity spike,
yielding 1.8 ! 0.2 # 109 neutrons with 19.4-kJ laser energy. In
comparison, a spike pulse with a 2.8-ns delay and slightly less
laser energy (18.6 kJ) results in 4 # more neutrons (8.0 ! 0.8 #
109, upper triangle). The proton yield increases by a factor of
LLE Review, Volume 113

+5 from 1.3 ! 0.3 # 106 to 6.2 !1.2 # 106. All other data points
were measured with +17-kJ laser energy, which explains why

the second triangle at 2.8 ns is lower. The triangles represent the measurement for a picket delay of –300 ps, and the
squares are a series with –100-ps picket delay. Figure 113.30(a)
shows that a shorter picket delay results in an improved yield,
which is consistent with the fact that the square data points
in Fig. 113.31(a) are slightly higher than the triangles. The
measurement in Fig. 113.31(a) demonstrates an optimum timing of the spike-pulse delay at 2.8 ns. A mistiming by 100 ps
significantly affects the yield. One-dimensional hydrodynamic
simulations using the code LILAC do not predict a maximum
in neutron yield at 2.8 ns and show very little sensitivity of
the fusion-product yield on SSW timing [see Fig. 113.31(b)].
The calculated 1-D yield for the SSW implosion with 18.6 kJ
(upper triangle at 2.8 ns) is only slightly higher than a comparable implosion without SSW and 19.4 kJ of laser energy.
Calculations for exactly the same laser energy predict +30%
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Figure 113.31
(a) Measured neutron yield as a function of the onset of the spike pulse, for two
different picket-pulse delays. The targets were filled with 25 atm of D2. The
pulse without spike (solid circle) used a -300-ps picket delay. (b) Calculated
neutron yield versus spike-pulse delay.
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The implosion performance was studied with the optimized
spike-pulse shape for various shell-fill pressures between
4 and 25 atm. Figure 113.32 compares the YOC versus CR for
implosions with an optimized spike-pulse shape (circles) and
various pulse forms without a spike pulse (diamonds), including
the data from Fig. 113.29(b). The implosions without a spike
pulse were not optimized with respect to shock-wave timing.
The experiments demonstrate that YOC close to 10% has been
obtained for plastic-shell, a = 1.5 to 1.9, low-adiabat implosions and CR of up to 30, indicating an improved stability with
shock-ignition–type pulse shapes.
Areal-Density Analysis of Plastic-Shell Implosions
Figure 113.33 shows the measured proton spectrum, which
is the average of four individual proton spectra taken from
different lines of sight, for an 8.3-atm, D2-fill implosion with
a laser energy of 18 kJ without SSD. All of the measurements
described in this section were performed without SSD. A mean
downshift of 6.38 ! 0.13 MeV was measured where the error
represents the standard deviation over the four measurements.
Following Refs. 20 and 24, an areal density averaged over the
proton spectral distribution of GtRH = 0.204 ! 0.003 g/cm2 is
inferred where the uncertainty represents the standard deviation of GtRH from the four measurements. SSD smoothing was
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Figure 113.32
The neutron YOC versus 1-D calculated hot-spot convergence ratio. The YOC
is close to 10% for a hot-spot convergence of up to 30.
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yield enhancement by the SSW, which is much lower than
measured. As mentioned before, the SSW energy coupling
into the hot spot is optimal for thick-shell targets because the
ignitor shock strength increases significantly when traveling
through the converging shell. Compared to an ignition design
with a target shell thickness of +350 n m (Ref. 5), the present
targets (40 nm CH, +100 nm cryo) are thin-shell targets, which
explains why the simulated enhancement is only marginal. It
is not yet clear why the targets perform much better than predicted, but there are several possible explanations. Plastic shells
with low-pressure fills are inherently RT instable during the
deceleration phase, giving rise to substantial shell–fuel mixing
that quenches fusion reactions, which is believed to be the main
cause for the YOC’s in the percent range. The experiments
presented here suggest that for optimal SSW timing, the mixing
processes are mitigated, which might be caused by the impulse
acceleration by the SSW that shortens the time period for the
instability growth or by a steepening of the density profile at
the inner shell surface. Another possibility, which is not very
likely, would be that the hot-spot heat-transport losses are not
modeled correctly and that the temperature increase produced
by the SSW is larger than predicted, leading to the higher yield.
Multidimensional hydrodynamic simulations have been started
to study this effect in more detail.
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Figure 113.33
Measured proton spectra for shot 48674, which is the average of four spectra
taken from different directions. The 8.3-atm, D2-filled CH shell was imploded
with 18.0 kJ without SSD. The average areal density was measured with
G t RH = 0.204 ! 0.014 g/cm 2, and the measured maximum areal density of
0.3 g/cm 2 is restricted by the detection limit of the instrument.

found to have no significant effect on tR for relaxation-type
low-adiabat implosions,10 and the small standard deviation of
the tR measurement indicates high shell stability. Notice that
the lower limit of the detector given by the thickness of the
Al wedges20 is at a proton energy of 4 MeV, which appears
as a cutoff in the measured spectrum. The protons need to be
LLE Review, Volume 113
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downshifted by +9 MeV to reach the cutoff that corresponds
to a tR value of +0.3 g/cm2. Therefore, the proton spectrum
indicates that areal densities even higher than 0.3 g/cm2 were
experimentally realized. Calculations with the 1-D code
LILAC27 using a constant flux limiter of 0.06 predict, for shot
48674, (tR)max = 0.345 g/cm2 and with a time-dependent flux
limiter (Refs. 31 and 32) (tR)max = 0.331 g/cm2. The timedependent flux-limiter calculations model the nonlocal heat
transport by introducing an effective temporal varying flux
limiter.32 For the tR inference a fusion-reaction-rate–averaged
density of 110 g/cm3 and a temperature of 0.1 keV were taken
from simulations. The inferred tR value depends slightly on
the density. A density variation of !50 g/cm3 changes the areal
density by +! 0.01 g/cm 2. The temperature dependence is
negligible. The absolute calibration uncertainty of the WRF is
! 0.4 MeV for the mean value of the proton spectral distribution
corresponding to ! 0.01 g/cm2. Taking the statistical fluctuation, the density variation, and the calibration uncertainty into
account, an absolute measurement error of +! 0.014 g/cm2 is
estimated, leading to GtRH = 0.204 ! 0.014 g/cm2.
Areal-density measurements were performed for various fill
pressures corresponding to various hot-spot convergence ratios.
Figure 113.34 shows that implosions with optimized spike pulse
shapes (open triangles) achieve the highest GtRH values that
have a tendency to increase with CR from +15 to +25. The data
point at CR + 30 falls below the scaling, indicating that for
With spike (optimized)
With spike (picket mistimed)
Without spike

Measured GtRH (g/cm2)
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Figure 113.34
G t RH versus CR for 2.8-ns spike-delay pulse implosions (optimized pulse
shape—open triangles; picket mistimed—solid triangles) and no-spike pulseshape implosions (open squares). The relative G tRH error bars are shown.
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large CR the GtRH measurement is affected by the instrumental
cutoff and by the sampling over the GtRH time evolution (see
Fig. 113.35). The solid line is a linear fit through the first three
open triangle data points. In contrast, lower GtRH values are
measured for a mistimed picket (solid triangles) and the lowest
GtRH values are observed without SSW (squares), showing also
a larger data scattering. Figures 113.32 and 113.34 reveal that
optimum timed shock-ignition pulse-shape implosions show
an improved performance with higher GtRH and suggest less
instability growth.
Figure 113.35(a) shows all of the measured SSW implosion
GtRH data versus the 1-D prediction with a time-dependent flux
limiter. To relate the measured GtRH obtained from the mean
of the proton spectrum to the 1-D calculation, the predicted tR
evolution is averaged over a time window in which the fusion
products are generated and weighted according to the production rate.33 The simulations in Fig. 113.35(b) show that the tR
(thick solid curve) increases during neutron production and that
the fusion reactions are quenched near the time of a peak areal
density of 0.33 g/cm2. The measured neutron rate (thin solid
curve) is lower and truncated compared to the 1-D simulated
fusion rate (dashed), probably caused by shell–fuel mixing.
Mixing is a time-dependent process that is small in the initial
phase of tR buildup and then grows during the deceleration,
leaving a clean hot-spot radius equal to the so-called free-fall
line.34 The corresponding time-integrated proton spectrum is
shown in Fig. 113.33; each point of the spectrum corresponds
to a different downshift and, therefore, to a different tR. The
energy downshift of the low-energy tail of the spectrum represents a measure of the peak tR during the neutron production, which was limited by the instrument indicating peak tR
exceeding 0.3 g/cm2, in agreement with the simulations. The
temporal shape of the neutron-production rate is close to the
secondary-proton–production rate26 and is used to calculate
the neutron-rate–averaged GtRH n [Fig. 113.35(a)]. The experimental error of the absolute timing of NTD22 is +50 ps and,
considering that the neutron-production duration is typically
less than 300 ps, the calculated GtRH n values are very sensitive
to the timing of the measured neutron rate. The timing error of
the measured rate was taken into account for these calculations,
leading to the uncertainties in the calculated GtRH n shown as
x-error bars in Fig. 113.35(a). Figure 113.35 shows that the fuel
assembly is close to the burn-weighted 1-D predictions of the
code LILAC with measured tR values achieving larger than
90% of the 1-D prediction. The slight deviation at high compression is partially due to the instrumental cutoff resulting in
a slightly lower GtRH reading.
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Figure 113.35
(a) Measured spike-pulse implosion G tRH versus LILAC-calculated neutronrate–averaged G tRH n and (b) comparison of measured neutron rate (thin solid
curve), 1-D predicted neutron rate (dashed curve), and predicted tR evolution (thick solid curve) for shot 48674 (proton spectrum in Fig. 113.33). The
absolute measurement G tRH uncertainties are shown in (a).

Initial Spike-Pulse Cryogenic-Shell Implosions
Initial shock-spike implosions with cryogenic D2 and DT
targets [Fig. 113.26(b)] were performed using spike-pulse
shapes similar to that shown in Fig. 113.27 with a total laser
energy of 16.0 kJ for the D2 target and 17.9 kJ for the DT
target. In both cases SSD was used. High-quality targets
with ice-layer nonuniformities of vrms = 1.5 n m (D2) and
0.9 n m (DT) were imploded. The D2 target implosion suffered from a large 49 ! 3- n m offset of the capsule center
from target chamber center, which caused a significant drive
asymmetry. A low-mode tR modulation was measured with
the higher areal density toward the higher-intensity drive
32

side. By averaging the four lines of sight, an areal density of
G tRH = 0.18 ! 0.05 g/cm 2 was measured, which is compared
to a calculated value of 0.20 g/cm 2 (time-dependent flux
limiter)32 taking the measured fusion-reaction history into
account. Therefore, the assembled fuel reaches +90% of the
1-D prediction. The neutron yield is +5% of the 1-D prediction.
A similar D2 cryogenic-target implosion using a similar waveform but without a spike pulse and with a better target offset
of 19 !3 n m yielded a slightly higher YOC of +7% and GtRH =
0.20 ! 0.02 g/cm2 (Ref. 35). Table 113.I compares the implosion
performance of cryogenic targets using low-adiabat picketpulse shapes with and without a high-intensity spike at the end
of the drive pulse. No measured tR data are available for the
DT implosions because the WRF diagnostic is compromised by
the large neutron influx. DT target shot 48734 (with a late spike
pulse) had very good ice-layer quality and small target offset
resulting in YOC of +12%, while a comparable shot without a
spike pulse (48304) gave a YOC of +10%. Due to a diagnostic
error, no target-offset data are available for shot 48304. The first
few shock-ignition cryo implosions on OMEGA were among
the best performing (in terms of yield and tR) but did not yet
exceed the performance of standard pulse shapes. This is likely
due to a non-optimal pulse shape when SSD was employed. The
SSD bandwidth broadened the spike pulse sufficiently so that
LILAC simulations do not show a SSW. The spike-pulse rise
time without SSD in the plastic-shell implosions is about twice
as fast and generates a significant SSW. Further experimental
studies will assess the implosion performance of cryogenic
targets without SSD, working toward an improved pulse shape
with SSD, which will then allow a strong enough shock with
the late spike pulse to be generated.
Parametric plasma instabilities are of concern in an ignition
target design5 with spike-pulse intensities in the range of 1015
to 1016 W/cm2 and an +150-ps FWHM pulse. The instabilities increase the back-reflection of laser light from the target
and therefore lower the coupling efficiency into the capsule,
while an increased fraction of the coupled energy will be
transferred into suprathermal electrons, which are a potential
source of preheat. No measurable amount of stimulated Raman
and Brillouin backscatter is detected in the above-discussed
cryogenic implosions having nominal laser peak intensities of
+8 # 1014 W/cm2. The actual intensity at the critical-density
surface is a factor of +2 higher when the target compression
is taken into account. There is a measurable amount of hard
x-ray yield above +50 keV due to fast electrons produced by
the two-plasmon–decay (TPD) instability. Since GtRH reaches
+90% of the 1-D prediction, there is no significant degradation of the implosion due to preheat. There are no parametricLLE Review, Volume 113
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Table 113.I: A comparison of the implosion performance of cryogenic targets using low-adiabat picket-pulse
shapes with and without a high-intensity spike at the end of the drive pulse.

Shot #
Target
Ice layer v ( nm)
Target offset ( nm)
Spike pulse
Elaser (kJ)
Adiabat
GtRHexp (g/cm2)
GtRHLILAC (g/cm2)
Tion (keV) (exp)
Tion (keV) (LILAC)
Yn
(YOC)

47206
D2

48386
D2

48304
DT

48734
DT

2.4

1.5

0.7

0.9

19 !3
No
16.5
1.8

49 !3
Yes
16.0
2.0

No data
No
19.3
2.0

10 !5
Yes
17.9
2.0

0.201! 0.021

0.182 ! 0.046

No data

No data

0.216
2.1! 0.5
2.0
7.70 # 109
7.3%

0.204
1.8! 0.5
1.9
3.40 # 109
5.3%

0.186
2.5! 0.5
2.3
1.60 # 1012
9.8%

0.194
1.9 ! 0.5
2.3
1.43 # 1012
12.3%

instability measurements for shock-ignition-target–relevant
conditions available (spherical cryogenic target, long density
scale length, and intensities above 2 # 1015 W/cm2). However,
measurements of parametric instabilities for indirect-drive–
relevant ignition-plasma conditions with millimeter-density
scale length and 15% critical-density targets report a backscatter of the order of a few percent to 10% at 5 # 1015 W/cm2
(Ref. 36). The density scale lengths in shock-ignition targets
are shorter, and for similar laser intensities the backscatter is
expected to be of the order of +10% or less. Parametric instability and fast-electron–generation scaling measurements at
direct-drive-ignition–relevant intensities and long density scale
lengths in warm surrogate targets show that the TPD-generated
preheat starts to saturate at intensities above +1 # 1015 W/cm2
(Ref. 37). Moderate-energy fast electrons (+100 keV) generated by the late high-intensity spike might even be beneficial
for the shock-ignition concept. The effect of preheating was
studied in marginal-igniting, 350-n m-thick massive shells
with the 1-D LILAC code using a multigroup diffusion model
for the fast-electron transport and a Maxwellian hot-electronenergy distribution of 150-keV characteristic energy.5 There
is considerable compression at the time when the fast electrons
are generated with GtRH . 70 mg/cm2, compared to a 17-mg/cm2
stopping range of a 100-keV electron in the cryogenic DT shell.
The majority of the fast electrons are stopped in the outer layers
of the shell and pose no threat of the implosion performance
being compromised by preheat. Moderate-energy fast electrons
actually increase the strength of the SSW, therefore widening
the shock-launching ignition window.5
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Summary and Conclusions
Fuel assembly that is relevant for the shock-ignition ICF
concept has been experimentally studied for the first time. The
experiments were performed on the OMEGA laser using shockignition laser pulse shapes and warm plastic surrogate and
cryogenic targets. Systematic studies of low-adiabat (a . 1.5)
implosions with a short picket and a high-intensity spike were
performed. It was demonstrated that the fuel assembly with
warm plastic targets is close to 1-D simulation predictions with
neutron-rate–averaged areal densities exceeding + 0.2 g/cm2
and maximum tR above +0.3 g/cm2, which are significantly
higher than without the spike pulse. Implosions of D2-filled,
40-n m-thick plastic shells were optimized by measuring the
performance as a function of the timing of the picket and spike
pulses. The spike-shock–generated implosion produces a factor
of + 4–enhanced neutron yield compared to a laser pulse shape
without intensity spike for 25-atm fill pressure and the same
laser energy. For an optimized spike-pulse shape with respect
to shock-wave timing, the measured neutron yields are +10% of
the yields calculated by 1-D simulations (YOC) for fill pressures
down to 4 atm, while the YOC without a spike pulse (not optimized) is less than 1% for pressures below 9 atm. These are the
highest YOC’s reported so far for a . 1.5 implosions of warm
plastic shells and a hot-spot convergence ratio of +30. Plastic
shells with low fill pressures are inherently RT instable during
the deceleration phase, giving rise to a substantial shell–fuel
mixing that quenches fusion reactions, which is not described
by 1-D simulations. The measurements have shown that the
shock-ignition concept is very promising by achieving higher
33
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compression and better stability than comparable low-adiabat,
relaxation-picket plastic-shell implosions without a spike pulse.
Initial experiments with cryogenic D2 and DT targets and a = 2,
spike and no-spike pulse shapes were performed, showing close
to 1-D performance and a neutron YOC of +12%.
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Time-Resolved Absorption in Cryogenic and Room-Temperature,
Direct-Drive Implosions
Introduction
Absorption of laser light in laser inertial confinement fusion
(ICF) implosion experiments1–4 is of pre-eminent importance
since it provides the energy input. Current ICF implosions are
scaled from future ignition experiments with thermonuclear
gain and typically require laser pulses of complex temporal
shape. These pulse shapes are chosen—among other considerations—to minimize the growth of hydrodynamic instabilities
in the acceleration phase of the implosion.5,6 They drive an
optimized series of shock and compression waves that coalesce
in the fuel and lead to hot-spot ignition, provided the fuel has
been kept at a low adiabat a (a = minimum fuel pressure over
Fermi-degenerate pressure).
An accurate understanding of the coupling of laser light to
the target is essential for the success of implosion experiments.
The laser light can be refracted, scattered, and absorbed. Hydrodynamic simulations are used to optimize the pulse shapes for
specific target designs.7–11 These simulations indicate that the
scattered-light distribution in 60-beam implosion experiments
is isotropic to within 1% or 2%. Experimental measurements
of the laser light scattered into 4r strad are used to infer the
absorption for comparison with hydrodynamic simulations.
Current implosion experiments on OMEGA are designed
to study various parameters including the hydrodynamic stability of the implosion. The absorption of laser light crucially
influences the hydrodynamics. All phases of laser absorption, refraction, and scattering in current experiments will be
encountered in the early phases of future ignition experiments.
Some potential problems of future ignition experiments cannot be fully investigated at present. The longer scale lengths
that will be encountered in the future may favor nonlinear
interaction processes beyond those in current implosion
experiments12 or dedicated long-scale-length planar interaction experiments.13–16
Time-integrated absorption measurements have been previously reported for direct-drive spherical target experiments.2,4,17–21 Time-integrated measurements can mask dif36

ferences in the time evolution of the absorption that can lead
to significant hydrodynamic consequences, such as shock
mistiming and an increased adiabat of the inner shell surface
of the imploding target. This article describes the experimental
conditions, followed by examples of time-resolved scatteredlight measurements in implosion experiments and a discussion of the underlying absorption processes. Conclusions are
also presented.
Experimental Conditions
The OMEGA Laser System22 operating with 60 UV beams
(mL = 351 nm) irradiates cryogenic and room-temperature targets of +860-n m diameter. Total laser energies are #24 kJ in
laser pulses of #4 ns with shapes with or without 100-ps pickets
ahead of the main pulse. The maximum overlapped irradiation
intensity is 1.5 # 1015 W/cm2. All beams are equipped with
distributed phase plates (DPP’s),23–25 polarization smoothing
(PS),26 and smoothing by spectral dispersion (SSD)27 in most
experiments. The energy irradiation nonuniformity on target
is <3% rms with each of the 60 beams slightly overfilling the
target with +5% energy spillover around the cold target. The
intensity nonuniformity on target during the slowly varying
parts of the pulse shape ranges between 3% and 7% when
averaged over 200 to 300 ps. In the rapidly varying parts of
the pulse shape the intensity nonuniformity is more difficult
to quantify since it depends on pulse-shape irregularities,
timing jitter among beams, and the precision and accuracy of
the pulse-shape measurements for each beam. The intensity
nonuniformity during the rapidly varying parts of the pulse
shapes is estimated to be K15% rms.
The cryogenic targets28 are plastic (CD) shells of +860-nm
diameter and 3- to 10-nm wall thickness filled with +1000 atm
of DT or D2 and cooled and frozen into uniform,29,30 +100-nm
solid DT or D2 “ice” layers at +18 K. The room-temperature
targets are either CH or CD shells with walls of 10 to 40 n m
filled with D2 or DT gas (3 to 40 atm). The room-temperature
targets are coated with +100 nm of Al for gas retention. Gas
diffusion at cryogenic temperatures is negligible and no Al
coating is applied.
LLE Review, Volume 113
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The principal diagnostic for determining laser absorption in these implosion experiments is provided by two fullaperture backscattering stations (FABS) located in beams
25 and 30.4,18,31 Time-resolved scattered-light spectroscopy
and time-integrated calorimetry in these stations are used
to infer the absorption of light by the target. The absolutely
calibrated FABS calorimeters provide cross-calibration for
all time-resolved scattered-light spectra. A schematic of the
diagnostic arrangement is shown in Fig. 113.36(a) along with
typical time-resolved scattered-light spectra for a narrowband
(no SSD bandwidth), 1-ns, room-temperature implosion.
There are four spectrally and time-resolved scattered-light–
measurement channels31 (one channel in each FABS and two
channels located between focusing lenses). Two typical timeresolved scattered-light spectra are shown in Figs. 113.36(b)
and 113.36(c) with no SSD bandwidth applied. The temporal
resolution is +80 ps and the spectral resolution is +0.08 nm.
The calorimeters are calibrated using shots through the
target chamber without a target, yielding absolute errors on the
energy measurements of 1% to 3% at +10 J into the focusing
lenses of beam 25 or 30. The detection threshold for these calorimeters is +0.04 J. For a typical 20-kJ implosion with +50%

absorption, this results in a calorimetry precision of +1.5%. In
the implosion experiments, the calorimeter measurements vary
by 4% to 6%, leading to typical errors on the absorption of +2%
to 3%. These errors are about twice as large as expected but the
source of these errors is not well understood at present. In addition to the FABS calorimeters, there are up to 17 scattered-light
calorimeters located inside and outside of the target chamber.
These calorimeters are cross-calibrated to the FABS calorimeters since absolute calibration of these calorimeters has proven
to be very difficult to ascertain and maintain.
Near isotropy of the scattered light is predicted by hydrodynamic simulations. The schematic ray trace in Fig. 113.36(a)
shows a variety of scattered ray paths that contribute to the
FABS calorimeter and streak camera channels. This figure is
greatly simplified as each point on each lens receives rays from
many different directions and each FABS sees contributions
from all 60 beams. The fractional contributions from each
beam vary with time and beam. Since the FABS stations are in
the line of sight of opposing beams, some light passes around
the targets at early times [unshifted signal in Fig. 113.36(b)] and
contributes to the FABS energy measurements. This “blow-by”
is not isotropic and must be subtracted from the scattered-light
measurements before the isotropically scattered-light energy
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Figure 113.36
(a) Schematic of scattered-light diagnostics inside the OMEGA target chamber. The full-aperture backscatter station (FABS) is shown for beam 25 with its
calorimeter and temporally and spectrally resolved backscatter channel. An additional channel for light scattered in between the focusing lenses is also shown
(H17). Typical time-resolved backscatter spectra are shown in (b) for the FABS channel and (c) for the channel in between the focusing lenses for an imploding
20-n m-thick CH shell with DPP’s and PS but no SSD bandwidth.
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Results
Time-resolved scattered-light spectra are shown in
Fig. 113.36 for a 1-ns square pulse implosion experiment and in
Fig. 113.37(a) for an implosion using a complex pulse shape with
1-THz SSD bandwidth. The scattered-light power, obtained
by integrating the spectra over the wavelength, is compared
to predictions from hydrodynamic (LILAC32) simulations in
Fig. 113.37(b). (Experimental time-resolved absorption fractions are not compared directly with simulations since the laser
pulse shape and scattered-light spectra are recorded with different streak cameras and slight inaccuracies can lead to large
errors upon division of one by the other.) To avoid the need for
detailed blow-by corrections, the spectra taken in between the
focusing lenses (e.g., H17) are used for most of the quantitative analyses. Two LILAC predictions for the scattered-light
power are shown in Fig. 113.37(b), one for standard flux-limited
electron-heat transport with f = 0.06 (Ref. 33) and the second
using a nonlocal heat-transport model developed at LLE.34,35
The differences between the experimental observations and
the LILAC predictions apparent in Fig. 113.37(b) are typical
for these experiments but the details differ depending on target
and irradiation parameters.
The scattered-light spectra in Figs. 113.36 and 113.37 exhibit
a similar rapid blue shift followed by a slow return to the initial
laser wavelength and beyond. The spectra are modeled using
ray-trace simulations based on density, velocity, and tempera38

(a) 49035 H12
351.4
Wavelength (nm)

The two spectra shown in Fig. 113.36 clearly distinguish
light that misses the target (blow-by) as it remains unshifted in
wavelength [Fig. 113.36(b)]. For shots without beams opposing
the FABS stations, the two spectra are practically indistinguishable. The time-resolved spectrum [Fig. 113.36(b)] allows for
quantitative estimates of the blow-by, supporting the calorimetric estimates discussed above. The blow-by fraction depends
on the pulse shape, pulse duration, and target and cannot be
reasonably determined for all conditions. An estimated blow-by
fraction of +1.6% of the opposing beam energy is subtracted
from the FABS calorimeter measurement to determine the
diffusely scattered-light energy.

ture profiles obtained from hydrodynamic (LILAC) simulations. Figure 113.38 shows schematically how all 60 beams
of OMEGA contribute to the scattered light collected at any
location. The contributions from each beam vary in time. The
spectral shifts observed in Figs. 113.36 and 113.37 are due to
the plasma evolution,36 i.e., the temporally changing optical
path length in the plasma traversed by any ray.
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can be determined. This is done using target shots with only
the beams opposing the two FABS stations. Since plasma
formation on the limb of the target is minimal in this case,
this measurement provides an upper limit of the blow-by. For
consistency the two beams opposing the FABS can be turned
off, which only minimally affects the FABS energy measurements for 58-beam shots but totally eliminates the need for
blow-by corrections.
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Figure 113.37
(a) Scattered-light spectrum and (b) incident and scattered-light powers for
a cryogenic target (10-n m CH wall, 77-n m DT-ice layer, 858-n m diam)
imploded with 17.7 kJ of fully smoothed laser energy (DPP’s, PS, and 1-THz
SSD bandwidth). The experimental scattered power is shown by the dotted
line, the incident power by dashed lines, and LILAC predictions with nonlocal
and flux-limited transport by solid and dashed–dotted lines, respectively.

E16169JRC

Figure 113.38
Illustration of scattered-light contributions from any of OMEGA’s 60 beams
to the light collected by a lens at the target chamber wall. The contributions
from any one beam depend on both time and the position of the beam relative to the collector.
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351.2

(a) 45062, FABS30

350.8

simulations using nonlocal transport and experimental data is
apparent in this figure. The time-integrated absorption fraction for a number of 200-ps irradiation experiments is shown
in Fig. 113.41. The agreement between the LILAC predictions
using nonlocal transport is apparent from these figures, whereas
the standard flux-limited transport significantly underestimates
the absorption.

Power (arbitrary units)

The experimental and simulated spectra are compared in
Fig. 113.39 for a target irradiated with a 200-ps laser pulse
without SSD corresponding to the picket shown in Fig. 113.37.
For this narrowband experiment the anisotropic blow-by contribution to the scattered light observed in FABS25 is easily
distinguished from the light that is isotropically scattered
by the plasma. Simulations with the nonlocal electron-heat
transport and the standard flux-limited transport are shown in
Figs.113.39(b) and 113.39(c) with Fig.113.39(b) matching the
experimental data better. The simulations include the blow-by
around the target. The corresponding incident and scatteredlight powers are shown in Fig. 113.40, where the blow-by has
been removed from the spectrum. Excellent agreement between
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Figure 113.40
Power histories of the incident and scattered light for the spectra shown in
Fig. 113.39: the measured scattered-light power (short-dashed line), the incident power (long-dashed line), the predictions based on nonlocal transport
(solid line), and standard LILAC predictions using flux-limited heat transport
with f = 0.06 (dashed–dotted line).
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Figure 113.39
Time-resolved scattered-light spectra for a 200-ps spherical irradiation experiment of a warm 20-n m CH shell with DPP’s and PS but no SSD bandwidth.
The experimental spectrum is shown in (a) and two simulated spectra are
shown in (b) and (c). Nonlocal electron-heat transport was used for the plasma
parameters in (b) and standard flux-limited ( f = 0.06) heat transport was used
in (c). The white circles are added for easier comparison of the simulated
spectra with the experimental spectrum.
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Figure 113.41
The time-integrated absorption fractions for 200-ps irradiation experiments
of CH targets (20-n m shells or solid spheres) with DPP’s and PS. Most shots
were without SSD bandwidth while two shots had 1-THz SSD bandwidth.
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As shown in Fig. 113.37, hydrodynamic simulations using
either flux-limited or nonlocal transport cannot accurately
predict the scattered-light power at later times during the
main part of the compression pulse (t > 1.5 ns in Fig. 113.37).
A particularly striking example is shown in Fig. 113.42 where
a warm plastic shell (20-n m CH wall, 873-n m diam) was
imploded with a 1-ns square pulse, full beam smoothing, and
15.3-kJ laser energy. Instantaneously, the scattered-light spectra
differ significantly from the incident spectrum as is evident
from the lineouts in Fig. 113.42(a). The scattered-light power
predicted by LILAC using constant flux-limited thermal transport significantly over-predicts the scattered power during the

first half of the pulse and then under-predicts it during the latter
half. Simulations using nonlocal transport correctly estimate
the scattered power during the first 150 ps but are consistently
too low beyond that. The differences between the incident
and scattered-light spectra [see lineouts in Fig. 113.42(a)] are
indicative of a nonlinear interaction process as will be discussed on p. 43.
Another example of the measured and simulated scatteredlight spectrum is shown in Fig. 113.43 for a cryogenic target
implosion with a complex laser pulse designed to drive the
target on a low fuel adiabat (a = 2). Hydrodynamic simulations

log10 (I)
Wavelength (nm)

351.4 (a) 43892 H17
3
351.0 mL

2

350.6

Figure 113.42
(a) Scattered-light spectrum and (b) incident, measured, and predicted scatteredlight powers for a room-temperature target (20-n m CH wall, 873-n m diam,
15 atm of D2) imploded with a 1-ns laser pulse of 15.3-kJ energy with full beam
smoothing (DPP’s and PS, 1-THz SSD bandwidth). Lineouts of the spectrum
shown in (a) are in white with the incident spectrum superposed in blackon-white. In (b) the measured scattered-light power is shown as a solid line,
LILAC predictions using standard flux-limited electron transport with f = 0.06
are shown as a dotted line, and those with nonlocal transport are shown as a
dashed–dotted line.
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Figure 113.43
(a) Measured and (b) simulated time-resolved
scattered-light spectra for an imploding cryogenic
target (10- n m CD wall, 95- n m D 2 -ice layer,
855-nm diam) with 16 kJ of laser energy smoothed
with DPP’s and PS but no SSD bandwidth. The
laser pulse shape is shown as white dashes in
(b) along with the measured (solid white) and
simulated (dotted white) scattered-light powers.
The hydrodynamic simulations used nonlocal
electron transport. (For details of comparison see
the Discussion section, p. 43.)
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351.4

with nonlocal transport were used to calculate the simulated
spectrum [Fig. 113.43(b)]. The general shape of the simulated
spectrum is close to that measured. The incident laser power is
shown in Fig. 113.43(b) along with the measured and predicted
scattered laser power.

(a)

H12 49042

351.0 mL

2

The intricate dependence of the TPD threshold to the
density-gradient scale length (Ln ), electron temperature (Te ),
and intensity is seen in Fig. 113.46. A rough estimate for the
TPD threshold is provided by the plane wave, linear-gradientthreshold parameter38 ath = I14 Ln, nm 230 Te,keV > 1, where
I14 is the average intensity on target in units of 1014 W/cm2.
The laser burns through the plastic shell of this cryogenic target
around the dip of the ath-curve in Fig. 113.46(b). It should also
be noted that the instantaneous peak intensities on target are
typically 5# larger than the average intensities.
Discussion
While time-integrated absorption measurements have
been previously reported to be in good agreement with
simulations,4,21,39 the data presented here show the value of
LLE Review, Volume 113
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The half-harmonic and hard x-ray emission are superposed
in Fig. 113.44(d). The power histories (two half-harmonics
and hard x rays) are strikingly similar, suggesting their common TPD origin. Under well-controlled irradiation conditions
(similar targets, same pulse shapes, but different intensities)
the half-harmonic and hard x-ray signals exhibit an essentially
identical exponential scaling with intensity (Fig. 113.45). An
x-ray threshold around 4 to 5 # 1014 W/cm 2 is observed in
Fig. 113.45. The half-harmonic emission has a threshold that is
around 2 # 1014 W/cm2, comparable to the theoretical threshold38 as calculated for the average intensity in an equivalent
linear density gradient for plane waves at normal incidence.

Wavelength (nm)

350.6
In addition to light scattered near the incident laser
wavelength, laser light is scattered into half-harmonics (~/2
and 3~ /2) due to the two-plasmon-decay (TPD) instability.
Stimulated Raman scattering (SRS)37 has never been observed
on OMEGA direct-drive-implosion experiments while halfharmonic spectra are regularly observed on OMEGA. The
plasma waves produced by the TPD instability can generate
energetic electrons leading to emission of hard x rays beyond
50 keV. Various scattered-light spectra and powers observed
during a typical room-temperature implosion experiment
are shown in Fig. 113.44. The wavelength scales of the halfharmonic spectra are chosen to have equal frequency (energy)
scales for convenient comparison of the spectral features that
are indicative of the TPD instability.
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Figure 113.44
Time-resolved scattered-light spectra for a room-temperature implosion using
25 kJ of laser energy with DPP and PS smoothing but no SSD bandwidth.
[Target: plastic shell, 24-n m wall, outer 10 n m are doped with 6% (atomic)
Si, filled with 15 atm of D2.] The spectrum of the scattered light around the
laser frequency and the incident and scattered power are shown in (a). In
(b) and (c) the 3~ /2 and ~ /2 spectra and powers are shown on a common
frequency (energy) scale. The normalized incident laser, odd-integer halfharmonic powers, and the time-resolved x-ray emission for h ox > 40 keV
are shown in (d).

time-resolved data since compensating differences between
experimental data and predictions can lead to erroneous interpretations. Time-resolved spectral measurements show a high
sensitivity to the actual drive intensity on target. Time-resolved
spectral measurements are particularly important for determining the hydrodynamic wave timing in the ignition-scaled
experiments with complex pulse shapes presently carried out
on OMEGA.
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Discrepancies between the hydrodynamic predictions and
experimental scattered-light data as shown in Fig. 113.37(b) are
common. The initial spike of the incident laser pulse is typically
more strongly absorbed than predicted by simulations using
standard flux-limited electron-heat transport [dashed–dotted
line in Fig. 113.37(b)]. In contrast, the LILAC prediction using
nonlinear electron-heat transport is in excellent agreement for
the scattered light of the initial spike. At later times (between
2 and 3 ns in Fig. 113.37) the experimental data tend to be
predicted better using flux-limited electron transport. Both
transport models consistently predict less scattered light than
is observed.
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Figure 113.45
Intensity scaling of hard x rays (open and solid diamonds, h ox > 40 keV)
and the half-harmonic emission (solid triangles) for cryogenic shots with
pulse shapes as shown in the insert. The targets were 10-n m CH or CD
shells with a 95-n m D2- or DT-ice layer. Shots with pure CD or CH shells
are shown as open diamonds; those with Si-doped outer layers (5 n m) are
shown as solid diamonds.

The scattered-light spectra (Figs. 113.36, 113.37, 113.39,
113.42, and 113.43) contain a wealth of information about the
plasma evolution and the laser–plasma interaction processes.
Refraction in the plasma deflects part of all 60 beams of
OMEGA into the collection optics as shown schematically in
Fig. 113.38. The exact contribution of any beam varies in time
and with the position of the beam relative to the collection
optics. This is simulated numerically with a ray-trace code
using the time-varying plasma profiles obtained from onedimensional LILAC simulations.40 These simulations show
that the rapid blue shift during the initial irradiation of the
target is due to the buildup of plasma36 that occurs when the
optical path length traversed by the scattered light decreases
rapidly with time, since the index of refraction in the plasma is
n = `1 - ne ncj1 2 < 1, where ne and nc are the electron density
and critical electron density. These ray-trace simulations show
that the scattered light shifts to the blue whenever the mass
ablation rate increases.
The remarkable sensitivity of the scattered-light spectra on
the electron-heat-transport model used in the hydrodynamic
simulations is shown in Fig. 113.39. For this narrowband shot
(no SSD bandwidth) we note that the simulations reproduce
both the refracted spectrum and the “blow-by” spectrum (the

Figure 113.46
Spectrum of the 3/2-harmonic emission (a) from a cryogenic target (4.5-n m
CH shell and 95-n m D2 ice layer) imploded with 11.7 kJ of laser energy and
full beam smoothing (DPP, PS, and 1-THz SSD bandwidth). LILAC predictions for Te and a th are shown in (b). Also, shown in (b) are the normalized
3/2-harmonic and hard x-ray powers. (The extended hard x-ray emission is an
artifact of the cryogenic target implosion and does not relate to extended fast
electron production.) In (c) the incident intensity and the intensity at nc 4 are
shown. The thin CH shell burns through at +3.2 ns.
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small part of the laser beam opposing the FABS that misses
the target entirely and is seen only when viewing the target
through one of the focusing lenses). The experimental spectrum [Fig. 113.39(a)] is better (though not perfectly) matched
by the simulations using nonlocal electron-heat transport
[Fig. 113.39(b)] than by the standard flux-limited heat transport
with f = 0.06 [Fig. 113.39(c)]. Figure 113.40 also shows much
better agreement between observed and simulated scatteredlight power with the nonlocal heat-transport model. The
improved predictability of the hydrodynamic simulations for
picket pulses is evident in the time-integrated absorption fractions for the 200-ps experiments shown in Fig. 113.41.
Obtaining accurate hydrodynamic simulations of these shortpulse experiments is crucial since the initial spikes in these
ignition-relevant pulse shapes (Figs. 113.37, 113.42, 113.45, and
113.46) are intended to shape the adiabat of the implosion.10
The scattered laser power is generally underpredicted by
LILAC during the main part of the laser pulse (see Figs. 113.37,
113.42, and 113.43). The scattered-light spectrum in Fig. 113.42
(20-n m CH shell, 1-ns square pulse, 1-THz SSD) shows a
change from the symmetrical, incident SSD spectrum to one
that is red peaked (see lineouts in Fig. 113.42). This change is
evidence for nonlinear scattering in the plasma corona such as
stimulated Brillouin scattering (SBS) with a strong electromagnetic (EM) seed.15 Intrabeam forward SBS, where scattering
of the blue spectrum seeds SBS in the red of the same beam,
would be expected to give rise to a red-peaked spectrum with
negligible net energy loss. In contrast, cross-beam energy
transfer has been shown in planar geometry to be very effective15,41 and can lead to significant loss of drive energy. The
effects seen in spherical geometry are difficult to reproduce
in planar geometry with its restricted number of beam angles.
The multitude of contributing beams and varying beam paths
render it difficult to numerically model these effects in spherical
geometry. The enhanced scattering at later times tends to be
less detrimental to a low-adiabat implosion than the increased
absorption during the early phase of plasma formation that is
better modeled using the nonlocal model.
The potential significance of the cross-beam energy transfer is seen in Fig. 113.43 for an implosion experiment without
SSD bandwidth. The scattered light during the picket is well
reproduced in spectrum and power by the simulations using
nonlocal transport. In contrast, significant differences are
observed between the experimental and simulated spectra and
powers starting with the intensity rise to the main pulse. The
simulated spectrum predicts a larger blue shift than is observed.
LLE Review, Volume 113

As mentioned previously, ray-trace simulations indicate that
an increasing mass ablation rate leads to an increasing blue
shift. The observed time-resolved spectrum in Fig. 113.43 indicates that there is less drive pressure at the onset of the main
pulse than predicted, consistent with the observed increased
scattered-light power at that time. The simulated spectrum
in Fig. 113.43 between 2 and 3.3 ns shows two strongly redshifted components not seen in the experimental data. These
components are due to light rays with the closest approach
to the critical surface; they also are the most intense rays in
each beam and provide the most efficient drive. It is plausible
that their absence indicates a loss due to cross-beam energy
transfer. (Increased absorption for these rays could explain the
absence of these red components but would be inconsistent with
the reduced drive deduced from the reduced blue shift of the
spectrum and the observed increased scattered-light power.) It
should be noted that these detailed features of the spectra are
only visible without SSD bandwidth as a 1-THz SSD bandwidth
completely washes out these details.
The scattered-light spectra at various wavelengths are shown
in Fig. 113.44 for a room-temperature, low-adiabat (a = 3), narrowband (no SSD bandwidth) implosion. The outer 5 n m of
this target are doped with 6% atomic Si in an effort to reduce
hard x-ray production. Figures 113.44(a)–113.44(c) show the
spectra and powers of the scattered light near the incident
laser wavelength and the odd-integer half-harmonics. The
wavelength scales of the ~/2 and 3~/2 spectra are chosen to
have equal frequency scales. The existence of these odd-integer
half-harmonic spectra is compelling evidence for the TPD
instability,2,13 while the separation of the two peaks reflects
the different secondary scattering processes involved.42
The half-harmonic spectrum in Fig. 113.44(c) is consistent
with plasmon-to-photon mode conversion42 analogous to
the conversion process underlying resonance absorption.43
The red component of this spectrum is stronger since the
lower-frequency TPD plasmon can convert near the point of
its creation while the higher-frequency (blue) plasmon has to
propagate to its turning point before conversion. The spectral
splitting is consistent with linear TPD theory.38
The 3/2-harmonic emission [Fig. 113.44(b)] is due to
Thomson scattering of incident photons off TPD plasmons.
In spherical geometry, the relevant phase-matching conditions are easily satisfied due to the large number of available
probe rays for Thomson scattering. This explains why the
blue peak of the 3/2-harmonic spectrum tends to be more
intense than the red peak since the phase-matching conditions
43
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can be satisfied for the blue plasmon at its point of creation.
For the red 3/2-harmonic component, the phase-matching
conditions require that the red plasmon propagate down the
density gradient and acquire the requisite k-vector length for
Thomson scattering.42
Given these differences in the generation processes for the
odd-integer half-harmonic emissions, it is surprising that their
power histories are nearly identical, as seen in Fig. 113.44(d).
It is equally surprising that the temporal hard x-ray emission
follows the half-harmonic emission as shown in Fig. 113.44(d).
This is probably a consequence of the extremely rapid growth
of the TPD instability, which is followed by saturation.
The exponential scaling of the hard x-ray and half-harmonic
emission with laser intensity is shown in Fig. 113.45. This kind
of scaling is observed only if the target and pulse shapes are
kept constant while the intensity alone is varied. Changing
either the pulse shape or the target causes the simple scaling
to break down. In particular, doping the outer layers of the
target with high-Z elements (Si or Ge) reduces the hard x-ray
emission while affecting the half-harmonics to a lesser extent.44
The underlying cause for these changes can be partly attributed
to changes in density scale length, electron temperature, and
absorption of the incident light on the way to nc 4 . However,
a Z-dependence in the saturation mechanisms for the TPD
instability cannot be ruled out.
The TPD threshold (and presumably also its saturation)
dependence on density scale length, electron temperature,
and intensity is illustrated in Fig. 113.46. The 3/2-harmonic
emission has an initial, weak burst at 2.8 ns before the peak of
the laser pulse. Its main emission occurs at the end of the laser
pulse when the laser intensity is only half of its peak value but
the threshold parameter ath is highest due to the reduced temperature. The fast-electron production also peaks at that time
as indicated in Fig. 113.46(b). [The extended hard x-ray signal
observed in Fig. 113.46(b) is consistently observed in cryogenic
shots and is tentatively attributed to energetic electrons striking surfaces in the vicinity of the target that are present only
during cryogenic shots.] As in room-temperature targets, the
strong half-integer harmonic emission generally correlates well
with the hard x-ray emission temporally. Weaker precursor
half-integer harmonic emission is typically not reflected in the
hard x-ray signals.
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The threshold parameter ath represents a simplified view of
the actual experimental conditions, yet it appears to give useful
insight into the threshold behavior (and possibly also its saturation behavior) of this instability. This instability is as ubiquitous
for direct-drive laser-fusion experiments as it is intractable
theoretically, particularly with regard to its ramifications of
fast-electron generation and fast-electron preheat.
Conclusions
The spectra and powers of the scattered laser light during
direct-drive ICF implosion experiments on OMEGA have been
shown to be powerful tools for fine-tuning hydrodynamic code
simulations and identifying laser–plasma interaction processes.
Short pulses frequently precede the main laser pulse for adiabat shaping of the implosion. These pulses have been shown
experimentally to have higher absorption than predicted by
hydrodynamic code simulations using flux-limited diffusion.
Comparisons of LILAC simulations with these experimental data
have led to an improved nonlocal electron-transport model.
Later during target irradiation the scattered-light spectra
and powers indicate the presence of enhanced scattering that
reduces the laser drive of the target. The scattered-light spectra point to a nonlinear interaction process that is tentatively
identified as EM-seeded SBS. The EM seed here is provided
by the scattered light of any of the 60 beams of OMEGA and
the required SBS gain is small. The spectra indicate that the
increase in mass ablation during the rise of the main pulse is
not as large as predicted by hydrodynamic simulations, supporting the reduced laser–plasma coupling observed in the
power measurements.
The presence of the TPD instability is clearly seen in these
direct-drive-implosion experiments through the emission of
~ /2 and 3~ /2 light as well as hard x rays above 50 keV. The
sensitivity of the TPD instability to laser intensity, densitygradient scale lengths, and electron temperature has been identified using complex pulse shapes. Although there is no easily
applicable theory for interpreting the details of the observation,
the data obtained so far permit tailoring implosion experiments
to minimize the detrimental effects of the energetic electron
production associated with the TPD. In particular, doping
of the outer plastic layers of the target with high-Z elements
appears to mitigate hard x-ray production although the detailed
mechanism is not well understood at present.
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Identification and characterization of the physical phenomena
associated with dynamic, extreme states of matter, such as those
of high-energy-density physics1,2 found in inertial fusion,3,4
laboratory astrophysics,2,5 and laser–plasma interaction physics,6 are of fundamental scientific importance. A unique method
of diagnosing inertial fusion implosions has resulted in the characterization of two distinct electromagnetic field configurations
that have potentially consequential effects on implosion dynamics. This method also makes possible the quantitative study of
the temporal evolution of capsule size and areal density.
The method involves radiography using a pulsed (0.1 ns),
monoenergetic (15.0 MeV), quasi-isotropic proton source.7
Fields are revealed in radiographs through deflection of proton trajectories, and areal densities are quantified through
the energy lost by protons while traversing the plasma. The
imaged samples are inertial confinement fusion (ICF) capsules
of the fast-ignition (FI) variety,8,9 initially 430 n m in radius,
imploded by 36 laser beams that deposit 14 kJ of energy in a
1-ns pulse (see the appendix, p. 51).
For electricity generation3,4 and for studies of high-energydensity physics in the laboratory, 1,2 ICF seeks to release
copious energy by igniting a compressed pellet of fusion fuel.
Fuel compression to densities of 300 g/cm3 or higher will be
achieved by energy deposition onto the surface of a fuel capsule
over nanosecond time scales, either by laser light (direct drive)
or by x rays generated in a cavity by laser light (indirect drive).
Ignition and energy gain will occur in a central hot spot or, in
the FI scheme, by the extremely rapid (+picoseconds) deposition of additional energy, either directly onto the compressed
pellet,8 or along the axis of a cone that keeps the path clear of
plasma ablated from the pellet surface.9
The 15-MeV, monoenergetic proton radiography applied
herein was recently used by Li et al. in a different context
to investigate fields generated by laser–foil interactions.10,11
MacKinnon et al.12 used a broadband, non-isotropic proton
source to study six-beam implosions, although they did not
observe either striated or coherent field structures. In addition,
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earlier workers, using optical techniques largely sensitive to
density perturbations, observed very fine-scale radial filaments
and jets13,14 in targets driven by one to four laser beams. However, the character of these structures is qualitatively different
in several ways from the striations described in this article (see
the appendix, p. 51).
In the experiments reported here (Fig. 113.47), cone-inshell FI targets were radiographed before and during implosion, 1.56 ns after the start of the laser drive (Fig. 113.48),
shortly after the end of the acceleration phase.4 The radiographs were taken perpendicular to the Au cone axis. Figure 113.49 shows the experimental results (which are also
characteristic of many implosions without cones). Because
the detector records proton fluence and energy, Fig. 113.49
shows images that illustrate the spatial distributions of both
proton fluence and mean proton energy.
Five important features are apparent in these images: First,
the character of the isotropic and monoenergetic proton source

Backlighter
Target
capsule
capsule
Laser drive

Detector
(CR-39)
Protons

7 cm

dobj = 1 cm
E16481JRC

ddet = 25 cm

Figure 113.47
Schematic of experimental setup. A short (130 ps), monoenergetic (D E/E <
3%), quasi-isotropic pulse of 15.0-MeV D3He fusion protons is generated
by laser implosion of a backlighter capsule filled with D2 and 3He gas. The
+3 # 108 protons emitted from the 45-n m FWHM source region interact with
matter and electromagnetic fields in a cone-in-shell capsule implosion. The
position and energy of every proton reaching the detector are individually
recorded on CR-39, encoding the details of the matter and field distributions
surrounding the target capsule.
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Figure 113.48
Cone-in-shell capsule drive pulse (dotted), simulated16 shell trajectory (solid),
and experimental backlighter proton arrival time (dashed). Simulations predict
that the shell has compressed from its original radius by about a factor of 2,
and the tR has doubled to 5 mg/cm 2 when the backlighter protons arrive at
1.56 ns (OMEGA shot 46529).
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(a)

Imploded capsule
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$ E=d = 2 `Ep
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(d)
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where mp is the proton mass, vp is the proton speed, e is the
fundamental unit charge, the magnification M = 25, and ddet
and dobj are defined in Fig. 113.47. The deflection angle is determined by measuring the apparent displacement p of protons in
the target plane using Eq. (3).

Proton
energy
(dark =
lower
energy)
2400 nm

Figure 113.49
Images of a 430-n m-radius spherical CH capsule with attached gold cone,
before and during implosion. Images (a) and (c) show the unimploded capsule
used in OMEGA shot 46531. Images (b) and (d) show a capsule at 1.56 ns after
the onset of the laser drive (shot 46529). In (a) and (b) dark areas correspond
to regions of higher proton fluence, and in (c) and (d) dark areas correspond
to regions of lower proton energy. The energy image values in the region
shadowed by the cone are mostly noise since very few protons were detected
in that region. See lineouts in Figs. 113.50 and 113.52 for image values.
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In the images, field structure is studied by means of the spatial distribution of proton fluence. The proton-path–integrated
electric (E) or magnetic (B) field can be estimated from the
angular deflection i of protons of energy Ep passing through
the field region:

tan i = Mp `ddet - dobjj ,

(c)

E16483JRC

is reflected in the uniform background of Figs. 113.49(a) and
113.49(c). Second, a complex filamentary structure is seen
in the fluence image of Fig. 113.49(b). The uniform energy
seen outside the capsule in Fig. 113.49(d) demonstrates that
the fluence striations are caused by electromagnetic deflection rather than scattering through plasma density filaments.
Third, substantial plasma blowoff from the cone casts a much
wider shadow as the capsule is imploded. Fourth, a significant
enhancement of the proton fluence at the center of the imploded
target [Fig. 113.49(b)] suggests the presence of a radially
directed, focusing electric field. Finally, radial compression of
the capsule by a factor of 2 is seen in Fig. 113.49(d). The basic
repeatability of the field structure and capsule compression
was demonstrated using radiographs taken at the same relative
time, but on different implosions.

Areal density at different positions in the target capsule is
studied through the downshift in proton energy relative to the
incident energy of 15.0 MeV. It is proportional to the amount
of matter traversed between the source and detector,15 quantified by tL `= # tdj .
Radial lineouts of the images in Fig. 113.49 are shown
in Fig. 113.50. In the fluence lineout [Fig. 113.50(b)] for the
imploded target, the value near r = 0 nm is strikingly enhanced
relative to the values at large radii (by a factor of 3) and at r =
200 n m (by a factor of 6). To explain this, a radial electric
field of about 1.5 # 109 V/m is necessary to “focus” 15.0-MeV
protons passing near r = 200 n m toward the center to the
extent observed. Scattering is insufficient to explain this result
(see Fig. 113.51).
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Figure 113.51
Reproduction of Fig. 113.50(b), marking the boundaries of the proton fluence
enhancement at the center (r < r1 ), the fluence depression through the capsule
limb and E-field region (r1 < r < r 2 ), and a secondary fluence enhancement
outside the shell (r 2 < r < r 3 ). Fluence peaks and troughs in the far-field region
(r > 430 n m = initial capsule radius) are the result of filamentary structures.
Also marked is the proton fluence of 0.20 protons/n m 2, equal to the far-field
average fluence. In the absence of a focusing electric field, one would expect
that scattering of protons through the capsule limb should deflect an approximately equal number of protons inward as outward. The number of protons
deflected out of the trough region r1 < r < r 2 is about 12,300, calculated as the
difference in the number of protons over an azimuthal integral in that region
compared to the expected number based on the far-field fluence and the area
of the region. The number of protons deflected into the inner and outer proton
fluence peaks are 8200 and 4100, respectively. Therefore, angular scattering
through the limb plasma can account for only about half of the protons in
the central peak; we invoke the presence of a focusing E field to explain the
remainder of the fluence enhancement at the center.
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Figure 113.50
Radial lineouts of proton fluence and mean-path
areal density ( tL) from Fig. 113.49. All lineouts are
averaged over the azimuth, excluding the region of
the cone shadow. (a) and (c): Unimploded capsule
of shot 46531; (b) and (d): capsule of shot 46529,
1.56 ns after start of laser drive. The fluence lineout
(a) shows the effects of angular scattering through
the limb of the capsule shell. In (b), angular scattering effects alone are insufficient to explain the
peak at r = 0. A radial electric field of +10 9 V/m
is necessary to “focus” the protons to the extent
observed. In (c) and (d) radial lineouts of the mean
energy images in Fig. 113.49 were converted to tL.
Also displayed are the (c) actual and (d) simulated
tL, assuming no angular scattering (dotted), where
tL/2 = t R at r = 0.

We conjecture that this coherent field is a consequence of a
large, outward-directed electron pressure gradient that exists
in the vicinity of the fuel–shell interface. Such a field might
be expected to occur during, and shortly after, the acceleration phase of the implosion in which substantial shell mass
is rapidly assembled and compressed. Such an electric field,
given by - d Pe ene, has been observed in the context of
other recent laser–plasma experiments.10 In this case, future
measurements of the evolution of this coherent E field might
effectively map capsule pressure dynamics throughout the
implosion. Such information would be invaluable in assessing
implosion performance.
Lineouts of the mean energy images of Figs. 113.49(c) and
113.49(d) can be used to infer the mean-path areal density
t L, shown in Figs. 113.50(c) and 113.50(d). The t L lineout
[Fig. 113.50(c)] of the unimploded target gives an initial radial
areal density (tR) of 2.5 mg/cm2, which is very close to the
actual initial tR of 2.4 mg/cm2. Scattering of protons smears
out measured tL values near the limb of the shell at r = 410 nm.
Both measurement and simulation16 indicate a factor-of-2
reduction in capsule radius at 1.56 ns. However, the tL lineout
[Fig. 113.50(d)] of the imploded capsule at 1.56 ns implies that
the capsule tR has increased to 10 mg/cm2, which is twice the
5 mg/cm2 predicted by numerical simulation. This high apparent experimental tR is due in part to scattering and in part to
E-field focusing of the lower-energy protons passing through
the limb of the capsule shell.
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Returning to the filamentary fields, we note how the outer
edge of the coherent field merges, at a boundary just outside
the imploding capsule, into the striated fields. As illustrated in
Fig. 113.52(c) and in Fig. 113.55 of the appendix, the striated
fields originate inside the critical surface, which is extremely
close to the capsule surface. Azimuthal lineouts of the proton
fluence image of Fig. 113.49(b) at radii 430 n m and 860 n m
show the amplitude and scale of proton fluence variations
(Fig. 113.52) due to striations. Peak-to-valley fluence modulations of a factor of 4 are seen at both radii. The typical angular oscillation period is 20° and 10° for the inner and outer
radii, respectively, corresponding to the same 150-n m spatial
distance between striations. This distance implies a deflection angle of 0.45°, which gives a path-integrated magnetic
field # B # d of 4000 T n m. Assuming an integration path
length equal to the typical width of striations (75 n m) results
in a magnetic field strength of +60 T. If the fluence variations
are instead due to E fields, the field strength required is +3 #
109 V/m, although quasi-neutrality of the coronal plasma with
no laser energy source makes this interpretation unlikely.

Proton fluence (nm–2)

Proton fluence (nm–2)

The occurrence of such strong inhomogeneities inside the
critical surface +0.5 ns after the laser drive ends suggests that
substantially larger fields are likely present just before laser
shutoff.17,18 This situation would be reflected in a Hall parameter (~x) of the order of 1 or larger, the inverse square of which
reduces the classical electron heat transport.17,18 This situation

0.6

It seems plausible that either the electrothermal or RT
instability could be the relevant source. Ongoing planar
experiments, in which RT was purposely seeded, measured
B fields of the order of 100 T using the method described here
(see the appendix, p. 51). Furthermore, estimates (based on
Ref. 18) of the RT-generated B field under similar conditions
give fields of the same magnitude (see the appendix, p. 51).
Radiography of driven solid-CH balls, which undergo no
acceleration to drive RT growth, could be used to determine
if RT is a contributing mechanism.
Finally, the vast spatial extent of these striated fields likely
reflects their outward convection resulting from the plasma
flow because the fields are tied to the out-flowing plasma due
to high plasma electrical conductivity. We conjecture that
these radiographic images thus provide snapshots of structures
originally produced inside the critical surface at various times
during the implosion.

(a)
90°

0.4
(c)
0.2
0.0

180°

0.6

Criticaldensity
surface

0.2
0.0

0°

(b)

0.4

E16485JRC

50

would result in the inhomogeneous inhibition of thermal transport over the capsule surface, altering even the zeroth-order
hydrodynamics.18,19 Whether the source of these inhomogeneities is Rayleigh–Taylor (RT),20 electrothermal,19 collisional
Weibel,13,17 or another instability, they will provide seeds for RT
growth that, if too substantial, could degrade capsule compression and quench ignition during the final stagnation phase.4,17,18
These issues are being actively investigated.
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Circular lineouts of proton fluence obtained
from shot 46529 at radii of (a) 430 n m and
(b) 860 n m. The filamentary structures
represent a 2-D projection of a 3-D field
structure that originates inside the critical
density surface (c).

270°

360

i (°)
LLE Review, Volume 113

Monoenergetic Proton Radiography of Inertial Fusion Implosions
In summary, two distinctly different, simultaneously occurring electromagnetic field structures, with important implications for implosion dynamics, have been characterized in
imploding ICF capsules. First, a complex filamentary field
topology permeates the entire 2400-nm field of view with striations corresponding to 60-T magnetic fields. This field, through
the inhomogeneous inhibition of heat flux in the vicinity of the
ablation surface, could generate seeds for RT growth, thereby
affecting the overall implosion dynamics.4,6,18,19 Second, a
coherent, radial electric field of magnitude 109 V/m exists in
the immediate vicinity of the capsule, dramatically focusing
protons toward the center.21 This hitherto unobserved field is
conjectured to originate from the gradient of electron pressure.
If verified, a window for analyzing the evolution of the internal
pressure dynamics is opened; this would be of immense value
for critically assessing the entire implosion process.
Appendix: Monoenergetic Proton Radiography
of Inertial Fusion Implosions
1. Materials and Methods
All experiments were performed at the OMEGA Laser Facility,22 which delivers up to 30 kJ in 60 beams at a wavelength
of 351 nm. Full beam smoothing23 was used on each beam to
reduce high-mode nonuniformities caused by laser speckle.
A schematic illustration of the proton radiography setup is
shown in Fig. 113.47. The source of monoenergetic protons is a
220-nm-radius, 2.2-nm-thick spherical glass (SiO2) shell filled

3

with deuterium (D2) and helium-3 (3He) gas.7 This backlighter
capsule is illuminated by 17 laser beams, delivering 6.9 kJ of
energy in a 1-ns pulse, which compresses and heats the gas
such that the D-3He fusion reaction, D + 3He $ 4He + p, proceeds. The protons are quasi-isotropically emitted in a 130-ps
pulse24 at an energy of 15.0 MeV25 with a spectral width26
DE/E < 3% and from a region 45 n m across7 (see Fig. 113.53).
Typical proton yields are 1 to 4 # 108, and the yields for the
OMEGA shots shown in the manuscript were 2.9 # 108 (shot
46531) and 3.7 # 108 (shot 46529). The backlighter implosion
has not yet been fully optimized for proton yield, pulse duration, or source size.
The target imaged is a 430-nm-radius, 23-nm-thick spherical plastic (CH) shell with an embedded gold (Au) cone of
5-mm height, 30-nm thickness, and an opening angle of 35°.
The cone ends in a shelf (see Fig. 113.54) where the cone
intersects the shell, and a smaller cone tip reaches inward to a
distance of 40 nm from the capsule center. Forty beams in a
spherically symmetric configuration are pointed at the spherical
shell; the shell is then directly driven with 14.1 kJ using 36 of
those beams (the four beams aimed nearest the cone axis remain
off to avoid the laser hitting the inside of the cone), for an ontarget illumination intensity of 6.7 # 1014 W/cm2. Because the
OMEGA system is optimized for a 60-beam spherical drive,
the illumination uniformity is degraded in this configuration
from <2% to +7% rms.
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Figure 113.53
Measured characteristics of proton emission from the source implosion. (a) Emission history and (b) spectrum of emitted D3He protons from the backlighter
capsule on OMEGA shot 46531. The total D3He proton yield was 2.9 # 108.
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Figure 113.54
(a) Pre-implosion snapshot of source and target capsules. (b) A close-up photograph of the cone-in-shell target sphere. (See also Fig. 113.47.)

The imaging detector is CR-39, a plastic nuclear track
detector with submicron spatial resolution, low sensitivity to
electromagnetic and x-ray noise sources, and energy-resolving
characteristics.26 The position and energy of every incident proton are recorded. The center of the sphere in the subject target
is placed 1.0 cm from the center of the backlighter capsule,
and the detector is located 25 cm from the source, so structure
in the subject is magnified by a factor M = 25 at the detector.
The relative timing of the backlighter and subject-capsule laser
drive beams is adjusted so the backlighter protons arrive at the
subject capsule at a desired time interval following the onset
of target-capsule drive (Fig. 113.54).
The spatial resolution of the system, neglecting scattering
in the target, is limited primarily by the finite source size
and results in convolution of structure in the target plane by a
Gaussian of about 43-n m FWHM. Smaller structures cannot
be observed in the capsule corona without further optimization
of the backlighter source.
The energy resolution of the system is about 0.05 MeV, corresponding to an areal-density resolution of about 1.5 mg/cm2.
A more thorough analysis of the absolute accuracy of proton
energy measurements on the radiographic CR-39, as well as
an assessment of the effects of angular scattering of protons
through plasma in the target plane, is currently in progress.
2. Other Relevant Work
Of direct relevance to this article, and in support of the
presence of the observed field structures, Shiraga et al.27 and
Séguin et al.28 inferred the presence of residual electromagnetic fields outside imploded capsules (exploding pushers
and ablatively driven implosions similar to those studied
here, respectively) on the basis of fluence variations in selfemitted, charged fusion products. Furthermore, character52

ization of capsule assembly and symmetry in ICF-relevant
implosions has included extensive use of self-emitted fusion
protons,26,29 including those from implosions of fast-ignition
(FI) targets.30 Recently, Li et al.7 suggested that a complementary way to study implosions and, in particular, the spatial
structure of fields and areal density, is through monoenergetic
proton radiography.
Filamentary and jet-like structures were previously observed
near the critical surface using shadowgraphic, interferometric,
and Faraday rotation techniques by several groups during laser
illumination of both planar31,32 and spherical targets.13,14 As
mentioned in the main text, there are substantial differences
between the filamentary structures observed by these groups
and those reported in this article: (1) The lateral spatial wavelength of structures was 10 n m, and examination of their data
shows no evidence of the +150-n m spatial scale that we see.
(2) The radial extent of the earlier structures is much smaller
and confined, whereas the structures reported here fill the
entire field of view. (3) Fine structures originate well into the
underdense plasma, while the structures here originate inside
the critical surface, even approaching the ablation surface (see
Fig. 113.55). (4) For uniformly illuminated implosions, fields
greater than 10 T were not detected.33 In addition, it is useful to
point out that one of the unique advantages of the particle probe
that we have used is that it is not “cut off” by critical-density
plasma effects as is the case for optical probes.
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Figure 113.55
LILAC36 simulation of the mass density and electron temperature profiles
of the imploding capsule at 1.56 ns, + 0.3 ns after the laser has turned off.
At this time, the capsule shell (the region of highest density near 230 n m) is
imploding inward at approximately constant speed. The radius corresponding to the observed minimum proton fluence (Fig. 113.51) occurs at the inner
shell surface in the simulation. The innermost striations are observed at
about 300 n m [Fig. 113.49(b)], well inside the critical-density surface (for
m = 0.351 n m).
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Previous studies of laser–capsule interactions using broadband proton radiography34 include Borghesi et al.35 and
MacKinnon et al.12 Borghesi illuminated a sphere from one
side using a short (1 ps), intense pulse and observed filamentary
structures similar to those described in the previous paragraph.
MacKinnon, however, saw no filamentary or focusing fields
surrounding a capsule driven with six 1-ns laser beams. The
fact that MacKinnon did not see these structures is not presently understood. There are, however, substantial differences
in the implosion conditions compared to the current work. For
example, MacKinnon used six beams at 1-n m wavelength and
1.5 # 1013-W/cm2 intensity; herein we used 36 beams at 1/3 nm
and 6.7 # 1014 W/cm2. In addition, MacKinnon’s radiographic
images were obtained substantially after (+1.5 ns) the end of the
driving laser pulse, whereas in the current work, radiographs
were obtained shortly after (+0.3 ns) the end of the pulse. If
the observed field structures are produced and sustained by
the laser (see Possible Mechanisms below), the structures may
no longer be detectable 1 ns after their generating source has
turned off.
The monoenergetic D3He fusion proton emission from
backlighter capsules has, for the purposes of these experiments,
distinct advantages over broadband, non-isotropic proton emissions associated with intense-laser-beam experiments.34 A
single energy provides unambiguous quantitative relationships
between proton energy loss through the target and areal density
and also between proton trajectory bending and field strengths
at the target. Quasi-isotropy allows for imaging of large objects,
or even simultaneous imaging of multiple objects in totally different directions (as has been done in other contexts11).
3. Possible Mechanisms
Numerous instabilities that generate magnetic fields in
laser–plasma experiments have been identified or proposed,17
and take place over a wide range of plasma conditions. Instabilities generated outside the critical surface are the collisionless
Weibel, thermomagnetic, and filamentation instabilities. Just
inside the critical surface, the collisional Weibel, dT # dn, and
thermomagnetic instabilities will grow. Nernst convection can
carry B fields generated by these instabilities inward.17 The
electrothermal instability occurs when the mean free path is
shorter than the electron skin depth.19 The Rayleigh–Taylor
(RT) instability generates B fields at the ablation front.18,20
Monoenergetic proton radiography of planar foils seeded
with RT ripples is currently in progress to investigate the
generation and growth of fields by RT processes. Preliminary
results have observed +100-T-magnitude magnetic field strucLLE Review, Volume 113

tures, which are absent when the rippled RT seed is absent
from the foil.
An estimate of the RT-induced B-field magnitude can be
obtained using the work of Nishiguchi.18 The capsule shell’s
acceleration g can be approximated from the experimental
observations as the distance the shell has traveled over one half
the square of the time it took to get there, g = 2 # (430–215 nm)/
(1.5 ns)2 . 200 n m/ns2. The observed transverse spacing
between filaments near the capsule surface is typically 150 nm.
From LILAC simulations,36 L = 10 n m is typical of the plasma
density scale length. From these values, kL = 0.42. Consulting
Fig. 1 of Nishiguchi, this gives a peak B-field magnitude of
about 300 T at the end of the linear phase of RT growth—only
5# the observed B-field magnitude “averaged” over the width
of a filament.
Although RT processes could plausibly generate the
observed B fields, other mechanisms cannot yet be ruled out.
New experiments using monoenergetic proton radiography will
be performed to investigate which instability mechanism(s) is
(are) at work. A time sequence of radiographs would enable
observation of the onset, growth, and decay of such filamentary
structures. Variation of the intensity and other laser conditions
could be used to elucidate the origin and any thresholds. Comparison of these radiography results with those from driven
solid-CH balls, which undergo no acceleration to drive RT
growth, would determine if RT is a dominant mechanism.
Whatever the mechanism, magnetic fields generated close
to the ablation front would get “frozen in” to the ablating
material and would follow the plasma flow off the capsule
surface. Therefore, structures at the edge of the field of view
were actually generated some several hundred picoseconds
earlier, making it possible to record a history of the filamentary
structure in a single radiographic snapshot.
In regard to the coherent focusing field, this article has
emphasized the possible and likely connection between the
central coherent electric field and the pressure gradient at the
fuel–shell interface. Yet, another intriguing consequence is
that this field could also opportunely reflect hot electrons that
otherwise might preheat the fuel. To make such an assessment
quantitative would require that we have information about both
the evolution of this coherent field and how it is affected by
the laser pulse shape and the capsule itself. (Because of shot
limitations, for example, we have so far investigated only the
coherent field for the 1-ns square pulse shape, as depicted in
Fig. 113.48.) We would also need rather detailed information
53
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about the bath of hot electrons, how it is generated, how it
depends on pulse shape and the capsule, and, in general, how
the hot-electron distribution evolves. In the course of exploring the full consequences of the central coherent field, we will
investigate this preheat amelioration possibility.
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