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In Brief

This volume of the LLE Review, covering July—September 2002, features an investigation of the radial
structure of shell modulations near peak compression of spherical implosions, by V. A. Smalyuk, S. B.
Dumanis, F. J. Marshall, J. A. Delettrez, D. D. Meyerhofer, T. C. Sangster, and B. Yaakobi (p. 151). They
describe the measurement of the structure of shell modulations at peak compression of implosions using
absorption of titanium-doped layers placed at various distances from the inner surface of 20-pm-thick
plastic shellsfilled with D3He gas. Their results show that the peak-compression, time-integrated areal-
density modulations are higher at theinner shell surface, which is unstable during the accel eration phase
of animplosion, thaninthecentral part of the shell. Theouter surface of theshell, whichisunstableduring
theaccel eration phase of animplosion, hasamodul ationlevel comparabletothat of theinner shell surface.

Additional highlights of research presented in this issue include the following:

e Measurements of the neutron emission from inertial confinement fusion (ICF) implosions provide
important information about target performancethat can be compared directly with numerical models.
For room-temperature target experiments on OMEGA at the Laboratory for Laser Energetics (LLE)
the neutron temporal diagnostic (NTD), originally developed at Lawrence Livermore National
Laboratory (LLNL), isused to measure the neutron burn history with high resol ution and good timing
accuracy. Sincethe NTD is mechanically incompatible with cryogenic target experiments because of
the standoff required to remain clear of the Cryogenic Target Handling System, a new cryogenic-
compatible neutron temporal diagnostic (cryoNTD) has been designed for LLE’s standard ten-inch-
manipulator (TIM) diagnostic inserters. This instrument provides high-resolution neutron emission
measurementsfor cryogenicimplosions. C. Stoeckl, V. Yu. Glebov, S. Roberts, and T. C. Sangster of
LLE along with R. A. Lerche, R. L. Griffith, and C. Sorce of LLNL (p. 156) present the first
experimental results of the performance of cryoNTD and compare them to NTD measurements of
room-temperature direct-drive implosions.

* V. Yu. Glebov, C. Stoeckl, T. C. Sangster, D. D. Meyerhofer, and P. B. Radha of LLE aong with
S. Padalino, L. Baumgart, R. Colburn, and J. Fuschino of SUNY Geneseo (p. 161) report on the use
of carbon activation as adiagnostic for tertiary neutron measurements. Theyield of tertiary neutrons
with energies greater than 20 MeV has been proposed as amethod to determine the areal mass density
of ICF targets. Carbon activation is a suitable measurement technique because of its high reaction
threshold and the availability of high-purity samples. The isotope 11C decays with a half-life of
20.3 min and emits apositron, resulting in the production of two back-to-back, 511-keV gammarays
upon annihilation. The present copper activation gamma-detection system can be used to detect
tertiary-produced carbon activation because the positron decay of 11Cisnearly identical to the copper
decay used in the activation measurements of 14.1-MeV primary deuterium-tritium (DT) yields.
Because the tertiary neutron yield is more than six orders of magnitude lower than primary neutron
yield, the carbon activation diagnostic requires ultrapure carbon samples, free from any positron-
emitting contamination. Carbon purification, packaging, and handling procedures developed in
recent years that reduce the contamination signal to a level low enough for OMEGA are presented.
Potential implementation of a carbon activation system for the National Ignition Facility (NIF) are
also discussed.



D.Harding, F. Y. Tsai,andR. Q. Gram (p. 167) describethe devel opment of polyimide shellssuitable
for ICF cryogenic experiments on OMEGA. They have also determined the associated mechanical
properties needed to define the processing conditions for operating the OMEGA Cryogenic Target
Handling System (CTHS). Overall, polyimide targets offer a viable aternative to plasma polymer
capsules currently in use. The principal advantages of the polyimide material are its high radiation
resistancefor tritium application and itsexcellent mechanical properties, which lessen the demanding
specificationsfor the equipment needed to provide cryogenic targets. The single biggest limitation to
using polyimide, based on PMDA-ODA chemistry, is the low permeability of the material at room
temperature. Methods to increase the permeability are described.

R. W. Short (p. 181) presentsalinear model of anomal ous stimulated Raman scattering from el ectron-
acoustic wavesin laser-produced plasmas. Stimulated Raman scattering (SRS) from heavily Landau-
damped plasmawavesand from el ectron-acoustic (EA) waveshasrecently been attributed to nonlinear
Bernstein—Green—Kruskal (BGK) wave modes. These phenomena find a simpler, more comprehen-
sive explanation in terms of linear waves in alocally flattened distribution function. The flattening
arises from Landau damping of SRS plasma waves (in the case of anomalous SRS) or from
perturbations at the EA phase velocity that are then maintained by SRS. Local flattening allows
undamped linear EA waves to propagate, as in the original description of these waves by Stix.

J.Zhang, W. Slysz, A. Verevkin, and Roman Sobolewski of LL Eand the University of Rochester along
with O. Okunev and G. N. Gol’ tsman of M oscow State Pedagogical University (p. 186) have measured
the time delay of the resistive-state formation in superconducting NbN stripesilluminated by single
optical photons. They observed a 65(x5)-ps time delay in the onset of a resistive-state formation in
10-nm-thick, 200-nm-wide NbN superconducting stripes exposed to single photons. Thisdelay inthe
photoresponse decreased down to zero when the stripe was irradiated by multiphoton (classical)
optical pulses. The NbN structureswere kept at 4.2 K, well below the material’ s critical temperature,
and wereilluminated by 100-fs-wide optical pulses. Thetime-delay phenomenon is explained within
the framework of a model based on photon-induced generation of a hotspot in the superconducting
stripe and subsequent, supercurrent-assisted resistive-state formation across the entire stripe cross
section. The measured time delaysin both the single-photon and two-photon detection regimes agree
well with the Tinkham model’s theoretical predictions of the resistive-state dynamics in narrow,
ultrathin superconducting stripes.

This volume concludes with asummary of LLE’s Summer High School Research Program (p. 190),
the FY 02 Laser Facility Report (p. 192), and the National Laser Users' Facility and External Users
Programs (p. 194).

Timothy J. B. Collins
Editor



Radial Structure of Shell Modulations Near Peak Compression
of Spherical Implosions

Introduction

In inertial confinement fusion (ICF), a spherical target is
imploded by either direct illumination of laser beams (direct
drive)l or x rays produced in a high-Z enclosure (hohlraum).2
Thegrowth of shell perturbationsisthegreatest factor limiting
target performanceintheseimplosions. Initial nonuniformities
intheshell includetarget imperfectionsand modul ationsfrom
laser nonuniformitiesin the case of direct-drive |CF.38 These
modulations initially grow at the shell’s outer surface during
the laser-driven part of implosions due to the acceleration-
phase Rayleigh-Taylor (RT) instability®12 and convergent
Bell-Plesset (BP) effects.13 These outer-surface perturbations
feed through the shell during their accel eration-phase growth,
seeding the decel eration-phase RT instability14-18 on theinner
surface. Asthe shell startsto decelerate, the outer-shell modu-
lations become stable. Theinner surface of the shell, however,
is subject to the RT instability during the deceleration phase
since the higher-density shell is slowed down by the lower-
density gasof thetarget core.14-18 Asaresult, the shell modu-
lationspenetratedeepintothegasfuel region causing shell—fuel
mixing.2%-21 This mixing inhibits the achievement of high
compression and reducesthefuel temperaturethat isnecessary
to sustain efficient fuel burn.

The first measurements!®22 of shell modulations around
peak compressionwerebased on differential imaging?? of core
emission with shells having diagnostic titanium-doped layers.
At peak compression, when the maximum density and tem-
perature occur, the hot, compressed core and inner surface of
the shell produce strong x-ray emission. Thisemissionisused
as abacklighter to probe the outer, colder shell.?2 To measure
shell integrity, both time-integrated?? and time-resolved8
measurements used imaging at photon energies above and
below the titanium K edge. Core images at photon energies
below theK edge (not absorbed by the shell) providethespatial
shape of the backlighter, while coreimages at photon energies
above the K edge (highly absorbed by the shell’s titanium)
contain information about the structure of shell-areal-density
modulations in the titanium-doped layer.

LLE Review, Volume 92

Earlier experiments!®22 were limited to measurements of
perturbations at the shell’s inner surface, where modulations
and compression were expected to be the highest. Measure-
ments with titanium-doped layers placed in the central and
outer parts of the shell were not sensitive enough to detect
perturbations. Differential imaging inthe current experiments
is extended to the much more sensitive absorption in the
titanium 1s—2p spectral region instead of the absorption above
the K edge. Near peak compression, the shell is heated by
energy transported from the hot core through thermal conduc-
tion and radiation. At temperatures around 0.1 to 1 keV,
the shell titanium is partially ionized and is able to absorb
core radiation not only at photon energies above the K edge
(= 4.966 keV) but also in the 1s—2p absorption line region at
photon energies around 4.5 to 4.75 keV. The mass absorption
rate of any absorption line from the titanium 1s-2p spectral
region is about one order of magnitude higher than at photon
energiesabovetheK edge. Asaresult, differential imaging can
be extended to the central and outer parts of the shell, where
the compression and modulations are smaller. In this article
the first measurements of the compressed-shell modulation
structure away from the inner surface are presented. A similar
technique has also been employed for modulation measure-
mentsin indirectly driven implosions.23

Experimental Conditions

Figure 92.1 shows a schematic of spherical targets and the
positionsof thetitanium-doped layersintheshell usedinthese
experimentsand their predicted | ocation at peak compression.
Targets with ~450-um initial radii and 20-um-thick shells,
filledwith 18 atm of D3Hegas, wereimpl oded by 351-nm laser
light using the 60-beam OMEGA laser system?* with a 1-ns
square pulse and atotal energy of ~23 kJ. All shotswere taken
with laser beams smoothed by distributed phase plates
(DPP's),%> 1-THz, two-dimensional smoothing by spectral
dispersion (2-D SSD),%6 and polarization smoothing (PS)2’
using birefringent wedges. The average beam-to-beam energy
imbalance was ~3% in al implosions. The diagnostic, 1-um-
thick, titanium-doped (~2% by atom) CH layers were offset
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fromtheinner surfaceby ~1, 5, 7, and 9 um of pure CH. These
layerswere expected to determine shell-areal -density modul a-
tions at the inner, central, and outer parts of the shell at peak
compression. Figure 92.1(b) shows the temperature and den-
sity profiles at peak compression of one of the targets calcu-
lated by the 1-D code LILAC.28 At peak compression, the
diagnostictitanium layer offset by 1 umislocated ontheslope
of the density profile at the inner shell, where the unstable
surfaceislocated. Titanium layersoffset by 5 umand 7 umare
in the central part of the shell, and the layer offset by 9 um
lies in the outer part of the shell at peak compression [see
Fig. 92.1(b)].

Core images were measured with a gated monochromatic
x-ray imager (GMX1),2° which was set up for time-integrated
(~200-ps) measurements during these experiments. One chan-
nel of the GMXI recorded monochromatic (with FWHM of
~30 €V) images at ~4.60 keV in the spectral region of tita-
nium 1s-2p absorption, while the other channel was set up at
~4.87 keV outside titanium absorption regions or emission
lines. Figure 92.2 shows Wiener-filtered images®C for shots
with titanium layers offset by 1, 5, 7, and 9 um and for one
shot without titanium, which was used to estimate the noise
level. The Wiener filter used a noise level constructed from
the difference of two images I15 p5(r) and 1<k (r) in shot

€Y (b)
1-um-CH,
Ti-doped layer Shot 26625
30F 30
~ =1 #m’k/\ 5um
K offset 125 & :
= Y = Figure 92.1
% =420 % (a) Schematic of spherical targets with diagnostic tita-
g ‘( ; nium-doped (2% by atom) layers offset by 1, 5, 7, and
o > 115 7 9 um of pure CH from the inner surface. (b) LILAC-
g © simulated profiles of target density and temperature at
- © . . . .
c -4 10 peak compression of the implosion. The locations of
= Q titanium-doped layersareshown by thelight blueareas.
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Figure 92.2

Wiener-filtered core images around peak compression at energies inside (~4.60 keV, upper row of images) and outside (~4.87 keV, lower row of images) the
titanium 1s—2p absorption spectral region for shotswith 1-um- (shot 26625), 5-pm- (shot 26630), 7-um- (shot 26631), and 9-um-offset (shot 26632) titanium-

doped layers, and for the shot without titanium (26633).
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26633 without titanium and the measured GM X| modulation
transfer function (MTF).3LAll thedetail sof theimageprocess-
ing are described in Refs. 18, 22, and 30. The shell optical-
depth (OD) modulations were calculated using the natural
logarithm of theratio of intensities of thetwo imagesat photon
energiesin the 1s-2p spectral region (highly absorbed by the
shell), 115 o,(r), and outsidethe 1s-2pregion, below theK edge
(weakly absorbed by the shell), | «(r):

50D(r)] = &1 ls-2p(r)/ 1< ()] -

The spectra of the core emissions were captured on an x-ray
streak camera.32 They were subsequently time integrated and
used to infer aspatial average of the OD of the titanium layer
in the 1s-2p spectral region. The red line (shot 26625) in
Fig. 92.3(a) shows an example of a measured time-integrated
spectrum Syes(E) as a function of photon energy E. The
spectral responsesof the GMX| at two channelsin [Rys o,(E)]
and out [Rek(E)] of the 1s-2p absorption spectral region are
represented by the dashed and dotted lines, respectively. The
thick greenlinerepresentstheestimated continuumlevel §,,(E)
of corex rays, used to cal cul ate average titanium optical depth
OD = In[Syon(E)/Smeas(E)] at aphoton energy of E=4.6keV.
The averagetitanium OD isused to determine the relative OD
modulations (which are equal to the relative areal-density
modulations), 5[0D(r)]/OD = 5[ pR(r)]/;R to compare lev-
els of modulationsin the different parts of the shell.

In addition, the measured spectra are used to calculate the
spatial variations in images due to small variations in the
spectral response across the vertical axis of the images. For
example, the central part of the image 115 5(r) is set up for
measurements at a photon energy of E = 4.60 keV. The x rays
originating at this point of theimage are reflected at an angle

RaDIAL STRUCTURE OF SHELL MobuLATIONS NEAR PEAK COMPRESSION OF SPHERICAL |MPLOSIONS

of 5.88+0.01° from the GMXI multilayer mirror. The x rays
originating from the horizontal line at 100 um off the image
center arereflected fromthemirror at aslightly different angle
of 5.91+0.01°, corresponding to a photon energy of 4.58 keV.
Similarly, the x rays originating at the horizontal line at
—100 um off the center line in the image plane are reflected
from the mirror at an angle of 5.85+0.01°, corresponding to a
photon energy of 4.63 keV. The resulting image correction
functions were calculated for each shot using corresponding
spectra. For example, for the images at the 1s-2p absorption
channel, theresulting correction functionisproportional tothe
convolution of the measured spectrum Sea(E) with the
spectral response function Rys o,(E). Figure 92.3(b) shows
correction functions for shot 26625 inside (dashed line) and
outside (dotted line) the 1s—2p absorption channel. For each
Wiener-filtered image, the x-ray intensity at the vertical axis
was divided by the corresponding correction function to com-
pensate for these spatial variations.

Experimental Results

Figure 92.4 presents the images of optical-depth modula-
tions in the titanium-doped layers offset by 1, 5, 7, and 9 um
from the shell’sinner surface. As shown in Fig. 92.1(b), these
layers represent different parts of the shell ranging from the
inner to the outer surfaces at peak compression. Power-per-
mode spectra of these modulations as functions of spatial
frequency are presented in Fig. 92.5(a). The amplitudes of
modulations are highest at a spatial frequency of ~20 mm™1
corresponding toawavel ength of ~50 um (withamodenumber
of ¢ ~6). Thisresultisinagreement with previousinner-surface
measurements using K-edge imaging. The absolute values of
optical-depth modulation o, decreased monotonically from
0.30+06 at the inner surface to 0.13+06 at the outer surface as
shown by the solid line in Fig. 92.5(b). The relative areal-

€Y (b)
1015 T T 10 S Fr I Figure 92.3
% i Fiducial | . - (@) Measured time-integrated spectrum Smeas(E)
i~ i E 08F _| as a function of photon energy for shot 26625
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< i 19 E %‘ a function of photon energy (thick green line).
2 L 1s2p . ﬁ- ; = 0.6 - B Theinstrumental spectral responses as functions
% absorption =S % of photon energy of GMXI channels inside
2 L ; g §E ; 04+ = [Ris-2p(E), dashed line] and outside [R<k(E),
= (%@ @ dottedline] thetitanium 1s-2p absorptionregion.
§ L | § 02 _| (b) The spatial correction functionsasafunction
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density modulation Oy, IS 59+14%, 18+5%, 26+10%, and
52+20% inthelayersoffset by 1, 5, 7, and 9 um, respectively,
as shown by the dashed linein Fig. 92.5(b). The modulations
are highest at the inner surface (in the 1-um-offset layer),
which is unstable during the deceleration phase of implosion
near peak compression. Asexpected, themodul ationsdecrease
in the bulk of the shell (in the 5- and 7-um-offset layers) but
then increase at the outer surface (in the 9-um-offset layer),
whichwasunstableduring theaccel eration, laser-driven phase
of theimplosion. The areal-density modulations in the whole
shell aredominated by nonuniformitiesintheinner and central
parts of the shell. The contribution of outer shell modulations
issmall because of the small compression at the outer surface.
Asshownin Fig. 92.1(b), the 9-um-offset layer is expected to
be outside the compressed shell, and therefore its high modu-
lation level is not very important to the integrity of the whole
shell. The measured level of modulation at the inner surface,
59+14%, isin agreement with previous results?2 measured at

Offset by

lum 5um 7 um 9um

\ 1

Shot 26625 Shot 26630 Shot 26631  Shot 26632

E11814

100 um

Figure 92.4

Optical -depth-modul ation images at peak compression for shotswith 1-pm-
(shot 26625), 5-um- (shot 26630), 7-um- (shot 26631), and 9-um-offset (shot
26632) titanium-doped layers integrated over ~200 ps of x-ray emission.

peak compression. For comparison, at peak neutron produc-
tion, ~100 psearlier than the peak compression, previoustime-
resolved measurements have shown lower modulation levels,
about 20% at the inner surface.18 In the future, experiments
will extend the time-integrated measurements of modulations
in the central and outer parts of the shell to time-resolved
measurements usi ng the sametitanium 1s—-2p absorption tech-
nique.

Conclusions

Thisarticlehaspresented thefirst time-integrated measure-
ments of the compressed-shell modulation structure away
fromtheinner surface. The differential imaging technique has
replaced previous titanium K-edge imaging with much more
sensitiveimaging using thetitanium 1s—2p absorption spectral
region. Asaresult, measurementsof modul ationsat central and
outer parts of the shell have become accessible. Inimplosions
withthe 20-um-thick shells, therel ative areal -density modul a-
tion Oy 1S 59+14%, 18+5%, 26:10%, and 52+20%, in layers
offset by 1, 5, 7, and 9 um, respectively. The spatial spectra of
modul ations peaked at aspatial frequency of ~20 mm™1 corre-
sponding to awavelength of ~50 um (with amode number of
¢ ~ 6). The areal-density modulations in the whole shell are
dominated by modulationsin theinner and central parts of the
shell, whilethe contribution of outer shell modulationsissmall
because of the smaller compression at the outer surface.
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A TIM-Based Neutron Temporal Diagnostic
for Cryogenic Experimentson OMEGA

Introduction

Ininertial confinement fusion’! experiments, shellsfilled with
deuterium (D) or adeuterium—tritium (DT) mixtureareheated
by either direct laser illumination or soft x-ray radiation in a
laser-heated hohlraum. Thetarget iscompressed to conditions
under which thermonuclear fusion occurs. The most-promis-
ingtarget designsconsist of alayered cryogenic D, or DT shell
enclosed by avery thin shell of plastic, which is ablated very
early and does not contribute significantly to the dynamics of
theimplosion.23 During the plasma confinement time, which
isof the order of 100 ps, fuel atoms undergoing fusion release
energetic charged particles, photons, and neutrons. Thefusion
reactions of interest are

D+D - n(245MeV) +3He (0.82 MeV),
D+D - p(25MeV)+T (101 MeV), 1)

T+D - a(35MeV)+n (14.1 MeV).

The particle energies are shown in parentheses. While most of
the charged particles are slowed down in the plasma and
stopped, or “ranged out,” before they leave the target, most
neutrons escapethefuel without collision. Asaresult, thetime
history of neutrons arriving at an external diagnostic repre-
sents the burn history of the target fuel. Measurements of the
neutron burn history provide important information about
target performancethat can be compared directly with numeri-
cal models. Thetime of peak neutron emission—the “neutron
bang time’—is very sensitive to the details of the energy
absorption and the equation of state used to describe the
plasma. The neutron burn history contains valuable informa-
tion about the plasmaevol ution close to the peak of compres-
sion. Target and laser illumination nonuniformities can feed
through to the inner surface of the shell by the deceleration
phase. Amplified by the Rayleigh-Taylor growth, these
nonuniformities can severely disrupt the hot, neutron-pro-
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ducing region of the target, leading to a strongly distorted
neutron burn history. Several detectors measuring the neutron
bangtime*-8 aredescribedintheliterature, but only the streak-
camera—based neutron temporal diagnostic® (NTD) iscapable
of resolving the details of the neutron burn history with a
resolution of ~50 ps for DD neutrons and ~25 ps for DT
neutrons. The NTD is currently installed on LLE’'s OMEGA
laser. NTD isahighly successful instrument,19 but the size of
the cryogenic target shroud system prevents placing the scin-
tillator of the NTD system at its optimum location close to the
target. This makesit too insensitive to record the burn history
of the current D, cryogenic target experiments. Furthermore,
Doppler broadening of the neutron spectrum severely compro-
mises the time resolution of NTD at larger distances.® These
mechanical constraints motivated the development of new
cryogenic-compatibleneutrontemporal diagnostic(cryoNTD),
which fits into LLE's standard ten-inch manipulator (TIM)
diagnostic inserters, to provide high-resol ution neutron emis-
sion measurements for cryogenic implosions. This article
describesthe setup of cryoNTD and first experimental results
compared to NTD on room-temperature direct-drive implo-
sions and on cryogenic implosions.

Setup of the Detector System

The cryoNTD system, shown schematically in Fig. 92.6, is
based on a fast plastic scintillator (Bicron BC4221), which
converts the kinetic energy of the neutronsinto light. A light
collection and transfer system (Fig. 92.7) transports the light
fromthescintillator to theinput plane of afast (<15-ps) optical
streak camera.12 Thefront end of theoptical systemismounted
inthe TIM and inserted close to the target. An optical fiducial
isused to timethe neutron signalsrelativeto theincident laser
pulse. Thesizeof thescintillator isthat requiredto record high-
quality burn histories at ayield comparable to 1010, which is
the performance of the early cryogenic D, target implosions
on OMEGA .3 A simple scaling from the sensitivity of NTD
with a 6-mm-diam scintillator at 2 cm from the target to the
required standoff distance of 9 cm shows that a 30-mm-diam
scintillator is sufficient. Due to the limited size of the photo-
cathode of the streak camera, a demagnifying optical system
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Figure 92.6

A block diagram of the cryoNTD detector system integrated into the OMEGA facility. Thefiducial system provides cross timing between the neutron signals
and the incident laser pulse, which is recorded on the P510 UV streak camera.
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Figure 92.7
A fast scintillator converts the neutron kinetic energy into light, which is collected by afast f/2 optic (a). An optical system (b) transportsthe light to the input
plane of afast optical streak camerawith 3:1 demagnification though an f/0.67 final lens system (c).
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witha3:1ratioisused. A fast f/2 lenscollectsthelight fromthe
scintillator with high efficiency [Fig. 92.7(a)]. An optical
system consisting of 11 lenses and 2 mirrors relays the image
of the scintillator though the TIM and the vacuum window
along a3.5-m optical path to the streak camera[Fig. 92.7(b)].
The 3:1 demagnification in combination with the fast f/2 lens
leads to a very demanding f/0.67 final lens system, which
maximizesthetransmission of theoptical system[Fig. 92.7(c)].
The 527-nm light from the OMEGA fiducial system isdeliv-
ered viaan optical fiber collimated and imaged onto the streak
camerathrough thefinal lens assembly. The OMEGA fiducial
consists of a series of eight pulses spaced 548 ps apart and is
synchronized to the shaped OMEGA laser pulsewith ajitter of
less than 20 ps. The optical fiducial is amplified separately
from the main laser pulse, split, and distributed to various
diagnosticinstrumentsfor precisiontiming. Thefiducial pulse
train is also recorded on the P510 ultraviolet streak camera,13
which measures the laser pulse shape. The common optical
fiducial serves as areference for both the neutron signal and
the laser pulse, thus enabling very accurate timing of the
cryoNTD signals.

Thelow light levelsfrom the scintillator, thefast collection
and transport optic, and the TIM design make it necessary to
install a sophisticated system of shields and light baffles to
avoidany scattered|aser light from entering the optical system.
Figure 92.8(a) shows a sample image from a cryogenic D,
implosion with ayield of 3.17 x 1010 recorded on the CCD
camera attached to the optical streak camera. The fiducia is
seenontop of theimageandthescintillator output inthecenter.
The “wings’ seen on either side of the scintillator signal are
most probably produced by the spatially nonuniform transmis-
sion of the optical system. Figure 92.8(b) shows image expo-
sure versus time averaged across the central portion of the
scintillator signal. The streak camera flat-field and geometric
distortions are included in the signal processing. The time
history of the scintillator signal is the convolution of the
neutron temporal distribution with the scintillator response.
The scintillator hasavery fast rise time of <20 psand adecay
time of ~1.2 ns. Consequently the burn history informationis
encodedintheleading edge of the pulsedueto themuchlonger
decay of the scintillator compared to the burnwidth.

Data Analysisand Calibration

Theactual neutronburn history isobtained by deconvolving
the effect of the long scintillator decay from the recorded
signal. A “physical modeling” approach is used for the
deconvolution, where the neutron signal n; at the pixel loca-
tioni is given as the recorded signal s; minus the sum of all
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earlier neutron signals, which are decaying exponentialy at
the scintillator fall time 7:

= Hi-j)xat, 0
n=§-)nexps———-0 2
i=0 g T g

Inthis equation, At, isthe time separation of two pixels. This
methodisfast and deterministicandisvery stableagainst noise
onthestreak camerasignal. Theneutron signal isbroadened by
several different mechanisms. The thermal broadening of the
neutron energy spectrum leadsto an arrival time spread in the
scintillator of 9

AtPD =778 PS5
T m keV]/2

JT xd ©)

(@

ARAALE

Shot #26477 Y =3.17 x 1010

~
\S)

600 —

500 | §
400 | ]
300 | §
200 | §
100 | §

oL+ 1+ 1
0O 1 2 3 4 5

Time (ns)

CCD (counts/time bin)

E11697

Figure 92.8

A streak camera image (a) of the neutron signal from a D2 cryogenic
implosion with ayield of 3.17 x 1010, The fiducial seen on the top of the
image is used for timing the neutron signal to the incident laser pulse. The
image exposure versus time (b) is averaged across the central portion of the
scintillator signal.
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for DD neutrons, where Aty is the FWHM in ps, d is the
target-to-detector distance in meters, and T is the neutron-
averaged ion temperature in keV. For the 9-cm standoff dis-
tance of cryoNTD, this effect limits the time resolution to
~70 ps at 1 keV. The finite neutron transit time through the
scintillator Atg = A x/v,, broadensthesignal by AtSD D=-g4 ps
with a 1-mm-thick scintillator using a neutron speed of v, =
2.16 cm/ns. Adding both effects in quadrature gives an esti-
mate of ~80 ps for the time resolution of cryoNTD. Fig-
ure 92.9 shows a comparison of the neutron burn histories
obtained by NTD and cryoNTD onaroom-temperature direct-
drive OMEGA plastic target filled with 15 atm of D,. The
signalsarealigned intimefor best correlation to allow abetter
comparison. Although theeffectsof thelimitedtimeresolution
of cryoNTD compared to NTD, which hasatimeresolution of
~50 ps for DD neutrons, can be seen, the burn histories
compare very favorably.

Absolute timing is established using the OMEGA fiducial
system. Therecorded fiducial pulseisfitted by apulsetrain of
eight Gaussian pulses spaced apart at the well-characterized
period of d, = 548 ps:

fidu(t) =

g GXD{—[t ~(to +i xdt)]z/zaz} 4)

I~

to the recorded signal. Here g is the amplitude of each fidu-
cia pesk, tg is the time of the first fiducia pulse, and o is
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the standard deviation of an individual fiducial pulse. This
reduces the influence of noise on the determination of the
timing reference. CryoNTD has been calibrated against NTD
using a series of room-temperature plastic targets filled with
D,. Thebangtimesmeasured by cryoNTD arevery closetothe
bang times from NTD (Fig. 92.10), showing only 40-ps rms
spread. Figure 92.11 shows a comparison of neutron burn
histories from a direct-drive cryogenic target with a low-
nonuniformity ice layer3 and a cryogenic target with a very
poor layer quality, bothirradiated by al-ns, square, 23-kJlaser
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Figure 92.10

The bang times measured by the NTD compared to those of the cryoNTD for
a series of room-temperature plastic targets.
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Figure 92.9 Figure 92.11

A comparison of the neutron burn historiesrecorded by the cryoNTD and the
NTD from aroom-temperature plastic target filled with 15 atm D, at ayield
of 2 x 1010,

A comparison of neutron burn histories from direct-drive cryogenic targets
with a good ice layer (solid line) and a poor ice layer (dashed line). Both
targets are driven by a 1-ns square laser pulse.

LLE Review, Volume 92

159



A TIM-Basep NEUTRON TEMPORAL DiaGNosTIC FOR CRYOGENIC ExPERIMENTS oN OMEGA

pulse. The temporal shape of the laser pulse is shown for
comparison. Even though the neutronyield of bothimplosions
isrelatively close—1.5 x 1019 for the poor capsule and 3.1 x
1010 for the good capsule—the neutron burn history shows
dramatic differences.

Summary and Outlook

A cryogenic-compatible neutron temporal diagnostic
(cryoNTD) hasbeen devel oped for OMEGA toallow the high-
resolution measurement of the neutron burn history on early
direct-drive D, cryogenictargets. Thescintillator and thefront
end of the optical system are mounted in a TIM and inserted
closeto thetarget. The back end of the optical system contain-
ing the optical streak camerato record the light emitted from
the scintillator is mounted outside the vacuum of the target
chamber. The OMEGA fiducial system is used to cross-time
the neutron signalsto theincident laser pulse. Thisinstrument
is able to measure the neutron burn history at yields >10° DD
neutrons with a resolution of ~80 ps. An absolute timing
accuracy of 40 ps has been demonstrated using cross-calibra-
tion to the NTD. The time resolution of the cryoNTD is
sufficient to resolve the important features of the reaction rate
history of cryogenic implosions with high absolute timing
accuracy. Future optimized cryogenic targets will generally
show higher neutron yields,3 allowing the use of a thinner
scintillator (<0.5 mm), which will improvethetimeresolution
of theinstrument. Neutral density filters can beinserted in the
light path to accommaodate even the highest predicted yields,
which will be comparable to 1012,
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Carbon Activation Diagnostic for Tertiary Neutron Measurements

Introduction

In inertial confinement fusion (ICF)1 implosions, nuclear
reactions in the fusion fuel produce energetic neutrons and a
variety of charged particles. The primary reaction for DT fuel
is

D+T - a +n (14.1 MeV). (1)

In a secondary reaction, a small percentage of 14.1-MeV
neutrons will scatter elastically from D or T ions in the fuel
(prime notation indicates a scattered particle):

n+D - n'+D' (0-125MeV), @)

n+T - n'+T (0-10.6 MeV). ©)

As these scattered ions pass through the fuel, some will
undergo tertiary, in-flight fusion reactions:

D' (0-125MeV)+T - a +n” (120-30.1MeV), (4)

T' (0-10.6 MeV)+D — a +n" (9.2-282 MeV). (5)

Theyield of these high-energy tertiary neutronsisproportional
to (oR)? for small values of pR, where pRisthe area density
of the DT fuel, and to pRfor large values of pR (Ref. 2) and is
about 1078 of the primary 14.1-MeV neutron yield.

The fuel area density pRis afundamental parameter that
characterizes the performance of an ICF implosion. For high
areal densities (oR > 0.3 g/cm?), which will be realized in
implosion experiments at the National Ignition Facility (NIF)
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and Laser Megajoule Facility (LMJ), the target areal density
exceeds the stopping range of charged particles, and pR mea-
surementswith charged-particle spectroscopy will bedifficult.
In this region, an areal-density measurement using tertiary
neutronsisone of the alternative methods. The use of tertiary
neutrons for measurements of high areal densities in ICF
impl osionshasbeen proposed by several authors?#inthepast.
This article describes the experimental development of a
tertiary neutron diagnostic using carbon activation and the
30-kJ, 60-beam OMEGA laser system.®

Carbon asan Activation Material

The use of carbon as a threshold activation material was
proposed many years ago.3 There are three main reasons why
carbon isagood activation material for tertiary neutron mea-
surement. First, the 12C(n,2n)11C reaction has a Q value of
18.7 MeV, well above the 14.1-MeV primary DT neutron
energy. Thus, the reaction 12C(n,2n)1C will occur only from
interactions with the high-energy tertiary neutrons. The ex-
perimental crosssection of the12C(n,2n)1C reaction shownin
Fig. 92.12 was measured in several experiments and can be
used to calculate atertiary neutron signal in a carbon sample.

The second attractive feature of carbon isthe properties of
its decay. The isotope 1C decays to 1B with a half-life of
20.39 min and emits a positron, resulting in the production of
two back-to-back, 511-keV gamma rays upon annihilation.
The 11C half-life is advantageous since it is compatible with
the experimental conditions on OMEGA. The OMEGA laser
fires at approximately one-hour intervals, and it takes a few
minutes to remove the disk from the target chamber and carry
it to the gamma-detection system after thelaser hasbeenfired.
Thus, if the half-life were much shorter, a significant amount
of information would belost during transfer. If it were consid-
erably longer, there would not be enough time to record all of
the decays between shots. The positron decay of 11C isnearly
identical to the $2Cu decay used in the copper activation
measurements of 14.1-MeV primary DT yields; therefore, the
well-developed copper activation gamma-counting system6:”
can be used.
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Figure 92.12

Experimentally measured cross section o for the reaction 12C(n,2n)11C. The
solid line is the fit used for calculations in the Carbon Activation for
OMEGA and the NIF section.

The third reason carbon was chosen is the availability of
high-purity samples. The purity of the activation sample is
very important for tertiary activation diagnostic, as will be
discussed in the Contamination Signal in Carbon Activa-
tion section below. Carbon is also a nontoxic, nonflammable,
inexpensive, and safe material. These propertiesgive carbon a
big advantage over sodium, which has also been proposed.3

OMEGA Carbon Activation System

Theactivation sampleswith a7.6-cm diameter and adiffer-
ent thickness can beinserted with a pneumatic retractor into a
reentrant tubeinstalled onthe OM EGA target chamber. Before
a shot, the activation samples are manually installed in the
retractor holder and inserted into the target chamber at 42 cm
from the target. Immediately after alaser shot, the activated
sample is automatically extracted from the chamber and
dropped through a plastic tube to the pickup basket in aroom
under the OMEGA Target Bay. The operator delivers the
activated sample to the gamma-detection system in the count-
ing room. Generally, this processtakes 1.5 to 3 min. Sincethe
spacein the OMEGA target chamber isvery limited, the same
pneumatic retractor isused for both copper and carbon activa-
tion diagnostics.
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The OMEGA gamma-detection system consists of two
7.6-cm-diam, 7.6-cm-thick Nal (T1) scintillation detectorssepa-
rated by 0.89 cm or 1.78 cm and associated electronics. Each
detector has an ORTEC 460 delay linear amplifier and an
ORTEC 551 single-channel analyzer (SCA), which perform
pulse-height discrimination. The time coincidence between
two detectors is established by an ORTEC 418A universal
coincidencemodul efollowed by an ORTEC 974 quad counter/
timer module that countstime, single counts from each detec-
tor and two detectors coincidence. The 974 counter isread by
aPC-based dataacquisition programevery 5sand recorded for
future analysis. The window of each SCA is set between
426 keV and 596 keV in order to detect 511-keV gammas
from positron annihilation. The energy scale of each SCA is
calibrated with a 22Na radioactive source before each set of
measurements. The Nal detectors are shielded from all sides
with 7.6 cm of lead to reduce cosmic ray background. As a
result of the shielding, the background coincidence count rate
isabout 18 counts/hour. ToisolatetheNal detectorsfromdirect
activation by 14.1-MeV neutrons produced during high-yield
OMEGA shots, the gamma-detection system is placed at a
distanceof 120 mfromthetarget. Dedicated experimentshave
shown that the gamma-detection system records no coinci-
dencefor yields up to 7 x 1013,

Contamination Signal in Carbon Activation

Any material that producesapositron emitter by interaction
with 14.1-MeV neutrons will add a contamination signal in
the carbon activation diagnostic. The most-dangerous con-
taminantsfor carbon activation are copper and nitrogen, which
produce positron emitters in reactions 83Cu(n,2n)52Cu,
65Cu(n,2n)84Cu, and 14N(n,2n)13N. Each of these reactions
has athreshold below 14 MeV. The nitrogen cross section for
a 14.1-MeV neutron is 6.5 mb and is comparable to the
carbon cross section for tertiary neutrons. The $3Cu cross
section for 14.1-MeV neutrons is about 100 times larger than
the carbon cross section for tertiary neutrons. Since the pri-
mary 14.1-MeV neutronyieldisabout 108 timeslarger thanthe
tertiary yield, the contamination in the carbon sample must be
lessthan one part per million (ppm) for nitrogen and 0.01 ppm
for copper.

In the development of the carbon activation diagnostic,
graphite disks from Bay Carbon® were used. Bay Carbon
carefully selects their graphite for its physical and chemical
compositions and performs chemical vapor purification
(CVP) of thegraphite. Bay Carbon purity isdefined asfollows:
No more than three elements may be present (other than
carbon), no single element may exceed one part per million
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(ppm), and thetotal impurity level may not exceed two ppmin
the graphite.

Inaddition tothe purity of the sample material itself, proper
packaging and handling procedures are very important. To
keep thegraphitedisksclean beforeashot, thedisksareshrink-
wrapped in plastic before being placed into the retractor and
delivered to the gamma-detection system. The plastic is re-
moved and discarded before counting. This procedure pre-
vents surface contamination of the graphite disks. This is
especially important on OMEGA becausethe sameretractor is
used for both copper and carbon activation. The graphite disks
without shrink wrap showed a contamination signal of about
1000 coincidences per hour of counting. The shrink-wrapping
procedure protectsthe graphite disks from surface contamina-
tion but leads to other forms of contamination.

The shrink-wrap plastic contains hydrogen. When bom-
barded by 14.1-MeV neutrons, the hydrogen atoms can pro-
duce elastically scattered protonswith energiesup to 14 MeV.
These protons interact with carbon in the graphite disks and
produce positron-emitting nitrogen via reaction 12C(p,))13N.
This source of contamination was eliminated through the use
of graphite foils (thinner pieces of graphite) placed on both
sides of the disk between the disk and the shrink wrap. The
graphitefoilsact asprotective barriersfor the protonsfromthe
plastic. This combination of the disk and two foilsiscalled a
“sandwich.” Thefoils are made from the same graphite asthe
disks in order to keep the disks clean. The foils are 2.5 mm
thick, enough to completely stop the protons originating inthe
plastic and prevent their penetrating the graphite disk. All
contamination from such protons is restricted to the graphite
foils, which are removed and discarded before counting.

Because the graphite porosity is about 20%, the graphite
disks can absorb and store 14N nitrogen from the air. The
14.1-MeV neutrons can produce positron-emitting nitrogen
13N via the reaction 14N(n,2n)13N. To remove air from the
graphite disks, aspecia purification facility was devel oped at
the SUNY Geneseo.

The first step in the purification process is to remove the
nitrogen and other contaminant gasesfrom within the graphite
disks and replace them with an inert gas such as argon that
cannot be activated by 14.1-MeV neutrons. To do this, alarge
three-zonetubefurnaceisemployed. Thisfurnaceiscomposed
of a 7-ft-long, 7-in.-diam quartz tube. The graphite disks are
inserted into the oven using a 5-ft-long rod. The oven is then
brought to vacuum, heated to 1000°C, and maintained at that
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temperature for several hours. After cooling to room tempera-
ture, the quartz tube is flooded with high-purity (0.99995)
argon. The disks stay in this environment for several hours.
They are extracted from the quartz tube by placing a large
glovebag over oneend of thetube, fillingitto positivepressure
with argon gas, and then using arod to remove the disksfrom
the quartz tubeinto the glove bag. Graphitefoilsarefit to both
sides of the disk, and the disks are then placed into small
vacuum bags, which are immediately vacuum sealed. The
disks can remain in the vacuum-sealed bag for at least six
months without contamination.

In earlier experiments, the disks were taken out of the
vacuum bags immediately before the shot and quickly sealed
in shrink wrap, which was left on during the shot. In later
experiments, the disks were shot in the vacuum bags, never
being exposed to air contaminants.

Experimental Results

The main goal of the diagnostic devel opment was to mini-
mize the contamination signal in carbon samples. Several
iterationsof the purification, packaging, and gamma-detection
system were made until the system described above was
developed. Inthissection, resultsobtainedin 2001-2002, after
major improvements to the system, are presented.

Testsof thecarbon activation systemwerecarried out onthe
30-kJ, 60-beam OMEGA laser system?® in direct-driveimplo-
sions. A 1-ns square laser pulse shape with 28-kJ to 31-kJ
energy was used to implode glass microballoons with shell
thicknesses from 2.5 to 4 um filled with 20 atm of DT. These
targets have avery low pR and should produce no measurable
tertiary neutrons. Thus, any signal in these experimentswas a
contamination signal. The primary DT neutron yield was
measured by an absolutely calibrated time-of-flight scintill at-
ing counter located 20 m from thetarget. The neutronyieldsin
these experiments ranged from 4 x 1013 t0 9.6 x 1013,

Intheexperimentson OMEGA, the cosmic ray background
for theempty gamma-detection system wasmeasured, fitted to
alinear function, and subtracted from the coincident countsfor
each carbon disk. Theresultsfrom the graphitediskswerethen
normalized to ayield of 7.4 x 1013, which was the average
neutronyieldfor thisseriesof measurements. The carbon disks
without shrink wrap produced acontamination signal of about
1000 counts; disks in shrink wrap produce about 80 to 100
counts; and disks packaged as a sandwich in shrink wrap pro-
duce acontamination signal of only about 30 to 50 counts. The
results for the carbon disksirradiated in sealed vacuum bags
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are shown in Fig. 92.13. The two shots with carbon disks in
vacuum bagswithout foils show ahigher contamination signal
than from asandwich, demonstrating theimportance of shield-
ing from the protons originating in the plastic. The six sand-
wich results include four shots from June 2001 and two
“consistency check” shots from June 2002. All of them show
asimilar contamination signal of 30 to 50 coincidence counts
for 7.4 x 1013 primary neutron yield.

Normalized to 7.4 x 1013

120 | I I I I I
L Disk |
8 o - _
i=) I : -
- Sandwich
8 -
> w0
N
o -

oL
0 1000 2000 —
Time ()
E11284
Figure 92.13

Coincidence countsin the gamma-detection system asafunction of timeafter
ashot for 0.89-cm-thick disks and “sandwiches.”

The0.89-cm carbon disk thicknessoriginatesfromacopper
disk thickness optimized for 511-keV gamma absorption in
copper. Since the absorption length of 511-keV gammas in
carbonisabout fivetimeslarger thanin copper, the carbon disk
thicknesscan beincreased. | n June 2002 wetested on OMEGA
carbon disks with athickness of 1.78 cm. The results of these
tests normalized to the same 7.4 x 1013 primary neutron yield
are shown in Fig. 92.14. The contamination signals from the
thicker disks are similar to the thinner disks, suggesting that
contamination ismostly asurface-related effect. In thethicker
disksthetertiary signal will increase by afactor of 2, and the
efficiency of the gamma-detection system decreases for the
thicker disk by approximately 20%; the thicker disk hasa 1.8
gain in sensitivity. Monte Carlo calculations for the optimal
carbon disk thickness are in progress.

Consistent, repeatabl e results in two sets of measurements
one year apart, which include the manufacture of new carbon
disks, show stability and reproducibility of the carbon activa-
tion diagnostic chain—from manufacturing the disk to the
purification and handling system.
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Coincidence countsin the gamma-detection system asafunction of timeafter
ashot for 1.78-cm-thick sandwiches.

Carbon Activation for OMEGA and the NIF

Direct-drive spherical DD cryogenic target implosions?
are routinely carried out on the 60-beam OMEGA laser
system, andimplosionswith cryogenic DT fuel areplanned for
the near future. The OMEGA cryogenic DT design and ex-
pected laser pulse shape with an intensity picket are shown in
Fig. 92.15. Theintensity picket shapesthe adiabat of the main
fuel and ablator, reducing both the seedsand the growth rate of
Rayleigh-Taylor instability.l0 A one-dimensional LILAC
simulation calculates aneutron yield of Y, = 6.0 x 10 and a
neutron-averaged fuel areal density (pR) = 245 mg/cm? for the
design shown in Fig. 92.15. The IRIS'2 postprocessor to
LILAC was used to calculate the spectrum of al neutrons
emerging from an OMEGA cryogenic DT target. Figure 92.16
shows the calculated tertiary/primary neutron spectrum and
the same spectrum multiplied by the cross section of the
12¢(n,2n)11C reaction approximated by the solid line in
Fig. 92.12.

The target design from Fig. 92.15 and tertiary spectrum
fromFig. 92.16 were used to estimate the expected signal from
acarbon activation samplein OMEGA cryogenic DT experi-
ments. A 7.6-cm-diam, 0.89-cm-thick carbon disk at 40 cm
from the target subtends solid angle 2.25 x 1073, Theiintegral
of the tertiary/primary neutron spectrum multiplied by the
carbon cross section in Fig. 92.16 is about 3 x 107> mb/
primary neutron. The 80-g carbon disk will receive 1.2 x
107 activations for each incident primary neutron or 2.7 x
10710 activations for each primary neutron produced in the
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target. The gamma-detection system has an efficiency of 20%,
thus the measured coincidence counts per produced primary
neutron will be 5.4 x 1071, At aprimary DT yield Y,, = 6.0 x
1014, we expect 3.2 x 10 coincidence counts from tertiary
neutronsinthe gamma-detection system. A similar cal culation
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Figure 92.15
The OMEGA cryogenic capsule design (a) and pulse shape with an intensity
picket (b).
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Ratio of tertiary N to the primary Np neutrons per energy interval (MeV) as
a function of tertiary neutron energy and the same ratio multiplied by the

carbon cross section gin mb.
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for the implosion quenched at a (pR) = 150 mg/cm? and
neutron yield Y,, = 9.2 x 1013 gives about 400 coincidence
countsinthe gamma-detection system. Withtheachieved | evel
of contamination signal, the present carbon activation system
can be used for areal-density measurements of OMEGA cryo-
genic DT targets.

Tertiary neutron measurements by carbon activation arean
inexpensive, well-developed diagnostic that can be easily
deployed on the NIF for areal-density measurements. All
major diagnostic development problems have aready been
solved on OMEGA. Purified carbon packages are good for at
least six months; consequently, they can be prepared in the
already-existing purification facility at SUNY Geneseo and
shippedtothe NIF asneeded. Thecarbon activation diagnostic
will require arapid transport system similar or identical to the
yield activation system on the NIF because of the relatively
short half-life of carbon.

Theonly problem that must be solved onthe NIFfor carbon
activationisbackground in the gamma-detection system itself
generated by the neutrons from a NIF implosion. Such a
background-induced problem wasobserved on OM EGA when
the gamma-detection system waslocated 40 m from thetarget.
In Fig. 92.17 the background coincidence counts of an empty
gamma-detection systemareshown asafunction of time. After
a shot with a neutron yield of 7.35 x 103, a jump of 42
coincidencecountswasrecorded. Additionally thebackground
stays high for about 1 h after the shot and then returns to the
normal cosmic ray level. On OMEGA this background prob-
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% 100 the target -
=
— .
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Figure 92.17

Background coincidence counts of an empty gamma-detection system at
40mfromthetarget duringan OMEGA shotwithaneutronyield of 7.35x 1013,
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lem was solved by moving the gamma-detection system much
farther from the target. Since neutron yield on the NIF will be
about 10° times higher than on OMEGA,, ajudicious choice of
neutron shielding and location of the gamma-detection system
will be required. Background measurements during the shot
will also be needed. Two identical gamma-detection systems
could be implemented—one for signal and another for the
background measurement.

Conclusions

Thisarticle has described the experimental devel opment of
the carbon activation diagnostic for tertiary neutron measure-
ments performed on the 60-beam OMEGA laser system. We
have created a purification facility and have devel oped pack-
aging and handling procedures that significantly reduce the
contamination signal in the carbon samples. Experiments on
OMEGA in 2001-2002 have shown very good reproducibility
of the contamination signal from the carbon samples.

The present carbon activation system is ready for areal-
density measurements of DT cryogenic targets on OMEGA.
The same carbon activation diagnostic can beimplemented on
the NIF, athough the neutron-induced background issues in
the gamma-detection system need to be solved for the NIF.
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The Properties of Polyimide Tar gets

In1996 L L E began aresearch effort to make spherical capsules
from polyimide material for use in direct-drive inertial con-
finement fusion (ICF) experiments. Previously, |CF capsules
were made exclusively from glass, polystyrene, or an amor-
phous carbon-hydrogen solid solution referred to as “ plasma
polymer” or “glow-discharge polymer.”1 Polyimide was first
proposed as a potential material for a target wall in 1995
becauseof itsappreciabl estrength;2however, noviablemethod
for making these capsules was identified. Following a five-
year development project, a process for making polyimide
capsuleswas devel oped and demonstrated, and the technol ogy
transferred to General Atomics—the ICF target fabricator—
for production. As part of the project, polyimide shells with
various properties relevant to ICF were developed. Those
properties will be presented and compared in this article.

The fabrication method and associated properties of the
different direct-drive polyimide targets have been reported
previously.3-® This article summarizes and compares those
properties that are important for producing cryogenic targets.
Furthermore, issues that are unique to providing cryogenic
targets, whichimposestringent demandson performancefrom
the shell material, are explained.

The properties of polyimide of importance to direct-drive
| CF experiments are those that will increase the survivability
of the shell during the process used to make cryogenic deute-
rium—tritium targets: specifically, the mechanical and perme-
ation properties and the resistance of the material to
embrittlement in a radioactive (tritium) environment. The
rationalefor choosing polyimideasacandidate material isthat
the polyimide chemical structureis one of the strongest poly-
meric materials, and among the most radiation resistant poly-
mers,® and it should have the greatest likelihood of surviving
demanding processing conditions.

Shells used for direct-drive | CF experiments need to be as

robust as possible to withstand the inherent pressure gradients
present when equipment has to operate over a wide pressure
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and temperaturerange. Shellsaretypically ~900 to 950 ymin
diameter with the wall as thin as possible (1 to 3 um) to
minimize Raleigh-Taylor (RT) instabilities. The shell be-
comes an | CF target when it containsanominal 100-um layer
of deuterium ice, which will include tritium in future experi-
ments. Theicelayer isachieved by first permeating gasat room
temperature (or greater) intotheshell and then cooling theshell
and gastobelow thetriplepoint (for deuterium) at 18.73K. The
challengein thisprocessis caused by thefragility of the shell,
which because of its large aspect ratio (diameter to wall
thickness) can withstand only avery small pressure differen-
tial. This limits the driving force for permeation: it can take
many days to fill the capsule with the sizeable gas inventory
required to yield a 100-um ice layer, and a well-controlled
thermal environment is required to prevent the target from
bursting or buckling.

During the permeation filling cycle, which can occur at
temperatures from 270 to 500 K, and the subsequent cooling
processto 18 K, theradioactivetritium gas decayswith ahalf-
life of 12.3 years and rel eases an el ectron with amean energy
of 6 keV. Thesehigh-energy electronsrupture chemical bonds,
thereby weakening the capsule material. This creates a self-
limiting cycle where increasingly long filling/cooling times
de-rate the capsule’s strength, which in turn requires even
longer filling/cooling times. It has yet to be established that
high-aspect-ratio shells can even be filled with tritium to the
desired pressure without rupturing.

Finally, there is arequirement to minimize the processing
time (filling and cooling cryogenic targets) as tritium decay
produces a helium atom that will affect the convergence, and
hence performance, of an imploding target. Given the tritium
decay rate (0.015% conversion of T to 3He per day), the de-
sired duration for filling and cooling cryogenic targetsisless
than three days.

The sectionsthat follow discuss (1) the mechanical proper-
ties of polyimide shells; (2) the techniques for changing the
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shell’s permeability by controlling the composition and
microstructure of the polyimide; (3) the cooling of targets; and
(4) the effects of radiation on shell properties.

The Structural Behavior and Properties
of Polyimide Shells
1. The Mechanics of a Shell’s Response to a

Pressure Differential

A pressure differential across a shell’s wall generates a
uniform hydrostatic load within thewall that isresisted by in-
planeforces(tension, compression, and shear) (seeFig. 92.18).7
Themagnitude of theinduced forces can beanalyzed solely by
force-equilibrium equations (membrane theory) as long as
the shell does not deform under the applied load, i.e., it is
statically determined. Once the shell deforms, bending theory
is needed to fully quantify the stress distribution in the shell
and hencedeterminethe maximum pressuredifferential ashell
can withstand.

Meridion

In-plane

Figure 92.18
Schematic of the in-plane membrane forces present in a uniformly strained
shell.

Direct-driveshellsareclassified asthin-walled shells; shells
where the ratio of the wall thicknessto the shell radiusisless
than 0.05 are categorized as “thin wall” and shells where the
ratioisgreater than 0.05are“thick wall.” Thiscategory of shell
is unable to resist even small out-of-plane bending moments
that easily deflect the wall. Once the shell is deformed, the
intrinsic strength of the spherical geometry is compromised
and the shell either shattersif it isbrittle or collapsesintact if
it iselastic. Thicker-wall shells, such asindirect-drive shells,
have atwofold strength advantage over thin-wall shells: first,
the load-bearing capacity of the shell is greater, and second,
onceashell beginsto deflect to out-of -plane moments, thewal |
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more effectively resists the bending moment. Calculating the
strength of thick-wall shells is aso more complex since the
bending theory is now an effective secondary reinforcement
mechanism (membrane theory describes the primary mecha-
nism) for resisting the applied load.

The buckle pressure is defined as that uniform load where
the shell wall is at its maximum in-plane compression and
shear stress, and any infinitesimal increase in pressure will
causetheshell wall to deform. Increasing the pressure subjects
the shell wall to bending moments, and at acritical pressure—
the collapsing pressure—the shell collapses. The shells of
interestin direct-drive ICF areall thin-wall (<5-um) polymers
with little resistance to out-of-plane forces, so the collapsing
pressure is equal to the buckling pressure. The buckling pres-
sure Py, cke 1S determined by the dimensions of the shell and
the intrinsic properties of the material:’

2E Dﬂaz

3(1—v2) Or D 0

Rouckie =

where E is the elastic modulus, o is the tensile strength, v
is Poisson’s ratio (0.34), w is the wall thickness, and r is
the radius.

The bursting pressure Py, IS @nalogous to the buckling
pressure except that the internal pressure is greater than the
external pressure and the in-plane forces are tensile (o) and
shear:

Fourg =20 (W/ r)- 2

| CF targets are not perfectly spherical, although the spher-
icity is excellent (0.5+0.2 um out-of-round). This lack of
sphericity decreases the buckling pressure from what would
be expected for aperfectly spherical shell: At theregionwhere
theshell departsfrom perfect sphericity, theradiusof curvature
changes. Herethein-plane compressive stressacquiresashear
component. Thisstressdeflectsthe shell wall out-of-plane; the
magnitude of the deflection and the affected area of the shell
depend on the shear and flexural moduli, respectively. Thin-
wall shells have little resistance to this out-of-plane force, so
once the applied in-plane load can no longer be supported by
in-plane compression, the strength of the spherical shape is
compromised and the shell buckles. Shellswherethe radius of
curvature changes abruptly, and that also have low shear and
flexural moduli, will buckle at lower loads than rounder shells
with greater stiffness.
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Two phenomena combine to make thinner shells substan-
tially more fragile: First, thinner-wall shells are more out-of-
round than moderately thicker shell walls, a consequence of
the shell fabrication process; second, as discussed above,
thinner wallsareinherently lessresistant to bending moments
than are moderately thicker shell walls. Experimentally it was
observed that asthethicknessof theshell wall decreasesbel ow
4 um, theelastic modulus[ Eg. (1)] becomesaweaker predictor
of the maximum buckling pressure that a shell can withstand:
Thereisagreater variation in the observed buckle pressure of
a large sample of very thin wall shells (1 um) compared to
thicker shells. This behavior is not adequately explained by
possiblevariationsin the el astic modul us and Poi sson rati os of
different shells, which are intrinsic material properties inde-
pendent of thickness; these properties depend upon the mate-
rials microstructure, and supporting x-ray diffraction data
show a similar microstructure for thick and thin films.82
A more probable explanation for the greater variation in the
buckle pressure of thin-wall shellsisagreater variation in the
roundness of the shells.

Inthefuture, each shell will haveto meet aspecificationfor
the maximum-allowable out-of-roundness to maximize the
shell’s survivability during processing. This will require the
sphericity and uniformity of the wall thickness of each thin-
wall shell to be quantified.

2. Fabrication of Thin-Wall Spherical Shells

Two effects can reduce the sphericity of the shell: First,
thereistheinherent out-of -roundness of the mandrel onwhich
the polyimide shell isformed. Typically thisvalueincreasesas
the mandrel diameter increases. Second, aconseguence of the
polyimide-shell manufacturingisthat additional out-of-round-
ness can be introduced during fabrication. Typically, this
contribution is greater for thinner shell walls.®

Thefabrication techniqueissummarizedin Figs. 92.19 and
92.20. First, polyamic acid is deposited on a mandrel. The
coated mandrel is then heated to convert polyamic acid into
polyimide and simultaneously depolymerize the poly-a
methyl-styrene mandrel. This depolymerization of the 30-pug
mandrel would generate a burst pressure of 140 atm in the
absence of permeation. Permeation does occur, however, and
if the depolymerization rateiskept at or bel ow the permeation
rate, the polyimide shell will inflate only marginally and
without exploding. Shells with walls as thin as 0.9 um have
been fabricatedin thismanner.>? Shellscan be made moreout-
of-round (beyond the limit established by the mandrel) during
the depolymerization phase where expansion of the shell

LLE Review, Volume 92

stressesthe plastic: If the shell material is strained beyond the
yield point, it will plastically deform in those areas where the
wall isthinnest. This nonuniform and nonrecoverable expan-
sionwill causetheshell toloseits sphericity whentheinternal
pressure is reduced.?

While it is possible to make polyimide shells with the
desirable strength and modulus properties, strict quality con-
trol will be required to select only the best geometries. Other-
wise the greater mechanical properties of polyimide will not
be realized.
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Figure 92.19
Schematic of the chemical process used to make polyimide shells using the
vapor-deposition technique.

3. Stiffness, Strength, and Elasticity of Polyimide Shells

The physical properties of polyimide shells are listed in
Table 92.1; the properties of plasma polymer shells are also
listed for comparison. Generally, polyimide has greater physi-
cal properties than plasma polymer and, in addition, has a
higher density, radiationresistance, and lower permeability, so
the selection of one of these materials over the other as the
optimal shell material isnotimmediately apparent. Theimpli-
cations of these other properties (permeability and radiation
resistance) on the selection of polyimide or plasmapolymer as
atarget material are expanded upon later.
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Sequence of operations used to make polyimide shells.

The elastic modulus of vapor-deposited polyimide shells
[calculated from Eq. (1)] wasmarginally larger than thelitera-
ture-reported values for the same chemical formulation made
usingliquid processing: 3.2 GPaand 3.0 GPa, respectively. 1011
Thereisadifference, however, in the method used to measure
these values: using overpressure to buckle shells measures a
biaxial compressiveelastic modulus, whereasliteraturevalues
for a commercia polyimide, Kapton™, are measured using
American Standards and Testing Materials (ASTM) proce-
dures with uniaxial tensile loading. The elastic modulus for
vapor-deposited polyimide was also measured using an ac-
cepted nano-indentation method and was determined to be
4.0 GPa.®

The tensile strength of the polyimide was cal culated from
Eq. (2) by changing the pressure on either side of the shell and
measuring the commensurate change in the diameter of the
shell.210 vapor-deposited polyimide shells are appreciably
stronger than solution-cast films, with ultimate strengths of
280+20 MPaand 170 MPa, respectively. The greater strength
of the vapor-deposited polyimide material is attributed to the
preferential alignment of the crystalline lattice in polyimide
shells(discussedindetail later). Similar to the elastic-modulus
measurements, pressuretesting ashell to determinethetensile
strength isameasure of the biaxial tensile stress—strain behav-
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ior (inthe plane of the shell), whichisdifferent from auniaxial
strength test of an ASTM-dimensioned measurement.

Itisimportant to notethat all testing of both polyimide and
plasma polymer shells was to determine the optimal process-
ing conditions as measured by each material’s inherent stiff-
ness, strength, and plasticity. No effort wasintentionally made
to preselect an underlying mandrel within a particular round-
ness and wall thickness specification. (Thiswould have made
the study too large, expensive, and intractable.) Therefore, the
variationinthe mandrels' sphericity isincluded in the statisti-
cal variation of the polyimideshells. Thishasthebiggest effect
on thereported el astic-modulus values of the shells, which are
most susceptible to out-of-roundness effects. The possibility
remains that future optimization and strict quality control of
the underlying mandrelswill improve the mechanical proper-
ties of both polyimide and plasma polymer shells.

The importance in ICF applications of having a higher-
strength shell material isto improve the ability of the shell to
(1) resist buckling pressures during permeation filling,
(2) resist bursting and buckling pressures that develop within
the permeation cell when afilled target is cooled to 20 K, and
(3) resist bursting when the target is transferred (inside a
cryostat) from the permeation cell toacryostat.12 Thisrequires
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Table 92.1: Comparison of the physical properties and chemical composition of available |CF shell materials.

Polymer Material Elastic Modulus | Ultimate Strength | Elongation Chemical Composition
(GPa) (MPa) (%)
Atomic fraction
(%)
Polyimide 3.2+0.1 280+12 27+2 C 56
(PMDA-ODA H 26
formulation) N 5
1.42 gm/cm3
Polyimide 2.610.1 221+15 15+2 C 54
(6FDA-ODA H 24
formulations) N 3
1.42 gm/cm3 6] 9
F 13

Plasma polymer13 2.7+0.2 88+10 C 54
(high-density/ H 46
strength version)
1.18 gm/cm3
Plasma polymer13 1.6+0.4 80+5 C 43
(baseline) H 57
1.04 gm/cm3
Deuterated plasma 2.0+0.1 82+5 C 61
polymer13 D 39
(high-strength/
density version)
1.11 gm/cm3
Deuterated plasma 0.9+0.2 C 59
polymer13 D 41
1.09 gm/cm3

that the elastic modulus and strength of the shell material be
known over awide temperature range (at least from 295 K to
18 K and more desirably from 573 K to 18 K to allow for
higher-speed permeation at el evated temperatures). Typically,
the room-temperature strength of the material is the most
commonly reported value. The measured temperature depen-
dences of the strength and elastic modulus are reported in
Fig. 92.21. The elastic modulus is measured to increase by a
factor of 2.5 over the temperature range 300 K to 130 K.

Polymers become stronger at lower temperatures, which
increases the survivability of polymersin cryogenic applica-
tions. In |CF applications, however, use of only thisvalue can
be deceptive, since a plastically strained shell may have too
high a permeability, which renders it useless, so the yield
strength, bel ow which amaterial behaveselastically, must al so
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be known. Once ashell exceedstheyield strength, the change
in the diameter in response to the applied stressis determined
by the coefficient of hardening (the slope of the stress—strain
curve in the plastic regime). This value is typically much
smaller than the elastic modulus. A small stressin thisregime
can create asizeable strain that will cause the shell to expand
significantly and not recover its original dimensions. More-
over, the shell can deform (i.e., change in roundness) if the
walls are not uniformly thick. By reason of this behavior the
stress—strain relationship of the polyimide ideally should be
known over the entire temperature range of interest (18 K to
573 K). This will allow the cryogenic target handling equip-
ment to be designed to minimize the time required to provide
I CF cryogenic targets (to limit the buildup of He3). Obviously,
equipment to handl e cryogenic targets can be designed without
detailed knowledge of the shell’s behavior, but the design will
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necessarily be conservative to ensure that the target survives
processing, which is counter to the need to process targets as
rapidly as possible.
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Figure 92.21

The temperature-dependent elastic modulus of polyimide from 12 K to
573 K.

4. Effects of Plastically Deforming Polyimide Shells

X-ray diffraction data of polyimide shells indicate the
presence of a crystalline phase.8 The crystal lattice plane is
aligned perpendicular to the circumference of the shell asthe
polymer chain preferentially liesin the plane of the shell (see
Fig. 92.22). This configuration gives the polyimide shell its
strength and stiffness in compression/buckling, due to the
stiffness of thelattice structure to out-of-planeforces, and also
in tension/bursting, due to the alignment of the polymer back-
bone within the plane of the circumference.

When a polyimide shell is over-tensioned, as occurs when
theinternal pressurein the shell exceedstheyield stress of the
material, the polyimide plastically deforms and the mechani-
cal properties of the shell decrease: the buckle pressure de-
creases by 55%, which is attributed to the elastic modulus
decreasing as the crystallinity of the material decreases,®10
and the shell becomes more nonspherical, whichlowersthein-
plane compressive and shear |oadsthat the shell can withstand.

Of particular interest and relevance to |CF applicationsis
the effect that plastically deforming polyimide has on the
permeability of the material. A large sample of 120 polyimide
shells were over-pressurized to determine the effect of strain
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onthe permeability of thematerial to deuterium. Theeffect fell
into one of two categories. the permeability changed either
enormously (three orders of magnitude) or only slightly (from
no change to a quadrupling). The biggest change occurred in
30% of the shells. Importantly, the gas transport mechanism
remained permeation, where the gas must dissolve in the
plastic material, since heating the capsuleto 300°C compl etely
recovered the initial permeation and strength/modulus prop-
erties. The alternative gas transport mechanism is Knudsen
diffusion, whichwouldoccur if pinholesor voidswere created.
These features would allow a gas/gas-surface diffusion pro-
cess where gas can pass through a membrane without being
absorbed into the material. This would be unacceptable since
the shell would remain permeable at cryogenic temperatures,
allowing the low-viscosity gasand liquid to easily pass out of
the shell; as aresult, the target would be unable to retain the
deuterium fill.

When polymersarecool ed, theactivationenergy for perme-
ation increases and the permeability of the material decreases
(moredetail later inthisarticle); however, aninternal overpres-
sure within the shell strains the wall and counteracts the
decrease in permeability. This phenomenon was observed in
0.9-mm-diam plasma polymer shellsfilled with liquid deute-
rium (~51 ug) at 20 K (which equatesto 1000-atm pressure at
room temperature). When the shell was allowed to warm
gradually, the internal pressure increased and the gas perme-
ated out of the shell. Following this observation, the perme-
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Figure 92.22

Schematic of the orientation of a polyimide crystal unit cell within the wall
of ashell: a=6.31A,b=3.97A, c=32A, and a = 90°. The shaded planes
of the unit cell represent the 00l and 100 |attice planes.
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ation time constant for the shells at room temperature was
measured and found to beunchanged. Theonly explanationfor
the shells not exploding when warmed gradually is that the
permeability of thematerial changed asthe shell expanded. By
contrast, shells warmed rapidly explode as expected.

Once a thin-wall shell succumbs to an overpressure and
bends, the intrinsic property of the material determines what
happensnext: brittle (plasmapolymer, polystyrene) shellslack
ductility and fracture into shards; polyimide, which is ex-
tremely elastic (typically tolerating up to 27% elongation),
either collapsesintact or tears apart, depending upon whether
the overpressure isinside or outside the shell.

5. Surface Roughness of Polyimide Shells

Throughout this development program no effort has been
madeto optimizethe smoothnessof polyimideshells. Thiswas
considered a secondary priority, which would be addressed
once the processing conditions and associated fundamental
mechanical properties of the shell were accurately known.

Surface-roughness profiles of polyimide targets were ac-
quired to establish a “typical” roughness power spectrum.
Typically theroughness ranged from 0.5 to 1 pm with signifi-
cant power throughout the spectrum. Thelow-order roughness
was partially attributed to the quality of the mandrel on which
the shell wasformed; there had deliberately been no attempt to
screen the quality of the mandrelsfor the smoothest and most-
round ones because alarge number of mandrelswere required
for the statistical study and the cost of analysis would have
been prohibitive at that stage. The high-frequency roughness
wascorroborated with el ectron microscopeimages(Fig. 92.23)
of the shells that showed “bumps’ on the surface with |ateral
dimensions of 2to 8 um.

I ssues Regarding Shells Specific to Processing
Cryogenic Targets
1. Permeating Gas into Shells

The permeation coefficient (P) is the product of the diffu-
sion coefficient (D) for a gas through a material and the
solubility coefficient (S) of the gas in the material, where

P=SxD = (quantity of permeant)
x (wall thickness)/[(area) x (time)

x (pressure drop across shell)]. ©)

(The diffusivity has dimensions of area/time, and solubility
has dimensions of molar-volume/pressure.)

Thepermeationtimeconstantisanempirical figure of merit
measured for all ICF capsules; it isthe time required for 63%
of the gas inside the shell to permeate out of the shell. This
valuedependsonthewall thicknessand the surfaceareaandis
independent of the pressure differential acrossthe shell. Com-
bining the time constant with the allowable buckling-pressure
differential [Eq. (1)] givesthe maximum rate at which a shell
can befilled:

Fill rate(atmys)

= (buckling x pressure) /( permeation x time x constant).

Figure 92.23
Scanning electron micrograph of the surface of a 5-um-wall PMDA-ODA shell.
The overall surfaceis moderately smooth with the lateral dimensions of “bumps’
below 10 um. Thelarger particul atesthat are visible on the surface but removable
are a consequence of the targets not being handled exclusively in a clean-room
environment.

T1718a
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Direct-drive targets for experiments on the National I1gni-
tion Facility (NIF) are scaled versions of OMEGA targets and
possess the same theoretical buckle pressures and time con-
stants, so both types of shellscan befilled at comparablerates.
(Practically, larger-diameter targets are less spherical than
smaller targets so the effective buckling pressureismarginally
lower than would be expected by scaling smaller shells.) The
larger diameter of aNIF target and the 350-um-thick icelayer,
however, will require 15 times more gas than an OMEGA
target to achieve a scaled-thickness ice layer. A 100-um ice
layer for OMEGA targets requires approximately 1000 atm of
gas at room temperature. (A 0.95-mm-diam shell at 295 K
requiresafill pressureof 1027 atmtoyieldal00-umicelayer.)
Filling targets at higher temperatures requires a higher pres-
sure (1296 atm at 100°C for a 0.95-mm shell) since the gas
density decreases with increasing temperature.

2. Effect of Temperature on the Permeability

Increasing the temperature not only increases the perme-
ation rate but also decreases the elastic modulus (see
Fig. 92.21), albeit less significantly, making permeation at
elevated temperatures desirable. Table 92.11 lists the time
required to fill OMEGA and NIF direct-drive targets by perm-
eation using different shell materials and different tempera-
tures. Clearly, thereisamajor timebenefitif shellscanbefilled

at themaximum allowabletemperatures. Themaximumallow-
able temperature for the polyimide target is 400°C, which
would require a fill pressure of 2210 atm, and the fill time
would be reduced from 300 h to less than 10 h.

The temperature dependency of the permeability coeffi-
cient isgiven by

P =Ry exp(~Ep/RT),

where Py is the pre-exponential value [7 x 10728 mol m/(m s
Pa) for polyimide] and E, (16.9 to 20.3 kJ/mol, depending
upon the processing conditions) is the activation energy for
permeation. The temperature dependency of the permeability
of polyimide shells is reported from 130 K to 300 K82
(Fig. 92.24) and for polyimide film to 523 K.11

3. Effect of Crystallinity on Permeability

Thepermeability of polyimidevariesmoderately according
to the processing conditionsand is affected by the crystallinity
of thematerial. Permeation proceedsthrough amechanismthat
reguires polymeric chains to move over avery localized area
to accommodate the movement of dissolved gas molecules
through the plastic; this is referred to as the “segmental

Table 92.11:  Calculated minimum time required to fill targets by permeation. The targets are (1) a 0.95-mm-diam shell with
al-umwall and a 100-um ice layer for cryogenic experiments on OMEGA; and (2) a 3.4-mm-diam shell with
a 3-um wall and a 350-um ice layer for cryogenic experiments on the NIF. Different permeation temperatures
are presented where the mechanical and permeation properties are known. The 3He density increases at arate

of 0.02 mg/cm3/day.
Target Permeation Required Fill Time
Time Constant () Fill Pressure (atm) (h)

Plasma polymer at 295 K (OMEGA) 10 1027 254
Plasma polymer at 373 K (OMEGA) 2.7 1296 85
Plasma polymer at 295 K (NIF) 106.8 101 375
Plasma polymer at 373 K (NIF) 285 1263 126
Polyimide (PMDA-ODA formulation)

at 295K (OMEGA) 184 1027 320
Polyimide (PMDA-ODA formulation)

at 573K (OMEGA) 18 1925 10.2
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Figure 92.24

The temperature-dependent helium permeability of polyimide processed in
nitrogen (a) islower than when it is processed in air (b) due to the increased
crystallinity and stiffness of the polymer.

T1736

mobility” of the polymer. Amorphous material predictably is
more permeable than crystalline material since the crystallin-
ity increasestherigidity of the polymer chain. Another consid-
eration isthe scalelength of the crystal: materialswith similar
overall crystallinity are more permeable if the crystalline
regionsarelarger and more sparsely distributed thanif thereis
a greater number of smaller, more-distributed regions—
achanneling effect.82

The effect of changing an important processing variable—
the imidization rate—is to change the size and distribution of
crystals without changing the overall degree of crystallinity.
Polyimide shells that are formed using a rapid imidization
process (5 C/min) show more-intense, narrower 002 x-ray
diffraction peaksthan do polyimide shellsthat are made using
agradual imidization rate (0.1 C/min) (Fig. 92.25). The peaks
of therapidly imidized material are better aligned in the plane
of the shell, as shown by grazing-angle x-ray diffraction
data.89 Finally, the material that was rapidly imidized has
larger-scale, better-oriented crystalline regions that are more
dispersed throughout the amorphous material, and this mor-
phology corresponds to a more-permeable material.

By changing a second processing condition and imidizing
polyimideshellsinanair rather thananitrogen atmosphere, the
degreeof crystallinity wasreduced and the permeability of the
material increased by 20%.
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Figure 92.25

Comparison of transmission-mode x-ray diffraction patterns of polyimide
shellsimidized atincreasingrates(a) 0.1 C/min, (b) 1 C/min, and (c) 5 C/min,
together with integrated 26 plots. The increased intensity of the 002 peaks at
5.7°. 260 indicated greater crystallinity and is associated with lower perme-
ability.

4. Effect of Mechanical Strain on the Permeability

Stressing polyimide beyond the yield stress—80 MPa at
3% strain—plastically deforms the material. (The ultimate
yield stress of the vapor-deposited polyimide is 280 MPaat a
biaxial strain of 27%.) Asthe polyimide shell is cooled inside
the Cryogenic Target Handling System’s (CTHS's) perme-
ation pressurevessel, itisstrained; thetensileand compressive
nature of the strain varies over the entire temperature range as
acomplex function of the properties of the gasand materialsat
different temperatures. Given the exceptionally low buckling
strength of the shell compared to the burst strength, it is
desirable to maintain the shell in aregime where thereisanet
tensile (burst) force. Thisincreasestherisk that the stress may
exceed the yield stress and the polyimide wall will be plasti-
cally deformed. The diameter of the shell will then increase,
and the thickness of theicelayer will decrease proportionally,
adding uncertainty to the dimensions of the target when it is
shot. A maximum strain limit of 3% in the shell isthe recom-
mended design point for establishing thethermal performance
of the permeation cell. Temperature gradients within the per-
meation cell, during either steady state or unsteady state, that
translateinto pressure gradients exceeding the 3% limit across
the shell wall are unacceptable.
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A consequence of biaxially straining polyimide shells be-
yond a 15% level is a change in the permeability of the
material. As described above, approximately 1/3 of all shells
strainedtothislevel havean ~1000-foldincreasein permeabil -
ity. Therearetwo intriguing aspectsto thisbehavior: first, that
the increased permeability is so sizeable, and second, that the
behavior is stochastic. An explanation for this behavior isthat
strain introduces a microstructural change to the material.
Supporting evidence is that the elastic modulus (stiffness)
decreases by 56% (to 1.5 GPa) when strained and the crystal-
linity decreases substantially (see Fig. 92.26).>910 [t is pre-
sumed that the statistical nature to the change in magnitude of
the permeability isintherandominitial distribution of crystal-
line and amorphous phasesin the material, and the response of
the material to the strain. Doubtlessly, strain changes the
morphology; however, permeationwill increaseonly if thereis
a contiguous alignment of highly mobile polymer chains
through the shell wall—and thiseventuality isstetistical. Very
important for confirming that this phenomenon is a micro-
structural event is the observation that the original elastic
modulus and permeability values are returned when astrained
and highly permeable shell is heated to 300°C. At the high
temperature the plastic becomes more fluid and the strain-
induced morphological change is reversed.
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Comparison of transmission-mode x-ray diffraction patterns of polyimide
shells for unstrained and mechanically biaxially strained polyimide shells
showing appreciably greater crystallinity present in the unstrained shell.

5. Effect of Chemical Modification to the Polyimide

on the Permeability

An aternative way to modify the segmental mobility of the
polymer chain to enhance the permeability is to add flexible
chemical unitsinto the backbone of the polymer. Figures92.19
and 92.27 compare the chemica formulation of two vapor-
deposited polyimide shells: (a) the original PMDA-ODA-
based polyimidediscussed in detail hereand (b) a6FDA-ODA
formulation that adds a flexible fluorine-based linkage to the
polymer chain, respectively.1314

Figure 92.27
Structural and elemental composition of a permeable
fluorinated-polyimide formul ation.
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The disadvantage of using the fluorinated polyimide for
| CF experimentsisthe presence of fluorine (10 at. %) and the
consequent x-ray preheat that will occur during an implosion.
The advantages are numerous:. The deuterium permeability is
50x greater than traditional PMDA-ODA-based polyimide,
while the elastic modulusisonly 18% lower. Thisreducesthe
time required to fill the shell with 1000 atm of deuterium at
room temperaturefrom 333hto 8.8 h. (Notethat thiscompares
thefluorinated polyimideagai nst thenonmechanically strained
PMDA-ODA polyimide.)

The second advantage of using the polyimide based on
6FDA-ODA chemistry is the lower activation energy from
permeation compared to polyimide made using PMDA.-
ODA chemistry, 12.3 versus 20.1 kJ/mol1? (see Fig. 92.28).
This will alow the fluorinated polyimide to retain higher
permeability as the capsule is cooled (discussed in detail in
the next section) to alleviate pressure differentials across the
shell due to temperature gradients within the permeation
pressure vessel.

6. Evaluation of Different Treatment Processes on the

Processing Time Required to Fill Cryogenic Targets

by Permeation

The critical parameters and the associated time required
to fill OMEGA- and NIF-scale cryogenic shells are listed in
Table 92.111 for four different types of shells: (1) a standard
plasma polymer shell, (2) a standard polyimide shell, (3) a

Table 92.111:

Room temperature
| T | T | T
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Figure 92.28

Arrheniusplot comparing thepermeability of polyimideformulations: PMDA-
ODA and 6FDA-ODA, over awide temperature range.

polyimide shell structurally modified to enhance the perme-
ability, and (4) a polyimide shell chemically modified to
enhancethepermeability. Thereisaclear timeadvantage, from
aprocessing perspective, to using themorerecently devel oped
mechanically and chemically modified polyimide shells; how-
ever, these shells have other disadvantages when considering
theprocessability of thetarget or theimpl osion performance of
the target.

Calculated minimum time to fill by permeation three different types of polyimide shells

and a plasma polymer shell for OMEGA and the NIF. Target dimensions, respectively,
are 0.95-mm-diam, 1.0-um wall and 100-ym ice layer; and 3.5-mm-diam, 3.0-um wall
and 350-pum ice layer. The temperatureis 295 K.

Polyimide Material Fill Time (h) Fill Time (h)

(OMEGA) (NIF)

Baseline polyimide

(PMDA-ODA formulation) 320 205 days

Mechanically strained polyimide

(PMDA-ODA formulation) 0.66 21

Fluorinated polyimide

(6FDA-ODA formulation) 8.0 121

High-density CH plasma polymer 254 375
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Cooling Targets

Once the permeation cycle is complete, the pressureinside
the shell is equal to the pressure outside the shell. The entire
pressure vessel isthen cooled to 26 K. During this processthe
vessel must be cooled uniformly to minimize the pressure
gradient that develops across the shell. Inevitably a thermal
gradient will develop along the internal perimeter of the
permeation pressurevessel and al so between the perimeter and
the center where the shell islocated. Thisisthe most-precari-
ous phase for the survival of the target: while transient tem-
perature gradients during cooling do not induce pressure
gradientswithinthe gasonthetimescaleof interest, apressure
gradient does develop across the shell wall.

The ideal shell material would be one with the highest-
possible stiffness, strength, and yield strength (in both com-
pression and tension) to resist the pressure difference, and the
highest-possible permeability over the widest temperature
range down to 30 K to alleviate the pressure differential.
Finally, permeationmust benegligibleat 26 K, thetemperature
where the liquid/gaseous deuterium outside the shell is re-
moved, leaving a shell containing 51 ug of liquid deuterium
with avapor pressure of ~2 atm. Onelast desirable property is
that the material resists damage from electron radiation when
tritium gasis used.

At the beginning of the cooling cycle, at temperatures
where polyimide is still permeable, any pressure gradient is
minimized by permeation. As the temperature decreases, the
permeability of the shell also decreases. At lower tempera-
tures, slower cooling ratesarerequired to allow longer periods
for the pressure gradient across the shell to be reduced. When
the shell becomes impermeable, the survival of the shell
depends on whether any further thermally induced pressure
gradient exceeds the shell’s buckle or burst strengths. If the
thermally induced pressure gradientsremain too high, theonly
remedy istoimprovethethermal uniformity of the permeation
pressure vessel.

Thermal modeling of the permeation cell in the OMEGA
CTHSreveasthat a 1-K temperature change at the perimeter
induces a 0.5-atm pressure differential acrossthe shell wall at
295 K and a 0.9-atm pressure differential at 60 K. At these
densities the thermal diffusivity is moderately low, and the
thermal time constant is ~30 s. This pressure differential
creates a bursting force since the perimeter of the permeation
vessel is colder and hence denser than the center of the vessel
where the shell is located. This load is in addition to other
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phenomena such as the thermally induced contraction of the
shell (which generates a net bursting pressure) and the tem-
perature of the gas in the plumbing that connects the perme-
ationvessel toavalveat room temperature (which createsanet
buckling pressure). Depending on the cooling rate, thethermal
uniformity of the permeation cell, and the temperature-depen-
dent permeability of the polyimide, the shell can pass from a
buckleto burst regime and back as the temperature decreases.

The weakest failure mode for shells is buckling, and the
buckling strength of a thin-wall polyimide shell (nominal
1-pumwall) is0.13atm. Theburst strengthfor al-pumwall shell
is ~4 atm, whereas the yield strength is ~1 atm. A practical
constraint in the design of the equipment isthe accuracy of the
silicon diode temperature sensor used to regul ate the tempera-
ture ramp: in practice, the accuracy is+0.5 K at 300 K. This
value, thelongthermal timeconstant for thepermeationvessel,
and the shorter thermal time constant for the gasto respond to
temperature gradients combine to limit the value of using
active temperature control over the temperature environment
to minimize the likelihood of bursting/buckling the shell.
Clearly the thermal environment within the pressure vessel
has to be engineered to remain as constant as possible over a
wide temperature and pressure range: from 18 K to 573K and
1000 atmtoamaximum of 2200 atm (33,000 psi), respectively.

The OMEGA Cryogenic Target Handling System has dem-
onstrated that it is possible to process 0.95-mm-diam shells
withwallsasthinas 2.5 um at room temperature over aperiod
of threedays. Withthedesign goal beingto processa0.95-mm-
diam shell with a 1-um wall in less than two days, advanced
shell material sandimproved thermal engineering of theequip-
ment arerequired. Greater strengthwill providegreater margin
for the design of the permeation cell and will also offset
possible strength degradation from radiation damage.

The future use of tritium adds two complications to the pro-
cess: (@) hydrogen embrittles many metals, limiting the selection
of available aloys for making the pressure vessel, and (b) the
potential radioactive hazard requires heightened safeguards.

Radiation Effects

The decay of a triton produces an electron with a mean
energy of 6 keV and an energy range of 2 to 18 keV.® The
effect of thiselectron onapolymer isto rupturechemical bonds
andweakenthematerial .8 Giventhehigh DT density inatarget
(0.11 gm/cm3 for pressurized gasand 0.25 gm/cm3for ice), the
stopping power of the medium is appreciable and the 1/e
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penetration distance is less than 30 um. Consequently, only
tritium dissolved in the plastic wall and the tritium immedi-
ately adjacent to the plastic wall damage the plastic.

During the processing of cryogenic targets there are three
phaseswheretritium decay isanissue: (1) during the pressure
ramp, (2) during the cooling cycle, and (3) during layering.
During the pressureramp (0.05 atm/minfor al1-pum-wall shell)
the dose from the tritium dissolved in thewall (assuming 10%
solubility at 1 atm scaleslinearly withincreasing pressure) will
be approximately 50 MGy. Added to this is the contribution
from tritium adjacent to the shell wall, which is less than
2 MGy. During cooling at arate of 0.1 K/min, the dose will be
6 MGy, the majority coming from gas dissolved in the plastic
and lessthan 1 MGy from the adjacent gas volume. When ice
has formed and layered, the dose, primarily from the adjacent
icelayer, will be 0.3 MGy/h. Thiscontributionissmaller since
the 1/e penetration distanceisonly 9 um at ice density and the
amount of tritium dissolved inthewall isnegligible. Allowing
36 h to layer and deliver a target, the total dose to the shell
material may be expected to be of the order of 70 MGy. These
radiation doses are estimates based on the penetration distance
of 6-keV electrons at discrete temperatures and densities. A
rigorous analysis would be considerably more complex and
reguire more-detailed information than is available. The pur-
pose of thisanalysiswasto estimate the dosage for subsequent
radiation-induced damage experiments.

Inaneffort to quantify theeffect that radiation damagefrom
tritium decay may have on polyimide, polyimide shells were
irradiated with an electron beam from a scanning electron
microscope. The electron energy was 8 keV, and the current
flux calculated to be 7 mA/m?. The total integrated dose was
60 and 120 MGy. The results are summarized as follows: the
elastic modulus showed no change with exposure; the tensile
strength decreased from 280 M Pa (initially) to 266 M Pa at the
60-MGy dose and 240 MPa at the 120-MGy dose; and the
permeability did not change with dose. The property that
showed the higgest change was the elasticity/plasticity of
the system: the maximum elongation that polyimide can with-
stand is 27%. Exposure to 60 MGy reduces this to 20%, and
exposureto an additional 60 M Gy further reducesthisto 14%.
Noneof these performanceswill impair polyimidesufficiently
to affect thelikely survivability of the shell, but two important
issues remain: any impairment to the yield strain was not
determined, and any changein thetransparency of thematerial
was not investigated.
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The observed radiation resistanceisan important consider-
ation when evaluating polyimide material as a potential shell
material. Literature valuesfor the performance of polystyrene
(which possesses a chemical composition similar to plasma
polymer) suggest that the mechanical properties are consider-
ably moreimpaired than for heavily conjugated organic struc-
tures such as polyimide.6

Conclusions

Polyimideshellssuitablefor | CF cryogenic experimentson
OMEGA weredevel oped, and theassoci ated mechanical prop-
ertieswere determined to define the processing conditionsfor
operating the OMEGA Cryogenic Target Handling System.
Overall, polyimide targets offer aviable alternative to plasma
polymer capsules currently in use. The greatest virtue for the
polyimide material isits high radiation resistance (for tritium
application) and its excellent mechanical properties, which
lessen the demanding specificationsfor the equipment needed
to provide cryogenic targets.

The single biggest limitation to using the most thoroughly
developed and characterized polyimide, based on PMDA-
ODA chemistry, isthelow permeability of thematerial at room
temperature. This increases the processing time and exacer-
bates the deleterious effect of 3He production on the perfor-
mance of theimplosion. Importantly, thereare solutionsto this
problem, but each hasitsownimplications:. (1) The permeation
time can be reduced substantially by filling shells at elevated
temperature (up to 300°C), but this adds to the complexity of
the cryogenic system needed to provide these targets. (2) The
permeability can be dramatically increased by mechanically
straining polyimideto modify the crystallinemicrostructure of
polyimide, which achievesthe shortest-possiblefill time. The
technique has not been thoroughly developed, however, and
cannot yet be relied upon for routine production: the yield is
low and the magnitude and effect of the shell deformation
during the process remain too variable and not fully deter-
mined. The production aspects for this process have to be
developed further. (3) The final option for increasing the
permeability of polyimide is the most promising: change the
chemical formulation to add flexibility to the polymer chain.
Not only doesthisincrease the permeability at room tempera-
ture, but it also increases the permeability of the material over
a broad temperature range—a property that will increase the
survivability of thin-wall targetsduring processing. Thedisad-
vantage of this approach is the presence of fluorine in the
polymer and the effect fluorine has on the implosion physics.
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Anomalous Stimulated Raman Scattering and Electron Acoustic
Wavesin Laser-Produced Plasmas: A Linear M odel

Stimulated Raman scattering (SRS), an instability in which
light is scattered by and amplifies electron plasmawaves, has
long been a concern in laser-fusion research because of its
potential to reduce absorption and implosion efficiency. This
concern is enhanced by the unsatisfactory state of the theory,
particularly in accounting for the prevalence of anomalous
SRS—scattering from plasmawavesthat according to conven-
tional theory should be very heavily Landau damped.1=> Fur-
thermore, scattering fromwavessatisfying theel ectron-acoustic
(EA) dispersion relation (see below), which according to
conventional theory should also be very heavily damped, has
recently been identified.24 These observations imply that
Landau damping in laser-produced plasmas is often lower by
an order of magnitude than would be predicted by the conven-
tional linear theory of waves in aMaxwellian plasma.®

Since nonlinear Berstein-Green-Kruskal (BGK)® waves
are undamped and under some conditions satisfy the EA dis-
persion relation,” they have recently been invoked to account
for these phenomena.248 However, the observed EA wave
scattering (as well as much of the anomalous SRS) is at low
levels, so that the fundamental question is how the associated
plasma waves are amplified from small amplitudes (noise)
despite prohibitive linear damping, rather than how they be-
have at large amplitudes. While nonlinear analysishasaplace
in modeling large-amplitude processes such as saturation, it
seems appropriate to seek a linear explanation of the small-
amplitude aspects of anomalous SRS and EA waves.

We begin by observing that the undamped nature of BGK
wavesstemsnot fromtheir nonlinearity but rather fromthefact
that they represent al ocal flattening of thedistributionfunction
at the wave phase vel ocity (sincethetrapped distribution must
be an even function of velocity in the wave frame). Our model
of anomalous SRS posits alocal flattening of the distribution
function resulting from Landau damping of thermal noise
driven by SRS. We shall see that such a locally flattened
distribution function (LFDF) supports linear waves with re-
duced damping and enhanced SRS growth. Flattening result-
ing from Landau damping is a well-known process and
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representsanonlinear modification of theoriginal Maxwellian
but does not imply the formation of BGK waves. In fact the
evolution of the flattening is usually analyzed using so-called
quasi-linear (that is, nonlinear only inthesensethat itinvolves
products of linear wave quantities) theory,® as a result of the
damping of acontinuum of linear waves. For our purposesthe
significant propertiesof theflattening (itslocation, width, etc.)
can be ascertained from linear theory, and adetailed nonlinear
analysis of the dynamics of the flattening process is unneces-
sary. We first demonstrate that a LFDF arbitrarily close to a
Maxwellian supportslinear undamped plasmawaves. Wetake
amodel LFDF of the form

f(u) = fo(u) + fy(u) + f2(u), (1a)

where
folU) = %e‘”z, (1b)

(u—uog2
f(u) =~ f5(ug) (u-ug)e 4", (1c)
and
1 1 (u_uogz

fa(u) :g[ﬁ‘ fd'(uo)] EU_UO)Z ‘E(AU)Z% (B (1)

Velocities are normalized to v2o1, where ot is the electron
thermal velocity. Themodel thus comprisesaM axwellian that
has been “flattened” near Uy =g / «EUT) over therange Au,
so that f'(up)=0 and f" (up) =B, an arbitrary parameter.
Note that J’io f(u)du=1 and that f (u) isan analytic function
of uthat becomesarbitrarily closein L, normto the Maxwell-
ian fo(u) as Au is made small.
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The corresponding dielectric function for waves of fre-
guency w and wave number k is given by

e(k,w)=1- ! % f'(u) du. 2

Substituting (1a)—(1d) into (2) gives

1

e(k,w) =1+ kAD)Z

[1+0z(Q)]

2

-
Upe

; YWt

(kKp)°

2y+(2y —1)Z(y)]

D

2
0

Oodod

x %(y2 —1)+E%y3 —ySZ(y)E 3

where Z denotes the plasma dispersion function,
Q= w/(ﬁva), and y= (Q —uo)/Au. The first two terms
on the right of (3) give gy(k,w) the dielectric function for a
Maxwellian.

For each value of kAp there are an infinite number of roots
of (3). For the Maxwellian case, the least-damped root is
usualy referred to as “the” electron plasma wave; the other
roots are very heavily damped and havelittle physical signifi-
cance. 10 Theflattening in the LFDF caseintroduces a new set
of roots corresponding to waves with phase vel ocities near uy,.
Theleast damped of these has much smaller damping than the
plasma wave for large kAp. It is of interest to determine the
conditions under which the damping of this root vanishes. In
that case Q isreal, and

2(Q) =ivre®” -2 Daws(Q),

where the Dawson function is defined as
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2 2 2
Daws(x) =e™* Iget dt=%«/ﬁe'x erfi (x).

Then for Q = ug we see from (3) that Im(¢) = O, and the
condition for aroot asAu - 0is

1+[1-2QDaws(Q)] /(k1p)” =0,

which is just the dispersion relation for electron-acoustic
wavesin aMaxwellian plasma. Electron-acoustic modeswere
proposed in 1962 by Stix, 11 who speculated that a particular
relative drift velocity of electrons and ions might cancel
Im[e(w, k)] and allow such modes to exist. As this seemed
rather contrived, EA modes attracted little interest and were
dropped from the second edition of Stix’s book.12 The experi-
mental observation of scattering from EA waves? therefore
came as somewhat of a surprise, and at first they were not
recognized as such.13 We will return to EA waves after inves-
tigating anomalous SRS in a LFDF.

We combine in the usual wayl* the electromagnetic equa-
tionsfor the pump and scattered light waveswith thediel ectric
function for the plasma waves (3) to obtain the dispersion
relation for SRS backscatter:

(k)= e(k, )] (- )’ - (k—ko)’? - f]

kzvgsc -
~[1-£(k w)] = ==0 (4)

Here kg and ay, are the wave number and frequency of the
pump (laser) wave, a, is the electron-plasma frequency (a
homogeneous plasma and fixed ions are assumed), and
Uosc = €Eg/Mwy is the electron quiver velocity in the laser
field Eg.

We begin by studying a Maxwellian (unflattened) plasma,
substituting & (k,w) in (4). Temporal growth rates of the
SRSinstability are found by solving (4) for wasafunction of
k. The growth rate is amaximum at the resonance where both
factors of the first term in (5) are small. Figure 92.29 shows
normalized growth rates y/ («E va) for alaser intensity of
1015 W/cm?, temperature of 4 keV, and various values of the
normalized el ectron-plasmadensity n/n. = w% / aﬁ , Wheren,
isthe critical density. In the absence of damping, the growth
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ratewouldbe yo/(«@va) ~1072, soitisevident that L andau
damping hassubstantially decreased thegrowthrate. Notethat
theresonant valueof kAp increasesand the resonance becomes
broader as the density decreases.

x 104

6 T T T T T T T T T

¥I(V2ko7)

_2 1 1 1 1 | 1 I 1 1
0.30 0.75 1.20
P2172 k;LD
Figure 92.29

The SRSgrowthratesinaMaxwellian plasmawith anincident laser intensity
of 1015 W/cm? and an electron temperature of 4 keV.

Sincemonoatonic distribution functionssupport only damped
waves, we may expect the localized distortion of the distribu-
tionfunctionresulting from damping of the SRS-driven plasma
wavesto continueuntil thereisapoint of inflection at thewave
phase velocity. Such asituation can be represented by aL FDF
with 8= 0. To model the flattening effect of SRS we choose
the flattening velocity Uy = Re(Quax), Where Qg is the
root corresponding to the peak growth ratesin Fig. 92.29. The
effectsof interest areinsensitiveto Au aslong asitissmall, so
wetakeAu=0.1. Resultsfor adensity of n/n. = 0.05 areshown
inFig. 92.30(a). Theupper linerepresentsthe electromagnetic
mode, effectively undamped in hot, low-density plasma, and
the lower curve represents the least-damped plasmamode. In
the absence of the pump these two modes would propagate
independently, but the coupling due to the pump produces the
SRSinstability near theresonance at kAp = 0.63. Owingto the
reduced Landau damping of the plasma mode resulting from
the flattening, the peak SRS growth rate is larger than in
Fig. 92.29 for the same plasma conditions by a factor of ~3.
Note that the flattening has also resulted in an undamped
electron-acoustic mode at kAp = 0.5. This mode does not
satisfy the wave-vector-matching conditions for Raman scat-
tering, however, so it is not driven.
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While substantially reduced by the flattening, the Landau
damping of the SRS plasma mode in Fig. 92.30(a) is still
significant. This damping will continue the net transfer of
particles from velocities below ug to velocities above ug until
the wave is undamped. We may thus expect the flattening to
overshoot, resulting in a small secondary maximum of the
distribution function near ug. Thissituation can be modeled by
a nonzero value of S; the value of 3 giving an undamped
plasmawave at the SRS matching wave vector is

3 +(kAD)2—2u0Daws(u0) 2(, 2 _UgD
ﬁ‘TEE' - +§@% e E

For the parameters of Fig. 92.30, 3 = 2.54, and the resulting
plot isseenin Fig. 92.30(b). The reduction in damping of the
plasma mode has increased the peak SRS growth rate as seen
at kAp = 0.63 in Fig. 92.30(b) by afactor of ~3 over the SRS
growth rate in Fig. 92.30(a). Note however that, owing to the
secondary maximum of thedistribution function, the EA mode
has now become unstabl e, with an even larger growth ratethan
the SRS. This suggests that the EA wave may quickly grow to
large amplitudes and disrupt the SRS process. Such aquench-
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Figure 92.30

(a) Theimaginary parts of the two |least-damped roots of the SRS dispersion
relation for aflattened distribution with ug = 1.71, corresponding to the peak
of the SRS growth curve in Fig. 92.29 for n/nc = 0.05. (b) The same
distributionfunction, but with Bincreased to give zero damping of the plasma
mode at the SRS resonance.
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ing mechanism may berelated to theintermittent interruptions
inthe SRSreflectivity seeninsimulations[Fig. 1(a) of Ref. 15]
and may help to explain why anomalous SRS reflectivities
saturate at much lower levels than standard (small kAp) SRS
reflectivities, though both have similar initial growth rates
(see, e.q., Fig. 4 of Ref. 5). It is also noteworthy that the SRS
growth rate peak inthe 3= 0 caseismuch narrower thanin the
original Maxwellianand consistsof asharp peak withasmaller
subsidiary peak at slightly smaller kAp; thisstrongly resembles
theform of the plasma-wave spectrum seenin SRSsimulations
[Fig. 1(b) of Ref. 15].

Thisanalysisof anomal ous SRS hasbeen based onalocally
flattened Maxwellian, an idealization capturing the essential
aspectsof adistribution function modified by L andau damping
while remaining mathematically tractable. However, the
Maxwellian itself represents an idealization; in areal plasma,
thermal and other fluctuations are continually causing local,
temporary distortionsin the form of the distribution function.
In particular, we may expect that such local distortionswill on
occasion result inareduction or elimination of the slope of the
distribution function. As noted above, such a distortion may
represent an arbitrarily small deviation from the Maxwellian
and still allow propagation of undamped EA waves. As the
slope of the distribution function relaxes back to its equilib-
rium value, such a wave would ordinarily become heavily
Landau damped and disappear. However, if it satisfies the
frequency and wave-number-matching conditions for SRS, it
will bedrivenjust asthe plasmawavein the case of anomal ous
SRS, resulting in amplification of the EA wave, maintenance
of thelocal flattening by L andau damping, and the production
of scattered light.

Such scattering has recently been seen at low levels in
experiments,* though it was attributed to a nonlinear EA-like
BGK mode. In fact, Refs. 4 and 8 suggest that such waves are
the source of anomalous SRS and, on that basis, propose
limiting SRSreflectivitiesin NIF targetsby modifying plasma
parameters so that kAp > 0.53 for the SRS-driven BGK wave
(suchwavesarelimited to kAp < 0.53). However, experiments
in which SRS originates from low densities indicate that this
nonlinear interpretation isimplausible. To seethisit is useful
to combinethe EA dispersion relation with the SRS resonance
conditions to obtain a relation between the scattered light
wavelength and the density at which scattering occurs. This
relationisshownin Fig. 92.31 for the plasmaparametersof the
experiments in Ref. 3 (laser wavelength 351 nm, electron
temperature T, = keV). Notethat EA-wave scattering does not
occur at densities below 0.08 critical; thisisrelated to thekAp
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<0.53restriction (at lower densitiesthe Debyelength becomes
too large to satisfy this condition for the SRS k). At higher
densities there are two possible scattered wavelengths; the
upper solution correspondsto plasma-wave scattering and the
lower to EA-wave scattering.

Two types of experiments are described in Ref. 3. In the
first, an interaction beam is focused on a relatively homoge-
neous plasma formed by an exploding foil; the density in the
interaction region is (from hydro simulations) about 0.2 criti-
cal. FromFig. 92.31itisseenthat plasmawavesat thisdensity
produce scattered light at about 650 nm, and that iswhat isseen
inthe experiment. No EA-wave scattering (at about 450 nm) is
detected. In the second type of experiment, however, the
interaction beam is focused on a plasma derived from a solid
target, so that a full range of densities down to vacuum is
represented in the interaction region. The SRS spectrum in
these experiments extends from 420 to 540 nm, indi cating that
low densities are necessary to produce scattering at these
wavelengths. The absence of SRS at higher densitiesislikely
due to the steeper density gradients there that hydro simula-
tions show in the solid-target experiments; such gradients
would equally rule out EA waves at these densities as the
source of the scattering. The scattering is, however, consistent
with anomalous SRS from plasma waves in densities <0.04
critical. At such densities and temperatures (~4 keV) EA

700 T , , :
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E 650 |- (Bohm-Gross) 7
ey
o 600 _
&
Q ss50f i
2
8 500 i
o
§ 450 SRS Electron-acoustic
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|
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n/ng
P2175
Figure 92.31

The scattered wavelength as a function of density for incident laser wave-
length 351 nmfor EA scattering and SRS. At long scattered wavel engths both
waves approach the Bohm-Gross dispersion relation but diverge at shorter
wavelengths (larger kAp).
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scattering does not exist, and reduced damping of the SRS
plasmawave (kAp ~1) isrequired to account for thedominance
of these wavelengths in the observed spectrum. Local flatten-
ing of the distribution function as described above therefore
seems the most satisfactory explanation for these results.

In summary, the model presented here shows that linear
wavesin alocally flattened distribution function can account
for both anomalous SRS and EA-wave observations. Severa
predictions of the linear model differ qualitatively from those
of the nonlinear approach. Among these: the linear model
accommaodates coexistence of SRS and EA waves, asseenin
Refs. 4and 13, andtheoccurrenceof SRSat very low densities,
asin Ref. 3. Thelinear model also suggests that proposal s248
to eliminate SRS in the NIF by altering plasma parameters so
that kAp > 0.53 may not be successful.
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Time Delay of the Resistive-State For mation in Superconducting
Stripes Excited by Single Optical Photons

Recently proposed superconducting single-photon detectors
(SSPD’s), based on ultrathin, submicrometer-width NbN su-
perconducting stripes, are characterized by picosecond re-
sponse times, high quantum efficiency, broadband single-
photon sensitivity, and extremely low dark counts.}:2 The
devices have immediately found a variety of applications
ranging from noninvasive testing of very-large-scale inte-
grated (VLSI) circuits® to quantum cryptography.*® Their
single-photon-counting ability has been interpreted within a
phenomenol ogical hot-el ectron photoresponsemodel proposed
in Ref. 1 and elaborated in Ref. 6. The model describes the
formation of a hotspot,” right after the single-photon absorp-
tion event, followed by in-plane growth of aresistive hotspot
area due to the high efficiency of the excited quasiparticle
multiplication processin NbN films.8 During this stage, how-
ever, the resistive state does not appear across the supercon-
ducting stripe because the size of a single normal hotspot,
created by an optical photon, is significantly smaller than our
stripe width.2 The resistive state appears due to a supplemen-
tary action of the device'sbias current density j, which should
be close to the stripe’s critical current density j.. After the
supercurrent is expelled from the normal hotspot region, the
bias current density in the stripe’s “ sidewalks” jg,, exceeds j.
[see Fig. 92.32(c)], resulting in the penetration of the electric
fieldinthesidewalk areasof thestripe.b Asaresult, weobserve
avoltage pulse that reflects theinitial act of photon capture.

The resistive-state development process presented above
should lead to an experimentally observable time delay in the
superconducting stripe’sresistive photoresponse.® This del ay,
in turn, if measured, would give direct confirmation of a
supercurrent-enhanced, hotspot-induced photoresponsemecha:
nism of our SSPD.1

The dynamics of the resistive-state formation in a photon-
illuminated, two-dimensional (2-D) superconducting stripe
depends on the radiation flux density incident on the device
and the bias current density, asis schematicaly illustrated in
Fig. 92.32. At relatively high (macroscopic) incident photon
fluxes, alarge number of hotspots are simultaneously formed
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in our superconducting stripe[Fig. 92.32(a)]. In this case, the
hotspots overlap with each other across a cross section of the
stripe. Since the stripe thickness d is comparable with coher-
ence length &, we can assume that for overlapping hotspots, a
resistive barrier is instantaneously formed across the NbN
stripe and, as aresult, avoltage signal is generated within an
electron thermalization time of 6.5 ps.19When the photon flux
is decreased, the hotspots become isolated [Fig. 92.32(b)].
Finally, for the flux containing one or less than one absorbed
photon per pulse, we can expect that, at best, only oneresistive

Figure 92.32

Schematic presentation of the dynamics of resistive-barrier formation across
asuperconducting stripe: (&) high (macroscopic) incident photon flux, (b) the
two-photon regime, leading to the generation of two hotspots in the cross
section of the superconducting stripe, and (c) the single-photon regime.
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hotspot will be formed in our stripe [Fig. 92.32(c)]. As we
mentioned above, in the single-photon regime, we postul ate
that the formation of a macroscopic resistive barrier can be
realized only when jg, surpasses ., which is associated with
macroscopic current redistribution and should lead to acertain
time delay in the resistive-state formation.

Even if the two-photon detection mechanism’2 does not
correspond exactly to the situation presented in Fig. 92.32(b)
since the hotspots can either partially overlap or coincide, the
scenarioillustrated in Fig. 92.32(b) should result in ameasur-
abletimedelay t4for thevoltage pul segeneration, correspond-
ing to the time period between the initial hotspot appearance
and the eventual development of aresistive barrier across the
entire cross section of the superconducting stripe. In terms of
the superconductor dynamics, ty is the time required for a
superconductor energy gap A to be reduced to zero by the
current in the sidewalks and, for jg, > j., can be calculated
using the Tinkham model 11 as

é1
_ £
ty _ZTAF[ZJ'SN/(&/E]C)]Z+ (6 _ ¢4

df, (1)

0

where 1, 02.41rg /[ T/T, isthegap relaxation time® (1¢
is the inelastic electron—phonon collision time at the Fermi
level at To) and f = A/Dg (Ag= A at 0K). 1

The devices used in our experiments were 4 x 4-um2-area,
meander-type, NbN stripes with d = 10 nm, a nominal width
w=130nm, and thetotal length of about 30 um. Thestructures
were superconducting at T, = 10.5 K and exhibited j. = 6 x
108A/cm? at 4.2 K. Detailsof their fabrication and implemen-
tation as SSPD’s are described in Refs. 2 and 4; here we only
wanted to stress that with the constant j, I of the meander is
determined by its narrowest segment, and, according to our
supercurrent-enhanced, resistive-state formation model, the
narrowest segments of the stripe contribute the most to the
SSPD photoresponse.2 The atomic force microscope images
showedthat irregularitiesin our stripeswereupto 25 nm, close
to the cantilever resolution limit. At the sametime, thel . of the
meander structures, measured at 4.2 K, was typicaly 60%
lower than | for thecontrol (short) stripefabricatedinthesame
process. Thus, to account for the width variations, we intro-
duce the effective stripe width we, corresponding to the detec-
tor segments most active in the resistive-state formation and
photon detection, and we estimate wj, to be 80 nm.

LLE Review, Volume 92

Time DELAY OF THE RESISTIVE-STATE FORMATION IN SUPERCONDUCTING STRIPES EXCITED BY SNGLE OPTICAL PHOTONS

Our devices were mounted inside a cryostat on a cold base
plate maintained at 4.2 K, wire-bonded to a 50-Q microwave
stripe line, and connected to the bias and output circuitry
through a cryogenic bias-tee. As optical excitation, we used
100-fs-wide pulsesfromaTi:Al,O5 laser with awavelength of
810 nm and a repetition rate of 82 MHz. The laser radiation
power was attenuated down to a picowatt range using banks of
neutral-density filters. Voltage pulses generated by our
SSPD’swereamplified directly by aroom-temperatureampli-
fier and fed to a synchronously triggered Tektronix 7404
single-shot digital oscilloscope, or they were counted by afast
electronic counter. The photon counter was used to determine
the single-photon, two-photon, or multiphoton regimes of
operation of our devices, as described in detail in Refs. 1 and
2. The amplifier and the oscilloscope had bandwidths of 0.01
to 12 GHz and 0 to 4 GHz, respectively. Thus, the ~100-ps
real-time resolution of our entire readout system was deter-
mined mainly by the oscilloscope performance. On the other
hand, digital averaging procedures of acquired pulsesallowed
usto achievetherelative-timeresolution (e.g., delaysbetween
the photoresponse pulses generated under different photon
excitations) of ~5 ps, due to extremely low intrinsic jitter in
our measurement system.

Figure 92.33 presents the measured time delays in the
photoresponse signal versus the number of absorbed photons,
calculated as the photon flux density incident upon the mean-
der multiplied by the device detection efficiency (DE).2 The
data are presented for two experimental bias conditions at
1/ic =0.85 (opencircles) and j/j. = 0.6 (closed circles) and
correspond to the SSPD single-photon and two-photon re-
gimes of operations, respectively.

We will discuss the single-photon (j [ic = 0.85) regime
first, remembering that for our 4 x 4-um? device, DE for
counting single, 810-nm photons at j/j. =0.85 is ~1073
(Ref. 2). We observe that for large absorbed photon fluxes
(macroscopic number of photons per pulse) ty does not de-
pend on the radiation flux. Clearly, this situation corresponds
tothemulti-hotspot-generation casepresentedin Fig. 92.32(a).
We will use this condition as a reference and refer to it as
ty=0. Whentheincident flux isdecreased to about 10 absorbed
photons/pul se, thearrival sof the photoresponse signalsstart to
be time delayed with respect to the multiphoton response and
ty increases. Subsequently, ty saturates when the flux density
is decreased down to about 1071 absorbed photong/pulse. In
this case, we are in the single-photon counting mode
[Fig. 92.32(c)]. Theresafter, the arrival of the photoresponse
pulseis not further delayed in time scale even if we attenuate

187
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theflux down to 10~3 absorbed photons/pul se. Weinterpret the
measured timeinterval betweenthemultiphotonandthesingle-
photon responses, Aty = 65+5 ps, as the time needed for
supercurrent redistribution around a single, photon-created
hotspot and subsequent formation of theresistivebarrier for j g,

> e

We repeated the same experiment, but with a significantly
lower bias current applied to the detector (curve j/j. =0.6in
Fig. 92.33). Inthiscase, according to Ref. 2, the probability of
detecting asingle, 810-nm photon by our 4 x 4-um? deviceis
negligibly small; thus, at least two photons are needed to
generate the resistive response. As seen in Fig. 92.33, the
observed behavior (closed circles) is very similar to that
measured for j/j. =0.85; we can clearly identify the time-
delay phenomenon and find Aty = 70£5 ps. The main differ-
ence is that the observed photoresponse delay is now shifted
into significantly higher levels of the incident photon flux.
The value of tq starts to be nonzero for ~10% absorbed
photons/pulse, and it flattens at ~10 absorbed photons/pul se.
Thelatter value is very consistent with the two-photon detec-
tion mechanism.12
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Figure 92.33

Experimental time delay tq of the resistive-state formation in a NbN super-
conducting stripe as afunction of the incident absorbed photon flux density.
Open circles correspond to tq measured when the stripe was biased with
i/Jc =0.85 (single-photon regime), and closed circles represent j/j. = 0.6
and the two-photon regime. Solid lines are guides to the eye. The measure-
ment error is +5 ps.
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Finally, we can compare our experimental results with ty
calculated for our experimental conditions, using Eg. (1) and
Tz = 10 ps.10 The current density in the sidewalks in the
narrowest (most-active) segments of the meander can be cal-
culated as jgy = j[we/(we —dhs)] , where dps = 30 nmis the
diameter of the hotspot for 810-nm photons.2 Thus, for the
experimental j/j. = 0.6 condition, jgy/jc =0.96 andissub-
critical in a single-hotspot regime. However, doubling the
hotspot size!? gives jgy/jc =1.28, which is sufficient to
generate a resistive barrier across our stripe. In a similar
manner,when j/j. =0.85, jgy/]ic issupercritical andreaches
1.36 when the single hotspot is formed. Figure 92.34 shows
the ty dependence on jgy/Jc; the solid line represents the
Tinkham model,11 while the two closed circles refer to our
measured Aty values, corresponding to the jgy/jc =1.36 and
jsw/Je =1.28 conditions, respectively. We note that our ex-
perimental values are reasonably close to the theoretical pre-
diction, remembering that the Tinkham theory isapplicablefor
clean superconductors, while our 10-nm-thick NbN films are
inthedirty limit. In addition, the discrepancy can berelated to
the accuracy of our wj, estimation.

300 T I T I T I T

B 100
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Jsw/lc
72611
Figure 92.34

Time delay tq asafunction of the normalized current in the sidewalks of the
superconducting stripe jgy/jc. The two measured values of Aty (solid
circles) correspond to the single-hotspot and two-hotspot formation at
jsw/Jc =1.36 and jgy/Jc =1.28, respectively. The solid line represents the
theoretical prediction, calculated using Eqg. (1), and the horizontal error bars
are calculated for the hotspot-diameter variations of 301 nm.
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In conclusion, we observed the time-delay phenomenon in
theresistive-state response in ultrathin, submicrometer-width
NbN superconducting stripes, excited by single optical pho-
tons. The observed phenomenon directly showsthat theresis-
tive state across an ultrathin, submicrometer-width supercon-
ducting stripe upon absorption of an optical photon is due to
photon-induced hotspot formation and subsequent redistribu-
tion of the supercurrent into the sidewalks of the stripe. Our
measurements agree well with a theoretical prediction based
on the Tinkham model of the resistive-state formation in
superconducting stripesunder the supercurrent perturbation. 11
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LLE’'s Summer High School Research Program

During the summer of 2002, 15 students from Rochester-
area high schools participated in the Laboratory for Laser
Energetics' Summer High School Research Program. Thegoal
of this program is to excite a group of high school students
about careersin the areas of science and technology by expos-
ing them to research in a state-of-the-art environment. Too
often, students are exposed to “research” only through class-
room laboratories, which have prescribed procedures and pre-
dictable results. In LLE's summer program, the students
experience many of the trials, tribulations, and rewards of
scientific research. By participating in researchin areal envi-
ronment, the students often become more excited about careers
in science and technology. In addition, LLE gains from the
contributions of the many highly talented students who are
attracted to the program.

The students spent most of their time working on their
individual research projects with members of LLE’stechnical
staff. The projectswere related to current research activities at
LLE and covered a broad range of areas of interest including
laser optics modeling, analysis of OMEGA implosion experi-
ments, hydrodynamics modeling, cryogenic target physics
and characterization, liquid crystal chemistry, thin-film depo-
sition, and thedevel opment and control of |aser fusion diagnos-
tics (see Table 92.1V).

The students attended weekly seminars on technical topics
associated with LLE's research. Topics this year included
lasers, fusion, hol ographic optics, hydrodynamic stability, labo-
ratory astrophysics, computer-controlled optics manufactur-
ing, and microcontrollers and their applications. The students
also received safety training, learned how to give scientific
presentations, and were introduced to LLE’s resources, espe-
cially the computational facilities.
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The program culminated on 28 August with the “High
School Student Summer Research Symposium,” at which the
students presented the results of their research to an audience
including parents, teachers, and L LE staff. The students’ writ-
ten reportswill be bound into apermanent record of their work
that can be cited in scientific publications. These reports are
available by contacting LLE.

One hundred forty-five high school students have now
participated inthe program sinceit beganin 1989. Thisyear’s
students were selected from approximately 50 applicants.

At the symposium, L LE presented its sixth annual William
D. Ryan Inspirational Teacher Award to Mr. James Keefer, a
physicsand chemistry teacher at Brockport High School. This
award includes a $1000 cash prize. Alumni of the Summer
High School Research Program were asked to nominate teach-
erswhoplayedamajor roleinsparkingtheirinterestinscience,
mathematics, and/or technology. Mr. K eefer wasnominated by
Priya Rajasethupathy, a participant in the 2000 Summer Pro-
gram. Priya credits Mr. Keefer with preparing her well for
college and writes of her former teacher: “What impresses me
most about Mr. Keefer is his teaching style, his ability to
communicate with his students and captivate their interest.”
Mr. Jeff Brown, principal of Brockport High School, also had
many words of high praise for Mr. Keefer. He noted that
Mr. Keefer “is an exceptiona teacher recognized by our
students, faculty, administration, and community.” He also
said that Mr. Keefer “has some unique qualifications’ asheis
certified in five areas of science (earth science, chemistry,
biology, physics, and general science).
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LLE's SumMER HicH ScHooL ResEARcH PROGRAM

Table 92.1V: High School Students and Projects—Summer 2002.

Name

High School

Supervisor

Brief Project Title

Megan Alexander

Honeoye Falls—Lima

J. Zuegel/W. Se

ka Picket Pulse Shaping with Phase
and Amplitude Modulation in the
Frequency Domain

=

Stefan Astheimer Honeoye Falls-Lima P. B. Radha Estimation of Magnetic Fields in
Direct-Drive Implosions

Christine Balonek Byron-Bergen K. Marshall Optical Applications of Lyotropic
Liquid Crystalline Polysaccarides

David Dingeldine Churchville—Chili J. Knauer Plasma Energy Measurement with a
Open-Cell Metal Foam

Sonya Dumanis Harley School V. Smalyuk Structure of Shell Modulations Near|
Peak Compression of Spherical
Implosions

Sid Ghosh Pittsford—Mendon P. Jaanimagi Secondary Electrons from X-Ray
Photocathodes

Kyle Gibney Livonia C. Stoeckl Computer-Controlled Neutron
Diagnostics

Sharon Jin Victor S. Craxton A Ray-Tracing Model for Cryogenic
Target Uniformity Characterization

Jue Liao Brighton R. Epstein Rayleigh—Taylor Growth Rates for
Arbitrary Density Profiles Calculated
with a Variational Method

Christopher Moody Spencerport D. Harding Characterization of the Absorption
Spectrum of Deuterium for Infrared
Wavelengths

Phoebe Rounds I[rondequoit S. Craxton Multiple-Tripler Broad-Bandwidth
Frequency Conversion

Micah Sanders Pittsford—Mendon N. Bassett Thin Film Characterization,GLAI
Utilizing Reactive Pulsed dc
Magnetron Sputtering

Gurshawn Singh Rush—Henrietta J. Marozas 2-D Pulsed Laser Beam Modeling
Using PROP

Archana Venkataraman Brighton F. Marshall Characterization of Multilayer

Diffractors for Framed
Monochromatic Imaging

Joy Yuan

Pittsford—Mendon

M. Guardalben

Noncollinear Phase Matching in Op

ical

Parametric Chirped-Pulse Amplificatior
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FYO02 Laser Facility Report

Increased user demand was met in FY02 by expanding the
available shot time during select weeks. Ten weeks were
extended to four shot days by shooting one 8-h day, two 12-h
days, and one 16-h day. This adjustment raised the total
executed shots by 11%—from 1289 in FY 01 to 1428 in FY 02
(see Table 92.V). Shaped-pulse cryogenic implosions high-
lighted the ongoing development of direct-drive cryogenic
capability. A total of 21 spherical cryogenic D, targets were
shot on OMEGA. Some of the cryogenic target shot time was
devoted to characterization and system reliability improve-
ments. Planar cryogenic target capability was also activated,
and many shots were executed under LLE’s Stockpile Stew-
ardship Program (SSP) campaign. Highlights of other
achievementsand active projectsasof theend of FY 02include
the following:

e An IR streak camera with pulse-shape analysis software
became a key operational tool to optimize pulse-shape
performance. Combined with some changes to the control
system for pul se-shape setup and upgradesto the regenera-
tive oscillator hardware, the changes have resulted in dra-
maticimprovementstodelivered-pul se-shape performance.

 Infrared amplification occurs across alarge variety of gain
stages. By far, the highest gain stage is the regenerative
(regen) amplifier, with 1 x 10° gain. One of theflash-lamp-
pumped laser regensfor OMEGA wasreplaced by adiode-
pumped versionthat operatesconsi stently without feedback
stabilization. This diode-pumped laser improves pulse-
shape performance. Theremaining regenson OMEGA will
be changed over to the new design in FY 03.

e Thedistributed polarization rotator (DPR)—one of the key
optics for beam smoothing on target—was modified for
remote removal and reinstallation. The cassette-style re-
moval system retractsthe optic from the UV beamlineinto
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a protective housing. Having the capability to insert or
remove these components improves flexibility for
reconfiguring to indirect-drive setups. The full 60-beam
complement of actuatorswill be completed early in FY 03.

The OMEGA laser is designed to provide a high degree
of uniformity and flexibility in target illumination. The
ability to impose a controlled assymmetric on-target irra-
diation pattern was developed and used extensively. This
capability isusedto benchmark multidimensional hydrody-
namic simulations by imposing known nonuniform com-
pression conditions on spherical targets. It is also used to
modify laser-irradiation conditionsfor beam-to-beam x-ray
yield balance.

Modifications to the stage-A alignment sensors on
OMEGA have streamlined an item of flexibility frequently
exploited by LLE principal investigators. The backlighter
driver alignment handoff to the OMEGA beamlines was
re-engineered to expedite configuration setupsthat require
the use of this source.

Scientists and engineers from Lawrence Livermore Na-
tional Laboratory along with LLE collaborators success-
fully implemented a green (second harmonic, 527 nm)
target irradiation capability on one of the 60 OMEGA
beams. This capability utilizes the existing OMEGA fre-
guency-conversion crystalswith the tripler detuned so that
maximum 527-nm conversion is achieved.

A revised set of direct-drive phase plates was designed
and is being fabricated to further optimize irradiation uni-
formity for spherical implosions. These optics are going to
be available in mid-FY 03 and are expected to have im-
proved smoothing characteristics in the mid-spatial-
frequency range.
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Table 92.V: The OMEGA target shot summary for FY 02.

Planned Number | Actual Number

Laboratory of Target Shots | of Target Shots
LLE 755 720
LLNL® 405 413
LANL 130 132
SNL 20 24
NLUF 120 118
CEA 20 19
Tota 1450 1426
LLEISE 306
LLE SSP 204
LLERTI 66
LLELPI 44
LLE Astro 46
LLE Cryo 21
LLEDD 18
LLEPB 15
LLE Total 720

*Includes ten in collaboration with LANL and seven with SNL.

FYO02 LasEr FaciLiTy ReporT
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National Laser Users Facility and External Users Programs

During FY02, 698 target shots were taken on OMEGA for
external users' experiments. This is the highest number of
target shotsever taken by external usersonOMEGA inasingle
year and represents a 16% increase in external user shots over
FYO01. The external user shots accounted for 49% of the total
OMEGA target shots in FY02. External users’ experiments
were carried out by eight collaborative teams under the Na-
tional Laser Users' Facility (NLUF) Program as well as col-
laborations led by scientists from Lawrence Livermore
National Laboratory (LLNL), Los Alamos National Labora-
tory (LANL), SandiaNational Laboratory (SNL), the Nuclear
Weapons Effects Testing (NWET) Program, and the Commis-
sariat I’ Energie Atomique (CEA) of France.

NLUF Programs

FY 02 was the second of atwo-year period of performance
for the eight NLUF programs approved for FY01-FY 02 ex-
periments. The eight NLUF campaignsreceived atotal of 118
target shots on OMEGA in FY02.

The Department of Energy (DOE) issued solicitations in
mid-FY 02 for NLUF proposals to be carried out in FY 03—
FY04. DOE raised the NLUF funding allocation to $800,000
for FY 03 andisexpected toincreaseit to $1,000,000 for FY 04
to accommodate the high level of interest shown in the use of
OMEGA to carry out experiments of relevance to the National
Nuclear Security Agency (NNSA) Stockpile Stewardship Pro-
gram. NLUF participants use these funds to cover their costs
for carrying out experiments on OMEGA. The participants do
not pay the OMEGA operating costs for carrying out their
experiments; the operation of OMEGA isfunded by the DOE-
LLE Cooperative Agreement.

A total of 13 NLUF proposals were submitted to DOE for
considerationfor FY 03—FY 04 support and OM EGA shot allo-
cation. Anindependent DOE Technical Evaluation Panel com-
prised of Dr. TinaBack (LLNL), Dr. David Bradley (LLNL),
Dr. DavidMontgomery (LANL), and Dr. Richard Olson (SNL)
reviewed the proposals on 10 June 2002 and recommended
that up to nine of the proposal s be approved for partial funding
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and shot allocation during FY 03-FY 04. Table 92.VI1 lists the
successful proposals.

FY02 NLUF Experiments
Theeight NLUF experiments carried out in FY 02 included
the following:

Atomic Physics of Hot, Ultradense Plasmas.

Principal Investigators: C. F. Hooper, Jr. (University of
Florida), D. A. Haynes (Fusion Technology Institute, Univer-
sity of Wisconsin), and collaborators from Los Alamos Na-
tional Laboratory, the University of Wisconsin, and LLE.

The objective of thisstudy isto produce hot (el ectron temper-
ature T > 1.5 keV), dense (electron density ~ 5 x 102 cm™)
plasmas on OMEGA and to study these plasmas using x-ray
spectroscopy. The focus of the work over the last two years has
been on studying direct-driveimplosionsof CH shellsfilledwith
deuteriumdopedwithAr. A total of 11 shotsweretakenthisyear,
and the results are currently being analyzed.

Determination of Temperatures and Density Gradientsin
Implosion Cores of OMEGA Targets.

Principal Investigators: R. C. Mancini (University of Nevada,
Reno), J.A.Koch (LLNL), and collaboratorsfrom Prism Com-
putational Sciences, LLE, LLNL, and Howard University.

The goal of this project is the spectroscopic determination
of 1-D temperature and density gradients in implosion cores
produced in OMEGA indirect-drive implosion experiments.
Themethod isbased on anovel self-consistent analysis of data
from simultaneous x-ray line spectra and x-ray monochro-
matic images. This represents a significant advance on previ-
ouseffortsof x-ray spectroscopy of implosion coresthat relied
solely on the analysis of space-integrated spectra to extract
spatially averaged temperature and density in the core.

Targets consisted of Ar-doped, D,-filled plastic shells

placed inside Au hohlraums, and the targets were driven by 30
OMEGA UV beams. During FY 02, the spectroscopic method
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Table 92:VI: List of successful FYO3—FY04 NLUF Proposals.

NATIONAL LASER UsERS' FACILITY AND EXTERNAL USERS' PROGRAMS

Principal Investigator Affiliation Proposal Title
R. P. Drakest al. University of Michigan Experimental Astrophysics on the
OMEGA Laser
B. B. Afeyan Polymath Research, Inc. Optical Mixing Controlled Stimulated

Scattering Instabilities: Generating
Electron Plasma Waves and lon-Acoustig
Waves to Suppress Backscattering
Instabilities

R. D. Petrasso and C. K. L| Massachusetts Institute of Technolog Time Evolution of CapsulpR and Proton

Emission Imaging of Core Structure

C. McKeeet al. University of California, Berkeley OMEGA Laser Studies of the Interaction

of Supernova Blast Waves with Interstellg
Clouds

R. K. Fisher General Atomics

High-Spatial-Resolution Neutron Imaging
of Inertial Fusion Target Plasmas Using
Neutron Bubble Detectors

M. Meyerset al. University of California, San Diego | Dynamic Properties of Shock-Compresse

Single Crystals byn-situ Dynamic X-Ray
Diffraction

H. Baldiset al. University of California, Davis Studies of lon-Acoustic Waves (IAW)

Under Direct-Drive NIF Conditions

R. Manciniet al. University of Nevada, Reno Experimental and Modeling Studies of 2-

Core Gradients in OMEGA Implosions

R. Jeanloz University of California, Berkeley Recreating Planetary Core Conditions on

OMEGA

for core gradient determination was expanded in two ways.
First, the original method based on the self-consistent analysis
of Ar x-ray line spectra and Ar Heg line monochromatic
images (i.e., two criteria) was extended to a three-criteria
(i.e., more-stringent) method based on the search for plasma
gradientsthat yield the best fitsto x-ray line spectraand the Ar
Hegand Ly gmonochromatic emissivities. Thespatial distribu-
tion of monochromatic emissivities is extracted via an Abel
inversion of intensity lineouts from x-ray images. This multi-
objective data analysis problem is efficiently solved with a
niched Pareto genetic algorithm. The algorithm is general and
can be applied to other cases of multi-objective data analysis
as well. Second, an alternative technique to analyze the tem-
perature gradient was developed. It isbased on thefact that the
local ratio (i.e., point-by-point in the plasmasource) of Lygto
Heg emissivities is a strong function of the temperature with
aweak (residual) dependence on the density. Asaresult, tem-
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perature gradients can now be determined by two different
techniques and cross-checked for consistency.

The MMI-2 x-ray imager for indirect-drive implosions
was successfully fielded and tested. This new instrument uses
a target-mounted pinhole array and a flat multilayer-mirror
Bragg reflector to record numerous narrowband x-ray images
spanning the 3- to 5-keV photon energy range (seeFig. 92.35).
The pinhole diameters are 5 um, and the spatial resolution is
10 um.

Figure 92.36 showstypical datarecorded by MMI-2. Each
image spans=75 eV along the spectral axis. Groups of images
can be combined to produce line-based images. Continuum-
based images can also be extracted from the data. As aresult,
several line- and continuum-based images can now be re-
corded in the same shot. In particul ar, the problem of intensity
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Figure 92.35

Schematic illustrating the concept of the MMI-2 x-ray imager. A target-
mounted pinhole array provides numerous high-resolution, high-brightness
X-ray images, and in combination with amultilayer Bragg mirror, it produces
an array of quasi-monochromatic dispersed core images. This multispectral
imaging technique is based on an LLE-devel oped technique.l

OMEGA shot 26787

U307

Figure 92.36

An array of implosion-core images recorded with MMI-2 in OMEGA shot
26787. Three Ar line transitions are indicated along the spectral dispersion
axis: Lyq (3.734 A), Heg(3.369 A), and Lyg (3.151 A). The subgroup of six
images shows different portions of each image covered by the Ly emission.
This subgroup of imagesis used to produce the Ly g-based image of the core
shown at the bottom of the figure.
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and structure of continuum-photon contribution to line-based
images can now be addressed with greater accuracy. Aninter-
active datalanguage (IDL)—based code waswritten to process
MMI-2 data, combine subgroups of images, and produce
different types of x-ray core images.

Sudies of the Fundamental Properties of High-Energy
Density Plasmas.

Principal Investigator: R. D. Petrasso (MIT Plasma Science
and Fusion Center) and collaboratorsfrom MIT, LLE, LLNL,
and SUNY Geneseo.

Proper assembly of capsule mass in inertial confinement
fusion (ICF) implosions is of fundamental importance for
achieving ignition, 2% and experimental information about
implosion dynamics is crucia both for understanding how
assembly occurs and for validating numerical simulations.
Without carefully tailored assembly of the fuel, hot-spot igni-
tion planned for the National Ignition Facility (NIF)2® and the
Laser Megajoule Facility (LMJ)® will fail. Hot-spot ignition
relies on shock coalescenceto “ignite” the hot spot, followed
by burn of the compressed “shell” material (compressive
burn). The relationship between these events must be under-
stood to ensure the success of |CF ignition.

In the last year, the MIT/LLE collaboration, as part of the
MIT NLUF program, obtained gated measurements of areal
density (pR) at pivotal momentsin thetarget’s evolution: first
at shock coal escence and then 400 pslater during compressive
burn. These measurementswere accomplished through the use
of 14.7-MeV protons generated by the fusion of the fuel
constituents—deuterium (D) and helium (3He)—inimploding
capsules with 24-um-thick plastic (CH) shells.”-8 An accurate
determination of pR evolution and asymmetry is made by
measuring the proton energy downshift at different times and
in many different directions.

Earlier measurements of pR utilizing primary 14.7-MeV
protons’~2 and secondary protons'© concentrated on proper-
ties and dynamics during compressive burn for implosions of
capsules with 20-um-thick CH shells. These studies included
PR asymmetries, 11 fuel-shell mix,1215 and the effects of
beam smoothing uponfuel pR.912.16|n addition, x-ray absorp-
tion techniques!’ have been used to study aspects of pR
modulations at peak compression and during decompression.

Direct-driveimplosionswere conducted on OMEGA, with

60 beams of frequency-tripled (351-nm) UV light in a 1-ns
square pulse and atotal energy of ~21 kJ.18 Full smoothing of
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the laser beams was used, 12 and beam-to-beam energy imbal-
ance was typically <5% rms. Two types of hydrodynamically
similar capsules were used, all with a nominal diameter of
940 pum and a shell thickness of 24 um. CH-shell capsules
were filled with approximately 6 atm of D, and 12 atm of
3He. Capsules with shells of CD (or 1 um of CD inside of
23 um of CH) were filled with approximately 20 atm of
SHe. Theprincipal diagnosticsfor thiswork were high-resolu-
tion, charged-particle spectrometers simultaneously viewing
each implosion from different directions (the spectrometers
and their properties are described in Ref. 8). In addition, the
neutron temporal diagnostic (NTD) measured the D fusion
burn histories.1®

Thefollowing reactionsoccur inimploding capsulesfueled
with D and 3He:

D+D - p(3.0 MeV)+T(1.0 MeV), 1)
D+D - n(25MeV) +3He(0.8 MeV), )
D +3He - p(14.7 MeV) +a (3.6 MeV). 3)

This analysis uses the high-energy proton of Reaction (3)
because it can easily penetrate the larger pR during compres-
sive burn while, in contrast, the 3.0-MeV protons of Reac-
tion (1) are ranged out. Figure 92.37 shows proton spectra
obtained simultaneously at five different viewing angles for
shot 24811. In each spectrum, two distinct peaks are clearly
evident. The narrow, higher-energy peak is associated with
burn of ~40-ps duration at shock coalescence, while the
broader, lower-energy peak is associated with the ~150-ps
compressive burn that occurs about 400 ps after the shock.20
For each of thetwo peaksin each spectrum, the average energy
downshift of the 14.7-MeV protons was evaluated and is
shown in Fig. 92.38 along with data from several other shots.
Through the use of plasma stopping power calculations,?!
these energy downshifts are related to the capsule pR
(Fig. 92.38 and Table 92.V11). The capsule pR at shock coales-
cence, which occurs 1.7+0.1 ns after the beginning of the 1-ns
laser pulse, is ~13.0+2.5 mg/cm?. During compressive burn,
the average pRincreases to 70+8 mg/cm?. Since the tempera-
ture of the shell is at or below 1 keV at both shock and
compression times, and since nearly all energy loss occurs
through the shell,”10 these pR determinations are insensitive
to exact values of the evolving temperature and density.2!
Table 92.VII summarizes the data of Fig. 92.38, which also
show that asymmetries as large as 30 mg/cm? in areal density
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exist during compressive burnin theseimplosions. Thiseffect
has been reported for capsul eswith 20-um-thick shells10 and
for cryogenic capsules.10

Theiontemperatureat shock burn canbemeasured fromthe
spectra. As shown in Fig. 92.39, the shock peak iswell fit by
a Gaussian. After accounting for the effects of the instrument
response, -8 a Doppler-derived ion temperature of 61 keV is
obtained. Thistemperatureis higher than the neutron-derived
Doppler-width temperature characterizing the compressive
burn, which is about 3 keV. This method of temperature
determination from the width of the 14.7-MeV proton spec-
trum hasbeen previously used for thin-shell, high-temperature
implosions.” At shock burn (for thick-shell implosions), the
shell isrelatively “thin,” the shock-induced ion temperatureis
relatively high, and the duration (~40 ps) is sufficiently short
that little evolution in pR occurs. In contrast, the compression
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Figure 92.37

Spectraof high-energy protons generated from the fusion of D and 3Hein an
imploding ICF capsule (shot 24811). The spectrometers viewed the implo-
sionfromfivedifferent directions; each plotisidentified by the OMEGA port
used.8 The narrow high-energy peak is associated with shock-coal escence
burn; the broad low-energy peak is associated with compressive burn.
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Theaverage energy downshifts (from 14.7 MeV) for the shock and compres-

sion burn peaks of each spectrum from shot 24811 (as shown in Fig. 92.37) Figure 92.39

and from several others. From plasma stopping power cal culations,?! values A shock-induced ion temperature can be determined by fitting a Gaussian to
of (pR) can be associated with the plotted values of AEp, and the right- theshock peak, correcting for theinstrument response, and assuming Doppler
hand vertical axis scale is meant to show the approximate correspondence broadening. For this spectrum the result is 6.8 keV, and the mean for all
(Table 92.VII lists more-exact values for averages over groups of shots). spectra from this shot (24811) is 6 keV with a standard deviation of 1 keV.

Table 92.VII: Values of (oR) inferred from measured 3ble proton energy losses

(calculated with the slowing-down formalism of Ref. 21, using energies
averaged over all available spectra for each shot). For capsules3ith D
fuel and CH shells, it was assumed that the slowing was dominated by CH
at T, < 1 keV andp = 2 g/en? at shock coalescence or 20 gfcat
compression burn. For capsules witte fuel in CD shells, which produce

no shock yield, it was assumed that the slowing was dominated by CD at
T, < 1 keV andp = 20 g/lcni. The “+” refers not to measurement
uncertainties but to the standard deviation about the mean of individual

measurements for each shot.

Shot Fuel Shell (PRYshock (PR comp

(mglcn?) (mglcn?)
24086 18 atm BHe 24um CH 13.22.6 70.69.7
24811 18 atm BHe 24um CH 13.32.0 71.66.1
24812 18 atm BHe 24um CH 13.82.5 71.%9.2
25614 18 atm BHe 24um CH 13.%2.6 67.68.7
27473 18 atm BHe 24um CH 12.92.3 70.%5.8
27485 18 atm BHe 24um CH 15.21.6 67.812.1
27474 20 atnfHe 24um CD — 79.58.3
27479 20 atnfHe 24um CD — 81.316.4

198

LLE Review, Volume 92



burn peak for the protons (as noted previously’) is far wider
than the Doppler width and, the effects of measured asymme-
try’~9 and geometry® notwithstanding, largely reflects pR
evolution over the compressive burn (~150 ps).

To validate the interpretation that the high-energy peak
(Fig. 92.37) isdue to shock coalescence, and to explore other
important aspects of implosion physics, a second series of
implosionswere performed using ahydrodynamically similar
capsulewith 20 atm of 3Hein a24-um-thick CD shell. Spectra
fromtheseimplosions[seetheexamplein Fig. 92.40(b)] show
asingle compression peak downshifted in energy by about the
sameamount asmeasured inthefirst seriesof experiments[see
Fig. 92.40(a)]. Notably absent, however, is the shock peak in
Fig. 92.40(a) that occurs between 14 and 15 MeV. This means
that no D from the shell has mixed into the central, high-
temperatureregion at shock time.22 Conversely, by thetime of
compressive burn, mixing of the CD shell with the 3He must
have occurred (Fig. 92.40) in order for D3He reactions to be
present (see Refs. 12—15 for more discussion of mix).
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Figure 92.40

The shock-induced burn that is present in plot (a) is absent when the fuel is
changed to pure 3He within a CD shell [plot (b)], although the compressive
burnisstill present because of fuel—shell mix. Besides validating the identi-
fication of the shock-induced peak, these data demonstrate the absence of
fuel—shell mix in the central regions of the capsule at shock coal escence.
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The spectrum of Fig. 92.40(b) can also be directly inter-
preted to meanthat, at | east for theseimpl osions, theshell isnot
riddled with holes during compressive burn even though low-
mode asymmetriesexist (Fig. 92.38). If therewereholes, there
would be a high-energy peak in Fig. 92.40(b). This issue is
important since concern exists asto whether shell breakup, as
a consequence of Rayleigh—Taylor instability, occurs prior to
burn propagation and ignition, thereby quenching ignition.

Toimprovetheunderstanding of the physical processesand
totest thevalidity of 1-D hydrodynamic simulationsinrealis-
tic circumstances, we show a comparison of simulated?® and
experimental charged-particle spectrain Fig. 92.41. Thebasic
structure of the experimental data is reproduced reasonably
well by thesimulation. Of particular relevanceisthe compari-
son at shock coalescence since, as experimentally demon-
strated, the effects of mix are minimal and 1-D simulations
should be at their most accurate because they do not include
mix effects. In this context, the ratio of experimental yield to
theoretical yield [so called yield-over-clean (YOC)] is about
60%; the predicted pR is 10 mg/cm? while the experimental
valueis 13 mg/cm?; the predicted shock temperatureis 8 keV,
while the measurement is 6+1 keV. It is also noteworthy that
the predicted interval between shock and compression burnis
500 ps, while the measured interval is ~400 ps. Since shock
timing and coalescence are critical to ignition at the NIF and
theLMJ, 2% experimentstotest thelimitsof validity of ignition
simulation codes should be helpful to this endeavor. In addi-
tion, it seems entirely plausible that similar measurements
could bemade at the NIF at various phasesin the devel opment
and testing of ignition capsules.
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Figure 92.41
A comparison of 1-D simulation to data from shot 24811.
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In summary, the first measurements of pR evolution occur-
ringin| CFimplosionswereconductedinthecourseof thispast
year’s work on this program. In the 400-ps interval between
shock coalescence and compression burn, the azimuthally
averaged pR changed from 13.0£2.5 to 70+8 mg/cm?. The
experimentsdemonstrated that fuel—shell mix hasnot occurred
in the central regions of the imploding capsule at shock
coal escence, and that the shock-induced temperature is about
6 keV. Asmixisinconsequential at thisstage of theimplosion,
these and other measured parameters offer a sensitive test of
1-D shock physics simulations. The experiments further dem-
onstrated that, at least for these types of implosions, gaps and
holes do not riddle the shell at compression burn.

Several intriguing avenues exist for advancing these mea-
surements and improving the understanding of implosion
dynamics. As pR is sufficiently small at shock coalescence,
3.0-MeV protons from Reaction (1) will readily penetrate the
shell and lead, in principle, to an even more accurate measure-
ment of the shell pR at that instant. Such experiments, as well
as higher-accuracy spectrometers for D3He fusion reactions,
are being planned. With more-accurate pR measurements at
shock coalescence, studies will be undertaken to establish
whether pR asymmetries exist at that time, and whether these
asymmetries persist and amplify through the compression
burn phase,10.11 thereby accounting for the notable asymme-
tries that have been measured at that critical stage.

High-Spatial-Resolution Neutron Imaging of Inertial Fusion
Target Plasmas Using Bubble Neutron Detectors.

Principal Investigator: R. K. Fisher (General Atomics) and
collaboratorsfrom LLE, CEA, and LLNL.

Bubble detectors that can detect neutrons with a spatial
resolution of 5 to 30 um are a promising approach to high-
resolutionimaging of NI Ftarget plasmas. Gel bubbledetectors
were used in successful proof-of-principle imaging experi-
ments on OMEGA.. The results were presented in an invited
talk at the October 2001 Meeting of the Division of Plasma
Physics of the American Physical Society and published in
Physics of Plasmas.?4

Until recently, bubble detectors appeared to be the only
approach capable of achieving neutron images of NIF targets
with the desired 5-um spatial resolution in the target plane. In
2001, however, NIF reduced the required standoff distance
from the target, so that diagnostic components can now be
placed as close as 10 cm to the target plasma. Thiswill alow
neutron imaging with higher magnification and may make it

200

possible to obtain 5-pm-resolution images on the NIF using
deuterated scintillators.

Sincegel detectors(which consist of ~10-um-diam dropsof
bubbledetector liquid suspended inaninactive support gel that
occupies ~99% of the detector volume) are easy to use, they
werechosenfor theinitial testsson OMEGA. Thebubblescould
be photographed several hours after the neutron exposure.
Imaging NIF target plasmas at neutron yields of 101 will
reguire ahigher-detection-efficiency detector. A liquid bubble
chamber detector should result in an ~1000-times-higher neu-
tron detection efficiency, which iscomparableto that possible
using scintillation detectors.

A pressure-cycled liquid bubble detector will require a
light-scattering system to record the bubble locations a few
microseconds after neutron exposure, when the bubbles have
grown to be ~10 um in diameter. The next major task planned
under this grant will be to perform experimental tests to
determine how accurately the spatial distribution of thebubble
density can be measured under the conditions expected in the
NIF. The bubble density will be large enough to produce
significant overlap in the two-dimensional images, so wewill
need to be able to measure bubbles behind bubbles. One of the
goals of these testsis to determine if a simple light-transmis-
sion approach is feasible. One of the concerns at very high
bubble densities is that light scattered out of the path can be
rescattered back into the transmitted light path by bubblesin
neighboring paths.

Examination of the “ Cone-in-Shell” Target Compression
Concept for Asymmetric Fast Ignition.”

Principal Investigators: R. B. Stephens (General Atomics) and
collaborators from LLNL and the Institute of Laser Engineer-
ing (ILE), Osaka University, Osaka, Japan.

Investigation of the compression hydrodynamics of fast-
ignition targets continued in FY 02 with several shotstaken on
“cone-in-shell” indirect-drive targets. The results from these
experiments showed that while the hydrodynamic codes used
to design thesetargets captured the gross dynamicswell, there
were details of the experiment that were not predicted by the
code calculations.

*This work was performed under the auspices of the U.S. Department
of Energy under Contract No. DE-FG03-00SF2229, by the University of
California, Lawrence Livermore National Laboratory under Contract No.
W-7405-ENG-48, and with the additional corporate support of General
Atomics.
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The separation of compression and ignition in the fast-
ignition (FI) concept?> requires a new approach to target
design. Thestrict symmetry and smoothnessrequirementsof a
target compressed to generate and enclose anignition spark by
dense, cold fuel are replaced by a much more complex set of
considerations. The fusion burn is optimized by creation of a
uniformly dense fuel mass. The symmetry of that mass is
relatively unimportant, but its surface must be pure DT and
accessible to an ignition beam. The ignition energy must be
delivered by ashort-pul selaser, but the compression drive can
be accomplished by any means—Ilaser (direct and indirect
drive), heavy ion beam, or z-pinch.

S. Hatchett (LLNL) designed an indirect-drive target based
on the cone-in-shell FI target concept?® [Fig. 92.42(a)]: A
hollow cone is inserted in the side of the shell to provide a
protected line of sight to the assembled fuel mass. Modeling
suggeststhat the presence of the cone substantially changesthe
target’simplosion dynamics[Fig. 92.42(b)]; surprisingly, one
should achieve the most-compact target with a deliberately
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asymmetric drive [Fig. 92.42(c)]. The modeling might not
properly capture details of the flow as the shell slides down
along the cone surface; thereisaconcern that high-Z material
fromthe conemight mix into the assembl ed fuel mass, thereby
hinderingignition. Thismodel wastested onascal e-1 hohlraum
at OMEGA. Each collapse was radiographed with an x-ray
framing camera, which took a sequence of 16 x-radiographs
(Fig. 92.43). Withthisinformation it waspossibleto determine
theimplosion velocity and diameter, density, and symmetry at
stagnation. X-ray images were taken alternately through dif-
ferent filters to identify any gold contamination in the as-
sembled fuel. The experimental radiographswerevery similar
to the simulations; apparently the effect of the inserted cone
was well described by LASNEX modeling, and both the shell
and the drive were smooth enough that compression instabili-
ties had minimal effect. As predicted, it was found that an
asymmetricdrivedoesseemtoresultinamore-compact target,
but that that configuration also generatesagasflow that blows
out thetip of the conejust about at the stagnation point. There
were subtle differences between simulation and experiment.

(b) (©)

Figure 92.42

(@) Cross section of aFl cryo target designed to implode to pR ~ 2 g/lecm? when driven by a 190-eV hohlraum:; (b) density cross section of target at stagnation
when driven symmetrically; and (c) density cross section when drive is 10% hotter on the side away from the cone.
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Figure 92.43

Eight of a series of 16 x-radiographs taken during atest of the cone-in-shell target design on OMEGA.. The frames are 70 ps apart.

Supenova Hydrodynamics on the OMEGA Laser.

Principal Investigators: R. Paul Drake (University of Michi-
gan), B. Remington (Center for Laser Astrophysics-ILSA,
LLNL), and collaboratorsfrom LLNL, CEA Saclary (France),
LLE, LANL, University of Arizona, University of Colorado,
University of Chicago, SUNY Stony Brook, Naval Research
Laboratory, and Eastern Michigan University.

The fundamental motivation for thiswork isthat superno-
vae are not well understood. Recent observations have clari-
fied the depth of this ignorance by producing observed
phenomenathat current theory and computer simulations can-
not reproduce. Such theories and simulations involve, how-
ever, anumber of physical mechanisms that have never been
studied in isolation. During FY02 experiments were per-
formed under this NLUF Program in compressible hydrody-
namics and radiation hydrodynamics, relevant to supernovae
and supernovaremnants. These experimentsproduce phenom-
enainthelaboratory that arebelieved, based on simulations, to
be important to astrophysics but that have not been directly
observed in either the laboratory or an astrophysical system.
The experiments were focused on the scaling of an astro-
physically relevant, radiative-precursor shock, preparations
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for studies of collapsing radiative shocks, and the multimode
behavior and onset of turbulencein three-dimensional, deeply
nonlinear evolution of the Rayleigh—Taylor (RT) instability at
a decelerating, embedded interface. These experiments re-
quired strong compression and decompression, strong shocks
(Mach ~10 or greater), flexible geometries, and very smooth
laser beams, which means that the 60-beam OMEGA laser is
the only facility capable of carrying out this program.

The experiments benefited from a strong collaborative
effort that coupled a core experimental team to theoretical
groupsat several institutions. Thisenabled the devel opment of
experimental designs through advance simulations and the
comparison of theresults of the experimentsto simulations by
more than one code. A standardized approach to the experi-
ments was also devel oped, enabling the pursuit of more than
one experiment simultaneously, and thus the exploitation of
the extensive theoretical capabilities of this collaboration.
These experiments are sufficiently complex yet diagnosable,
so they are excellent for verification and validation (V& V) of
complex computer codes, including those produced by the
Advanced Scientific Computing Initiative (ASCI) Alliance
Center at the University of Chicago. This program is also a
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critical stepping stone toward the use of the National Ignition
Facility (NIF) both for fundamental astrophysics and as a
critical component of ASCI V&V.

The supernova hydrodynamics experiments conducted in
FY 02 included the following:

a. Radiative Precursor Shocks: The scaling of radiative
precursor shocks was investigated. These experiments in-
volved the initial acceleration of a block of material to high
velocity. The block of material then drove a shock wave
through low-density foam at approximately 100 km/s, which
was fast enough to produce a radiative precursor. The pre-
cursor is strongly sensitive to the shock velocity, so it was
possibleto control it by varying the laser energy. Figure 92.44
shows a photograph of a target used for experiments on
OMEGA. Uptoten laser beamsstruck thefront surface of this
target, delivering several kJof energy to an 800-pm-diam spot
inal-nspulse. Thelaser irradiation shocked and accelerated
a60-um-thick plasticlayer that crossed a 160-p/m vacuum gap
toimpact thelow-density foam, usually of density 0.01 g/cm3.

Figure 92.44

An image of the target for the radiative precursor experiments. The laser
beams approach from the left, driving a shock wave through the foam
contained in the rectangular structure.

The structure of the precursor was investigated using ab-
sorption spectroscopy. Additional laser beams irradiated a
thulium backlighter plate, permitting animaging crystal spec-
trometer to obtain absorption spectra like those shown in
Fig. 92.45. Absorption lines were detected from up to six
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different ionization states. The lines from higher ionization
statesappear at higher temperatures. From theentire spectrum,
one could determinethelocation of the shock, thetemperature
of the shocked material, and the temperature profile in the
radiative precursor, with the help of the OPAL2? atomic code.
It was observed that the precursor became longer as the laser
drive energy increased, and that its behavior was consistent
with asimple model of the threshold velocity for the produc-
tion of a precursor. A paper based on these data was recently
published in Physical Review Letters.28 These experiments
are now entering an analysis and writing phase. In addition, it
is anticipated that such experiments will provide quality
benchmark cases for astrophysical modeling. Participants in
such comparisons will include the University of Maryland
and the ASCI Flash Center at the University of Chicago.
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Figure 92.45
Absorption spectra at three locations, showing the spatial development of
four of the absorption lines. The spectra are offset vertically for clarity.

b. Radiative Shocks: Astrophysical shocks, whenthey become
cool enough, enter aradiatively collapsing phaseinwhichtheir
density can increase several orders of magnitude. All super-
nova remnants eventually pass through this phase, and such
shocks arise in a number of other contexts. This team’s work
with radiative-precursor shocks in foams represented a first
step into radiative hydrodynamics. With the adoption of gas
targets, however, shocks can be produced on OMEGA that
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radiatively collapse. Several OMEGA shotswere devoted to a
preliminary attempt at such an experiment during FY 02. They
used only radiography asadiagnostic. Figure 92.46 showsthe
datathat were obtained onthefirst attmpt. Theoverlaid profile
shows the average of a 290-um-high horizontal strip through
the unobstructed portion of theimage. One can clearly seethe
absorption feature due to the shock. Its position confirms that
the shock velocity is well above 100 km/s. The laser and
diagnostic settings were optimized for other experiments on
thisday, causing significant motional blurring (and weakening
the absorption feature). Much better data can and will be
obtained in future experiments. Such experimentswill occupy
approximately half of thetarget shots planned for the next year
under this NLUF program.

U323

Figure 92.47
Structures developed at 26 ns from a two-mode perturbation.
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Figure 92.46
Imageand profilefrom afirst attempt to produceacollapsing radiative shock.
The notch in the profile toward the right is produced by the shocked gas.

c. Multimode Rayleigh-Taylor (RT) Instability at a Decel-
erating, Embedded Interface: It isfruitful to examine multi-
mode systems because (a) the actual stellar explosionsinvolve
many modes and (b) the growth of multimode structuresis a
more-severe test of simulations. During FY 02 data were ob-
tained that showed the time evolution of the structures pro-
duced frominitial conditionsincluding one mode, two modes,
and eight modes. The perturbations were designed to keep the
global peak-to-valley amplitude constant at 5 um as the num-
ber of modeschanged. Figure 92.47 showssomedatathat were
obtai ned using atwo-mode perturbation, and Fig. 92.48 shows
somedatafor an eight-mode perturbation. At earlier times, the
multimode data show articulated spikes. Later, as in these
figures, they show the emergence of large-scale features.
Additional data are needed and will be obtained soon. The
emergence of the large-scale features will be compared with
theories of bubble merger. The effect of the number of modes
on the width of the “mix region” will also be examined.
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Figure 92.48
Structures developed at 26 ns from an eight-mode perturbation.

d. Onset of Turbulence in RT Instability at a Decelerating,
Embedded Interface: Basedonascalinganalysis,itisbelieved
that it will be possible to observe the transition to a turbulent
state in the evolution of RT that develops from a 3-D initial
condition. Figure 92.49 shows a radiograph of the structures
producedfromaninitial 3-D perturbationthat included asingle
modewith 71-umwavel ength and noi se at much shorter wave-
lengths introduced when the (50-mg/cc) foam was machined.
By this time, the unstable fingers have devel oped significant
modal structure and have moved forward and overtaken the
shock. Earlier, thefingershaveasimpler spectral structureand
remain well behind the shock. L ater, the ability to distinguish
the fingers is lost perhaps due to rapid diffusion caused by
turbulence. Continuationsof these experimentswill determine
whether, in fact, the onset of turbulenceisbeing observed, and
further analysiswill evaluatetheimplicationsfor astrophysics.
Several publicationsbased on thiswork have appearedin print
during the last year.2%-31 One additional manuscript has been
submitted for publication.32

LLE Review, Volume 92



w

o

S
\

N

o

S
\

=

o

S
\

AR

Q

]
|

Distance in target coordinates (um)
L
o
o o
I \

&

o

S
\

600 800

Figure 92.49
An experiment with a 3-D initial single-mode perturbation produced these
structures 17 nsinto the experiment.

Sudies of the Dynamic Properties of Shock-Compressed
FCC Crystals by In-Situ Dynamic X-Ray Diffraction.
Principal Investigators: H. Baldis (University of Californiaat
Davis), D. Kalantar (LLNL), and collaborators from LLNL,
LLE, the University of Californiaat San Diego, University of
Oxford, and LANL.

This experiment usestime-resolved dynamic x-ray diffrac-
tion to investigate the response of alattice under shock com-
pression. Over thelast two yearsthiswork included studies of
shocked single-crystal Si with peak pressures ranging from
<100 kbar to 200 kbar, experiments on single-crystal Cu3? to
study the dislocation density in the post-shocked material
(these studiesincluded recovery of shocked samples) at pres-
sures ranging from 100 to 600 kbar, and investigations of
deformation substructure in Cu.

Major accomplishments during the reporting period in-
clude the following:

* Implementation of multi-target shots. In several series of
shots during this year, diffraction targets, VISAR wave
profile targets, and shock-recovery targets were simulta-
neously fielded on shots. This approach greatly increases
theeffectivenessof target shotsproviding triplethedataper
shot than would have been available if the three experi-
ments were individually shot.33
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» A pressure scan for Si was completed to record multiple
lattice planes.

e Thewave profile of shocked Si was recorded.

» Theshock breakout from 200 mm Cuwasused to determine
the timing for future diffraction measurements.

» Shocked crystals were recovered and examined.

Inrecent experimentsamultiplefilm plane (MFP) diagnos-
tic has been implemented that allows the observation of x-ray
diffractionfromawiderangeof | attice planes(Fig. 92.50). The
MFP has been used to record diffraction from Si shocked at a
rangeof pressuresasseeninFig. 92.51. Figure92.52illustrates
the analysis of such images showing a multi-wave structure
that depends on intensity. A maximum of 6% compression is
observed for the range of pressures attained on Nova and
OMEGA in x-ray and direct-drive modes.

A two-phase approach has been adopted to analyze these
data. First, the line pattern of known crystal configurationsis
predicted; then the diffracted lines are fit to the prediction to
determine the lattice spacing and unit normal vector. An IDL
code is used to calculate the expected diffraction pattern for a
given crystal lattice.

Optical Mixing of Controlled Stimulated Scattering
Instabilities (OMC S3) on OMEGA.

Principal Investigator: Bedros Afeyan (Polymath Research
Inc.) and collaborators from LLNL, LANL, and LLE

The goal of this experiment is to examine suppression of
backscattering instabilities by the externally controlled gen-
eration of ion-acoustic-wave or electron-plasma-wave turbu-
lence. The experiments in general consist of using optical
mixing techniques to generate resonant ion-acoustic waves
(TAW) in flowing plasmas created by the explosion of foils
irradiated by the OMEGA laser. During this year the interac-
tion scaling with probe intensity was examined.

The transmission of the probe beam and the Raman
reflectivity of the pump beam were measured systematically
for alarge number of probe beam energies. The scaling of the
Raman suppression with probe beam energy was examined,
and transmission enhancement at |ow energiesthat saturatesat
high energies was observed (see Fig. 92.53). The energy
transfer at high probe energies is significant, and the SRS
suppression in the wavelength or plasma density window that
corresponds to Mach-1 flow is suppressed significantly, up-
wards of factors of 8.
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Figure 92.50

(a) Hlustration of theconcept of dynamicx-ray diffrac-
tion in probing response of crystals to laser-driven
shocks; (b) schematic showing the MFP diagnostic;
and (c) illustration of typical experimental configura-
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Figure 92.51 Figure 92.52
Images of a diffracted signal from different lattice planes taken from a Lineout from x-ray diffraction data of Si for various energies showing a
shocked-Si experiment on OMEGA at different laser-drive energies. maximum | attice compression of ~6.4%.
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Measured transmission of the probe beam and the Raman reflectivity of the
pump beam asafunction of probebeam energy. Notethat with the pump beam
off, the transmission of the probe beam is|ess than 50%, even at moderately
low energies, and decreases with energy down to less than 40% at a probe
beam energy of ~490 J. The reflectivity of the pump beam falls with
increasing probe energy. The energy transfer at high probe energies is
significant, and the SRS suppression in the wavelength or plasma density
window that correspondsto Mach-1 flow is suppressed significantly, upward
of factors of 8.

FY02 LLNL OMEGA Experimental Program

TheLLNL programon OMEGA in FY 02 totaled 406 target
shotsfor target ignition physics, high-energy-density science,
and NWET (Nuclear Weapons Effects Testing). This repre-
sents a 30% increase over the target shots taken by LLNL on
OMEGA in FYO01. Highlights of these experiments include
the following:

Laser—Plasma Interactions: Beam-energy-transfer experi-
ments were continued during FY 02 to investigate beam-en-
ergy transfer34for avariety of NIF target/beam configurations
in order to select the optimum configuration to minimize the
potential deleterious effects of this process on NIF targets.

To expand the LPI (laser—plasma interaction) database on
OMEGA, oneof the OMEGA beamlineswasmodified to allow
it to generate second-harmonic radiation for LPI experiments.

Cocktail Hohlraums: Experiments continued to investigate
the potential of “cocktail” hohlraum materials to increase the
soft x-ray emission and energy coupling to capsule in NIF
targets. During FY 02, detailed atomic physics model predic-
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tions were verified on OMEGA experiments by observing
enhanced cocktail re-emission at 450 eV (see Fig. 92.54).
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Figure 92.54

During FY 02 cocktail hohlraum experiments were conducted on OMEGA
that in conjunction with LASNEX code simulations indicate that cocktail
materials may be advantageous compared to Au for the NIF hohlraums.
(a) Cocktail geometry; (b) experimental data from cocktail hohlraum
experiment comparing Au and “cocktall” re-emission; (c) cocktail-to-Au
intensity ratio at 450 eV (squares) and 750 eV (circles) plotted as afunction
of radiation temperature from the OMEGA experiments compared to the
LASNEX predictions.
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X-Ray Thomson Scattering: X-ray Thomson scattering can
accessthe density/temperature parameter spacethat ischarac-
teristic of the Fermi degenerate to warm dense matter regime
(seeFig. 92.55). OMEGA experiments have demonstrated for
the first time spectrally resolved x-ray Thomson scattering

data®® (Fig. 92.56). These experiments are important because
they indicate that x-ray Thomson scattering may work for ICF
implosions. Future experiments are planned to investigate
superdense matter using this technique.
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Albedo Experiments: A seriesof experimentswereinitiatedin
FY 02 on OM EGA to measure the absol ute al bedo of asecond-
ary hohlraum as shownin Fig. 92.57. Three detectors are used
in this measurement: DANTE, a PCD in H11, and aPCD in
P11. DANTE is the primary diagnostic, while the P11 PCD
monitors the effect of the secondary hohlraum and the H11
PCD serves as backup for the DANTE measurement. Initial
measurements confirmed that the secondary hohlraum has no
significant effect on the primary’s radiation temperature. In
measurements comparing the albedo of Au and U, the Au
albedo was observed to be smaller than that of U.

Secondary
hohlraum H11 PCD
Primary S -
hohlraum S S .
( Ph > ~ N o ~N
—> > N
PS Pd),\ N N N .
p L
P11 PCD 4 DANTE
|

U333

Figure 92.57

Schematic of the* Albedo” experiment. A half-hohlraumisirradiated by aset
of OMEGA beams and provides radiation that heats a secondary hohlraum
attached toitsback. DANTE isthe primary diagnostic viewing thewall of the
secondary hohlraum; the H11 PCD is a backup for DANTE. The P11 PCD
monitorsthe primary hohlraum to determinethe effect of the secondary onits
radiation temperature.

Hot Hohlraum: A series of experiments are underway on
OMEGA to produce high-radiation-temperature hohlraumsby
reducing the scale size of the hohlraums. Hot hohlraums are
needed for NIF opacity experiments, but their physics regime
is not well understood. Scaled experiments at OMEGA are
used to compare experimental results to theoretical models.
The laser coupling to the hohlraum was determined as a
function of scale size by measuring x-ray drive, backscatter,
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and intensity of hot electrons. Scale-1/2 and -1/4 hohlraums
were driven in a half-hohlraum configuration, and radiation
temperatures of ~350 eV were demonstrated.

Gas-Filled Radiation Sources: Experiments continued under
an NWET program to develop high-efficiency x-ray sources
for the NIF. During FY 02 the experiments were designed to
explore x-ray emission in the >10-keV region. Typical targets
included Kr-filled CH cans(1.2 mmlong, 1.5 mmindiameter).
Figure 92.58 shows time-framed x-ray images from two ex-
periments with 0.5-atm- and 1.5-atm-Kr-filled cans. X-ray
emission isobserved fromthefull extent of the can (1.2-mm x
1.5-mm diameter) and beyond the duration of the 1-ns laser
pulse in both cases.

Shot 25819
0.5 am Kr

r
L @

0.2ns

0.7ns

1.2ns

Shot 25818, 0.2ns
15amKr
0.7ns
12ns
U334
Figure 92.58

X-ray framing camera images from shot 25819 (0.5 atm Kr) and 25818
(1.5 atm Kr) show the pressure dependence in the evolution of >10-keV
x-ray emission. The times are referenced to the start of the ~1-ns-long laser
pulse.

Dynamic Hohlraums: A series of experiments dubbed “dy-
namic hohlraums’ werecarried out on OMEGA indirect-drive
mode. Theseexperimentsweredesignedtoimagearadiatively
collapsed shock. The configuration is shown schematically in
Fig. 92.59. A gas-filled CH shell isirradiated directly by 40
OMEGA beams. To achieveasuniformadriveaspossiblewith
only 40 polar beams, the polar-beam energies are lowered in
comparison to the rest of the beams. Typical data from these
implosions are shown in Fig. 92.60.
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Nonideal Implosions: The nonideal implosion (NIBI) experi-
ment is designed to study highly distorted implosions. This
experiment, carried out on OMEGA in FY 02, used the direct-
drive configuration shown in Fig. 92.61.

Experimentswere carried out with symmetrical capsulesas

well asmachined capsul eswith a50° radiographictracer “cap”
as shown in Fig. 92.62.
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Figure 92.59
Schematic illustration of the “dynamic hohlraum™ direct-drive implosion
experiment designed to image a radiatively collapsed shock.

27527 (all Xe) framing camera

Figure 92.60

Streaked (left) and gated (right) x-ray
images of x-ray-backlit implosions of
Xe- and Xe/Do-filled CH shells. The
separation between the plastic shell and
the collapsed shock is discernable in
shotswith Xefill but not on shots with
partial D> fills

Double-Shell Implosion Experiments: The effect of Au
M -band asymmetry on the implosion of double-shell capsules
is being investigated on OMEGA. The motivation for this
work isthat 80% of the radiation reaching the inner shell ina
double-shell configuration is 2 to 4 keV Au “M-band” radia-
tion. Simulationsindicate that the inner glass shell will suffer
an ~25% distortion from an ~10% P2 M-band asymmetry at a
convergence of ~60%. To ameliorate this problem, an elon-
gated hohlraum configuration is being explored.
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Figure 92.61
System configuration for the OMEGA NIBI experiment. Forty OMEGA beams are used to drive the implosion while twenty beams are used to produce two

separate backlighting views. The forty drive beams can be adjusted to produce various asymmetric drive configurations. The beamsindicated in yellow on the
left are used for the two backlighting views.

CH (Br) 500 um
Polyimide
b
t=4.1ns t=45ns t=54ns

Target schematic

ﬁ/\\/\ﬁ\/
)

Polyimide

Target schematic t=4.1ns t=5.4ns t=5.8ns

U338

Figure 92.62
Target schematics (left top and bottom) for some of the NIBI implosion targets. The time-gated x-ray-backlit images on the right show the evolution of the

core asymmetry when the targets are driven with a strong ¢ = 1 mode (higher energy on the top pole).
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Charged-Particle Spectrometry in Indirect-Drive Implosions:
To assess the effectiveness of charged-particle spectrometry
on the NIF, acollaborative experiment involving LLNL, MIT
PSFC, and LLE was implemented on OMEGA in FY02.
During the experiment D3He-filled shellswereimploded in a
conventional hohlraum configuration. Wedged-range-filter
(WRF) spectrometers were used to measure the yield, spec-
trum, and spatial distribution of primary D3He protons. Initial
resultsfrom these shotsindicate that capsule areal density can
be measured with this configuration. When viewed through a
diagnostic hole in the hohlraum, the proton slowing down
indicated acapsule pR~ 42+9 mg/cm? compared to apredicted
areal density of ~49 mg/cm?. No large asymmetriesin proton
emission were observed. It was concluded that charged-par-
ticlespectrometry can beanimportant diagnosti c techniquefor
indirect-drive targets. Improvements in the diagnostic were
suggested by the results of these experiments to optimize the
technique for indirect-drive experiments.

IDrive: Work continued on OMEGA in FY 02 to implement
the IDrive technique as a high-pressure drive technique for
materials studies. One of the goals of this program is to
measure the material strength of solid aluminum (6061) at
peak pressures of ~300 kbar. The experiments include soft
recovery of accelerated foilsin order to provide the opportu-
nity for microscopic analysis of the highly strained regions of
the materials.

FY02 LANL OMEGA Experimental Program

The LANL program on OMEGA in FY 02 continued exper-
iments in support of stockpile stewardship (ACE), cylindrical
mix (CYLMIX), and double-shell implosion campaigns and
began the asymmetric direct-drive sphere (ADDS) campaign.
LANL continued NIF phase-2 diagnostic development and
also collaborated with alarge national group on the hydrody-
namic jet experiment. LANL also provided shock-breakout
measurementsfor the SandiaNational L aboratory (SNL) ablator
characterization campaign. Each of these experimental cam-
paigns has been documented in pre- and post-shot reports.
Highlights of these experiments include the following:

ACE Experiments: The ACE experiments successfully ob-
tained data in support of the Stockpile Stewardship Program.
Thisyear anew backlighter configuration was devel oped that
provides views of the experiment at two different times, thus
increasing the efficiency of the experiments. In collaboration
with AWE, afluorescence-based spectro-meter wasfielded to
measure temperatures in radiation-driven experiments.

212

Asymmetric Direct-Drive Spheres: Thegoal of theasymmetric
direct-drive spheres (ADDS) campaign is to elucidate the
effect of mix on imploding capsules. The experiment uses
directly driven DT-filled capsules. The energies of each laser
beam are adj usted so that the capsul eseesapositiveor negative
drive asymmetry as measured by the second L egendre mode.
Theoretical calculations predict a difference in neutron yield
and core shape, depending on the sign and magnitude of the
asymmetry. The primary diagnostics of mix are neutronyield,
imaging of the emitted neutrons, and x-ray imaging (in col-
laboration with LLE).

Figure 92.63 presents the first simultaneous neutron and
x-ray images of asymmetric implosions. The predicted shapes
and neutron yields agree with the measurements in direction
and magnitude.

CYLMIX: The Richtmyer—Meshkov instability occurs when-
ever a strong shock passes through an interface between two
materials. The CYLMIX experiments study this instability
under unique convergent, compressible, miscible plasmacon-
ditionsin the presence of a strong (Mach number greater than
5) shock. To produce a strong shock, small plastic cylinders
(Fig. 92.64) are directly driven by the OMEGA laser.36 The
implosion trgjectory has been carefully mapped and simula-
tions tuned to match the measurements, asin Fig. 92.65.

As the cylinders implode, the marker band mixes into the
surrounding material andthemix widthismeasured. Thisyear,
extensive measurements spanning several nanoseconds were
made of the dependence of the mix width ontheinitial surface
roughness of the marker layer as afunction of time. Compari-
sons with simulations to validate hydrodynamic models have
been made.

Hydrodynamic Jet Experiment: LANL also participated in a
large collaboration that includes researchers from LLNL,
AWE, LLE, U. Michigan, and NRL to simulate jets in super-
nova explosions.3” Astrophysical codes will be validated by
comparison to OMEGA experimental data. The experiments
are presently optimizing the target and diagnostics while
designwork linking 2-D LASNEX cal cul ationstotheradiation-
hydrodynamic code RAGE is underway. Exploratory experi-
ments were conducted this year.

NIF Diagnostics: Development continued on Phase 2 fusion

product diagnostics for the NIF. A second Gas—Cerenkov
gamma-ray burn-history diagnostic, with increased time reso-

LLE Review, Volume 92



NATIONAL LASER UsERS' FACILITY AND EXTERNAL USERS' PROGRAMS

Spherica Prolate Oblate

L L

26668 26665 26666

200 um

A
Y

26664 26665 26666

Figure 92.63
X-ray (top) and neutron (bottom) images for three different degrees of asymmetric drive. The x-ray images are from the GM X| diagnostic, and the 14.1-MeV
neutron images were obtained in a LANL/CEA/LLE collaboration. All images are as seen by the diagnostic. The arrows indicate the perturbation axis.
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Figure 92.64

A view of atypical CYLMIX target from the side showing the backlighter
disk on the right, the Al marker band in the middle, the foam inside the
cylinder (white areas), and the viewing aperture on the left. The primary Figure 92.65

diagnostic is an x-ray framing camera with aline of sight down the axis of Measured radius versus time plot demonstrating good modeling of the
the cylinder. experiment.
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[ution, wasbuilt and fieldedin conjunctionwith LLNL. Devel-
opment continued ontheneutronimaging system (NIS), which
was a primary diagnostic for the ADDS experiment, asillus-
trated in Fig. 92.63. The NIS is fielded in collaboration with
CEA and LLE.

FY02 SNL OMEGA Programs

SNL carried out atotal of 24 target shots on the OMEGA
laser in FY 02 and al so participatedin several of thecampaigns
led by other laboratories. The SNL-led campaignsincluded the
following:

Indirect-Drive Ablator Shock Coalescence: The achievement
of indirect-drive ignition of a NIF capsule requires capsule
shock timing precision of ~150 ps. Thefirst attempts at time-
resolved measurement of the coalescence of two shocks (at
pressures of ~10 and 50 M bar, respectively) inaBe+0.9% Cu
wedge ablator were made in a collaborative effort involving
SNL and LANL. The principal diagnostic was the LANL
Streaked Optical Pyrometer (SOP).38 The hohlraum drive for
this experiment consisted of a 2-ns square pulsein six beams
followed by a1-nssguare pulsein nine beamsdelayed by 1 ns.
As shown in Fig. 92.66, shock coalescence occurred within
about 300 ps of the pre-shot calculation.

Indirect-DriveAblator Shock Velocityat 50Mbar: Theachieve-
ment of indirect-drive ignition of a NIF capsule requires
capsule ablation pressures in the range of 1 to 100 Mbars. In
FY02 SNL/LANL experiments on OMEGA extended the
shock velocity data for Be + 0.9% Cu ablator samples to the
50-Mbar level3? (Fig. 92.67). Shock velocities in the ablator
were measured with Be + 0.9% Cu step samples. Al step
witness plates were also used to confirm the shock pressure
levels generated in the Be + 0.9% Cu ablator samples.

Indirect-DriveAblator X-Ray Bur nthrough Measurements. To
achieve indirect-drive ignition of a NIF capsule, ablator
burnthrough timing must be predicted to within afew percent.
In FY02 SNL/LLNL experiments on OMEGA extended the
x-ray burnthrough3® data for polyimide and Be + 0.9% Cu
ablators into the range of 190- to 200-eV hohlraum tempera-
tures. As shown in Fig. 92.68, the experimental technique
provides simultaneous measurements of ablator x-ray
burnthough and x-ray re-emission (in the interior of the
hohlraum). Asshowninthefigure, experimental arrangements
involving multiple sample regions were also tested in the
FY 02 experiments.
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Figure 92.66

Predicted (a) and actual (b) shock coalesence as measured with SOP.
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(a) Schematic illustrating the setup of a shock velocity measurement experiment. A step target is mounted on the back of a half-hohlraum that isirradiated by
asubset of OMEGA beams. (b) Experimental data from two shock velocity measurement experiments. (c) Plot of shock velocity versus shock pressure from

the OMEGA experiments compared to data from other sources in the | CF-ablator—relevant regime of interest.
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Schematic illustrating the ablator burnthrough measurement technique used on the SNL experiments on OMEGA.
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Time and Spatially Resolved Measurements of X-Ray
Burnthrough and Re-emission in Au and Au:Dy:Nd Foils: A
mixture containing two or more high-Z elements can result in
amaterial with ahigher Rosseland mean opacity than either of
the constituents. Computational simulations of the x-ray re-
emission properties of such “cocktail” materials indicate that
wall lossesin aNational Ignition Facility (NIF) ignition-scale
hohlraum could be reduced by a significant amount (when
compared to walls made of pure Au).*3 In a recent set of
experiments on OMEGA a collaborative team including
SNL, LLNL, and GA used x-ray framing and streak cameras
to simultaneously measure the x-ray burnthrough and re-
emission of pure Au and Au:Dy:Nd cocktail samples exposed
to a hohlraum radiation temperature of ~160 eV. Although
the burnthrough measurements indicate the cocktail has a
higher Rosseland mean opacity than pure Au, the measured
x-ray re-emission fluxesfrom the two materialswere approxi-
mately equivalent.

CEA

CEA had four half-day dedicated shot opportunities on
OMEGA during FY02. A total of 19 target shots were pro-
vided for experiments including tests of the LMJ three-ring
symmetry and other aspects of indirect-drive targets. In addi-
tion, CEA participated in collaborative experiments on imag-
ing the neutron core emission using the CEA-provided
neutron-imaging system (NIS).*4
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