Study of Direct-Drive, DT-Gas-Filled-Plastic-Capsule Implosions
Using Nuclear Diagnosticson OMEGA

Introduction

High-gaininertial confinement fusion (ICF) requires uniform
compression of a spherical capsule to a state of high density
and temperature; 13 current research is aimed at finding ways
to achieve this goal. This article describes how a range of
traditional and new nuclear diagnostics are used to study the
compression performance of deuterium-tritium (DT)-filled
target capsules imploded by direct laser drive on LLE’s 60-
beam OMEGA laser system. The sensitivity of theimplosion
performance to the uniformity of laser power deposition is
studied by measuring thefuel and shell areal densities(pR) and
the shell electron temperature (Tg). These parameters are
studied using the first comprehensive set of separate spectral
measurements of deuterons, tritons, and protons (“knock-
ons”) elastically scattered fromthefuel and shell by 14.1-MeV
DT fusion neutrons.

To achieve fusion ignition, a DT-filled target needs suffi-
cient compression to form two different regions: asmall mass
with low density but high temperature in the center (the “ hot
spot,” with T; ~ 10 keV) and alarge mass of high-density, low-
temperature fuel surrounding this hot spot. The 3.5-MeV DT
aphas generated in the central hot spot (with pR~ 0.3 g/cm?)
are stopped in the fuel, thereby propagating a thermonuclear
burn. Two approachesto achieving this objective areindirect-
and direct-drive implosions. For the indirect-drive approach,
wherelaser beamsirradiatetheinner wall of ahigh-Z radiation
case (hohlraum), laser energy isfirst converted to soft x rays,
which subsequently compressthe capsul e. For thedirect-drive
approach, the laser beams directly irradiate and compress the
target. The National Ignition Facility (NIF), which has both
indirect- and direct-drive capabilitiesandisunder construction
at Lawrence Livermore National Laboratory, is designed to
achieve this ignition objective. Experiments on OMEGA are
currently investigating many aspects of theimplosion physics
relevant to future NIF experiments with scaled experimental
conditions. For example, the OMEGA cryogenic program
will study energy-scaled implosions based on NIF ignition
target designs.®

OMEGA isaNd-doped glass laser facility that can deliver
60 beams of frequency-tripled UV light (351 nm) with up to
30kJin1to 3 nswithavariety of pulse shapes; both direct and
indirect drive are possible.# Early direct-drive experiments on
OMEGA have achieved high temperatures (T; ~ 15 keV) and
high fusion yields (for example, DT neutron yield ~1014 and
DD neutronyield ~1012).6 |n particul ar, aseries of implosions
of room-temperature capsules with gas fill (0 to 30 atm of
either D, or D3He) and plastic shells (CH, 10 to 35 um thick)
have recently been conducted with a variety of laser pulse
shapes, irradiation uniformities, etc.”1 These implosions
generate typical fuel areal densities (pRy,q) Of ~5 to
15 mg/cm? and shell areal densities (ORg,q() > 50 mg/cm2.
Part of their importance lies in their relevance to OMEGA
cryogenic-target implosions and theinsightsthey provideinto
implosion physics of direct-drive ICF.

The OMEGA experimentsincluded in thisarticleinvolved
room-temperature capsules with DT-gas fill and CH shells.
The nominal parameters were 20-um shell thickness and
15-atmfill pressure. Thesetypesof capsules havetotal masses
similar to those of OM EGA cryogenic targetsand are expected
to have comparable stability properties under similar experi-
mental conditions.>’ An OMEGA cryogenic capsule consists
of three parts: a central part with low-pressure (triple-point
vapor pressure) D, or DT gas (0.2 atm at ~19 K), amain fuel
layer (~90 umof D, or DT ice), and a1- to 3-um CH overcoat.
The CH shell of aroom-temperature target simulates the fuel
part (DT ice) of acryogenictarget, and thefill gassimul atesthe
hot-spot-forming central DT gas in a cryogenic target.> The
hydrodynamics are expected to differ in detail, in part due to
the difference in the equation of state, ablation rate, and
implosion velocity. Nevertheless, many aspects of high-en-
ergy-density physicsand thetarget performances of cryogenic
targets can be studied with these surrogate targets under
current experimental conditions, including the effects of irra-
diation uniformity. The experiments also provide useful data
for the development of advanced diagnostics (such as high-
resolution, charged-particle spectroscopyl?) and for
benchmarking computer simulations.13
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A primary emphasis in this study was the dependence of
capsule performance on laser irradiation uniformity; the next
section provides motivation by describing the importance of
irradiation uniformity to the physics of capsule implosion
performance. Subsequent sections (1) describe the experi-
ments under study here, utilizing DT-filled capsules with CH
shellsand different | aser-smoothing techniques; (2) discussthe
measurement of knock-on spectra and the relationships be-
tween these measurements and the characteristics of imploded
capsules; and (3) discuss the performance of imploded core
and shell under different conditions, showing that 15-atm-DT
capsules with appropriate laser smoothing achieved a moder-
ate convergenceratio (Cr ~ 12 to 15); pR¢ e and pRgng Were
determined to be ~15 mg/cm? and ~60 mg/cm?, respectively.

Laser Drive Characteristics and Capsule Performance

Successful direct-drive implosions require control of
Rayleigh—Taylor (RT) instability because direct-drive targets
are susceptible to thisinstability during both acceleration and
deceleration phases.®’ This control requires shell integrity
throughout thewhol e accel eration phase, which can beaccom-
plished by a spherical target being irradiated uniformly. The
instability is seeded by laser illumination nonuniformity and
also by target imperfections (roughness on the outer ablative
surface and/or the inner fuel—shell interface).” During the
acceleration phase, this instability can occur at the ablation
surfaceand propagateto thefuel—shell interface, adding rough-
nessto the inner shell surface and also feeding back out to the
ablation surface; in the worst case, this could lead to shell
breakup. During the decel eration phase, the distortions at the
fuel—shell interface grow and result in the mixing of fuel and
shell materials, which degrades target performance.

For the shots studied here, two approaches were used to
control instabilities and improvetarget performance. Thefirst
was the choice of laser pulse shape. A high-shock-strength
(high adiabat), 1-ns square laser pulse was used to maximize
the ablation rate and reduce RT growth. Though a gradually
rising pulse (low adiabat) produces, in principle, alarger target
compression than asharply rising pul se, because of lower fuel
and shell isentropes, 12 al ow-shock-strength pul se generatesa
lower ablation rate and smaller in-flight shell thickness, lead-
ing to more instability for direct-drive implosions. This has
been demonstrated in earlier experiments, where better target
performance was obtained with a 1-ns square pul se than with
other pulsetypesfor room-temperaturetargets.®° Simulations
have predicted that another advantage to using the 1-ns square
pulse to implode room-temperature capsules with 20-um-CH
shellsisthat the target hydrodynamic and stability properties
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are similar to those that result from using a shaped pulse with
cryogenic targets (for example, the OMEGA a = 3 design’).

The second approach isimproved laser-irradiation unifor-
mity. In discussing deviations from illumination uniformity,
we distinguish two sources: Beam-to-beam energy imbalance
causes low-order mode perturbations (mode number 7 < 10),
whilenonuniformitieswithinindividual beamsgeneratehigher-
order perturbations(¢ >10). Toachievealevel of 1%or lessfor
on-target irradiation nonuniformity, different beam energies
must be matched to within an rms deviation of 5%.%7 In the
seriesof implosionsstudied here, an energy balancewithin 3%
to 25% rms was achieved; however, after taking into account
the effect of the laser-beam overlap on the target surface (as
shown in Fig. 86.11), low-mode rms uniformity was between
1% and 9%, with an average <5%.
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Figure 86.11

The low-mode rms irradiation nonuniformity plotted as a function of the
beam energy imbalance. In general, abetter energy balance resultsin better
low-mode rms irradiation uniformity.

Single-beam uniformity is improved by two-dimensional
smoothing by spectral dispersion (2-D SSD) combined with
other smoothing techniques such as distributed phase plates
(DPP's) and distributed pol arization smoothing (PS).” Thetwo
smoothing conditions used in this study were 0.35-THz-band-
width, 3-color-cycle2-D SSD and 1.0-THz-bandwidth, single-
color-cycle 2-D SSD with PS. Theoretical simulations and
recent experiments have demonstrated that PS improvesirra-
diation uniformity by afactor of ~+/2 for higher-order pertur-
bations (¢ > 10). The combination of PS with high-bandwidth
2-D SSD isexpected to result in on-target nonuniformity <1%
after 300 ps.> /14
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Experiments

The OMEGA experiments reported here used 60 beams of
frequency-tripled (351-nm) UV light to directly drive the
targets. Targets were room-temperature capsules with DT gas
enclosed in aCH shell. The actual DT-gas pressure wasin the
rangeof 11to 15 atm. The CH-shell thicknesswas19to 20 um,
and the capsule diameters were 920 to 960 um. Laser energy
ranged from 20 to 23 kJ, with atypical intensity of ~1 x 101°
W/cm?, and the | aser-beam spot sizeon target was~1 mm. The
laser pulse was approximately sguare with a 1-ns duration,
with rise and decay times of ~150 ps. Good pulse-shape
repeatability was obtained, and the beam-to-beam laser energy
balancewastypically ~5% rms. Two laser configurationswere
used. In the first, individual beams were smoothed using
3-color-cycle 2-D SSD along two axes with a bandwidth of
0.35 THz. In the second, beams were smoothed by single-
color-cycle2-D SSD, witha1.0-THz bandwidth, and PSusing
abirefringent wedge.

The primary DT neutron yields were measured using Cu
activation.1® For this series of experiments, primary DT neu-
tron yields of 1012 to 1013 were obtained, with an estimated
measurement error of ~10%. lon temperatures T; were
measured using neutron time-of-flight (NTOF) Doppler
widths.16-18 Typical valueswere 3.5to 5 keV, with ameasure-
ment error of ~0.5 keV. Fusion burn history was obtained with
the neutron temporal detector (NTD),19 and the typical fusion
burn durations here were 140 to 190 ps with bang times
occurring at several hundred picoseconds after the end of the
laser pulse.

To obtain the areal densities for compressed fuel and shell
(afundamental measure of the implosion dynamics and qual-
ity), and to address other issues (such as the measurement of
shell T, electrostatic potential due to capsule charging, etc.),
spectraof emerging charged particleswere measured with two
magnet-based charged-particle spectrometers (CPS-1 and
CPS-2)20.21 and several “wedge-range-filter (WRF)” spec-
trometers.1122 The charged particles [knock-on deuterons
(KQd), tritons (KOt), and protons (KOp)] are elastically scat-
tered from the fuel and shell by 14.1-MeV DT neutrons.23:24
Thisis currently the only technique for studying the fuel and
shell areal densities of DT capsule implosions on OMEGA.
Other possible methodsinclude neutron activation?® and mea-
surement of secondary2%-27 and tertiary products(neutronsand
protons?’=29), but these methods are currently impractical
because of certain technical limitations.
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CPS-1 and CPS-2 are nearly identical, and each uses a
7.6-kG permanent magnet20-21 constructed of a neodymium-
iron-boron alloy with a steel yoke. Incoming particles are
collimated by a slit whose width can be varied between 1 and
10 mm (giving an acceptance of 10~8to 107> of thetotal yield),
as appropriate for expected flux levels. The magnet separates
particles into different trajectories according to the ratio of
momentum to charge. Pieces of CR-39, used as particle detec-
tors, are positioned throughout the dispersed beam normal to
the particleflux. Boththeenergy and the speciesof theparticle
generating a track in CR-39 can be determined through the
combined knowledge of itstrajectory (determined by its posi-
tion on the CR-39) and the track diameter. Particles with the
same gyro radius, such as8-MeV tritons and 12-MeV deuter-
ons, areeasily distinguished sincetheir very different stopping
powersgenerate measurably different track sizesinthe CR-39
(the larger the stopping power, the larger the track). This
configuration allows coverage over the proton energy range
from 0.1 MeV to 40 MeV. The energy calibration uncertainty
varies with particle energy, being about 30 keV at 2 MeV and
about 100 keV at 15 MeV. The two spectrometers are 101°
apart, thereby enabling studies of implosion symmetry.
CPS-2 (CPS-1) is placed inside (outside) the 165-cm-radius
OMEGA chamber at 100 cm (235 cm) from the target.

The WRF spectrometers, which are described in detail
elsewhere,11-22 provide proton spectraby analyzing the distri-
butions of proton-track diametersin a piece of CR-39 that is
covered during exposure by an aluminum ranging filter with
continuously varyingthickness. Thecurrent energy calibration
isaccurateto about 0.15MeV at 15 MeV. These spectrometers
are simple and compact, allowing them to be used at multiple
positions during a shot for symmetry studies and placed close
to the target for good statistics when proton yields are low
(down to about 5 x 10°).

To analyze the measurements made during these experi-
ments, theimpl osionswere model ed with theone-dimensional
hydrodynamic calculation code LILAC.30 Several important
physical models were used in the calculation, such as the
tabulated equation of state (SESAME), flux-limited electron
transport (with aflux limiter of f = 0.06), local thermodynamic
equilibrium (LTE), opacities for multigroup radiation trans-
port, and inverse-bremsstrahlung-absorption energy deposi-
tion through a ray-trace algorithm in the underdense plasma.
No effect of fuel—shell mix was included.
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Knock-on Particlesand Their Spectra

Knock-on particles are generated in a two-step process. A
14.1-MeV neutronisfirst generated fromaDT fusionreaction.
These neutronsusually escapethe capsulewithout interacting.
A small fraction of them (of the order of ~0.1%), however,
elastically scatter off either fuel D or T or CH-shell p, as
described in Egs. (1)—(4) and depicted schematically in
Fig. 86.12. Information about the compressed fuel is carried
out by these knock-on D and T; information about the com-
pressed shell iscarried out by knock-on p and isalso contained
in the energy downshifts of knock-on D and T spectra:

D+T - a(35MeV)+n(14.1MeV), (1)
n(14.1MeV)+T - n' +T(<10.6 MeV), )
n(14.1MeV)+D — n' +D(<12.5 MeV), ©)
n(14.1MeV)+p - n' + p(<14.1 MeV). (4

Knock-onD and T

Knock-on p

E10806
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Figure 86.13 illustrates the differential cross sections of
knock-on processes. When the collisions are head-on, the
characteristic end-point energy for T (D) [p] is 10.6 MeV
(12.5MeV) [14.1 MeV]. The well-defined, high-energy peak
for a knock-on deuteron (triton) spectrum represents about
15.7% (13.5%) of thetotal cross section and correspondsto an
energy region of 9.6 to 12.5 MeV (7.3 to 10.6 MeV). For a
model-independent determination of pRy,, the knock-on di-
agnostic usually usesonly these high-energy peaks. For knock-
on protons, thecrosssectionisvirtually flatfrom0to 14.1MeV
because the neutron and proton masses are nearly identical.
Because of a possible time-dependent distortion occurring in
the low-energy region, however, only the flat region is used
here. Two important parameters for this diagnostic are the
number of knock-on particlesand the downshifts of the knock-
on spectra. The knock-on numbers provide information about
the pR of the layer (core or shell) in which they are produced,
and the energy loss of these particles provides additional
information about the pR traversed.

It has been shown that, for a hot-spot model of the com-
pressed fuel (where all primary neutrons are produced in an
infinitesimal, high-temperature region at the center of a uni-
form-density DT plasma), pRyq iS related to the knock-on
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Figure 86.12

A schematic illustration of the knock-on processes in an imploded capsule.
Thecentral fuel part typically hasaninitial radiusof 450to475 umandaDT-
gasfill of 15atm. Theinitial shell layer isconstructed of CH with athickness
of 19.5 to 20 ym. Primary 14.1-MeV DT neutrons, generated in the fuel,
elastically scatter deuterons (KOd) and tritons (KOt) out of the fuel and
protons (KOp) out of the shell. Consequently, information from the com-
pressed core is carried out by these knock-on deuterons and tritons, and
information from the compressed shell is carried out by knock-on protons.
Theenergy downshiftsof knock-on D and T spectraal so containinformation
about the shell.

Figure 86.13

Differential cross sections for elastic scattering of 14.1-MeV neutrons on
deuterons, tritons, and protons, where the energy is the scattered ion energy.
When these collisions are head-on, the characteristic end-point (maximum)
energy for T (D) [p] is10.6 MeV (12.5 MeV) [14.1 MeV]. The high-energy
peak for knock-on deuterons (tritons) contains about 15.7% (13.5%) of the
total cross section, which correspondsto an energy region of 9.6to 12.5 MeV
(7.3 t0 10.6 MeV). [For deuterons and tritons, the integral under the high-
energy peak givesan effectivecrosssectionthatisusedin Eq. (5)]. For knock-
on protons, the cross section isflat from 0to 14.1 MeV, and an integral over
al-MeV interval gives an effective cross section that is used in Fig. 86.14.
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yield by the equation23.24

PR = (2r+3mp  Yeo Yot
u (yo,gff +Uteff) Y,

©)

where Y,, is the measured primary neutron yield, Yy oq and
Y ot @re deuteron and triton knock-on yields under the high-
energy peak of their spectra(seeFig. 86.13); off (agff ) isthe
effective cross-section of knock-on triton (deuteron) as de-
fined in Fig. 86.13; m, is the proton mass; and y = ngy/n;.
Similarly, theyield of knock-on protons, which areexclusively
generated inthe CH shell, can be shown to berelated to pRyg
by the equation

(v +12)my Yeop
pl = , (6)
I:zshell yo_le)ff Yn

where Yy op is the measured knock-on-p yield in a 1-MeV
range (see Fig. 86.13); o is an effective cross section for
knock-on protons; and y = ny/nc (where ny and nc are the
number densities of the hydrogen and carbon atoms, respec-
tively, in the shell). Under some circumstances, it is useful to
modify Eq. (5) for use with the “uniform” model, in which
primary neutrons are generated throughout the volume con-
taining deuterons and tritons, by multiplying the right-hand
side by afactor of 1.33. Figure 86.14 displaysinferred values
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Figure 86.14

Areal density versus the ratio of knock-on particle yield to primary neutron
yield. For knock-on D and T, ahot-spot model isassumed and theyieldsunder
the high-energy peaks are used (as described in Fig. 86.13's caption). For
knock-on p, a hot-spot model is assumed and the yield per MeV in the flat
region is used.
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of pR as afunction of the measured ratios of knock-on yield
to primary neutron yield. The model-independent use of
Eq. (5) breaksdownwhenthetotal areal density exceedsabout
100 mg/cm? because the knock-on spectra become suffi-
ciently distorted by slowing-down effects that measurements
can become ambiguous; the accurate determination of
PRsya Will then have to rely on the guidance of model-
dependent simulations.

The potential importance of knock-on particle measure-
ments was realized some years ago, and measurements with
both limited spectral resolution and asmall number of knock-
on particles (around 30) were subsequently obtained.23.24
Those measurements relied on range-filter datain the form of
“coincident” (front-side and back-side) tracks generated in a
CR-39 nuclear track detector or in nuclear emulsions. This
early work relied on detail ed assumptions about the spectra of
knock-on particles, which were estimated in indirect ways
from other diagnostic data (for example, from the downshifted
D3He protons).23 In contrast, charged-particle spectroscopy,
as described here, measures the whole spectrum directly for
each particle. With hundreds to thousands of knock-on par-
ticlesbeing simultaneously detected fromanindividual implo-
sion, comprehensive and high-resol ution knock-on spectraare
readily obtained.

Figure 86.15 shows sampl e spectra obtained by CPS-2 for
shot 20231. For this shot, the capsule wasfilled with 12.3 atm
of DT gasand had a19.1-um-thick CH shell. Thelaser energy
was 22.1 kJ, and the primary neutron yield was 7.1(x0.7)
x 1012, The bandwidth of the 2-D SSD was 0.35 THz, and no
polarization smoothing (PS) was applied. The beam-to-beam
energy balance was 13.7% rms, and the on-target, low-mode
rms uniformity was 5.6% because of beam overlap on the
target surface. An ion temperature of T; = 4.0(x0.5) keV was
obtained. Thefusion burn occurred at 1810(+50) psand lasted
for 180(x£25) ps. Figure 86.15(a) provides the knock-on T
spectrumwith ayield of about 5.7 x 108 tritons under the high-
energy peak (between 3 to 10 MeV). The whole spectrum is
downshifted by ~4 MeV (as described in the figure caption).
Figure 86.15(b) shows the knock-on D spectrum with ayield
of about 4. 8 x 108 deuterons under the high-energy peak
(between 3.5 to 12 MeV). An energy loss of about ~3 MeV,
relative to the birth spectrum, is measured. Figure 86.15(c)
displays the knock-on p spectrum, with ayield of about 5.7 x
108/MeV protonsin the flat region between 8 to 12 MeV. The
end point of this spectrum is about 14 MeV because protons
scattered from the outer part of the shell lose no energy. We
note that CPS yield measurements represent an integral over
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thefusion burn duration, so aninferred pR value representsan
average over the burn. In addition, the fact that the source of
neutronsisdistributed over afinite volume of fuel meansthat
inferred pR values represent spatial averages.

The measured knock-on spectra for shot 20698 are shown
inFig. 86.16. Thecapsulewasfilledwith 15atm of DT gasand
had a 20-pum CH shell. The laser energy was 23.8 kJ, and the
primary neutron yield was 1.4(+0.1) x 1013, In contrast to shot
20231, polarization smoothing was applied for this shot and
the 2-D SSD bandwidth wasincreased to 1.0 THz. The beam-
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Figure 86.15

Knock-on spectrameasured by CPS-2 for shot 20231. The capsulewasfilled
with 12.3 atm of DT gasand had a 19.1-um-thick CH shell. The laser energy
was 22.1 kJ, and the primary neutron yield was 7.1 x 1012, The bandwidth of
2-D SSD was0.35 THz, and no PSwas applied. (a) Theknock-on T spectrum
with ayield of about 5.7 x 108 tritons under the high-energy peak (between
3to 10 MeV). The whole spectrum is downshifted by ~4 MeV (determined
by the energy at which the yield/MeV reaches half of its peak value on the
high-energy end of the spectrum). (b) The knock-on D spectrumwith ayield
of about 4.8 x 108 deuterons under the high-energy peak (between 3.5 to
12 MeV). An energy loss of about ~3 MeV is measured. (c) The knock-on
pspectrumwithayield/MeV of about 5.7 x 108/MeV protonsintheflat region
between 8 to 12 MeV. The end point of this spectrum is about 14 MeV,
reflecting thefact that particles scattered from the outer part of the shell have
no energy loss.
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to-beam energy balance (3.1% rms) and the on-target low-
mode rms uniformity (1.3% rms) were thusimproved. Anion
temperature of T; = 4.1(x0.5) keV was obtained. The fusion
burn occurred at 1750(+50) ps and lasted for 170(+25) ps.
Figure 86.16(a) shows the knock-on T spectrum, with ayield
of about 1.2 x 109 tritons under the high-energy peak (between
2.5 to 10 MeV). The whole spectrum is downshifted by
4.8 MeV. Figure 86.16(b) shows the knock-on D spectrum,
withayield of about 1.7 x 10% deuteronsunder the high-energy
peak (between 3.5 to 12 MeV). An energy loss of about
4.1 MeV is measured. Figure 86.16(c) shows the knock-on p
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Figure 86.16

Knock-on spectra for shot 20698, measured by CPS-2. The capsuleisfilled
with 15atmof DT gasand hasa20-um CH shell. For thisshot, thelaser energy
was 23.8 kJ, and the primary neutron yield was 1.4 x 1013, The 2-D SSD
bandwidth was 1.0 THz, and polarization smoothing was applied. (a) The
knock-on T spectrum, with ayield of about 1.2 x 109 tritons under the high-
energy peak (between 2.5to 10 MeV). Thewhol e spectrumisdownshifted by
4.8 MeV. (b) The knock-on D spectrum, with a yield of about 1.7 x 109
deuterons under the high-energy peak (between 3.5 to 12 MeV). An energy
lossof about 4.1 MeV ismeasured. (c) The knock-on p spectrum, withayield
of about 2.0 x 109/MeV protons in the flat region between 8 to 12 MeV. As
in Fig. 86.15, the end point of this spectrum is about 14 MeV, reflecting the
fact that particlesscattered fromthe outer part of theshell haveno energy loss.

LLE Review, Volume 86

59



Srupy oF DIRecT-DRIVE, DT-GAs-FiLLED-PLASTIC-CAPSULE |MPLOSIONS UsING NucLEAR DiagNosTics on OMEGA

spectrum, withayield of about 2.0 x 109/MeV intheflat region
between 8to 12 MeV. The end point of this spectrum is about
14 MeV, asfor shot 20231. Relativeto shot 20231, the primary
neutron yield in shot 20698 ishigher by afactor of = 1.95, and
the knock-on particle yields are higher by factors of = 3.48
(deuteron) and = 3.45 (proton). In addition, because of in-
creased compression, the energy loss of theknock-on particles
from the fuel is greater by 15% to 30%.

Results and Discussions
1. Core Performance of Moderate-Convergence

Capsule Implosions

In this section we examine the effects of illumination
uniformity on core performance for moderate-convergence
capsule implosions, as characterized by measurements of
primary neutrons and knock-on charged particles. We start
with the primary neutron yield, which provides one direct
overall measure of core performance because of its strong
dependence on ion temperature and density. Next we look at
the yields of knock-on deuterons (Yyog) and tritons (Y o).
which provide a measure of PRy, and thus the amount of
compression (whichisquantified by the convergenceratio Cr,
defined as aratio of the initial fuel radius to the final com-
pressed fuel radius). After showing that the data demonstrate
an improvement in performance with improved | aser smooth-
ing, we examine comparisons of the data with numerical
simulations. These comparisonssuggest that thepoorer perfor-
mance observed with less smoothing is due to intrinsically
2-D or 3-D effects such as instabilities and mix.

Primary neutron yields between 3 x 1012 and 1.4 x 1013
were obtained, and, in general, better energy balance resulted
in higher primary neutron yield. The highest yield was ob-
tained for the shot with a low-mode rms nonuniformity of
~1.3% (energy balance to within 3.1%). Once on-target, low-
mode nonuniformity due to beam imbalance has been de-
creased to the 5% rms range, single-beam nonuniformity
becomes more important for capsule performance through its
effectson high-order-mode perturbations. Thisisillustratedin
Fig. 86.17(a), which indicates that beam smoothing with
1-THz, 2-D SSD + PSresults in a primary yield (Y, ~ 1.1
x 1013) about 80% higher than that obtained with 0.35-THz,
2-D SSD andno PS(Y,,~6.2 x 1012). Sincetheion temperature
isfoundtoberelatively insensitiveto rmsuniformity improve-
ment, as shown in Fig. 86.17(b), higher Y,, must result from a
higher ion density due to improved fuel compression.

While determining the pRy,, from knock-onyields, efforts
to match the experimental primary yields by assuming differ-

60

ent temperature profiles led to a preference of the uniform
model over the hot-spot model because highly peaked tem-
perature profiles led to yields that were too low, so the pRf g
versus yield relationships shown in Fig. 86.14 must be modi-
fied. The corresponding inferred convergenceratio is

Cr =\ PRl / PRruel0 -

where pRf 40 is the fuel pR before compression. As shown
in Fig. 86.18, the data led to average values of PRy ~
9.3 mg/cm? (Cr ~12) for the shots using 0.35-THz, 2-D SSD
and pRy g ~ 15 mg/cm? (Cr ~ 15) for 1-THz, 2-D SSD + PS.
Increasing thesmoothing rateincreased pR o by ~60% and Cr
by ~25%.

One-dimensional (1-D) simulationswerecarried out for the
studied shots. Figure 86.19 shows an example of how a
measured knock-on deuteron spectrum compares with a pre-
diction for shot 20698. Relative to the data, the simulation has
a similar spectral shape, a similar energy downshift, and a
similar, if somewhat higher, yield. Figures 86.20 to 86.23
providean overview of data-to-simulation comparisons. Since
the effects of beam smoothing areintrinsically 2-D or 3-D, the
1-D code predicts no difference due to smoothing; this can be
seen in Figs. 86.20 and 86.21, which show that nearly all the
shots are predicted to have the same values of pRy,q, Cr, and
T;, with small differences due only to the small differencesin
capsule parameters and total laser energy. On the other hand,
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Figure 86.17

(a) Averageprimary yieldsachieved for two different single-beam smoothing
conditions. The yield increases by about 80% when uniformity isimproved
using 1-THz, 2-D SSD + PS. (b) The yield-averaged ion temperature is
insensitive to the improvement in uniformity. Consequently, the significant
increase of primary yields cannot be attributed to theion temperaturesand is
instead probably aconsequence of anincreaseinion density dueto better fuel
compression. The error bars display statistical uncertainties.
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themeasured valuesof pRy, (or Cr) improvesignificantly for
increased laser smoothing and approach the predicted values
with 1-THz, 2-D SSD + PS. Other parameters also increase
when smoothing isimproved, including Y, and Yk g, Whose
ratios to predicted values (Y OC and Yy o4/ Y1-p, respectively)
areshown in Fig. 86.22. Plotting the ratio of measured to pre-
dicted values of Yy oq/Y, against measured Cr, in Fig. 86.23,
shows that it approaches unity for full beam smoothing. This
suggests that the improvement of single-beam irradiation
uniformity resultsinincreased compressionthroughthereduc-
tion of 2-D phenomena such as instabilities and mix.

(b)

Measured Cr

PRiue (Mg/cm?)

B 0.35-THz SSD

W 1-THzSSD + PS
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Figure 86.18

(a) Average fuel areal densities measured in experiments using 0.35-THz,
2-D SSD (pRfyel ~ 9.3 mg/icm?) and 1-THz, 2-D SSD + PS (pRfuel
~ 15 mg/cm?). A significant increase of the pRyye (~60%) is obtained using
1.0-THz, 2-D SSD + PS. (b) Experimentally measured convergenceratios. Cr
~ 12 for shotsusing 0.35-THz, 2-D SSD, and Cr ~15 for shotsusing 1-THz,
2-D SSD + PS. The error bars display statistical uncertainties.
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Figure 86.19

A comparison of the experimentally measured knock-on deuteron spectrum
and the 1-D LILAC-predicted spectrum for shot 20698.
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The credibility of this hypothesis is increased by more
elaborate simulations that incorporate effects of Rayleigh—
Taylor, Richtmyer—Meshkov, and Bell-Plesset instabilities,
and 3-D Haan saturation®’ in the postprocessing of 1-D
calculation results. It was shown that using 0.35-THz, 2-D
SSD without PS can result in amix width that exceeds the in-
flight shell thickness.®” Theshell integrity isthusreduced, and
the capsule compression is degraded. In contrast, the calcula-
tions show that with full beam smoothing (on-target beam
nonuniformity less than 1% after 300 ps), the mix width is
significantly smaller than the in-flight shell thickness.
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Figure 86.20

(a) Measured pRyye versus 1-D simulation prediction. For the shots with
0.35-THz, 2-D SSD, the average measured pRy,g is about 60% of the
prediction. For the shotswith 1-THz, 2-D SSD + PS, an average of ~80% of
the predicted pRsye ismeasured. Thiscomparison suggeststhat theimprove-
ment in irradiation uniformity makes implosions more 1-D-like. (b) The
measured convergenceratio plotted against the cal cul ation. Theexperimental
data are slightly but consistently lower than those of 1-D predictions. The
error bars display experimental uncertainties (~10% for neutrons, ~20% for
charged particles).
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Figure 86.21

A comparison of measured ion temperatures to the 1-D LILAC predictions,
showing that measured values are consistently higher than predictions. The
error bars display experimental uncertainty (0.5 keV).
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Figure 86.22

(a) The ratio of measured primary neutron yield to clean 1-D prediction
(Y OC) plotted against the measured convergenceratio. An average of ~18%
isobtained for the shotsusing 0.35-THz, 2-D SSD, whilean average of ~30%
is obtained for the shots using 1-THz, 2-D SSD + PS. (b) The ratio of
measured KO deuteronyieldto 1-D prediction (Yk o4/ Y1-D) hasan average of
~10% for the shotsusing 0.35-THz, 2-D SSD and of ~24% for the shotsusing
1-THz, 2-D SSD + PS. The error bars indicate experimental uncertainties
(~10% for neutrons, ~20% for charged particles).

62

05 -

@ 0.35-THz SSD
@ 1-THz SSD + PS

00 1 1 1
0 5 10 15 20

Measured Cr

Exp/1-D of (Ykod/Yn)

E10816

Figure 86.23

The ratio of the experimentally measured value of Ykod/Yn to the 1-D
prediction for different measured Cr. About ~60% is obtained for the shots
using 0.35-THz, 2-D SSD, and ~80% is obtained for the shots using 1-THz,
2-D SSD + PS. This ratio approaches unity, while YOC is considerably
smaller (£30%). Theerror barsindicate experimental uncertainties(~10%for
neutrons, ~20% for charged particles).

2. Shell Performance of Moderate-Convergence

Capsule Implosions

The shell performance discussed in this section isbased on
measurementsof PRy and shell electrontemperatureT,. The
PRghel Can be determined directly from theyield of knock-on
protons (this is a temperature-independent method). Once
PRl iSknown and pRy,q has been determined as described
in the previous section, the shell T, can be estimated from the
energy downshift of the deuteron and/or triton spectrum (slow-
ing down of these particlesis sensitiveto Tg). Alternatively, if
the shell T, is already known from other measurements, then
the deuteron and/or triton downshifts can be used in an inde-
pendent estimation of pRy,q)-

Knock-on protons are generated only in the CH shell, and
typical protonspectraareshowninFigs. 86.15(c) and 86.16(c).
Values of pRy,¢ can be cal culated from the proton yieldswith
Fig. 86.14. As displayed in Fig. 86.24, an average pRg,q Of
~45 mg/cm? is obtained for shots using 0.35-THz, 2-D SSD
without PS, whilean average pRy, Of ~60 mg/cm?isobtained
for 1-THz, 2-D SSD + PS. A 35% increase of the pRgg IS
thus obtained due to the improvement of single-beam unifor-
mity. Figure 86.25 displaysa 1-D calculated knock-on proton
spectrumoverlaid onan experimental ly measured proton spec-
trum for shot 20698. The agreement between these two
spectra suggests that, with full beam smoothing, shell perfor-
mance of a moderate-convergence implosion is close to the
1-D prediction.
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The directly determined value of pRy,q (described in the
previous section), together with the measured energy loss of
the deuteron and/or triton knock-ons, can aso be used to
determineshell T, (if pRq,e has been determined as described
in the previous paragraph) or to study pRgg (if theshell Tgis
known). As deuteron and/or triton knock-ons from the fuel
travel through fuel and shell, they lose an amount of energy
directly proportional to the areal density of the materialsthey
pass through (assuming there is no particle acceleration, as
discussed below in Subsection 4). Because these particles are
not so energetic, their stopping power is not characterized as
“cold plasmastopping,” where thereisno temperature depen-
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Figure 86.24

An average measured pRahell Of ~45 mg/cm? is obtained for the shots using
0.35-THz, 2-D SSD, and a pRghei Of ~60 mg/cm? is obtained for the shots
using 1-THz, 2-D SSD + PS. The error bars display statistical uncertainties.
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Figure 86.25

A comparison of the measured knock-on proton spectrum (red line) to the
1-D LILAC prediction (blue line) for shot 20698. The agreement between
these two spectrasuggeststhe compressed shell hasnearly 1-D performance.
(The fact that the predicted spectrum is not flat, and decays in the region
between 0 to 8 MeV, is due to the fact that low-energy protons generated
during the stagnation phase of the implosion may experience alarge pRghel|
and be ranged out.)
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dence, but “warm plasmastopping,” wherethereisatempera-
ture dependence. The energy loss can be calculated from the
stopping power in afully ionized plasma:31:32

dE _ DZzwpeDZ

d_ O——0o
X 0 Vi 0
x%(xt/f)énA+6(xt/f) fn%l.lZS\/XtT% (7

where 6(xf) is a step function and equals 0 (1) when
XV <1(>1); w, :(4mee2/me)]/ is the electron plasma
frequency; Z is the charge of the incident charged particle;
Vi () is the velocity of a test (field) charged particle;
XVt = vtz/v%; and /nA is the Coulomb logarithm. G(x!) is
defined as

o))

%jy XU/ O du XU/
ok dE(t/f )_ﬁgl(xwh ( )% ®

=

where

N

u(x¥t)=2 [ e Eag/\m

istheMaxwell integral and my (my) isthemassof thetest (field)
particle. Since the effects of large-angle scattering are negli-
gible for charged particles traveling in plasmas of interest,32
theareal density through which acharged particletravelswith
an energy loss (AE = Ej—E) can be approximately determined
as

E

_ [ mEC?
pR—# e o ©

E

Because of therelatively high temperature and low density of
the fuel plasma, the energy loss is dominated by the lower-
temperature but higher-density shell plasma. The total areal

density is defined &s PRiota = PRfuel + PRenell-
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The downshifts of the spectra shown in Figs. 86.16(a) and
86.16(b) (for shot 20698) are about 5 MeV for tritons and
4 MeV for deuterons. To be consistent with the temperature-
independent, knock-on-derived values of pRy g ~ 14 mg/cm?
and pRy,e ~ 64 mg/cm? cal cul ated as described abovefor this
shot, the value of shell T, must be about 0.6 keV. A summary
of calculated shell T, values for different shots is given in
Fig. 86.26. Shell T, appears insensitive to single-beam irra-
diation uniformity, to first order, although some subtle issues
such as time and spatial dependence of the knock-on spectra
are involved in this determination. This topic is a subject for
future study.

10 M 0.35-THz SSD
B 1-THz SSD + PS

Figure 86.26

Averageelectron temperaturesinferred from the knock-on spectra. Values of
~0.58 keV and ~0.65 keV are obtained for the shots using 0.35-THz, 2-D
SSD and 1 THz, 2-D SSD + PS, respectively. The error bars display statis-
tical uncertainties.

3. Similarity to D,-Filled-Capsule Implosions

With similar experimental conditions, implosions of DT-
and D,-gas-filled plastic capsules are “hydrodynamically”
equivalent. While some subtle differences, such as the mass,
fusion cross section, equation of the state, etc., till exist, the
basic capsule performance is expected to be similar. Recent
work1! hasresultedinthestudy of fuel and shell parametersfor
D, shotson OMEGA by measuring spectraof secondary D3He
protons. Those numbers are very similar to the knock-on-
inferred numbersfor related DT shots, asshownin Table 86.1.
Ingeneral, theinferred and estimated pRf,4 and pRy, @oNng
with pRyig are very similar for both DT- and D,-capsule
implosions under similar experimental conditions. While the
corresponding values of YOC are similar, DT implosions
result in higher ion temperatures than D, implosions. The
improvement of the single-beam irradiation uniformity en-
hances the target performance of both DT and D, implosions:
PRuel (ORha)) iNcreases~60% (~35%) for DT implosionsand
~65% (~40%) for D, implosions; Y,, increases ~80% for both
DTandD,implosions; Y OCincreases~60%for DT and ~80%
for D,implosions. lon temperatures are not so sensitive to the
uniformity improvement (<10%).

4. Capsule Charging and Particle Acceleration

Time-dependent capsule charging is an essential issueina
spherical implosion. This charging may result in a strong
electric field surrounding the capsule and an acceleration of
emitted charged particles. Since the measurement of areal
densities of imploded capsul esthrough charged-particle spec-
troscopy relies on accurate determination of particle-energy
downshift dueto slowingin the capsule, any particle accelera-
tion could introduce serious errors.

Table 86.1: Comparison of DT- and,f3as-filled-plastic-shell implosions (the,Bumbers are from Ref. 11).

Capsules| Single-beam T, Y, YOC Ykod Y10 | Yzo/Y1-D PRyl PRyl PRGtal
smoothing (keV) (mglem?) | (mg/en?) | (mglend)
DT (15) 0.3-THz, 2
+ _ ~5R/*
CH(20) 2-D SSD 4.1+0.5 | (6.21.4x10%?| 0.18 0.10 9.81.9 46.87.6 56
1-THz
1 3 _ - *
2D SSDs ps | 4405 (1.20.3%10%3|  0.30 0.24 15.82.1 61.4:6.9 76
D,(15) 0.3-THz,
2 0 _ /%K
CHI(20) 2D SSD 3.4:0.5 | (8.8:0.8)x10'0| 0.18 0.13 10.82.0 43 52
1-THz, 0 P
2D SSD+ PS 3.740.5 | (1.6:0.5x10'°| 0.33 0.21 14.87.4 57 72
*Estimated based on measuye) , andpR,, s
**Estimated based on measurel, ,, andpR, ..
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Many previous experiments have demonstrated the exist-
ence of capsulecharging and particleaccel eration, even (unex-
pectedly) on OMEGA with laser intensities of ~101° W/cm?
and 351-nm wavelength (where energy upshifts of ~1 MeV
have been observed for charged-fusion products and ablator
protons®:33:34) The hot electrons generated by |aser—plasma
instabilities in the corona are thought to cause this capsule
charging. Earlier experiments also suggest that the charge is
time dependent.

For estimating the effects of the electric fields on charged-
fusion products, it has previously been assumed that such
effectsareimportant only when the bang time occurswhilethe
laserison (for example, for athin-glass-shell capsuledriven by
1-nssquare pul se).35:36 Such effects are assumed unimportant
when the bang time occurs several hundreds of picoseconds
after the laser turns off, when the electric field has largely
decayed away (for example, athick-plastic-shell capsuledriven
by a1-nssquarepulsel9-33). For thelatter case, possibleenergy
upshifts, if any, have been assumed to be completely negli-
gible. Although widely used when determining the spectral
downshifts of charged particles,10-33 these assumptions have
never been directly proven by experiments because the effects
of particle accel eration and slowing down are alwaysmixedin
an implosion for charged-fusion products.

The knock-on proton data described in this article provide
direct proof of thisassumption for thick-plastic-shell capsules
driven by 1-ns square laser pulses. Any acceleration would
causethe upper end points of theknock-on proton spectrato be
up-shifted relative to the 14-MeV end point of the birth
spectrum. In Figs. 86.15(c) and 86.16(c), the end points of the
knock-on proton spectraareprecisely (withinstatistical errors)
at 14 MeV, which indicates that the protons are subject to no
accelerations. Figure 86.27 shows the measured end points of
these and other knock-on proton spectrafor anumber of shots,
plotted against the bang time (a typical 1-ns square pulse on
OMEGA is also displayed for reference). The laser pulse has
completely ended at ~1400 ps, while the bang time occurs
several hundreds of picoseconds later. No energy upshifts
are observed.

5. Relevance to OMEGA Cryogenic-Capsule Implosions
Plans exist to implode on OMEGA cryogenic DT capsules
that typically have low-pressure DT-gas fill in the center
surrounded by about 90 um of DT icewith ~2 um of CH asan
ablator. These implosions are predicted to generate DT pri-
mary yields >1013, with an ion temperature between 1 to
4keV and areal densitiesupto~300 mg/cm?2. Nuclear diagnos-

LLE Review, Volume 86

Srupy oF DirecT-DRive, DT-Gas-FiLLED-PLAsTIC-CaAPsULE IMPLOSIONS UsiNG NUCLEAR DiagNosTics on OMEGA

tics will play an important role in the OMEGA cryogenic
program. Figure 86.28 shows the energy of knock-on deuter-
onsplottedagainst their range(pR) inaDT plasma(an electron
temperature of 2 keV and an ion density of 5 x 1024 are
assumed, although the density effectson these cal culationsare
weak31:32), For atypical areal density of 200 to 300 mg/cm?,
aknock-on deuteron will lose about 6to 9 MeV asit traverses
the capsule, and the remaining energy of 3to 6 MeV isreadily
detectable using CPS.12
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Figure 86.27

The measured upper-energy end points of the knock-on proton spectra for
anumber of shots in this study are plotted against the bang time (a typical
1-ns square pulse with an arbitrary unit for laser intensity on OMEGA is
also displayed for reference). As seen, the laser pulse has completely ended
at ~1400 ps, while the bang times occur at 1750 to 1950 ps. The energies
match the maximum scattered-proton energy, indicating that there are no
energy upshifts.
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Figure 86.28

Theenergy of knock-on deuteronsversustheir range (oR) inaDT plasma. In
this calculation, an electron temperature of 2 keV and an ion density of 5 x
1024 have been assumed. For a typical predicted areal density of 200 to
300mg/cm2for acryogenic-capsul eimplosion, aknock-on deuteronwill lose
about 6 to 9 MeV of energy, and the residual energy (3 to 6 MeV) left after
leaving the target is readily detectable using charged-particle spectrometry.
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Summary and Conclusions

Direct-drive implosions of DT-gas-filled plastic capsules
were studied using nuclear diagnostics on OMEGA. In addi-
tion to the traditional neutron measurements, comprehensive
and high-resolution spectraof knock-on deuterons, tritons, and
protonswere obtained for thefirst timein | CF experimentsand
used to characterize target performance.

Target performanceisimproved, for moderate-convergence
implosions (Cr ~ 10 to 20), with the reduction of on-target
irradiation nonuniformity that resultsfrom animprovement in
beam-to-beam laser energy balance and an enhancement of
single-beam uniformity. With the use of a1-THz bandwidth of
smoothing by spectral dispersion and polarization smoothing,
Y, ~1.1x 1013, YOC ~ 0.3, pR¢ g ~ 15 mg/cm?, and pRy,g| ~
60 mg/cm?, which are, respectively, approximately 80%, 60%,
60%, and 35% higher than those determined when using a
0.35-THz bandwidth of smoothing by spectral dispersion.
Polarization smoothing of individual | aser beamsisbelievedto
play an important role.

Withfull beam smoothing, theseimpl osionshavesomeperfor-
mance parameters close to one-dimensional-code predictions
(e.g., ameasured ratio of Yy o4 Y, achieves ~80% of 1-D predic-
tions). Data suggest that high irradiation uniformity results in
reduced Rayleigh—Taylor growth and improved shell integrity. In
addition, a brief comparison demonstrates the hydrodynamic
“equivalence” of DT-filled capsules and Do-filled capsules for
moderate-convergence implosions.

ACKNOWLEDGMENT

We express our appreciation to the OMEGA Laser and Experimental
Operations and Target Fabrication crews for their excellent work and con-
tinuous support. Thiswork has been supported in part by LLE (subcontract
P0410025G) and LLNL (subcontract B313975), and by the U.S. Depart-
ment of Energy Office of Inertial Confinement Fusion under Cooperative
Agreement NO. DE-FC03-92SF19460, the University of Rochester, and
New Y ork State Energy Research and Development Authority. The support
of DOE does not constitute an endorsement by DOE of the views expressed
in this work.

REFERENCES

1. J.D.Lindl, R. L. McCrory, and E. M. Campbell, Phys. Today 45, 32
(1992).

2. J.D. Lindl, Inertial Confinement Fusion: The Quest for Ignition and
Energy Gain Using Indirect Drive (Springer-Verlag, New York, 1998).

66

3.

4.

10.

11

S. W. Haan et al., Phys. Plasmas 2, 2480 (1995).

T. R. Boehly, D. L. Brown, R. S. Craxton, R. L. Keck, J. P. Knauer,
J. H.Kelly, T. J. Kessler, S. A. Kumpan, S. J. Loucks, S. A. Letzring,
F. J. Marshall, R. L. McCrory, S. F. B. Morse, W. Seka, J. M. Soures,
and C. P. Verdon, Opt. Commun. 133, 495 (1997).

R. L. McCrory, R. E. Bahr, R. Betti, T. R. Boehly, T. J. B. Callins,
R. S. Craxton, J. A. Delettrez, W. R. Donaldson, R. Epstein, J. Frenje,
V. Yu. Glebov, V. N. Goncharov, O. V. Gotchev, R. Q. Gram, D. R.
Harding, D. G. Hicks, P.A. Jaanimagi, R. L. Keck, J. Kelly, J. P. Knauer,
C. K. Li, S. J. Loucks, L. D. Lund, F. J. Marshall, P. W. McKenty,
D. D. Meyerhofer, S. F. B. Morse, R. D. Petrasso, P. B. Radha, S. P
Regan, S. Roberts, F. Séguin, W. Seka, S. Skupsky, V. A. Smalyuk,
C. Sorce, J. M. Soures, C. Stoeckl, R. P. J. Town, M. D. Wittman,
B. Yaakobi, and J. D. Zuegel, “OMEGA | CF Experiments and Prepa-
ration for Direct-Drive Ignition on NIF,” to be published in the
Proceedings of the 18th | AEA Fusion Energy Conference.

J. M. Soures, R. L. McCrory, C. P. Verdon, A. Babushkin, R. E. Bahr,
T.R. Boehly, R. Boni, D. K. Bradley, D. L. Brown, R. S. Craxton, J. A.
Delettrez, W. R. Donaldson, R. Epstein, P. A. Jaanimagi, S. D. Jacobs,
K.Kearney, R. L. Keck, J. H. Kelly, T. J. Kessler, R. L. Kremens, J. P
Knauer, S. A. Kumpan, S. A. Letzring, D. J. Lonobile, S. J. Loucks,
L.D. Lund, F. J. Marshall, P. W. McKenty, D. D. Meyerhofer, S. F. B.
Morse, A. Okishev, S. Papernov, G. Pien, W. Seka, R. Short, M. J.
Shoup 111, M. Skeldon, S. Skupsky, A. W. Schmid, D. J. Smith,
S. Swales, M. Wittman, and B. Yaakobi, Phys. Plasmas 3, 2108 (1996).

D. D. Meyerhofer, J. A. Delettrez, R. Epstein, V. Yu. Glebov, V. N.
Goncharov, R. L. Keck, R. L. McCrory, P.W. McKenty, F. J. Marshall,
P. B. Radha, S. P. Regan, S. Roberts, W. Seka, S. Skupsky, V. A.
Smalyuk, C. Sorce, C. Stoeckl, J. M. Soures, R. P. J. Town, B. Yaakobi,
J. D. Zuegel, J. Frenje, C. K. Li, R. D. Petrasso, D. G. Hicks, F. H.
Séguin, K. Fletcher, S. Padalino, M. R. Freeman, N. Izumi, R. Lerche,
T. W. Phillips, and T. C. Sangster, Phys. Plasmas 8, 2251 (2001).

F.J. Marshall, J.A. Delettrez, V. Yu. Glebov, R. P. J. Town, B. Yaakobi,
R. L. Kremens, and M. Cable, Phys. Plasmas 7, 1006 (2000).

F.J.Marshal, J.A. Delettrez, R. Epstein, V. Yu. Glebov, D. R. Harding,
P.W. McKenty, D. D. Meyerhofer, P. B. Radha, W. Seka, S. Skupsky,
V. A. Smalyuk, J. M. Soures, C. Stoeckl, R. P. Town, B. Yaakaobi,
C. K. Li, F. H.Séguin, D. G. Hicks, and R. D. Petrasso, Phys. Plasmas
7, 2108 (2000).

C.K.Li, D.G. Hicks, F. H. Séguin, J. A. Frenje, R. D. Petrasso, J. M.
Soures, P. B. Radha, V. Yu. Glebov, C. Stoeckl, D. R. Harding, J. P.
Knauer, R. L. Kremens, F. J. Marshall, D. D. Meyerhofer, S. Skupsky,
S. Roberts, C. Sorce, T. C. Sangster, T. W. Phillips, M. D. Cable, and
R. J. Leeper, Phys. Plasmas 7, 2578 (2000).

F. H. Séguin, C. K. Li, D. G. Hicks, J. A. Frenje, K. M. Green, R. D.
Petrasso, J. M. Soures, D. D. Meyerhofer, V. Yu. Glebov, C. Stoeckl,
P. B. Radha, S. Roberts, C. Sorce, T. C. Sangster, M. D. Cable,
S. Padalino, and K. Fletcher, “Using Secondary Proton Spectra to
Study Imploded D»-Filled Capsules at the OMEGA Laser Facility,”
submitted to Physics of Plasmas.

LLE Review, Volume 86



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

J. A. Frenje, K. M. Green, C. K. Li, F. H. Séguin, R. D. Petrasso,
S. Roberts, V. Yu. Glebov, D. D. Meyerhofer, J. M. Soures, D. G. Hicks,
T. W. Phillips, T. C. Sangster, K. Fletcher, L. Baumgart, H. Olliver,
S. Padalino, S. Thompson, and B. White, “Diagnostic Measurements
of Charged Particles from DD, D3He, and DT Implosions at the
OMEGA Laser Facility Using CR-39 Particle Detectors,” to besubmit-
ted to Review of Scientific Instruments.

P. B. Radha, S. Skupsky, R. D. Petrasso, and J. M. Soures, Phys.
Plasmas 7, 1531 (2000).

S. Skupsky and R. S. Craxton, Phys. Plasmas 6, 2157 (1999).

V.Yu. Glebov, D. D. Meyerhofer, and C. Stoeckl, Bull. Am. Phys. Soc.
45, 144 (2000).

M.A. Russottoand R. L. Kremens, Rev. Sci. Instrum. 61, 3125 (1990).

J. D. Kilkenny, M. D. Cable, C. A. Clower, B. A. Hammer, V. P.
Karpenko, R. L. Kauffman, H. N. Kornblum, B. J. MacGowan,
W. Olson, T. J. Orzechowski, D. W. Phillion, G. L. Tietbohl, J. E.
Trebes, B. Chrien, B. Failor, A. Hauer, R. Hockaday, J. Oertel, R. Watt,
C. Ruiz, G. Cooper, D. Hebron, L. Leeper, J. Porter, and J. Knauer,
Rev. Sci. Instrum. 66, 288 (1995).

R. J. Leeper, G. A. Chandler, G. W. Cooper, M. S. Derzon, D. L. Fehl,
D. L. Hebron, A. R. Moats, D. D. Noack, J. L. Porter, L. E. Ruggles,
J. A. Torres, M. D. Cable, P. M. Bell, C. A. Clower, B. A. Hammel,
D. H. Kaantar, V. P. Karpenko, R. L. Kauffman, J. D. Kilkenny, F. D.
Lee, R. A. Lerche, B. J. MacGowan, M. J. Moran, M. B. Nelson,
W. Olson, T. J. Orzechowski, T. W. Phillips, D. Ress, G. L. Tietbohl,
J. E. Trebes, R. J. Bartlett, R. Berggren, S. E. Caldwell, R. E. Chrien,
B. H. Failor, J. C. Fernandez, A. Hauer, G. Idzorek, R. G. Hockaday,
T. J. Murphy, J. Oertel, R. Watt, M. Wilke, D. K. Bradley, J. Knauer,
R. D. Petrasso, and C. K. Li, Rev. Sci. Instrum. 68, 868 (1997).

R.A. Lerche, D. W. Phillion, and G. L. Tietbohl, Rev. Sci. Instrum. 66,
933 (1995).

D. G. Hicks, C. K. Li, R. D. Petrasso, F. H. Séguin, B. E. Burke, J. P
Knauer, S. Cremer, R. L. Kremens, M. D. Cable, and T. W. Phillips,
Rev. Sci. Instrum. 68, 589 (1997).

D. G. Hicks, “Charged Particle Spectroscopy: A New Window on
Inertial Confinement Fusion,” Ph.D. thesis, Massachusetts | nstitute of
Technology, 1999.

LLE Review, Volume 86

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

Srupy oF DirecT-DRive, DT-Gas-FiLLED-PLAsTIC-CaAPsULE IMPLOSIONS UsiNG NUCLEAR DiagNosTics on OMEGA

F. H. Séguinetal., “ A Proton Spectrometer Based on a\Wedge-Shaped
Range Filter and CR39 Nuclear Track Detectors,” to be submitted to
Review of Scientific Instruments.

S. Skupsky and S. Kacenjar, J. Appl. Phys. 52, 2608 (1981).

S.Kacenjar, S. Skupsky, A. Entenberg, L. Goldman, and M. Richardson,
Phys. Rev. Lett. 49, 463 (1982).

E. M. Campbell et al., J. Appl. Phys. 51, 6062 (1980).
M. D. Cable and S. P. Hatchett, J. Appl. Phys. 62, 2233 (1987).

H. Azechi, M. D. Cable, and R. O. Stapf, Laser Part. Beams 9, 119
(1991).

R.D. Petrasso, C. K. Li, M. D. Cable, S. M. Pallaine, S. W. Haan, T. P.
Bernat, J. D. Kilkenny, S. Cremer, J. P. Knauer, C. P. Verdon, and
R. L. Kremens, Phys. Rev. Lett. 77, 2718 (1996).

S. Cremer, C. P. Verdon, and R. D. Petrasso, Phys. Plasmas 5, 4009
(1998).

E. Goldman, Laboratory for Laser Energetics Report No. 16, Univer-
sity of Rochester (1973).

C. K. Li and R. D. Petrasso, Phys. Rev. Lett. 70, 3059 (1993).
C. K. Li and R. D. Petrasso, Phys. Plasmas 2, 2460 (1995).

D. G. Hicks, C. K. Li, F. H. Séguin, A. K. Ram, J. A. Frenje, R. D.
Petrasso, J. M. Soures, V. Yu. Glebov, D. D. Meyerhofer, S. Roberts,
C. Sorce, C. Stockl, T. C. Sangster, and T. W. Phillips, Phys. Plasmas
7, 5106 (2000).

D. G. Hicks, C. K. Li, F. H. Séguin, J. D. Schnittman, A. K. Ram, J. A.
Frenje, R. D. Petrasso, J. M. Soures, D. D. Meyerhofer, S. Roberts,
C. Sorce, C. Stoeckl, T. C. Sangster, and T. W. Phillips, Phys. Plasmas
8, 606 (2001).

Y. Gazit, J. Delettrez, T. C. Bristow, A. Entenberg, and J. Soures, Phys.
Rev. Lett. 43, 1943 (1979).

J. Delettrez, A. Entenberg, Y. Gazit, D. Shvarts, J. Virmont, T. Bristow,
J. M. Soures, and A. Bennish, Nucl. Fusion 23, 1135 (1983).

67



