PHYSICS OF PLASMAS VOLUME 8, NUMBER 11 NOVEMBER 2001

Study of direct-drive, deuterium—tritium gas-filled plastic capsule
implosions using nuclear diagnostics at OMEGA

C. K. Li, F. H. Séguin, D. G. Hicks,® J. A. Frenje, K. M. Green, S. Kurebayashi,
and R. D. Petrasso®
Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

D. D. Meyerhofer, J. M. Soures, V. Yu. Glebov, R. L. Keck, P. B. Radha, S. Roberts,
W. Seka, S. Skupsky, and C. Stoeckl
Laboratory for Laser Energetics, University of Rochester, Rochester, New York 16423

T. C. Sangster
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 24 April 2001; accepted 31 July 2p01

Implosions of direct-drive, deuterium—tritiufDT) gas-filled plastic capsules are studied using
nuclear diagnostics at the OMEGA laser facil[fy. R. Boehlyet al, Opt. Commun.133 495
(1997]. In addition to traditional neutron measurements, comprehensive sets of spectra of
deuterons, tritons, and protons elastically scattered from the fuel and shell by primary DT neutrons
(“knock-on” particles are, for the first time, obtained and used for characterizing target
performance. It is shown with these measurements that, for 15-atm DT capsules with @34

shells, improvement of target performance is achieved when on-target irradiation nonuniformity is
reduced. Specifically, with a two-dimensioridD) single-color-cycle, 1-THz-bandwidth smoothing

by spectral dispersiofSSD), plus polarization smoothingPS, a primary neutron yield of-1

X 103, a fuel areal density of-15 mg/cnt, and a shell areal density 6f60 mg/cn? are obtained;

these are, respectively;80%, ~60%, and~35% higher than those achieved using 0.35-THz,
3-color-cycle, 2D SSD without PSIn determining fuel areal density we assume the fuel to have
equal numbers of D and JT.With full beam smoothing, implosions with moderate radial
convergence(~10-15 are shown to havepR performance close to one-dimensional-code
predictions, but a ratio of measured-to-predicted primary neutron yieteDa3. Other capsules that

are predicted to have much higher radial convergéBdg-atm DT gas with 2Qtm CH shel) are

shown to havepRy,e~3 mg/cnt, falling short of prediction by about a factor of 5. The
corresponding convergence ratios are similar to the values for 15-atm capsules. This indicates, not
surprisingly, that the effects of mix are more deleterious for high-convergence implosions. A brief
comparison of these moderate- and high-convergence implosions to those of similar deuterium—
deuterium (D) gas-filled capsules shows comparable hydrodynamic performance200@
American Institute of Physics[DOI: 10.1063/1.140501]6

I. INTRODUCTION eters is accomplished through the first comprehensive set of
spectral measurements of deuterons, tritons, and protons

High-gain inertial confinement fusionllCF) requires  («knock-ons”) elastically scattered from the fuel and shell

symmetric compression of a spherical capsule to a state ¢fy 14.1-MeV DT fusion neutrons.

high density and temperatute] and current research is "~ To achieve ICF ignition, a DT-filled target needs suffi-

aimed at finding ways of achieving this goal. In this paper¢ient compression to form two different regions: a small

we utilize a range of traditional and new nuclear diagnostic§,ass with low density but high temperature in the cefttes

to study the compression performance of deuterium—tritium, spot,” with T,~10keV) and a large mass of high den-

(DT) gas-filled target capsules imploded by direct laser drivesiyy, 0w temperature fuel surrounding this hot spot. The 3.5-
at the 60-beam OMEGA laser systérive demonstrate the MeV DT alphas generated in the central hot speith pR

sensitivity of implosion performance to uniformity of laser ~0.3g/cn) will be stopped in the fuel, propagating a ther-

power degosnmn, a_nd fmvlestlgatre] Itlhe ef;fzcts _Of fued"ga%onuclear burn. Two approaches to achieving this objective
pressure, by measuring fuel and shell areal denpii) @n involve indirect- or direct-drive implosion of target capsules.

shell electron temperature3J). The study of these param- For the indirect-drive approach, where laser beams irradiate

the inner wall of a highZ radiation casehohlraun), laser
dpresent address: Lawrence Livermore National Laboratory. energy is first converted to soft x rays which subsequently

YAlso senior visiting scientist at Laboratory for Laser Energetics, UniversityCompress the capsule. The direct-drive approach utilizes la-
of Rochester. )

9Also at Departments of Mechanical Engineering and Physics, and AsS€l beams direcFIy irradia.lt'ing and co'mpre.ssing the target.
tronomy, University of Rochester. The National Ignition Facility(NIF), which will have both
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indirect- and direct-drive capabilities and is under construcvergence ratiqCr ~10-19; pRy,e and pRgne Were deter-
tion at Lawrence Livermore National Laboratory, is designedmined to be~15 mg/cn?f and~60 mg/cn?f, respectively. We
to achieve this ignition objective. Experiments on OMEGA also studied implosions of capsules with 3.8-atm DT fill,
are currently investigating many aspects of the implosiorwhich were predicted to have high-convergence-ratios
physics relevant to the future NIF experiments with scaled~30). Although we obtained a slightly lowepRg,e
experimental conditions. For example, the OMEGA cryo-~55 mg/cn?, core areal density falls short of the predictions
genic program will study energy-scaled implosions based oy about a factor of $~3 mg/cnf). Furthermore, the effects
NIF ignition target design$. of the time-dependent capsule charging and particle accelera-
OMEGA is a Nd-doped glass laser facility, with an abil- tion are, for the first time, experimentally proved to be un-
ity to deliver 60 beams of frequency-tripled UV ligkB51  important for the circumstance of the experiment, since the
nm) with up to 30 kJ in 1-3 ns with a variety of pulse bang time occurs several hundreds of ps after the laser is off.
shapes. Early direct-drive experiments at OMEGA have Section VI summarizes the major results.
achieved high temperatured;(-15keV) and high fusion
yields (for example, DT neutron yield- 10" and DD neu-
tron yield ~10%).” In particular, a series of implosions of
room-temperature capsules with gas(filito 30 atm of either
D, or D3He) and plastic shell§CH, 10 to 35um thick) has Successful direct-drive implosions require maintaining
recently been conducted with a variety of laser pulse shapeshell integrity during the acceleration phase by control of the
of irradiation uniformities, eté-*? These implosions gener- Rayleigh—TayloRT) instability, because direct-dive targets
ate typical fuel areal densitiepRy,e) Of ~5-15 mg/cri  are susceptible to this instability during both their accelera-
and shell areal densitiespRgne) ~50—75mg/crA They  tion and deceleration phase®The instability is seeded by
provide insight into implosion physics of direct-drive ICF laser illumination nonuniformity, target imperfections
and planned OMEGA cryogenic-target implosions. (roughness on the outer ablative surface and/or the inner
This paper presents the results of implosions of roomshell—fuel interfacg and beam-to-beam power imbalafice.
temperature capsules with DT gas fill and CH shells. TheDuring the acceleration phase, this instability occurs at the
capsules nominally have 20m shell thickness and either ablation surface and propagates to the fuel-shell interface,
15-atm or 3-atm fill pressure. These capsules have diameteasiding roughness to the inner shell; in the worst case, this
(~920-960 um) and total masses similar to those of could lead to shell break-up. During the deceleration phase,
OMEGA cryogenic targets, and are expected to have compdhe distortions at the fuel-shell interface grow and result in
rable stability properties under similar experimentalthe mixing of fuel and shell materials, degrading the target
conditions®® OMEGA cryogenic capsules consist of three performance.
parts: a central part with low-pressutgiple-point vapor For the shots studied here, two approaches were used for
pressurgD, or DT gas(0.2 atm at~19 K); a main fuel layer  controlling instabilities and improving target performance.
(~90 um of D, or DT ice); and a 1-3um CH overcoat. The The first was a choice of laser-pulse shape. A high-shock-
CH shell of a room-temperature target simulates the fuel pamstrength(high adiabaft, 1-ns square laser pulse was used for
(DT ice) of a cryogenic target, and the fill gas simulates themaximizing the ablation rate and reducing the RT growth.
hot-spot-forming central DT gas in a cryogenic taj@he  Though a gradually rising puls¢ow adiaba}t produces, in
hydrodynamics are expected to differ in detail, due, in part tqprinciple, a larger target compression than a sharply rising
the differences in the equation of state, ablation rate, angulse, due to lower fuel and shell isentropésy low-shock-
implosion velocity. Nevertheless, many aspects of highstrength pulse generates a lower ablation rate and smaller
energy-density physics and the target performances of cryon-flight shell thickness, leading to more instability for
genic targets can be studied with these surrogate targets udirect-drive implosions. This has been demonstrated in ear-
der current experimental conditions, including the effects oflier experiments, where better target performance was ob-
irradiation uniformity. The experiments also provide usefultained with a 1-ns square pulse than with other pulse types
data for the development of advanced diagnostitech as for room-temperature targets’ Implosion of room-
high-resolution charged-particle spectroscdpyand for temperature capsules with 20m-CH shells using 1-ns
benchmarking computer simulatiotfs. square pulses results in stability properties that are similar to
A primary emphasis in this study is the dependence othose of shaped-pulse-implosions of cryogenic targfts
capsule performance on laser irradiation uniformity, and Secexample, the OMEGAr=3 desigf).
[l provides motivation by describing the importance of irra- The second approach is improved laser irradiation uni-
diation uniformity to the physics of capsule implosion per-formity. In discussing deviations from illumination unifor-
formance. Section Il describes the experiments utilizing DT-mity, we distinguish two sources. Beam-to-beam energy im-
filled capsules with CH shells and different laser smoothingbalance causes low-order mode perturbationgde number
techniques. Section IV discusses the measurement 6% 10), while nonuniformities within individual beams gen-
knock-on spectra and the relationships between these meearates higher-order perturbatioris=(10). To achieve a level
surements and the characteristics of imploded capsules. Seaf 1% or less for on-target irradiation nonuniformity, differ-
tion V discusses the performance of imploded core and sheint beam energies must be matched to within an rms devia-
under different conditions, showing that 15-atm DT capsulesion of <5%22 In the series of implosions studied here, an
with appropriate laser smoothing achieved a moderate corenergy balance within 3—25% rms was achieved. However,

Il. LASER DRIVE CHARACTERISTICS AND CAPSULE
PERFORMANCE
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smoothed using 3-color-cycle 2D-SSD with a bandwidth of
° 0.35 THz. In the second, beams were smoothed by single-
color-cycle 2D—-SSD, with a wider bandwidth of 1.0 THz,
Lo and polarization smoothin@P9 using birefringent wedges.
The primary DT neutron yields were measured using Cu
activation?® For this series of experiments, primary DT neu-
o tron yields were 18-10", with an estimated measurement
i error of ~10%. lon temperatureg,;, were measured using
0 " time-of-flight neutron Doppler width§NTOF).2”~° Typical
! Energy imb;lt;nce (% rms) 100 values were 3.5—5_ keV, with a m.easure.ment error-0f5
keV. Fusion burn history was obtained with the neutron tem-
FIG. 1. The low-mode rms irradiation nonuniformity plotted as a function of poral detectofNTD),?° and the typical fusion burn durations

the beam energy imbalance for different shots in this series of experimenthere were 140-190 ps with bang times occurring at several
Better energy balance results in better low-mode rms irradiation uniformity.hundred ps after the end of the laser pulse

In this plot, the energy imbalance is an experimentally measured number . L.

which is based on the rms average of the energy of all 60 beams. This To obtain the areal densities fo_r compressed fqel and
energy is measured with the HED system as described in LLE &p.  Shell (a fundamental measure of the implosion dynamics and
110(19995. The estimated precision of this measurement 9. The en-  quality), and to address other issugsich as the measure-

ergy measurements are input to a calculation that uses a géme@surepl : ; _
DPP beam distribution and an assumed absorption profile to calculate th@ent of shelﬂ'e, electrostatic potentlal due to CapSU|e charg

overlapped energy distribution on target. This overlapped intensity distribu!"9s etc)., spectra of emerging charged par.tides were mea-
tion is analyzed and the rms nonuniformity over spherical harmonic modesured with two magnet-based charged-particle spectrometers

110 10 is summed and used as heoordinate in this plot. The most (CPS-1 and CPS)?'2* and several “wedge-range-filter”

important error in this calculation is probably the assumption of equal beal ,13,21,2 ; _
profiles. We know from x-ray measurements of the beams on target that IELWRF) SpeCtrometerg ZThe charged partICIG[ﬂmOCk

DPP distributions do vary but we cannot give a precise estimate of the effec® deuterongKOd), tritons (KOt), and protongKOp)] are
of this on the rms intensity distribution at this time. elastically scattered from the fuel and shell by 14.1 MeV DT

neutrons>?® For DT-capsule implosions on OMEGA, this is
currently the only technique for studying fuel and shell areal
Rensities. Other possible methods include neutron
ctivation?” measurements of secondd$® and tertiary

Sinale-beam uniformity s imbroved by two-dimension Iproducts(neutrons and protofi$3Y, but these methods are
gie-beam uniiormity IS Improved by two-dimensionar , currently practical due to certain technical limitations.

smoothing by. spectral .dlspersuﬁED—SS'D F:ombmed with For example, a time-of-fight type, single-hit neutron detector
other smoothing techniques such as distributed phase platg?ray(MEDUSA32'33) has been routinely used to determine

(DPP3, and distributed polarization smoothin@3 using q pRye Of D, targets, but this technique cannot be applied to

_b|r?;‘]r_|ngetn:j wedges. 3;hTthW8 srgo%tthhlngs COTd't'OnT UZGD DT implosions because the detector array is completely satu-
In this study aré U.so-1Hz-banawldin, 5-Color-CyCle b= a4 py the large primary neutron flux.

SSD and 1.0-THz-bandwidth, single-color-cycle 2D-SSD — rg 4 magnet-based charged-particle spectrometers

with PS. Theoretical simulations and recent experiment%F,S_1 and CPS-2 are nearly identical, and each utilizes a

have demonstrated that PS results in improvement of irradia7 6-kG permanent magria®* constructed of a neodymium—
tion uniformity by a factor of~v2 for higher-order pertur- iron—boron alloy with a steel yoke. Incoming particles are

bations (>.10)' The combination pf PS with high baanidth collimated by a slit whose width can be varied between 1 and
2D-SSD is expected to result in on-target nonun|form|ty10 mm(for acceptance of 10 to 10" of the total yield, as

<1% after 300 p&°+° appropriate for expected flux levels. The magnet separates
particles into different trajectories according to the ratio of
lll. EXPERIMENTS momentum to charge. Pieces of CR-39 are used as particle
The OMEGA experiments reported here used 60 beamdetectors, and are positioned throughout the dispersed beam
of frequency-tripled351 nm) UV light to directly drive the  normal to the particle flux. Both the energy and the species
targets. Targets were room-temperature capsules with DT gad the particle generating a track in CR-39 can be determined
enclosed in a CH shell. The actual DT gas pressure wathrough the combined knowledge of its trajectdigeter-
either 11-15 atm, for moderate-convergence capsules, or 3rined by its position on the CR-3@nd the track diameter.
atm, for high-convergence capsules; all nominally had equalParticles with the same gyro-radius, such as 8-MeV tritons
molar amounts of deuterium and tritium. The CH shell thick-and 12-MeV deuterons, are easily distinguished since their
ness was 19-2@m, and the capsule diameters were 920—very different stopping powers generate measurably different
960 um. The laser energy ranged from 20 to 23 kJ, with atrack sizes in the CR-3&he larger the stopping power, the
typical intensity of ~1x10"®W/cn?, and the laser-beam larger the track This configuration allows coverage over the
spot size on target was1l mm. The laser pulse was 1-ns proton energy range from 0.1 MeV to 40 MeV. The energy
square, with rise and decay times ofl50 ps. Good pulse- calibration uncertainty varies with particle energy, being
shape repeatability was obtained, and the beam-to-beam labout 30 keV at 2 MeV and about 100 keV at 15 MeV. The
ser energy balance was typically5% rms. Two laser con- two spectrometers are 101° apart, thereby enabling studies of
figurations were used. In the first, individual beams weremplosion symmetry to be undertaken. CPS@PS-1 is

Low-mode nonuniformity
(% rms)
[4)]

after taking into account the effect of the laser-beam overla
on the target surface, as shown in Fig. 1, low-mode rm
uniformity was between 1% and 9%, with an averagfe.
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FIG. 2. A schematic of the knock-on processes in an imploded capsule. The

central fuel part typically has an initial radius between 440-A0and a i 3. pifferential cross sections for elastic scattering of 14.1-MeV neu-
DT gas fill between 3—15 atm. The initial shell layer is constructed of CH 45 on deuterons, tritons, and protons, where the energy is the scattered ion
with a thickness between 19-20n. Primary 14.1-MeV DT neutrons, gen-  energy When these collisions are head-on, the characteristic endpoint
erated in the fuel, elastically scatter deuterons and tritons out of the fuel anqg.naximum energy for T(D) [p] is 10.6 MeV(12.5 Me\) [14.1 MeV]. The
protons out of the shell. Consequently, information from the compresse igh-energy peak for knock-on deuterofistons) contains about 15.7%
core is carried out by these knock-on deuterons and tritons, and informatio[1l3_5% of the total cross section, which corresponds to an energy region of
from thg compressed shell is carried out by knockjor'l protons. The energy 5_12 5 MeV(7.3-10.6 MeV. [For deuterons and tritons, the integral
downshifts of knock-on D and T spectra also contain information about thg,qer the high-energy peak gives an effective cross-section that is used in
shell. Eq. (5). For knock-on protons, the cross section is flat from 0-14.1 MeV,
and an integral over a 1-MeV interval gives an effective cross section that is
used in Fig. 4

placed insidgoutside the 165-cm-radius OMEGA chamber
at 100 cm(235 cm from the target.

The WRF spectrometers, which are described in detail D+T— «(3.5MeV)+n(14.1 MeV), )
elsewheré?*®provide proton spectra by analysis of the dis-
tributions of proton-track diameters in a piece of CR-39 that  N(14.1MeV)+T—n’'+T(<10.6 MeV), 2

is covered during exposure by an aluminum ranging filter ,
with continuously varying thickness. The current energy cali- n(14.1MeV)+D—n"+D(<12.5MeV), )
bration is accurate to about 0.15 MeV at 15 MeV. They are (14,1 Me\) + p—n’+p(<14.1 MeV). (4)
simple and compact, allowing them to be used at multiple
positions during a shot for symmetry studies and allowing Figure 3 illustrates the differential cross sections of
them to be placed close to the target for good statistics wheknock-on processes. When the collisions are head-on, the
proton yields are lowdown to about 5 10°). characteristic endpoint energy for(O)[p] is 10.6 MeV

For comparison with measurements made during thesel2.5 MeV) [14.1 MeV]. The well-defined, high-energy peak
experiments, the implosions were modeled with the onefor a knock-on deuterofitriton) spectrum represents about
dimensional hydrodynamic calculation code LILAESev- 15.7%(13.5% of the total cross section, and corresponds to
eral important physical models are utilized in the calculation@n energy region of 9.6-12.5 Mei7.3-10.6 MeV. For a
such as the tabulated equation of st&8ESAMB), flux- ~ model-independent determinationiy,e, the knock-on di-
limited electron transportwith a flux limiter of f=0.06,  agnostic usually only utilizes these high-energy peaks. For
local thermodynamic equilibriurfLTE), opacities for multi- knock-on protons, the cross section is virtually flat from
group radiation transport, and inverse-bremsstrahlungd—14.1 MeV because the neutron and proton masses are
absorption energy deposition through a ray-trace algorithn€arly identical. However, because of a possible time-

in the under-dense plasma. No effect of fuel-shell mix isdependent distortion occurring in the low-energy region,
included. only the flat region is utilized here. Two important param-

eters for this diagnostic are the number of knock-on particles

and the downshifts of the knock-on spectra. The knock-on
IV. KNOCK-ON PARTICLES AND THEIR SPECTRA numbers provide information about th& of the layer(core

or shel) in which they are produced, and the energy loss of

Knock-on particles are generated in a two-step procesghese particles provides additional information aboutgRe

A 14.1-MeV neutron is first generated from a DT fusion traversed.
reaction. These neutrons usually escape the capsule without For a hot-spot model of the compressed f(rehere all
interacting. However, a small fraction of thefof order primary neutrons are produced in an infinitesimal, high tem-
~0.1% elastically scatter off either fuel D or T, or CH-shell perature region at the center of a uniform density DT
p, as described in Eq$l)—(4) and depicted schematically in plasma, pRg.e is related to the knock-on yield by the
Fig. 2. Information about the compressed fuel is carried ouequatior®2°
by these knock-on D and T, information about the com-
pressed shell is carried out by knock-prand is also con- el = ot ,
tained in the energy downshifts of knock-on D and T spectra: (yog +oy) Yn

(2y+3)my Ykogt Ykot

©)
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FIG. 4. Areal density vs the ratio of knock-on particle yield to primary 8. E+8 |
neutron yield. For knock-on D and T, a hot-spot model is assumed and the > () Knock-on
yields under the high-energy peaks are u&ldescribed in the caption of § r protons
Fig. 3). For knock-on protons, a hot-spot model is assumed and the yield per % 4.E+8 T
MeV in the flat region is used. = L
0. E+0
0 5 10 15 20

whereY,, is the measured primary neutron yieMyoq and
Ykot are deuteron and triton knock-on yields under the high-
energy peak of their specti@ee Fig. 3 o(0S") is the
ay p p g. b oy (gg FIG. 5. Knock-on spectra measured by CPS-2 for shot 20231. The capsule
effective cross section of knock-on tritqdeuteron as de-  was filled with 12.3 atm of DT gas and had a 1@+ CH shell. The laser
fined in Fig. 3m is the proton mass; angi—ng/n,. Simi- ooy 2224 o, 218 e e feuton s ST e 20 o
larly, the yield of knock-on protons, which are exclusively oo™ ' ' . ppied. TN P '
. with a yield of about 5.X 1C? tritons under the high-energy peébetween
generated in the CH shell, can be shown to be related t§_1g mey). The whole spectrum is downshifted by4 MeV (determined

pRghen DY the equation by the energy at which the yield/MeV reaches half of its peak value on the
high-energy end of the spectrium(b) The knock-on D spectrum, with a
(y+ 12)mp YKOp yield of about 4.& 10° deuterons under the high-energy ped@letween
PRsheH:—Ueﬁ_ Y (6) 3.5-12 MeV.. An energy loss of about-3 MeV is measured(c) The
Y% n knock-onp spectrum with a yield/MeV of about 5710° MeV protons in

where YKOp is the measured knock-gmyield in a 1-MeV the flat region between 8—12 MeV. The endpoint of this spectrum is about
. . eff : . . 14 MeV, reflecting the fact that particles scattered from the outer part of the

range (see Fig. 3 o, is an effective cross section for ol have no energy loss.

knock-on protons; andy=ny/nc. Under some circum-

stances, it is useful to modify E¢5) for use with the “uni-
form” model, in which primary neutrons are generatedto thousands of knock-on particles being simultaneously de-
throughout the volume containing deuterons and tritons, byected from an individual implosion, comprehensive and
multiplying the right-hand side by a factor of 1.33. Figure 4 high-resolution knock-on spectra are readily obtained.
displays inferred values gfR as a function of the measured Figure 5 shows sample spectra obtained by CPS-2 for
ratios of knock-on vyield to primary neutron yield. The shot 20231. For this shot, the capsule was filled with 12.3
model-independent use of E¢) breaks down when the atm of DT gas and had a 19/4m-thick CH shell. The laser
total areal density exceeds about 100 mdichecause the energy was 22.1 kJ, and the primary neutron yield was
knock-on spectra become sufficiently distorted by slowing-7.1(+0.7)x 10*2. The 2D—-SSD bandwidth was 0.35 THz,
down effects that the measurements can become ambiguows)d no polarization smoothingS was applied. The beam-
an accurate determination pRy, Will then have to rely on  to-beam energy balance was 13% rms, and the on-target,
model-dependent simulations. low-mode rms uniformity was 6% due to beam overlap on
The potential importance of knock-on particle measurethe target surface. An ion temperature of;=4.0
ments was realized some years ago, and measurements with 0.5) keV was obtained. The fusion burn occurred at 1800
limited spectral resolution and with a small number of £50) ps and lasted for 18&:25) ps. Figure %a) provides the
knock-on particles (around 30 were subsequently knock-on T spectrum with a yield of about X20° tritons
obtained?®>?® Those measurements relied on range-filter datainder the high-energy peatbetween 3-10 Me) The
in the form of “coincident” (front-side and back-siddéracks = whole spectrum is downshifted by4 MeV (as described in
generated in a CR-39 nuclear track detector or in nucleathe figure caption Figure b) shows the knock-on D spec-
emulsions. This early work relied on detailed assumptiongrum with a yield of about 4.8 10° deuterons under the
about the spectra of knock-on particles, which were estihigh-energy peakbetween 3.5-12 Me\ An energy loss of
mated in indirect ways from other diagnostic détar ex- about~3 MeV, relative to the birth spectrum, is measured.
ample, from the downshifted #He proton$?® In contrast,  Figure 5c) displays the knock-op spectrum, with a yield of
charged-particle spectroscopy, as described here, measumsout 5.% 10° MeV protons in the flat region between 8—12
the whole spectrum directly for each particle. With hundredsVieV. The endpoint of this spectrum is about 14 MeV, due to

Energy (MeV)
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8. E+8 Shot 20698 of reasons could be attributed to this phenomena su¢h)as
2 the triton spectrum is usually distorted more due to larger
% 4 E+8 Knock-on stopping power; an¢R) the isotopic composition of the fuel
© Tritons is not exactly equal parts of D and T, although it is difficult,
> at present, to exactly quantify this effect. And the continuing
0.E+0 exchange of both D and T for H does tend to decrease both
by a small amount over time. These issues are currently be-
8 E+8 ing investigated.The whole spectrum is downshifted by 4.8
S ' Knock-on MeV. Figure &b) shows the knock-on D spectrum, with a
2 Deuterons yield of about 1.%10° deuterons under the high-energy
% 4.E+8 peak (between 3.5-12 Me) An energy loss of about 4.1
> MeV is measured. Figure(€) shows the knock-op spec-
0. E+0 trum, with a yield of about 2.8 10° MeV in the flat region
between 8—12 MeV. The endpoint of this spectrum is about
3. E+9 14 MeV, as it was for shot 2023@10.35-THz 2D SSD, no
> © Knock-on PS. Relative to shot 20231, the primary neutron yield in
2 2E+49 7T protons shot 20698 is higher by a factor ef1.95, and the knock-on
% 1 E+9+ particle yields are higher by factors ef3.54 (deuteron and
> =3.51 (proton. In addition, because of increased compres-
0. E+0 +—————— Dyl

' — sion, the energy loss of the knock-on particles from the fuel
15 20 is greater by 15-30 %.

Energy (MeV)

V. RESULTS AND DISCUSSIONS
FIG. 6. Knock-on spectra for shot 20698, measured by CPS-2. The capsule
is filled with 15 atm of DT gas and has a 20n CH shell. For this shot, the A. Core performance of moderate-convergence
laser energy is 23.8 kJ, and the primary neutron yield is<1@3. The capsule implosions
2D-SSD bandwidth is 1.0 THz, and polarization smoothiR§ is applied. . . .
(@) The knock-on T spectrum, with a yield of about X.20° tritons under In this section, the measurements of primary neutrons
the high-energy peafbetween 2.5-10 Me)\/ The whole spectrum is down- and knock-on charged particles are used to study the effects
shiftedogby 4.8 MeV.(b) The knock-on D spectrum, with a yield of about of j|lumination uniformity on core performance for
1.7x 10° deuterons under the high-ener ¢hktween 3.5-12 Mel An . . .
energy loss of about 4.1 MeV g measg)r/eg). The knock-onp spectrum, mpderate-converge_znce Cap_SUIe mp_losmns. We start with the
with a yield of about 2.6 10° MeV protons in the flat region between 8—12 Primary neutron yield, which provides one direct overall
MeV. As in Fig. 5, the endpoint of this spectrum is about 14 MeV, reflecting measure of core performance because of its strong depen-
the fact that particles scattered from the outer part of the shell have n@jence upon ion temperature and density. Then we look at the
energy loss. yields of knock-on deuteronsYfgog) and tritons ¥xor),

which provide a measure @Ry, and thus the amount of

the fact that protons scattered from the outer part of the sheflompressionwhich is quantified by the convergence ratio
lose no energy. We note that CPS yield measurements repr@-r' defined as a ratio of the initial fuel radius to the final
sent an integral over the fusion burn duration, so an inferre§ompressed fuel radiusAfter showing that the data demon-
pR value represents an average over the burn. In additiorsrate an improvement of performance with improved laser
the fact that the source of neutrons is distributed over a finit€MO0thing, we look at comparisons of the data with numeri-
volume of fuel means that inferrgeR values represent spa- cal simulations. These comparisons suggest that the poorer
tial averages. performance observed with less smoothing is due to intrinsi-
The measured knock-on spectra for shot 20698 ar&ally 2D or 3D effects such as instabilities and mix.

shown in Fig. 6. The capsule was filled with 15 atm of DT
gas and had a 19.8m CH shell. The laser energy was 23.8

2.E+13 8

kJ, and the primary neutron yield was 1#40.1)x 10'%. In B0.35-THz SSD ®)
contrast to shot 20231, polarization smoothing was applied | (Thzssnape 61

for this shot and the 2D-SSD bandwidth was increased to . I s T —F
1.0 THz. The beam-to-beam energy balat@d% rms and = BT 4T IE

the on-target low-mode rms uniformitf.3% rmg were thus I 3 21

improved. An ion temperature of;=4.1(+0.5) keV was

obtained. The fusion burn occurred at 17560) ps and 0. E+0 0

lasted for 17.01_25) .pS. Figure G) shows .the knock-on T FIG. 7. (a) Average primary yields achieved for two different single-beam
spectrum, with a yield of about 2:210° tritons under the smoothing conditions. The yield increases by about 80% when uniformity is
high-energy peak(between 2.5-10 Me) [In principle,  improved using 1-THz 2D-SSBPS. (b) The yield-averaged ion tempera-
since the effective cross section for knock-on tritons is largeture is insensitive to the improvement in uniformity. Consequently, the sig-
than that for deuteron.1426 vs 0.1046 the triton yield nificant increase of primary yields cannot be attributed to the ion tempera-
. . tures, and is instead probably a consequence of an increase in ion
should be higher. However, experimentally, we often meaaensity due to better fuel compression. The error bars display statistical

sure triton yields equal/less than deuteron yields. A numbeiincertainties.
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FIG. 8. (a) Average fuel areal densities measured in experiments using (a) 1-D PR (mglem?) (o) Calculated Cr

0.35-THz 2D—SSD fRge~9 mglcn?), and using 1-THz 2D-SSBPS
(pRue~15 mglend). A significant increase of thgRge (~60%) is ob-
tained using 1.0-THz 2D-SSPBPS. (b) Experimentally measured conver-
gence ratios. Cr12 for shots using 0.35-THz 2D-SSD, and~Qi5 for
shots using 1-THz 2D-SSBPS. The error bars display statistical uncer-
tainties.

FIG. 10. (a) Measureg Ry, vs 1D simulation prediction. For the shots with
0.35-THz 2D-SSD, the average measupd, is about 60% of the pre-
diction. For the shots with 1-THz 2D-SSEPS, an average 0f80% of the
predictedpRy,e is measured. This comparison suggests that the improve-
ment in irradiation uniformity makes implosions more 1D liké) The
measured convergence ratio plotted against the calculation. The experimen-
. . 5 3 tal data are slightly but consistently lower than those of 1D predictions. The
Primary neutron yields betweenx3L0*? and 1.4< 10 error bars display experimental uncertaintlesl0% for neutrons~20%

were obtained, and in general better energy balance resultéat charged particlgs
in higher primary neutron yield. The highest yield was ob-
tained for the shot with a low-mode rms nonuniformity of
~1.3% (beam-to-beam energy balance to within 3)1% creasedgRys, by ~60% and the Cr by-25%. (In this cal-
Once on-target, low-mode nonuniformity due to beam imbal-culation, we have assumed exactly equal molar quantities of
ance has been decreased to the 5% rms range, single-bedeuterium and tritium)
nonuniformity becomes more important for determining cap-  One-dimensional simulations were carried out for these
sule performance through its effects on high-order mode peishots, and Fig. 9 shows an example of how a measured
turbations. This is illustrated in Fig(&, where we see that knock-on deuteron spectrum compares with a prediction for
beam smoothing with 1-THz 2D-SSHEPS results in a pri- shot 20698. Relative to the data, the simulation has a similar
mary yield (Y,~1.1x 10" about 80% higher than that ob- spectral shape, a similar energy downshift, and a similar, if
tained with 0.35-THz 2D-SSD and no PSY., (6.2 somewhat higher, yield. Figures 10—13 provide an overview
X 10'). Since the ion temperature is relatively insensitive toof data-to-simulation comparisons. Since the effects of beam
rms uniformity improvement, as shown in Fig(by, higher  smoothing are intrinsically 2D or 3D, the 1D code predicts
Y, must result from a higher ion density due to improvedno difference due to smoothing, and this can be seen in Figs.
fuel compression. 10 and 11, which show that nearly all the shots are predicted
The fuel areal density is determined from knock-onto have the same values pRy, Cr, andT;, with small
yields. Efforts to match the experimental primary yields bydifferences due only to the small differences in capsule pa-
assuming different temperature profiles lead us to prefer theameters and total laser energy. On the other hand, the mea-
uniform model over the hot-spot model, because highlysured values opRy, (or Cn improve significantly for in-
peaked temperature profiles lead to yields that are too low, soreased laser smoothing, and approach the predicted values
the pRye Vs yield relationships shown in Fig. 4 must be with 1-THz 2D—SSDrPS. Other parameters also increase
modified. The corresponding inferred convergence ratio isvhen smoothing is improved, including, andY o4, Whose
Cr=JpRyel/ pRiyein, WherepRyeo is the fuel areal density ratios to predicted value€'YOC” and Yyoq/Y1p respec-
before compression. As shown in Fig. 8, the data lead to
average values 0fRg,~9 mg/cnt (Cr~12) for the shots

using 0.35-THz 2D—SSD, anpRye~ 15 mg/cn? (Cr~15) 5.5 —
for 1-THz 2D-SSD-PS. Increasing the smoothing rate in- . ‘
E 45+

g 1.E4 o )

3 F1-D Simulation Shot 20698 ?._3

5 E 5 Knock-on § 351

SR Deuterons 2 ©0.35.THz SSD

E o . | O1-THzSSD +PS

o 2.5 t f

X 0.E+0 2.5 35 45 55

0 5 10 15 Calculated Ti (keV)

Energy (MeV)
FIG. 11. A comparison of measured ion temperatures to the 1D LILAC
FIG. 9. A comparison of the experimentally measured knock-on deuteromredictions, showing that measured values are consistently higher than pre-
spectrum and the 1D LILAC predicted spectrum for shot 20698. dictions. The error bars display experimental uncertajrit9.5 ke\).
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FIG. 12. (a) The ratio of measured primary neutron yield to clean 1D pre- 0

diction (YOC) plotted against the measured convergence ratio. An average ) )
of ~18% is obtained for the shots using 0.35-THz 2D—SSD, while an av-FIG. 14. An average measurgRq,e of ~45 mg/cnf is obtained for the

erage 0f~30% is obtained for the shots using 1-THz 2D-SGES.(b) The ~ shots using 0.35-THz 2D—-SSD apspe 0f ~60 mg/c_rﬁ is obtained for
ratio of measured KO deuteron yield to 1D predictiofygq/Y1p) has an the S'hO'tS using 1-THz 2D-SSEPS. The error bars display statistical un-
average of~10% for the shots using 0.35-THz 2D—-SSD and~%4% for certainties.
the shots using 1-THz 2D-SSBPS. The error bars indicate experimental
uncertaintieg~10% for neutrons;~20% for charged particlés
formity less than 1% after 300 psthe mix width is signifi-
cantly smaller than the in-flight shell thickness.
tively) are shown in Fig. 12. Although YOC increases with
ST o .
smoothing, it never excee(_js_ 35% in _splte of the fact That B. Shell performance of moderate-convergence
and Cr are close to predllctu.)ns. This could mean, for €Xtapsule implosions
ample, that the burn duration is shorter than predicted, and/or . o o
that mix makes the temperature profile more peaked than The shell performance discussed in this section is based
predicted, reducing the volume of fuel actually participating®n measurements of shell areal densjiRsnei, and shell
in the burn. Plotting the ratio of measured to predicted value§/€ctron temperatureTt). pRsnecan be determined directly
of Yxoq!Y, against measured Cr, in Fig. 13, we see that itfrom the yield of knock-on proto_n(sthls is a temperature-
approaches unity for full beam smoothing. This suggests thdfidependent methgdOncepRgpe is known, andpRy,e has
the improvement of single-beam irradiation uniformity re- been determined as described in the preceding section, the

sults in increased compression through the reduction of 2[5N€ll Te can be estimated from the energy downshift of the
phenomena such as instabilities and mix. deuteron and/or triton spectrugalowing down of these par-

elaborate simulations which incorporate effects of RT,ready known from other measurements, then the deuteron

Richtmyer—Meshkov, and Bell-Plesset instabilities, and 3pRnd/or triton downshifts can be used in an independent esti-

Haan saturatidt® in the post-processing of 1D calculation Mation of pRgpe. _
results. It was shown that using 0.35-THz 2D—-SSD without ~Knock-on protons are generated only in the CH shell,
PS results in a mix width approaching the in-flight shell@nd typical proton spectra are shown in Fig&)&nd &c).

thicknes<:® The shell integrity is thus reduced, and the cap-Va/ués of pRshey can be calculated from the proton yields
sule compression is degraded. In contrast, the calculation®ith Fig. 4. As displayed in Fig. 14, an averag®pe of

show that with full beam smoothingn-target beam nonuni- ~45 mg/cnt is obtained for the shots using 0.35 THz 2D-
SSD without PS, while an averag®q,e; of ~60 mg/cn? is

obtained for 1 THz 2D-SSBPS. A 35% increase of the

1
- " | €0.35-THz SSD c 2 E4H
Z O1-THz SSD + PS s data Shot 20698
o - z T~
2 c
z = > Knock-on
< 0.5 T (a0
(=] - = a4 protons
5 5 <1.E4
e S g \
- B e o
3 o X
x [ = 1-D simulation
w - 0
0 PO S S S S S T S T O S 4 0. E+0 A : E— -
0 5 10 15 20
0 5 10 15 20 Energy (MeV)

Measured Cr
FIG. 15. A comparison of the measured knock-on proton spectthitk

FIG. 13. The ratio of the experimentally measured valu¥ gf, /Y, to the line) to the 1D LILAC prediction(thin line) for shot 20698. The agreement

1D prediction for different measured Cr. Abot#60% is obtained for the  between these two spectra suggests the compressed shell nearly has 1D
shots using 0.35-THz. 2D—-SSD, arB0% is obtained for the shots using performance(The fact that the predicted spectrum is not flat, and decays in
1-THz 2D-SSD-PS. This ratio approaches unity, while YOC is consider- the region between 0—8 MeV, is due to the fact that low-energy protons
ably smaller(<30%). The error bars indicate experimental uncertainties generated during the stagnation phase of the implosion may experience a
(~10% for neutrons;~20% for charged particles large pRgpe @and be ranged out.
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pRghen IS thus obtained due to the improvement of single- 1

beam uniformity. Figure 15 displays a 1D calculated 8 B0.35-THz SSD
knock-on proton spectrum overlaid on an experimentally i 01-THz SSD + PS
measured proton spectrum for shot 20698. The agreement i I
between these two spectra suggests that, with full beam i I 1

smoothing, the shell performance of a moderate-convergence 05T
implosion is close to the 1D prediction.

The directly determined value @fR;,¢ (described in the
preceding sectiontogether with the measured energy loss of
the deuteron and/or triton knock-ons, can also be used to
determine shellT, (if pRgye has been determined as de- 0
scribed .In the previous paragrapdr to SFUdprShe” (if the FIG. 16. Average electron temperatures inferred from the knock-on spectra.
shell T, is known. As deuteron andj/or triton knock-ons from yes of~0.58 keV and~0.65 keV are obtained for the shots using 0.35-
the fuel travel through fuel and shell, they lose an amount offHz 2D-SSD and 1-THz 2D-SSEPS, respectively. The error bars dis-
energy directly proportional to the areal density of the mateplay statistical uncertainties.
rials they pass througtassuming there is no particle accel-
eration, as discussed in Sec. Y Because these patrticles are
not so energetic, their stopping power is not characterized dgecause of the relatively high temperature and low density
“cold plasma stopping,” where there is no temperature de-Of the fuel plasma, the energy loss is dominated by the lower
pendence, but “warm p|asma Stopping," where there is demperature but h|gher density shell plasma. The total areal

temperature dependence. The energy loss can be calculat@@nsity is defined agRiota= pRiuert pRspei-

Shell Te (keV)

from the stopping power in a fully ionized plasrirz? The downshifts of the spectra shown in Fig¢a)6and
) 5 6(b) (for shot 20698 are about 5 MeV for tritons and 4 MeV
d_E: _(Z ‘”pe) [G(x!NIn A for deuterons. To be consistent with the temperature-
dx independent, knock-on-derived valuesp#, e~ 14 mg/cnt

and pRgpe~ 64 mg/cn? calculated as described above for
* 0(Xt”)|n(l'123JX—t’T)]’ @) this shot, the value of shell, must be about 0.6 keV. A
where 6(x"") is a step function and equals(@) whenx"  summary of calculated shell, values for different shots is
<1(>1); a)p=(47-rnee2/mt:_.)1’2 is the electron plasma fre- given in Fig. 16. The shell, appears insensitive to single
qguency, Z is the charge of the incident charged particle;beam irradiation uniformity, to first order, although there are
vi(v¢) is the velocity of a testfield) charged particlex!f some subtle issues such as time and spatial dependence of
=vt2/uf2 and InA is the Coulomb logarithmG(xV") is de-  the knock-on spectra involved in this determination. This

fined as topic will be a subject for future study.
me [du(xV’) 1
t/fy — t/f t/f
GO =u(x") — E[ o A | #x) C. Similarity to D ,-filled-capsule implosions
du(xf) With similar experimental conditions, implosions of DT
+ Ul ] (8) and D, gas-filled plastic capsules are “hydrodynamically”

equivalent. While some subtle differences, such as the mass,

wherep(x'")=2/%" e~€\Ed¢/ | is the Maxwell integral; ~fusion cross-section, equation of the state, etc., still exist, the
andm,(m;) is the mass of the tegfield) particle. Since the basic capsule performance is expected to be similar. Recent
effects of large-angle scattering are negligible for chargedvork'? has resuilted in the study of fuel and shell parameters
particles traveling in plasmas of interé&tthe areal density for D, shots at OMEGA by measuring spectra of secondary
that a charged particle travels through with an energy los® *He protons. Those numbers are very similar to the knock-

(AE~E,—E) can be approximately determined as on-inferred numbers for related DT shots, as shown in Table
B I. In general, the inferred and estimatg®;,e; and pRghen
Eo (dE\ 1 - )
pR:J Op(_) dE. (9) and pR,yi5 @re very similar for both DT and Pcapsule im-
dx plosions under similar experimental conditions. While the

TABLE I. Comparison of DT and Dgas-filled, plastic shell implosionghe D, numbers are from Ref. 12

Single-beam Ti PRel PRshell PRuotal
Capsules smoothing (keV) Y, YOC  Yioa/Yip  Yzp!Yip  (mglenf)  (mglenf)  (mglen?)
DT(15CH((20) 0.3 THz 2D-SSD 4105 (6.2:1.4)x10%  0.18 0.10 @2 47+7 ~56°
1THz 2D-SSD-PS  4.4+0.5 (1.1=0.3)x108®  0.30 0.24 153 61+7 ~76°
D,(15)CH(20) 0.3 THz 2D-SSD 3405 (8.8:0.8)x10°°  0.18 0.13 162 ~42 52
1THz 2D-SSBD-PS  3.7£0.5 (1.6=0.5x10"  0.33 0.21 14-7-4 ~58 72

8 stimated based on measuneR, and pRgpey-
PEstimated based on measurel,e and pRig -
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FIG. 17. (8) Knock-on triton spectrum obtained from a 3-shot integration
(shots 21587, 21588 and 21589, all implosions of capsules with 3.8-atm DT
gas. An average yield of X10° per shot is obtained, and this implies
pRue~3 mg/ent (assuming a uniform model (b) Knock-on deuteron
spectrum obtained from the same 3-shots. An average yield af 0P per

shot is obtained, implying Ry~ 3 mg/cnt (assuming a uniform modgel

Yield/MeV

0 5 10 15 20
Energy (MeV)

corresponding values of YOC are similar, DT implosions re-fiG. 18. Knock-on proton spectra of shot 21588, measured using wedge-
sult in higher ion temperatures than, Dnplosions. The im-  range-filter spectromete(8VRF) from three different directions. Combined
provement of the single-beam irradiation uniformity en- with similar spectra measured for shots 21587 and 21589, we find an aver-
h the t t f f both DT D age knock-on-proton yield of 6.2x 10° MeV/shot(in the flat regions of the

. anceg e targe per.ormance 0 0 ang spectrd. This implies an average value @Ry~ 55 mg/cn? for these
implosions: pRyuel(pPRshen) iNCreases by-60% (~35%) for  shots.

DT implosions and by-65% (~40%) for D, implosions;Y,,

increases by~80% for both DT and D implosions; YOC

increases by-60% for DT and by~80% for D, implosions. ) i

lon temperatures are not so sensitive to the uniformity im{Ne thret(a)sshots, with an average knock-on proton yield of
provemen{=<10%). In summary, implosions of filled and ~6.2x10° MeV/shot.

DT-filled capsules have very similar performance. From these measurements, we infer mean implosion pa-
rameters ofpRp,e~3 mg/cnt (uniform mode) and pRgpe

~55mg/cnt (hot-spot modél These values are, respec-
tively, about 20% and 55% of the 1D predictions. The cor-
responding convergence ratios are similar to the values for
15-atm capsules. The performance is degraded relative to 1D
In order to contrast with the moderate-convergence-ratigyrediction and suggests that the effects of mix and instabili-
(Cr~15) capsule implosions discussed above, we also imties are more deleterious for high convergence implosions.
ploded a small number of DT capsules which were predictedturther detailed studies are planned, and we note that similar
from 1D simulations to have considerably higher convermplosion parameters have been inferred for implosions of

gence (Cr~30; pRye~15mglent; pRgpe-100mg/cm)  D-filled capsules with similar characteristits.
under similar experimental conditio THz 2D-SSD with

PS. These capsules ha€3.8-atm DT gas fills and CH shells

D. Preliminary results on “high-convergence” DT-
capsule implosions

20 um thick. EC le charai d varticl lerati
For shots 21587, 21588, and 21589 we obtained an ay=" ~2PsUi¢ charging and particie acceleration
eraged primary neutron yield of,~4.9x10'%shot. The Time-dependent capsule charging is an essential issue in

measured knock-on triton and deuteron spectra are shown & spherical implosion. This charging may result in a strong

Fig. 17, summed over the three shots. The mean triton anélectric field surrounding the capsule and an acceleration of
deuteron yields wereYo~2x10%/shot and Yioq~2.1  emitted charged particléé® Since the measurement of ar-

x 10f/shot. Figure 18 shows knock-on proton spectra foreal densities of imploded capsules through charged-particle
shot 21588, measured simultaneously from three differenspectroscopy relies on accurate determination of particle en-
directions(using diagnostic ports TIM-4, TIM-5, and TIM- ergy downshift due to slowing in the capsule, any particle

6). A total of eight separate proton spectra were measured facceleration could introduce serious errors.
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FIG. 19. The measured upper energy endpoints of the knock-on proton E E
spectra of a number 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 H ]
OMEGA is also displayed for referencé\s seen, the laser pulse has com- 1 1 |
pletely ended at-1400 ps, while the bang times occur at 1750-1950 ps. 0.0 0.1 0.2 0.3 0.4 0.5
The energies match the maximum scattered-proton energy, indicating that 2
there are no energy up-shifts. PR (g/cm*)

FIG. 20. The energy of knock-on deuterons vs their rangR) (in a DT
plasma. In this calculation, an electron temperature of 2 keV and an ion

M . . ts h d trated th . density of 5< 10?* have been assumed. For a typical predicted areal density
any previous experiments have demonstrate € eXI35t 200-300 mg/crhfor a cryogenic capsule implosion, a knock-on deuteron

tence of capsule charging and particle acceleration, @&#@n  will lose about 6-9 MeV energy, and the residual enef@y6 MeV) left
expectedly on OMEGA with laser intensities of afterleaving the targetis readily detectable using charged-particle spectrom-
~10®Wi/cn? and wavelength 351 nnwhere energy up- &

shifts of ~1 MeV have been doljtl)gg%/ed for charged-fusion

products and for ablator prot 9. The hot electrons . . .

generated by laser-plasma instabilities in the corona arg' Relevance to OMEGA cryogenic capsule implosions
thought to cause this capsule charging. Earlier experiments At OMEGA, plans exist to implode cryogenic DT cap-
also suggest that the charge is time dependent. sules which typically have low-pressure DT gas fill in the

For estimating the effects of the electric fields oncenter surrounded by about @n of DT ice with ~2 um
charged-fusion products, it has been assumed that such &H as an ablator. These implosions are predicted to generate
fects are only important when the bang time occurs while thdT primary yields >10", with ion temperature between
laser is on(for example, for a thin-glass-shell capsule driven1—4 keV and areal densities up 300 mg/cm. Nuclear
by 1-ns square pul3€®*°Such effects are assumed to be notdiagnostics will play an important role in the OMEGA cryo-
important when the bang time occurs several hundreds of pgenic program. Figure 20 shows the energy of knock-on deu-
after the laser turns, off, when the electric field has largelyterons plotted against their rangeR) in a DT plasma(an
decayed away(for example, a thick-plastic-shell capsule electron temperature of 2 keV and an ion density of 5
driven by a 1-ns square puldé’. For the latter case, pos- X 10** are assumed, although the density effects on these
sible energy up-shifts, if any, have been assumed to be congalculations are wedk®). For a typical areal density of
pletely negligible. Although widely used when determining 200—300 mg/crh a knock-on deuteron will lose about 6-9
the spectral downshifts of charged particted’ these as- MeV as it traverses the capsule, and the remaining energy of
sumptions have never before been directly proven by exper3—6 MeV is readily detectable using CP'S.
ments because the effects of particle acceleration and slow-
ing down are always mixed in an implosion for charged—VI_ SUMMARY AND CONCLUSIONS
fusion products.

The knock-on proton data described in this paper finally  Direct-drive implosions of DT-gas-filled plastic capsules
provide direct proof of this assumption for thick-plastic-shell were studied using nuclear diagnostics on OMEGA. In addi-
capsules driven by 1-ns square laser pulses. Any acceleratidion to the traditional neutron measurements, comprehensive
would cause the upper endpoints of the knock-on protorand high-resolution spectra of knock-on deuterons, tritons,
spectra to be up-shifted relative to the 14-MeV endpoint ofand protons were obtained for the first time in ICF experi-
the birth spectrum. In Figs.(&) and €c), the endpoints of ments and used for characterizing target performance.
the knock-on proton spectra are precisepjthin statistical It was determined that an improvement in target perfor-
error9 at 14 MeV, which indicates that the protons are sub-mance is achieved, for moderate-convergence implosions
ject to no acceleration. Figure 19 shows the measured endCr~10-20), with the reduction of on-target irradiation
points of these and other knock-on proton spectra for a numronuniformity that results from an improvement of beam-to-
ber of shots, plotted against the bang tifeetypical 1-ns beam laser energy balance and from an enhancement of
square pulse on OMEGA is also displayed for refer¢nce single-beam uniformity. With the use of a 1-THz bandwidth
The laser pulse has completely ended-a#00 ps, while the of smoothing by spectral dispersion and polarization smooth-
bang time occurs several hundreds of ps later. No energing, Y,~1.1X10"% YOC~0.3, pRye~15mg/cnd, and
up-shifts are observed. pRsnei~ 60 mg/cni, which are, respectively, approximately
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