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The performance of gas-filled, plastic-shell implosions has significantly improved with advances in
on-target uniformity on the 60-beam OMEGA laser systein R. Boehly, D. L. Brown, R. S.
Craxton et al, Opt. Commun.133 495 (1997]. Polarization smoothingPS with birefringent
wedges and 1-THz-bandwidth smoothing by spectral disper&&8D have been installed on
OMEGA. The beam-to-beam power imbalance<iS% rms. Implosions of 2@m-thick CH shells

(15 atm fill) using full beam smoothin@l-THz SSD and PShave primary neutron yields and fuel
areal densities that are 70% larger than those driven with 0.35-THz SSD without PS. They also
produce~35% of the predicted one-dimensional neutron yield. The results described here suggest
that individual-beam nonuniformity is no longer the primary cause of nonideal target performance.
A highly constrained model of the core conditions and fuel-shell mix has been developed. It
suggests that there is a “clean” fuel region, surrounded by a mixed region, that accounts for half of
the fuel areal density. €001 American Institute of Physics.

[DOI: 10.1063/1.1350964

I. INTRODUCTION incoherence(SI).” Ultimately to ignite a direct-drive cryo-
genic pellet, the on-target beam nonuniformity must be less
In the direct-drive approach to laser-driven inertial con-than 194°8°
finement fusion(ICF)" a spherical target is symmetrically An ICF target is RT unstable during two phases of the
illuminated by a number of individual laser beams. One ofimplosion: During the acceleration phase, surface nonunifor-
the primary determinants of target performance is illumina-mities seeded by laser nonuniformities, outer-target-surface
tion uniformity, both individual-beam uniformity and on- roughness, and feedout of inner-target-surface roughness
target beam-to-beam power history differen¢pswer bal- grow at the ablation front. Under extreme conditions, the
ance. lllumination nonuniformities lead to distortions in the perturbations can grow to be comparable to the in-flight shell
compressed core due to secular growth of low-order (thickness disrupting the shell or by feeding perturbations
=10) modes and shell breakup and mix due to thethrough the remaining shell material, seeding the
Rayleigh—Taylor(RT)?® growth of perturbations imprinted deceleration-phase RT instability. During the deceleration
by high-order (>10) nonuniformities. To reduce the effect and core assembly phases the boundary between the high-
of imprinting, a number of beam-smoothing techniques havéemperature, low-density hot spot and the colder, high-
been employed, including distributed phase pla@BP,*  density pushefshel) is RT unstable.
polarization smoothing(PS with birefringent wedges, The beam uniformity’s effect on target performance is
smoothing by spectral dispersi¢8SD),® and induced spatial studied in direct-drive implosions of gas-filled plastic shells
on the OMEGA laser systefi. These targets are
“Paper BI3 3, Bull. Am. Phys. Sod5, 22 (2000. surrogates-!? for cryogenic implosions that have recently
"Invited speaker. commenced on OMEGA. These cryogenic implosions are
dAlso at the Departments of Mechanical Engineering and Physics and Asenergy—scaled surrogates for direct-drive ignition targets on

tronomy, University of Rochester, Rochester, New York; electronic mail: . . . . .
ddm@ﬁ'e'rocheste?edu the National Ignition Facility®°*3Cryogenic-target implo-

bvisiting Senior Scientist, Laboratory for Laser Energetics. sions have been shown to produce high fuel areal densities
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g 10 T T | conditions for the implosions; Sec. IV the target perfor-
£5 ggl CHshell (a) mance; and Sed/ a static mix model. The paper is summa-
28 1-ns square pulse rized in Sec. VI.

é% 06 - 20 um CH
ST 04l 0.35 THz, 3ec Il. TARGETS AND DIAGNOSTICS
g -, , , )
S% o2f , * 20 um CH, 1 THz + PS The philosophy of the experiments reported here is to
o | [ $ 24 um CH, 1 THz + PS first choose a laser pulse shape, smoothing conditions, target-
0.0 ' ' — shell thickness, and gas-fill pressure, and then vary the

. 10 T , , make-up of the fill gas or details of the shell layers so that
Eg 08 a =3 OMEGA (b) many diagnostics can be applied to the nearly identical im-
Eé [ cryogenic design ] plosions. OMEGA produces very reproducible implosions
x= 06 . suggesting that the implosion hydrodynamics is unchanged
g5 04 for different target types and fill-gas make-up.
ox 04r -
ééﬂ op L 1THzandPS A. Core diagnostics

g Ve 7]

) . . The primary (N,) and secondary neutrorN() yields

0.00 100 200 300 were measured using scintillator counters coupled to fast
Distance traveled (um) photomultipliers?! Indium and copper activation provided

additional yield measuremerf&For the range of yields re-
FIG. 1. (a) Ratio of the calculated acceleration phase “mix” width to the Corded, the typ|ca| uncertainty in these measurements was

in-flight shell thickness for 2Qsm-thick CH shells illuminated by 1-ns o P
square pulses with 1-THz SSD and RBshed ling 0.35-THz, three-color- 10%. The fast scintillator counters also measured the neutron

cycle SSD without PSthick solid ling; and for a 24um-thick CH shell ~ averaged ion temperature with an uncertainty-di.5 keV.
illuminated with 1-THz SSD and P&hin solid ling. For full smoothing, the The secondary proton and knock-on particle yields were
width of the mix region is significantly smaller than the in-flight shell thick- measured with filtered range filtéfsand charged-particle

(b) A simil ison for NIF-scal [ | f . i
ge'\;zg o PArISOn or scaled cryogenic targets planned for ¢ o o meter¢CP9.24 CR-39 nuclear emulsion was used in

both detectors to determine the yield and the energy spec-

trum.

For DT-filled implosions, the fuel areal density is deter-
mined from the number of elastically scattered knock-on fuel

particles?>26

on the 24-beam OMEGA laser syst¥hand the 12-beam
GEKKO laser systent®
An important measure of target stability during the ac-
celeration phase is the ratio of the amplitude of the ablation- Nn+T(D)—n'+T'(D"). (1)
surface mix width to the in-flight shell thickness. The smallere yield of knock-on particles is insensitive to the electron
th|§ ratio, the more stable thg implosion. Elgure 1 .Showslth'ﬁemperature profilés:28
ratlo.(.:alcula.ted for three different pIa_suc-sheII. |mplo_S|on Limits on fuel areal density {R;) in D,-filled implo-
conditions[Fig. 1(@)] and for a cryogenic-target implosion ¢ions can be inferred from the secondary neutrdf) (
planned for OMEGAFig. 1(b)]. The in-flight shell thickness production?27
was calculated using the 1-D hydrodynamic caasc,*® '
and the mix width was calculated using a postprocessor that D+D—T+p, 2
includes the effects of mass ablation, finite shell thicknessfo|lowed by
and spherical convergenteln implosions of 20um-thick, .
gas-filled plastic shells driven with a 1-ns square laser pulse, 1 TD—n(12-17MeV+"He, ©)
the ratios of the thickness of the ablation-surface mix regiorand secondary proton productiopg}, 232’
due to RT growth to the in-flight shell thickness are similar 3
to those predicted for OMEGA cryogenic implosions. The D+D—"He+n, )
other two plastic-shell implosion conditions will be dis- followed by
cussed below. Plastic shells are advantageous because a wide
variety of shell/gas conditions and diagnostics can be applied *He+D—p(12-17 MeV +“He. ®)
to study the details of the implosidf-2° The secondary proton and neutron yields depend on the elec-
In this paper we describe a series of OMEGA direct-tron temperature profile in the core and typically provide
drive plastic-shell implosions with high-quality beam limits on thepR; and the core electron temperatare’
smoothing and power balance. These experiments suggest The inferred value opR; depends on whether a hot spot
that the shell remains reasonably integral during the acceljpoint-like source surrounded by uniform fuer uniform
eration phase and that single-beam nonuniformity is nduniform fuel and sourge“ice-block” model is used. The
longer the primary limitation on target performance. A wide pR; inferred with the uniform model is-34% larger than
variety of target types and fill gasses are used to build avith the hot-spot modet>?” Simulations using.iLAc ® sug-
model of core conditions and fuel-shell mixing. gest that the uniform model is more appropriate for inferring
In Sec. Il we describe the targets and diagnostics appliedR; under the experimental conditions described in this
to the spherical implosions. In Sec. Il we describe the lasework.
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FIG. 2. The measured 1-ns square pulse from 50 of the 60 OMEGA beams Calculated convergence ratio

for shot 20705thin solid linesg. The thick solid line shows the rms beam-

to-beam power imbalance inferred for the same shot. For most of the puls&!G. 3. Ratio of the measured to calculated primary neutron y(é{dC)

the power imbalance is-5%. for D,-filled CH capsule implosions as a function of calculated convergence
ratio for 1-THz SSD and PS. This shows both the high reproducibility of the
OMEGA laser system and good performance at convergence ratio85f

B. Shell diagnostics

The areal density of the plastic shellRs, during stag- file with 95% of the energy enclosed in an936-um diam-
nation was measured with charged particle spectroscopyter. When 2-D SSD and PS are added, the spot diameter
Secondary protons from Dimplosions(produced with 12- increases somewhat due to the angular divergence associated
to 17-MeV energiesare slowed down predominantly in the with these techniques. Two different two-dimensio(D)
shell by an amount proportional toRs.?® For CH shells SSD configurations were used: a single color cycle with
with DT fill, the number of knock-on protons determines 1-THz bandwidth at 3- and 10-GHz modulation frequencies
pRs.?® In addition, knock-on deuterons and tritons areor a three-color-cycle configuration with a 0.35-THz band-
slowed in the shell, providing another measurepB and,  width with 3- and 3.3-GHz modulation frequencies. Polariza-
coupled with the knock-on proton yield, provide an estimatetion smoothing with birefringent wedges was employed on

of the shell electron temperatuf®. the implosions with 1-THz SSD.
The calculated time-dependent, on-target nonuniformity
C. Mix diagnostics (I=1-500) due to single-beam nonuniformity assuming a

) o ) ) perfect beam-to-beam power balance for 1-THz SSD with PS
The core—fuel mix characteristics are inferred in a NUM+g |ess than 1% after 300 B Additional on-target nonuni-

ber of ways. CSD layers in Pfilled CH targets are probed fomities are due to beam-to-beam power imbalance and dif-
with tritons and”He particles produced in the,Deaction in  tarences in DPP spot sizes.

the fuel region[Egs. (2)—(5)].22 The measured secondary
yields from the shell regions are compared to 1-D simulayy |MPLOSION RESULTS
tions. When the yields are significantly different than those
predicted, they provide information about the fuel-shell mix.  In this section we describe a series of gas-filled plastic
The secondary DT neutrons and3Be protons produced (CH) shell implosions driven with a-23kJ, 1-ns square
directly in the shell can be subtracted using-fifled implo- pulse. Most of the implosions were driven with full beam
sions with the same shell conditions. An implosion of a plasUniformity (1-THz SSD and PEwhile 0.35-THz SSOthree
tic shell with a CD layer and a purie fill provides a pri- color cycles_, W|thout_ PB5 was used for the others_. The
mary D3He proton signal only if the shell and fuel regions ~940-um-diam plastic targets had 18—24n wall thick-
are microscopica”y mixed. This y|e|d depends on the Charnesses and were filled with fuel pressures of 3—15 atm. The
acteristics of the mix, either microscopfigiffusive) or mac- ~ targets were predicted to have gas convergence ratios36f
roscopic, where islands of shell material penetrate the core?nd P respectively, from 1-D hydrodynamic simula-
ions:

The ratio of the measured primary neutron yield to that
lll. LASER CONDITIONS predicted by 1-D simulationg‘yield over clean” (YOC)]

A ~23-kJ, 1-ns square pulse delivered by the 60-beanfior CH shells with B fills as a function of the calculated
OMEGA laser systefi! was used to drive the implosions convergence ratidinitial to final radius of the fuel—shell
described in this work. Figure 2 shows the measured pulsboundary for 1-THz SSD and PS is shown in Fig. 3. The 20-
shapes for 500f the 60 beams. The beam-to-beam UV and 24um-thick shells were filled with either 3 or 15 atm of
energy balance(the thick line in Fig. 2 is typically = D,. The OMEGA laser system provides highly reproducible
<5% rms. When beam overlap on the target is included, thé@nplosions, as can be seen by the small spread in the YOC'’s
on-target nonuniformity due to beam-to-beam power imbalfor each condition. The implosions with 15-atm-filled, 20-
ance is<2%|(1=<12). Individual-beam smoothing was ac- um-thick shells were taken over three experimental cam-
complished by combining DPP’s, SSD, and F8 most paigns spanning two months and show -ad0% standard
cases The DPP’s produce a third-order super-Gaussian proeeviation of YOC'’s. The implosions with convergence ratio
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FIG. 6. The measured knock-on proton spectrum for a 15-atm-DT fill in a

Time (ns) 20-um-thick CH shell. The estimated shell areal density is 61 mg/(&ef.

26).
FIG. 4. The time-dependent, measuréthshedl and predicted(solid) )

neutron-production rates for a 15-atm-DT fill in a g@a-thick CH shell are
overlaid.
These results were compared with target implosions
driven with similar laser pulse shapes and with larger single-
~35 have YOC's of~20%. The most-stable implosions beam nonuniformities(0.35-THz, three-color-cycle SSD
(24-um-thick shells with 15-atm fillshave YOC's=40%. without PS. LILAC simulations predicted identical target per-
The measured and calculated neutron-production rate@rmance. Table | compares the measured implosion param-
for a 20.um-thick CH shell filled with 15 atm of D are  eters for 20um-thick CH shells with 15-atm-gas fills of D
compared in Fig. 4. The two temporal histories are in goocand DT driven under identical conditions, except for the
agreement except that the measured neutron-production ragégle-beam nonuniformity. In all aspects, the implosions
is ~35% of the calculated one. There is no evidence that thdriven with more-uniform beams performed significantly
measured neutron burn rate decreases before the time piestter. In particular both the primary neutron yield and fuel
dicted by 1-D simulationgi.e., no early burn termination  areal density increased by70%.
Over many target implosions, the measured time of peak In summary, high-uniformity, moderate-convergence-
neutron emissior(bang time is within 50 ps of that pre- ratio implosions with 15-atm-gas-fill pressure have YOC's of
dicted. ~40% and compressed fuel and shell areal densities close to
For 20um-thick CH shells with 15-atm-Por DT fill those predicted. Figure(d shows the predicted ratio of the
pressures, the predictegR; is 16 mg/cd and pR, is  imprint-induced mix width to the shell thickness for three
60 mg/cnt. The measured charged-particle spectra used ttmplosions. When full smoothingl-THz SSD and PBis
determine the fuel, shell, and total areal densities of thesapplied to 20um-thick shells, the mix width is predicted to
implosions are shown in Figs. 5-7. Figures 5 and 6 show thbe ~42% of the in-flight shell thickness compared with 65%
measured knock-on D armispectra for CH shells filled with  for 0.35-THz SSD without PS. The primary yields and fuel
DT. The pRy inferred from D knock-on yield is 16 mg/cin  areal densities increased by70% for the 1-THz and PS
while pRs~ 61 mg/cn? from the knock-on protons. The total implosion, indicating that the reduction of mix width and
pR can also be determined from the slowing down oftie  corresponding improvement in shell stability significantly
secondary protons from filled shells (Fig. 7) and it is enhanced the target performance. The u2d-thick CH
found to be 76 mg/ch These measurements show that theshells with 15-atm fills show a further 25% improvement in
sum of fuel and shell areal densities for DT implosions is inYOC compared to 2Q@em-thick shells with full beam
good agreement with the total areal density independentlpmoothing. If the imprint-induced shell stability were still the
inferred from B, implosions. The measured fuel and shelldominant determinant of target performance, reducing the
areal densities are close to those predicted from 1-D simulaatio of the mix width to in-flight shell thickness from 42%
tions. to 17% might have been expected to improve target perfor-
mance significantly further. While shell stability still plays a

6 T T T
@ 5 - T T T
® 4 =
> 5 2 .
3 =
3 2 % 4
=1 =

0 1 | - Il 1 1
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FIG. 5. The measured “knock-on” deuteron spectrum for a 15-atm-DT fill FIG. 7. The measured secondary’Be proton spectrum for a 15-atm,;D
in a 20um-thick CH shell. The estimated fuel areal density is 16 mg/cm fill in a 20-um-thick CH shell. The estimated total areal density is
(Ref. 26. 76 mg/cnt (Ref. 23.
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TABLE I. Comparison of implosion performance of 19-um-thick CH 6 T T T T
shells filled with 15 atm of D or DT fill with 1-THz SSD and PS or ()
0.35-THz SSD(three color cycleswithout PS. < Clean region

]

=4 L] T .

Diagnostic 0.35-THz SSD  1-THz SSD and PS e 4 clean

=
D, primary yield (13% 9+1 16+1 £
Tion(D2) 3.2+0.5 keV 3.7:0.5 keV &
Secondary neutron ratio 1.5+-0.4 2.5-0.2 &
(YZn/Yn) (1073)
Secondary proton ratio 1.4+0.2 1.9-0.2
(Yaop!Yy) (1079)
DT primary yield (167 6+1 11+1 20 . , | |
Tion (DT) 3.7 keV 4.4 keV (b) /]
Knock-on fuelpR (mg/cn?) 9+2 15+2 15k

2 10 - 5
role in target performance, it appears that other effects, such Z PRy = 80.5 mg/em
as power imbalance play a comparable role. R 5L pr pRe= ]
\\:\\ 7£0.5 mg/cm?

V. CORE MIX MODEL 0 B

0 10 20 30 40 50

In the preceeding sections, the experimental results have Distance (um)

been compared with the predictions of 1-D hydrodynamic
simulations. While some observations are close to those pré4G. 8. Inferred core and fuel—shell mix profiles from the mix model de-
dicted, others, such as the primary yield, are lower, Wh”escril_)ed i_n the text. The temperature profiles are §hom(a)iand t_he dens_ity

. . . profiles in(b). The range of the parameters, which are consistent with the
still Other_s" such as the “’%“0 of the secondary neu_tro_n y'?'@xperimental observations, is shown by the width of the various parameter
to the primary neutron yield, are larger. The variation inpangs.
observables provides constraints on the possible core condi-
tions and fuel—pusher mix during stagnation. In this section, _
the experimental results are compared to a static model of therédicted by the model are shown in Table Il. The model
core to gain additional insight about target performaiice. Predicts that the total compressed radius is.80 with ap-

The predictions of this static model are compared toProximately 1um (20% of the compressed shell areal den-

neutron-burn-averaged observations. This model assumé&¥y) of the original shell material mixed into the outer 50%
that the compressed core can be divided into two regions: @f the fuel region. This model provides a picture of the stag-
“clean” region with only fuel material and a “mixed re- nation conditions for the specifications described here. In the
gion” where some of the shell material is mixed with the future it will be applied to other implosions to further under-
fuel material. The clean region is characterized by a singlétand the mix characteristics.
temperaturgelectron and ion are assumed to be the same
fuel density, and radius. In the mix region, the fuel densityV!. CONCLUSIONS

decreases linearly from the edge of the clean region to the |, summary, the implementation of full beam smoothing

edge of the mix region, the shell material density decrease§._tH; SSD and PSon OMEGA has produced moderate-
linearly from the edge of the mix region to the boundary Ofconvergence-ratio (CR15) implosions that perform close
the clean region, and the temperature decreases linearly fropy 1.p predictions. The primary neutron vyield is
the edge of the clean region to the edge of the mix region._ 350, 450 of that predicted, while the fuel and shell areal

Thus, the model has six parameters: the temperature, densiyensities are close to their predicted values. When the shell is

and radius of the clean region, the radius of the mix regionihickened to reduce the effect of the acceleration-phase RT
and the shell material density and temperature at the edge of

the mix region. The total fuel mass is assumed to be con-
served. The nuclear and particle emission from the comIABLE Il. A comparison pf measured and mix-model-predicted implosion
pressed core in the model must match the measured values Qﬁ'ameters for-19-um-thick CH shells(with or without CD layers filled

. . with 15 atm of B, or DT, or *He for implosions with 1-THz SSD and PS.
primary neutron burn rate, average neutron ion temperature
secondary neutron, proton, and knock-on yidlisth for CH Parameter Measurement Mod@b of exp}

shells and CH shells with inner CD laygr&€H shells with

) ) . f . Fuel pR (mg/cn) 15+2 100
inner CD layers f|Iqu with*He fue! provide addmona! eX- 1. (DT) (keV) 4404405 (sy9 86
perimental observations. Approximately ten experimentalax: neutron burn ratén/s (9+1)X 107 110
observables are used to constrain the model's parameters,, (D,) (keV) 3.7+0.2+0.5 (sys 89
The core temperature and density profiles inferred from thi$econdary neutron ratio (2:D.4)X 10:2 100
model for 15-atm-filled, 2Qsm-thick plastic shells is shown Secondary proton ratio (1:80.3)x 107 78
. . . . Secondary neutron rati@®?2) (3.1£0.5)x 10 94
in Fig. 8. The range of allowable parameters is shown in the &, proton yieldHe fill (1.3+0.2)x 107 66
figure as the width of parameter estimates. The measuresl heytron yield(He fill) (8.5+0.4)x 10° 97

values of various parameters and their fraction percent
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