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A series of direct-drive implosion experiments, using room-temperature, gas-filed CH targets, are
performed on the University of Rochester's OMEGA laser sysf@inR. Boehly et al,, Opt.
Commun.133 495 (1997]. The target performance at stagnation and its dependence on beam
smoothing and pulse shaping is investigated. Compressed core conditions are diagnosed using x-ray
and neutron spectroscopy, and x-ray imaging. The individual beams of OMEGA are smoothed by
spectral dispersion in two dimensiof@D SSD with laser bandwidths up te-0.3 THz, with 1 ns

square to 2.5 ns shaped pulses. A clear dependence of target performance on pulse shape and beam
smoothing is seen, with the target performafgeld, areal density, and shell integnitynproving

as SSD bandwidth is applied.[S1070-664X00)95405-3

I. INTRODUCTION have stability characteristics similar to cryogenic targets il-
) _ L i . _ luminated with a shaped pulée.Previously reported

Direct-drive, inertial confinement laser-driven fusion o\vEGA direct-drive implosion experiments have demon-
(ICF) is accomplished by near-uniform illumination of gyateq the ability to achieve high temperatigsT,~3 to 4
sphencii fuel_—bearmg targets with hl_gh—pc_>wer Ia_\serkev, KT,~14keV), attaining DT neutron yields of 101
beams.”* Ablation of the outer target material drives an im- T6'acceleration- and deceleration-phase target stability has
plosion resulting in a large increase in temperature and defseen stydied in spherical implosions using thin polymer lay-
sity of the final fuel region. If_suff|C|entIy hlg_h fuel tempera- 44 doped with various high-elementsTi, Cl, and SJ, and
ture (>10 keV) and surrounding areal density-0.3 g/cn?)_ D, fills containing a small Ar componefitThe stagnation
are ach_leve&,then |gn|t|0n_, t_hermonu_cle_a_r burn propaga_tl_on, hase(maximum density and temperature conditioatthe
and gain can occur. Attaining near-ignition-scale condition§mpjosions has been studied using both x-ray and neutron
in d|rect-dr|ve implosions requires controlling th_e grgvvth of spectroscopic techniques concentrating on empty, hollow-
the Rayleigh—Taylor(RT) instability, seeded primarily by  gpey| targets or those with low-pressueatm gas fills11t
illumination nonuniformities and target imperfections. e apjjity to achieve final CH areal densities in excess of
Direct-drive ignition designs for the National Ignition Facil- _4qq mg/cni was demonstrated. Additional experiments
ity (NIF)' currently qnder construgtlo‘}'?, consists of ‘?‘Wl that incorporated Ti-doped layers within the shell have pro-
pm thick, ~3 mmdiam CH(plastio shell surrounding an \;ijeq independent confirmation of the core conditid
~300 ,um_thlck deutenum—_tntlun(DT) ice layer. There is a The compressed target in these experiments can be sepa-
small residual DT gagequivalent to~3 atm at room tem- 104 into three regions at stagnation: Gas fill, intfeat)
pe_raturem the target c_enter from an ice layer near the trlpleshe”’ and outefcold) shell. The performance of all regions
point (19 K). Cryogenic targets planned for OMEGA are iq 3 fynction of the pulse shape, shell thickness, and single-
energ.y—scaled versions of .NIF cryogenic targets with oo uniformity. For high-shock-strengtii ns square
mm diam and~90 um ice thickness. _ pulses, the outer region shows the most sensitivity to single-

Room-temperature-targeuoncryogeqlﬁ:|mpI05|ons are ,_beam uniformity, while for lower-shock-strength shaped
currently performec:ﬁ on the University of Rochester'sseq a|l regions show sensitivity to the single-beam unifor-
OMEGA laser systemwhich delivers up t0~30 kJ 0f 351 i | this paper the sensitivity of all three regions to pulse

nm laser light in 1-3 ns. The targets consist of 2040 ghane, shell thickness, and single-beam uniformity is pre-
thick plastic shells filled with up to 15 atm of various gases.ganted.

These targets have a similar total mass to the OMEGA cryo-
genic targets and when irradiated lid 1 nssquare pulse, Il EXPERIMENTS

“paper $1 1 Bull. Am. Phys. Soc44, 282 (1999, The targ_ets useq for these experlrner]ts consisted of
"Invited speaker. 20—-40um t.hICk sphgncal shells-950 um in dlameter. The
dElectronic mail: fredm@lle.rochester.edu shell material was either deuterated plag@®) with an un-
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FIG. 1. Ratio of measured D-D neutron yield to calculated y{¥@C) for
targets imploded with 1 ns square pulses; included are all targets with 3 atrRIG. 2. YOC from 3-15 atm filled CH targets, for 1 ns square and PS26
fills (D,, H,, and DHE) and targets with and without CD inner layers. The pulse shapes, with and without SSD bandwidt¥0.2 TH2 applied. The
yield from targets with H fills comes solely from inner CD layers. Plotted results from empty CD—CH shells imploded with 1 ns square pulses are
for comparison are empty CD—CH-shell target results. shown for comparison.

deuterated plasti¢CH) overcoat, or pure CH. All of the
present experiments were performed on gas-filled shell
filled with 3—15 atm of H, D,, and/or DHé. All targets
were overcoated with a 04m Al gas retention barriefThe
DHe’-filled targets had an equimolar mixture of D and®He
The targets filled with H allowed for measurement of the
primary (D—D) and secondaryD—T) neutron yield from the
CD layer, while the B- and DHé-filled targets allowed for

Traditionally, target performance in ICF has been mea-
S . o
sured against the gas convergence rdiitial gas outer
radius/final gas outer radiu€Ry,9]. The calculatedC Ry,
ranged from~20 to 50 for these experiments. Targets with
the same calculate@Ry,s but driven with different pulse
shapes can have YOCs which vary by almost two orders of
magnitude’’ The target performance is much more sensitive

measurement of the primary yield from the gas-fill regiontof tr:]:nzzﬁ‘grﬁligk?sstﬁzgs.hléilTgtsest%g?heeStsrg\]/\?tLtZ? t(:?rRe'?
and the secondary yield from the gas-fill and She"_materia&stabilit dete?mines the ov;erall target grformance To un-
regions. A parallel series of target experiments replaced th Y getp :

inner CD layer with a Ti-doped4%—6% atomic fraction derstand the effect of shell thickness and pulse shape on

CH layer. Emission from the Ti-doped region acts as a tracetrarget performance, we have defined the calculated shell con-

of the doped-shell region, allowing for imaging of its Shaloevergence ratio C Rge). This definition can also be used for

and determination of its size. The experiments were per-She"S with no gas fill. Applied to the empty-shell target case

formed using two pulse shapesl nssquare pulse, and a 2.5 the ice-block final shell radius is given by

ns shaped pulsg with a 1:8 foot-to-main-pulse aspect ratio Rice bioa=[3M (/4m(pR) 12,

(PS26, see details in Refs. 10 and.1The OMEGA beams

were phase converted using distributed phase pfateswhereM; is the unablated shell mass angR); is the shell
(DPP’9 and smoothed by smoothing by spectral dispersiorareal density calculated at peak compression, where the val-
in two dimension® (2D SSD with either 3 by 3 or 3 by 10 ues are calculated for the unablated shell material. The shell
GHz-frequency oscillators. convergence ratio can then be defined as

CRshei= Ri/Rt=Ri /Rice biock= Ri /[3M ¢/4m(pR)]*?,
Il. RESULTS
where R; is the initial shell radius. The YOC values as a

function of CRgpe for both empty and gas-filled targets are
Comparison of the measured primary fusion yieldplotted in Fig. 2. To accentuate the differences and minimize
(D-D) to the yield calculated by the 1D hydrodynamics codescatter, the cases in Fig. 2 are limited to low beam-energy
LILAC *® gives an overall measure of the performance of thevariation[ <10% beam-to-bearfims) root-mean squatgthe
target. Figure 1 shows the ratios of the measured to calcugas-filled targets additionally contain no CD in the shell,
lated yields[yield over calculatedYOC)] as a function of making them cases solely of gas-fill yield. The normalized
shell thickness for a series of 3 atm,-illled targets im- yields for empty-shell targets have shown little discernible
ploded with 1 ns square pulsés-27 k). The values ob- sensitivity to beam smoothidy'! (and are not separately
tained for targets with no gas filyield solely from the inner identified, while the gas-filled targets show a difference for
CD shel) are shown as open ftriangles. As was seerthe extreme cases showno beam smoothing and
previously!® the highest YOC is obtained for the thickest Avsspy=0.2 THz). The targets expected to have the lowest
targets, approaching unity for thicknesses ®#0 um.  stability (PS26 pulse shapeshow the most difference with
Where overlap exists, the gas-filled targets appear to follovand without SSD smoothing but also have the lowest values
this general trend, suggestive of a relation between shebf YOC. The good correlation of YOC witl Ry, SUggests
thickness and performance. that the shell integrity during compression dominates target

A. Gas-fill performance
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FIG. 3. SSD bandwidth dependence of the measured secofidafy neu- the shgped-pulse implosions, resulting in Smal.ler in-flight
tron spectrdnormalized to the primaryD—D) neutron yield from (a) 1 ns shell thicknesses and_larger RT growth rates. Th|s_makes the
square andb) PS26 pulse implosions. targets more susceptible to breakup due to ablation-surface
nonuniformities and to feedthrough of the nonuniformities to
the inner surface. This conjecture is supported by simulations
performance, including that of the gas fill. As was previouslyof imprint, RT growth, and saturation of the laser-induced
shown;®* the shell performance is also noticeably affectednonuniformities’ The simulations show that for the most un-
by the presence of the gas fill. stable target§PS26 and thinner shellsthe RT amplitude
The gas-fill performance is further characterized by meacompletely penetrates the shell during the acceleration phase.
suring the fuel areal densipRy,e . Figure 3 shows measure- The characteristics of the shell, both the intfest) and outer

ments of the shape of the secondary neutidrT) spectra  (cold) regions, are discussed in the next two sections.
[Y(DT)*pRyel, using MEDUSA!® The targets are 3 atm-

D,-filled, 20 um thick CH shells irradiated with 1 ns square B. Inner (hot) shell performance
pulses[Fig. 3(@] and PS26 pulsefFig. 3(b)] and various : P
SSD bandwidthsf vsgp). The spectra from the 1 ns square The state of the inner shell material is probed by tritons
pulse experiments show no discernible differences. Both th&com the D-D reaction in the fill gas undergoing secondary
amplitude and the shape of the spectra are unchanged, whickactions in the CD shell material. The normalized secondary
indicates that the averageRy,e is unchanged. Conversely, neutron yields from 3 atm Pfilled CH shells without a CD
there is a very noticeable increase in the normalized secondayer, with a 1um thick CD layer at the inner shell surface,
ary yield for the PS26 experiments vershisggp. Both the  or with an embedded Am thick CD layer(offset 1 um from
0.2- and 0.3-THz cases are2X higher than the 0.0- and the inner shell surfagere shown in Fig. 4. The targets were
0.1-THz cases. TheRy, is deduced from a central source imploded with 1 ns square pulses. The inner CD layers have
model, assuming no slowing down in the fuel, and as suchsecondary yields that are much higher than the gas-omy
provides a lower limit on the valu¥€:!! The statistical errors CD) case. The spectrum is also narrower, indicating signifi-
in the inferred values 0f Ry, are typically 10%, due to the cant slowing down of the tritons in the CD layer. The spec-
errors in the yield measurements. There is an additional sysrum of the offset layer is almost equal to the gas-only case,
tematic uncertainty of~25% due to the calibration uncer- indicating little if any significant mixing of the inner 2zm
tainty of the secondary yield detector. For 1 ns square pulsesegion of the original shell at stagnation.
the pRy,e Values predicted by 1D simulations range from 21 The results of the secondary yield contribution from the
to 23 mg/cm, while for PS26 they range from 73 to 78 shell are shown in Fig. 5. The lower-limits pf\ Ry shey (OF
mg/cn?, where the variations in the simulations are due tothe CD layey are calculated as described in Refs. 10 and 11,
variations in conditionge.g., target thickness, energy of la- after adjustment for the contribution of the gas. For compari-
sel. son, pAR values obtained from implosions of empty
Figures 1-3 have shown the performance of the com€D-CH targets and corresponding values for the CD layers
pressed gas fill as a function of pulse shape, single-beafnom LILAC simulations are also shown. The measured
uniformity, and shell thickness. Taken together, they show AR shen Values are near the limits predicted by LILAC
that (a) thicker shells give better performance compared tandicating near 1D performance of the inner part of the com-
1D simulations, andb) the effect of single-beam nonunifor- pressed shellprobed by the D-D primary triton
mity on the performance is more apparent for more slowly  The inner(hot) shell is further investigated by imaging
rising pulse shapes. These results suggest that the shell ithe x-ray emission from higiE-doped target implosions.
tegrity dominates the target performance. The differences ifrigure 6 shows x-ray images from a series of target implo-
performance may be due to the lower isentropes obtained faions with 2 um thick, Ti-doped(4% atomic fraction re-
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FIG. 7. Radial intensity profile of the high-bandwid{®.3 TH2 Ti-doped
FIG. 5. pARyt shen lower-limit values for CD-bearing targets determined image and a 2D ORCHID simulation of the same. Both are norrnalized to
from the secondaryD—T) to primary(D—D) neutron yield ratio, along with 1.0 at the center.
LILAC predictions of the measurement limit. Empty CD—CH target values
are shown for comparison.
images. The limit oA Ry shendeduced from the secondary
D yield is close to the LILAC predictions. Results from targets

gions, offset 1um from the inner shell surface. The SS ) - . -
bandwidth was varied from 0.1 to 0.3 THz. The x-ray imagesWl'[h offset CD layers indicate that there is little mixing over

were obtained with a Kirkpatrick—Bag&KB) microscope fil- the ‘”‘“?‘ inner 2um O_f th_e shell m_aterial, suggesti_ng that
tered to be sensitive from'5 to 7 keV. The images clearly the hot inner shell region is nearly intact at stagnation.
show a dependence on SSD bandwidth. The azimuthally av-

eraged radial profiles of the images show a larger dip at th&- Outer (cold) shell performance

center(indicative of a thinner emitting regigrfor the high- The cold-shell areal density( R.oiqshe) Can be deter-
bandwidth case. Figure 7 shows a comparison of the emisnined from the observed absorption in the continuum spec-
sion profile from the high-bandwidtf0.3 TH2 SSD case g obtained with a grating-dispersed KB microsc@pEig-
with 2D ORCHID SlmulatlonS(ORCHlD hydrOdynamiCS ure 8 ShOW$ARCOId Shellva|ues from a series of 1 ns square
simulations® modeled the single-beam nonuniformities in- nyise target experiments with varying shell thicknesses, with
cluding DPP contributions and SSD at 0.2 THz, assuminggnd  without SSD beam smoothing. The values of
perfect beam balance, and no radiatidrhe two profiles are pAR.q shenare plotted as a function of shell thicknegBoth
seen to peak at approximately the same rad@rsum), al-  cases show the expected dependence on shell thickness as
though the measured profile is wider than the simulated ongnore cold shell material is left to absorb x-rays at stagna-
(Asymmetries, likely due to beam-to-beam energy variation ] The pARgqq shervalues obtained with SSD are substan-
tions, are contributing to this spread. tially higher than those without. The values @ARyq shell
The performance of the innghot) shell region shows  from poth 1D and 2D ORCHID simulatior(solid symbol3
dependence on pulse shape, shell thickness, and SSD bangrow a similar trend as a function of shell thickness. The
width. The shell appears to be more compressed and integrahyes ofpA Reold shelffom ORCHID simulations were deter-
with higher SSD bandwidth as seen in the limb-brightenedyjned by a postprocessor which determined gheR of the
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FIG. 8. Values ofpAR_yq snen determined from grating dispersed KB mi-
FIG. 6. Time-integrated, hard x-ray images5-7 keV) from a series of  croscope obtained x-ray spectra of 3 atm filled CH and CD-CH targets
implosions of CH targets with inner Ti-doped layers for varying bandwidth versus shell thickness, witfx>0.2 TH2 and without SSD bandwidth. The
[(@ 0.1, (b) 0.2, and(c) 0.3 THZ, along with azimuthally averaged radial values obtained from 1D and 2D ORCHID simulations are shown for com-
profiles of the sam&(d)—(f)]. parison.
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unstripped fraction of the shell material from the density andng increases the shell integrity and compression despite the
temperature values as a function of position. The assumptioapparent lack of mixing. Lastly, beam smoothing strongly
is that this average value @fAR.yqshei iS approximately affects the outer shell region in all cases.
directly measurable(This is equivalent to a small optical The target performance as a function of shell thickness
depth approximation A more exact treatment would include and pulse shape depends on the separation of the shell inner
radiation transport effects. In the 2D simulations thesurface from perturbations induced by single-beam laser
PAR.o4 shenValues are averaged over the radius of the emitnonuniformities. Targets imploded with slowly rising pulses
ting region. The 2D ORCHID predictions lie well below the have smaller in-flight shell thicknesses and higher RT
1D ORCHID predictions. Most of this reduction is due to the growth rates than those imploded with rapidly rising ones.
additional stripping of carbon ions in the disrupted shell ma-The slow falloff for the more stablél ns square pulgem-
terial. Some is due to spatial modulation. The magnitude oplosions with shell convergence ratio is likely due to low
the effects of single-beam nonuniformities appear to accouritmode perturbations caused by power imbalance. These
for the observed lower value gfAR.y4shen from that ex-  would affect target performance in all cases but would be-
pected by 1D simulationgThe single-beam nonuniformities come proportionally larger in magnitude for higher conver-
in the 2D simulations affect the value of the simulatedgence ratios.
PAR.o4 shen DY the amount necessary to bring near agree- In summary, the dominant effect on target performance
ment between the simulations and the measurements. appears to be the shell stability. The ouiesld) shell region
shows the most pronounced sensitivity to single-beam non-
uniformities. The feedthrough of these perturbations to the
IV. CONCLUSIONS inner shell and gas regions limits the target performance.
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