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Layered and characterized cryogenic Dapsules have been imploded using both low- and
high-adiabat «, the ratio of the electron pressure to the Fermi-degenerate prepsilse shapes on

the 60-beam OMEGA laser syste. R. Boehlyet al, Opt. Commun.133 495 (1997)] at the
Laboratory for Laser EnergeticLLE). These experiments measure the sensitivity of the
direct-drive implosion performance to parameters such as the inner-ice-surface roughness, the
adiabat of the cryogenic fuel during the implosion, the laser power balance, and the single-beam
nonuniformity. The goal of the direct-drive program at LLE is to demonstrate a high
neutron-averaged fugiR at a significant fraction of the predicted one-dimensididaD) neutron

yield using an energy-scaled, low-adiabat<3) ignition pulse shape driving a hydrodynamically
scaled deuterium—tritium ignition capsule. New results are reported from implosions of
~920-um-diam, thin(~5 wm) polymer shells containing 10@m D,-ice layers with characterized
inner-surface ice roughness of 3—4éh rms. These capsules have been imploded usihg—23 kJ

of 351 nm laser light with a beam-to-beam rms energy imbalance of less than 5% and full beam
smoothing[1 THz bandwidth, two-dimensional2-D) smoothing by spectral dispersion and
polarization smoothing Near-1-D performance has been measured for a high-adiabaR®)

drive pulse, and the implosion performance with a low-adiabkat 4) pulse is in agreement with

2-D hydrocode predictions. @003 American Institute of Physic§DOI: 10.1063/1.1565116

I. INTRODUCTION Within a decade or so, implosions of capsules containing

. o . ) ,  cryogenic-deuterium—tritiun{DT)-fuel layers are expected
In the dlrect_drlve inertial conflnement fusioiCF) to ignite and burn at the National Ignition FacilitNIF)®

concept, a spherical capsule containing thermonuclear fuel is

imploded by the direct illumination of laser beams focuse c_urrently under construction at the Lawrence Livermore Na-

on the surface of the capsule in a near-uniform pattern. Thgonal Laboratory. In(jepgpdent of the driye SC“e”.‘e' the pasic
capsule can also be mounted in a hiytvavity, generally capsule.concept for |gn|t_|on. on the _NIF is a relanvely thick,
referred to as a hohlraum, which is then heated by the laséY°9enic-DT-fuel layer inside a thin, spherical ablétor
beams, producing a uniform radiation field of x rays. In this©2M shell’ At peak compression, the higiR of the com-
indirect-drive ICF conceptithe x rays, rather than the laser Preéssed cryogenic DT fuel can support a propagating ther-
beams, ablate the outside of the capsule and drive the implédonuclear burn wave due to the local bootstrap heating of
sion. While the uniformity of x-rayor indirect drive is cur-  the DT alpha-particle energy deposited in the fuel. Although
rently superior to that of direct drive, it is possible to couplethis target concept has been under development for many
significantly more laser energy into the hydrodynamic mo-years, only recently have implosions of appropriately scaled,
tion of the imploding fuel with direct drive. It may be pos- layered, cryogenic Pcapsules on the 60 beam, 30 kJ UV
sible, therefore, with direct drive to achieve temperatures an@MEGA laser systerh at the University of Rochester’s
densities that are comparable to indirect drive but with conLaboratory for Laser Energetics begun to provide important

siderably less laser energy. data for the validation of both direct- and indirect-drive ig-
nition target designs for the NIF.

apaper RI1 6, Bull. Am. Phys. Sod7, 285 (2002. The OMEGA cryogenic capsul_es and_ Iaser-drivg p_u_Ises

Pnvited speaker. are energy scaled from the direct-drive NIF ignition
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1.2 T T T T . ments for cryogenic implosions on OMEGA that would
< 1.0a-g———nm_NIF (0. = 3) 4 (computationally ensure direct-drive ignition on the NIF un-
E 0.8 M - OMEGA (0.2 4 | der equivalent uniformity conditions.
B b R N @=4) For example, the two dashed lines associated with the
% 0.6 F---oo2 \A‘/‘-\ 1-wm rms ice ] NIF «~3 and OMEGA«a~4 curves represent equivalent
g 041 ' \\ ‘/\ . implosion conditions: the uniformity of the laser illumination
2 02 _0(1&’@%\ o e 28969.\ - and the outer and inner surfaces of the capsule are identical.
0.0 o L,y R Nonuniformities in the laser illumination and the outer sur-
00 05 1.0 1.5 20 25 3.0 face of the capsule generate perturbation seeds that grow
5 (um) during the acceleration phase due to the Rayleigh—Taylor

(RT) instability®° These perturbations feed through to the
FIG. 1. Normalized performance curves using the 2-D hydroamisiio  inner ice surface, combine with the original ice perturba-
are shown as a function of the paramegefor the scaled OMEGAopen tions, and continue to grow during the deceleration phase.
circles and the NIF ignition designé&losed squaredor equivalenta~ 3 . . .
implosions. The performance curve for a scaled OME@A4 design is This phgse of _the perturbation growth leads to mixing (_)f
also shown(closed triangles The dashed lines on the axis represent Cryogenic fuel into the hot spot and a subsequent reduction
implosions with equivalent uniformity on the NIF and on OMEGA. The in the performance of the implosion. Therefore, under
point labeled as 28969 is the result of ar-4 cryogenic implosion and is equivalent uniformity conditions, a normalized yield of

discussed in the text. The value effor this implosion is based on a 2-D 55%—60% at OMEGA ¢~ 4) would correspond to achiev-
hydrocode calculation using the known laser and ice-surface nonuniformi- p

ties, and the measured yield is used to determine the normalized yield. TH&'J @ normalized yield of approximately 70% on the NIF
point labeled as Jsm-rms ice is based on the calculation for shot 28969 but («~3). Much of the work on cryogenic implosions on
assumes the NIF ignition specification for the inner-ice-layer-surface roughOQMEGA is focused on achieving uniformity conditions in
ness. both the laser and the surface of the cryogenic fuel that will
correspond to ignition conditions expected on the NIF.

To help achieve these conditions, a standard capsule de-
design&®’ to provide hydrodynamically equivalent implo- sign has been adopted to minimize variations in the fabrica-
sions (e.g., matching implosion velocities, hot-spot conver-tion procesd(filling, layering, and characterizatipnA stan-
gence, and in-flight aspect ratjoFhe ignition design for the dard low-adiabat pulse shape was also adopted for ease of
NIF is driven by a 1.5 MJ, high-contrast pulse shape thatlata comparison among implosions with differing levels of
puts the fuel layer on an adiabat of approximately @ ( inner ice smoothness. The pulse shape was designed to put
~3), where the adiabat is defined as the ratio of the electrothe cryogenic-fuel shell on an adiabat of approximately 4
pressure in the shell to the Fermi-degenerate pressure. Tthis capsule and drive pulse were used to generate the
achieve hydrodynamic equivalence on OMEGA, the energfOMEGA a~4 curve shown in Fig. J1 Details of the capsule
absorbed by the capsule per unit mass must be approximatefigsign and pulse shape are discussed in the following sec-
the same as the NIF design. Therefore, the energy scales @gn. In Sec. lll, experimental results from two different adia-
the volume of the capsule dradius), the power scales as bat implosions are discussed and compared with one-
the surface area of the capsule(mdiug), and the duration dimensional(1-D) and 2-D hydrocode predictions. In Sec.
of the drive pulse scales as the capsule ratthesdistance to 1V, we discuss laser system and Cryogenic Target Handling
be traveled by the shellOn the 30 kJ OMEGA laser, this System(CTHS) improvements that are expected to lead to
leads to a cryogenic capsule radius-920 um containing  ignition-equivalent implosions with cryogenic DT capsules
an ice layer that is~100 um thick® in the near future.

An analysi$ of the relative performance of the NIF
baseline direct-drive ignition target and the scaled OMEGA||. EXPERIMENT
cryogenic capsule design using the two-dimensiqi2aD)
hydrocodeorcHID® has shown that the performance of the
two designs can be related using the stability parameter The “standard” cryogenic capsule design and the low-
defined as adiabat pulse shape for the experiments reported in this paper

—2_ 2 2 are shown in Fig. 2 along with the NIF direct-drive ignition

07=0.08<o7(£<10)+ o(£=10), @ point design. The shell material is either strong G@migh-
where theo,’s are the individual rms amplitudes of the per- strength plasticor CD' and is typically 5.6:0.1 xm thick.
turbations on the inner surface of the ice layer at the end oWhen permeation filled with approximately 1200 atm of D
the acceleration phase. The normalized performance curvesd then cooled to the triple poi(t8.73 K), the resulting
plotted as a function of the parameter for the OMEGA ice-layer thickness is~100 um. This shell is somewhat
(open circleg and the NIF ignition design&losed squares thicker than the capsule designs scaled from the baseline 1.5
are shown in Fig. 1 for equivalent~3 implosions. The MJ ignition design for the NIF and described in Ref. 12. The
performance curve for a similarly scaled OMEGA-4 de-  thicker shell was chosen to increase the laser absorption with
sign is also showr{closed triangles Although the smaller the low-adiabat drive pulseghe average atomic number is
OMEGA capsule is more severely disrupted due to the perhigher for CH than for the Pice and the thicker CH shell is
turbations associated with a given valuecgfthe «a~3 and  ablated away later in the drive pujsand to reduce the
a~4 curves can be used to establish performance requirdength of time required to fill and cool the capsules with D

A. Cryogenic target design
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NIF: 1.5 MJ 103 ———
~ 1 um CH o = Puel FIG. 2. The baseline direct-drive igni-
1.69 mm —~ 102} Premi 1/'NIF b tion design for the NIF is shown along
OMEGA: 30 kJ E J= 3 with the energy-scaled, hydrodynami-
1.35 mm B 101 beegfees ot ] cally equivalent cryogenic design im-
: g ploded on OMEGA and reported in
£ 5 OMEGA ; this paper. The right-hand panel shows
10 o=4 i the a~3 and a~4 pulse shapes for
: the NIF ignition design and the
10-! AIL I6 é ' 10 OMEGA cryogenic implosions, re-

spectively.
Time (ns) P Y

fuel (a thicker shell is more robustA corresponding thick- sphere, which is maintained at approximately 15 K. The set-
plastic-shell(17 wm) ignition design for the NIF has also tings for the exchange gas pressure, the layering sphere tem-
been developéd to take advantage of the higher absorption.perature, and the IR laser power control the layering rate of
By tailoring the adiabat in the shell and fuel, the expectedhe ice. Thin sapphire windows on the viewing ports provide
increase in imprint perturbation growth for such a thick shelltwo orthogonal views of the capsule for shadowgraphic
is substantially reduced. Therefore, the higher absorption ananalysis of the layer quality and later alignment at target
hydrodynamic efficiency lead to improved ignition perfor- chamber center for implosion experiments. At shot time, the
mance with the additional advantage of the superior meeryogenic assembly containing the layering sphéttee
chanical properties of a much thicker shell. shroud is rapidly removed, exposing the capsule, still
While the relatively low stability of the OMEGAx~ 3 mounted to the MCTC, to the laser beams. The delay be-
design in Fig. 1 would provide enhanced performance senstween the shroud removal and laser interaction is approxi-
tivity to nonuniformities for parametric studies and compari-mately 50 ms.
son to implosion models, the current levels of laser system While early 60-beam cryogenic capsule implosidres
nonuniformity would dominate the performance of this cap-ported in Ref. 12 were characterized by a single shadow-
sule design. To enhance the performance margin of cryographic view'? recent improvements to the characterization
genic implosions on OMEGA, a pulse shape was developedtation permit the capsule to be rotated80° to obtain mul-
that puts the fuel layer of the above-described standard capiple views of the inner-ice-surface quality. Although mul-
sule on an adiabat of approximately 44). An analysis tiple views do not provide a true three-dimensiof(aiD)
of the performance of this capsule and pulse shape with picture of the inner ice surface, an average over multiple
stability postprocesstt indicates that the mix width at the views does provide a more accurate representation of the
end of the acceleration phase is approximately 40%, considnodal structure of the ice for 2-D simulations. For most
erably smaller than the 60% estimated for the scaled3 targets, a layer is characterized by at least four views. Tech-
OMEGA design. Here the mix width is simply the peak-to- niques are being developed to construct a 3-D representation
valley of the RT-growth amplitudes, and the ratio of the mix of the ice layer from multipléup to 12 2-D shadowgraphic
width to the shell thickness is a measure of the shell stabilitymeasurements.
For equivalent uniformity, thexr~4 design should perform A well-layered capsule is produced in approximately 24
significantly better than thex~3 design. This is demon- h. Much of this time is spent searching for the triple-point
strated in Fig. 1: the equivalent scaling to ignition perfor-isotherm in the capsule by slowly varying the IR power de-
mance requires a normalized yield of 55%—60% for this dedivered to the layering sphere while the temperature of the
sign compared with only 30% for the scaled-3 design. layering sphere and pressure of the exchange gas is held
Since ana~4 pulse shape applied to the 1.5 MJ NIF base-constant. Once the settings for the triple point have been
line direct-drive design still leads to ignitidhthe above- identified, a sub-1Qum rms layer can usually be formed
described OMEGAx~4 design should be adequate to vali- quickly and the modal structure will slowly anneal with time
date ignition-equivalent performance on OMEGA. (hourg. Occasionally, a near-single-crystal layer can be
A thorough description of the layering and shadow-grown, and these capsules generally have very smooth layers
graphic characterization of cryogenic capsules is given ir(the total rms of modes greater than 3 is abowi). Figure
Ref. 12. Up to four thin-shell capsules are filled and cooled3 shows an example of two near-single-crystal layer capsules
in the fill/transfer station and then individually loaded into and their multiview-averaged power spectra. Both of these
moving cryostat transfer carfMCTCs). These carts contain capsules were imploded on the OMEGA laser system.
all of the necessary systems to create, manipulate, and main-
tain an ice layer inside the plastic capsule. The capsule
located inside a small layering sphere that has four viewin
ports and an opening for a laser fiber to deliver up to 150 Cryogenic capsules have been imploded using two pulse
mW of 3.16 um IR laser power to the inside surface of the shapes: a high-adiabatx{-25), 23 kJ, 1 ns square pulse
layering sphere. This IR energy is preferentially absorbed if~0.5 TW peak intensityand a low-adiabat¢~4), 17 kJ,
the D,—ice layer, and low-pressure~100 mTor) helium 2.5 ns shaped pulse. The-4 pulse shape is shown in Fig.
exchange gas conducts heat from the capsule to the layerir®y Full single-beam smoothing was applied during all pulses

i .
gB. Laser-drive pulses
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the various thermal barriers. The alignment accuracy of the
TVS to target chamber centéfCC) is better than fum for
noncryogenic, stalk-mounted targets. The alignment accu-
racy for cryogenic capsules however, is limited due to focal
blurring through the sapphire windows; for cryogenic cap-
sules, the alignment accuracy is estimated to be approxi-
mately 10um.

In addition to blurring the capsule images in the TVS, it
was found that the target optical offsghe difference be-
tween the capsule location viewed through the sapphire win-
dows and the actual location of the cap$ustablished at
room temperature<5 um, during the assembly of the
MCTC was significantly different once the cryogenic sys-
tems were cooled. An analysis of chamber-mounted x-ray
pinhole camer&aXPHC) images taken during the implosions
showed that virtually every cryogenic implosion prior to the
identification of a target alignment problem had been offset
from TCC by 60 to 120um. Using up to five fixed XPHC
images on each shot, the magnitude and direction of the cap-

FIG. 3. Shadowgraphs of two layered and fully characterized cryogenic D SUle offsets were determined with high accuracy. The influ-
capsules prior to being imploded on OMEGA. The average power spectr@nce of this offset on the cryogenic implosion performance is
for the modal structure of the inner ice surface just prior to the implosionsgiscussed in Sec. IV.

are also shown. To accurately align cryogenic capsules to TCC, a cali-
bration procedure was developed to generate offset align-
ment reticles for the TVS. A stalk-mounted surrogate capsule
is loaded into the MCTC, the system is cooled to the nominal
operating temperature, and the surrogate capsule is inserted
ito the target chamber. The capsule is aligned to the TCC

growth during the acceleration phase, initiated by the arrival'Sind the TVS and then the Shf‘OUd IS removed, exposing the
of the rarefaction wavéraveling outward from the inner ice CaPsule. TVS images of the “bare” capsule are then ac-
surface at the ablation surface. Since the rarefaction wavedtired, and the optical offset caused by the sapphire win-
does not reach the ablation surface before the end of thdOWs in the shroud is calculated. This offset is then used to
high-adiabat pulsél ns square the implosion performance 9€nerate a unique alignment reticle for each MCTC.

is not particularly sensitive to the acceleration-phase pertur-

bations introduced by laser system impi(iin¢., the accelera-

tion phase is sho?r.tThe resultipg highgr performance gener- o Experimental setup and diagnostics

ally leads to improved diagnostic measurements for . . . o _ .
comparison to 1-D and 2-D hydrocodes. Implosion perfor- ~ The primary diagnostics for cryogenic implosions in-
mance with the low-adiabate~4 pulse is considerably clude th% fixed XPHCs mentioned ear_l’r@rx-ray framing
more sensitive to imprint. There is less stabilization duringcameras, JNigh-resolution  Kirkpatrick—Baez (KB)

the foot of the pulsésee Fig. 2 due to the lower ablation microscopes] primary and secondary neutron yigftsec-
velocity. This leads to greater perturbation amplitudes at th@ndary proton y|5eI&, the ion temperaturé and the neutron
end of the acceleration phase that feed through to the inndfaction history’® The energy loss of the secondary protons

ice surface and continue to grow during the decelerations Used to infer the total areal densifyThe XPHCs provide
phase. a low-resolution, time-integrated x-ray image of the capsule

shell and core. The framing cameras provide sequential,
time-gated core images from just before fusion burn until
well after stagnation. These images can be used to assess
The cryogenic capsules are suspended on a web of spiime-dependent, low-mode asymmetries during the assembly
der silks across a “C”-style mourtf The C is designed to of the core. The high-resolutiof~5 um), time-integrated
avoid intercepting the beams, and the use of spider silk miniKB microscopes offer the best images of the core at peak
mizes both mass perturbations on the capsule surface thatray emission. Asymmetries in the core are related to both
might affect implosion performance and thermal perturbalaser system nonuniformities and low-mode inner-ice-surface
tions that might affect the p-ice-layering process. Cryo- structure. The primary and secondary fusion yields are the
genic capsule alignment inside the OMEGA target chambemost direct measure of the capsule performance and are most
utilizes the Target Viewing SysteifTVS). Each of the two  sensitive to mix and ion temperature. The reaction history
orthogonal TVS lines of sight views the capsule through sixprovides crucial validation for hydrocode performance and
independently mounted sapphire windows. These windowkaser absorption, while the total areal density is perhaps the
provide the only optical access to the layering sphere througmost important measure of the hydrodynamic performance

by using distributed phase platg®PP3,'® polarization
smoothing with birefringent wedgé§and 2-D, single-color-
cycle, 1 THz smoothing by spectral dispersidrPerturba-
tions seeded by single-beam nonuniformities experience R

C. Target alignment
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of the implosion: an areal density of at least 300 md/ésn
required to absorb the full energy of the DT alpha in an
ignition target.

Direct-drive cryogenic target implosion performance . . .

2-D density
near peak burn,

1941

B shot 28900

Il. RESULTS ) o~ 2323 3 kJ
2 100
As described earlier, most of the recent cryogenic targets ~

have been significantly offset from TCC at the beginning of
the laser pulse. DPPs on each of the 60 OMEGA beams are 50
used to define the focal-spot distribution of the beams on the
target. The minimum spot size of each individual beam is 0
nominally 920um, and the intensity distribution is a super- -100 =50 0 50 100
Gaussian of the order of 2.2. Although the effectiveimber @) Z (pm)
of each beam with the DPP is large, the near-Gaussian inten- T I T

100F  2-D DRACO polar i

sity distribution imposes a large intensity perturbation on the
surface of the capsule when the capsule is offset from the

lineout of the total pR

nominal best focus of all 60 beantsach of the beams is
independently pointed to an alignment surrogate at TCC with
a rms deviation of less than 2@m). This laser-intensity
perturbation causes the fuel shell to converge asymmetri-
cally, significantly degrading the performance of the implo-
sion. For example, the peak-to-valley intensity variation on
the surface of a 92@«m-diam capsule offset by 56m from 0 | | |
TCC is approximately=40% and climbs to nearly-70% for 0 45 90 135
a 100um offset with the standard OMEGA power balance. (b) Azimuth
The effect of this offset on implosion performance is similarFIG 4. (2 A blot of the fueldensi t Ceak burm for shot 28900
— H H H H H H .4, -aensi n I rn ror
10 aargel =1 mode I the e, the i 5 icker on one 5.1 GA001 1 et sty conas o gk b o v 2
side of the capsule than on the other; see the capsule Sha\(a;'al areal density from the center of the core derived from the density
owgraph of shot 28969 in Fig.)3Not only is the capsule contours shown irfa). The shaded region shows the range of the individual
imploded asymmetrically, but the capsule center shifts duringreal-density measurements inferred from the average energy loss of sec-
the implosion under the influence of the greater pressure gef"9a"y protons.
erated by the higher laser intensity on the side of the capsule
closest to TCC. A higher-order super-Gaussian single-beam
intensity profile would reduce the effect of an alignment off- not negligible(especially for the low-adiabat drive pu)sé
set and is being pursued in parallel with improvements in theloes not dominate the performance. The BfACO simula-
target alignment procedures. Similarly, a larger focal spotions neglect the offset, and the predicted performance is
size relative to the target diameter would somewhat mitigatdased entirely on the laser system power balance and the
the alignment sensitivity but at the expense of energy losguality of the inner surface of the ice layer.
around the target. Figures 4 and 5 show the 24BRrRACO predictions for the
After developing the above-described target alignmenfuel-density contourg(a)] and a polar lineout of the total
procedure, several implosions were performed with the capareal density (b)] for the two implosions. It is immediately
sule less than 2am from TCC at the start of the laser pulse. apparent that both cores have been offset by the influence of
The performance of these implosions can be simulated usintpe low-mode nonuniformity of the ice layers. The effect of
the 2-D hydrocodepraco.?” A comparison will be made the largef =1 mode on the inner ice surface in shot 28969 is
between the performance of two cryogenic target implosiongspecially apparent in Fig.(&. The core offsets lead to a
(shots 28900 and 289BandDbRACO simulations. Shot 28900  significant asymmetry in the predicted areal density. The ar-
imploded a 10Qzm-thick D,—ice layer with a 6.54m-rms  eal densities predicted by the 2-D simulations agree well
inner ice layer (pre-shot characterizatipnusing a high-  with the measured values, which fall within the shaded re-
adiabat @~25), 1 ns square pulse with an UV energy ongions in Figs. 4b) and 8b). It is not currently possible to
target of 23.3 kJ and a rms energy variation among the 6@orrelate the polar angles of the areal-density lineouts from
OMEGA beams of 2.9%. Shot 28969 imploded a }00-  either shot with the orientation of the experimental measure-
thick D,—ice layer with an 8.3¢m-rms inner ice layer domi- ments. However, the roughly factor-of-5 variation in the 2-D
nated by the¢=1 component(see Fig. 3 and the modal areal density for shot 2896@nd the factor-of-4 variation for
spectrum for this capsulethe measured rms energy varia- shot 28900 is consistent with some of the experimental
tion of the beams was 3.4% and the low-adiadat4 pulse variations measured on other implosions in which the cap-
shape delivered 16.6 kJ to the target. Analysis of the PHGule was significantly offset from TCC. The extreme values
data showed that both capsules were offset from TCC by lessf areal density are not likely to be observed on any shot
than 20um at the beginning of the laser pulse. Although thewith only a limited number of individual measurements
effect of this small offset on the implosion performance is(typically four per shatavailable.

Range of measured
pR’s (4 TIM’s)

Areal density (mg/cm?)
o
S

180
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(evidence for this is discussed in Sec.)|\a series of 1-D
LILAC calculations were performed in which the temperature
of the capsule was varied above and below the nominal value
from the pre-shot characterizatidtypically 100 mK below

the triple poinj. These simulations did not provide a satis-

[
U~ DRACO
2-D density
_near peak burn,
B shot 28969

cl o~4,16.6kJ ) ¢
3100 8 factory explanation for the high performance of the capsule
o relative to the 2-D predictionghe yield was nearly a factor
of 4 higher than any previous~ 25 implosion with~100
gt pm of ice; the primary difference from previous shots is the
small TCC offsek A further series of calculations were per-
_0100 50 0 50 100 formed in which the flux limite?® was increased from 0.060
@) Z (um) to 0.068. This increased the 1-D yield by a factor of 2, low-
ering the yield-over-cleafYyOC) to approximately 50% and
100F I I 7 bringing the predicted neutron bang time into agreement
c’vg with the measured value. A similar treatment witlhiRACO
S g0k = would have a comparable result and bring the 2-D yield pre-
g Range of measured diction into agreement with the experimental measurement.
}: 60 - pR’s (4 TIM’s) While a higher value of the flux limiter for this shot is sug-
2 e | gested by the bang-time measurement, a change in the flux
S limiter is not supported by recent absorption measurements
S 20l 2-D DRACO polar - on CH at OMEGA. In contrast to shot 28900, the 2-D yield
< lineout of the total pR for shot 28969 &~4) is in very good agreement with the
0 ' ' ' experimental measurement. Both are approximately 10% of
0 45 9% 135 180 the 1-D vyield. Indeed, all of the 2-D predictions are reason-
(b) Azimuth

ably close to the experimental measurements for this shot.
g This is a very encouraging result given the large amplitude of
(a~4, 16.5 kJ from the 2-D hydrocoderaco. (b) Polar lineout of the total ~ the low-mode nonuniformity on the inner ice surface layer.
areal density from the center of the core derived from the density contours  Figure 6 shows the primary neutron YOC and the aver-
showp in(a). The shadgd region shows the range of the individual areal-%ge total areal density as a function of the measured capsule
density measurements inferred from the average energy loss of the second: . . .
ary protons. offset and the pre-shot characterization of theiner-ice-
surface rms for all of the cryogenic implosions to date in
which the ice layer appears to have been intact at shot time.
Table | gives a comparison between experimentally meaBased on the analysis shown in Fig. 1, the primary yield is
sured or inferred quantities and the 1:Dac?® and 2-D  expected to increase with increasing smoothness of the inner
DRACO predictions. The 1-D yield from shot 2890Qx( ice layer[Fig. 6@]. For most of the shots, the influence of
~25) is considerably higher than the 28RAco yield (57%  the ice-surface perturbations on the implosion performance is
of the 1-D valug and virtually identical to the measured obscured by the gross low-mode nonuniformity caused by
yield. This suggests that the at-shot state of the capsule mdke capsule offsdtFig. 6(b)]. With no capsule characteriza-
have been different from the pre-shot characterization usetion in the target chamber prior to the shot, there is also
in the 1-D and 2-D hydrocodes. Assuming that the temperadncertainty in the inner-ice-surface roughness at shot time. In
ture of the capsule might have changed prior to the shoFig. 6(b), there is evidence with the high-adiabat implosions

FIG. 5. (a) A plot of the fuel-density contours at peak burn for shot 2896

TABLE I. A comparison of the experimental measurements with the 1-D and 2-D hydrocode predictions. The
hydrocode predictions are given as the ratio of the experimental measurement to the predictednvalue

percent.

Experimental/ Experimental/ Experimental/ Experimental/
Measurement Shot 2890Q-D Litac (%) 2-D braco (%) Shot 28969 1-D Litac (%) 2-D brAco (%)
Primary 1.27x 101 96 171 5.9510° 11 112
neutron yield
Secondary  1.17x10° 84 132 6.7% 10 9.7 107
neutron yield
Secondary  2.03x1C° 112 7.1410° 11
protron yield
(pR) mg/cnt 61 133 120 67.00 84 115
Tion (keV) 3.6 157 139 25 145 125
Yon!Y1n 0.0092 85 77 0.0113 91 95
Yop/Y1p 0.0016 114 0.0012 104
Offset (um) 14 11
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1.0 re—T . P . histories and core imagesuggests that the ice layer was
08 L @ | (b) | compromised prior to the shot is 4.4 keV and only 2.7 keV
= ® 020 for implosions in which the experimental evidence suggests
E 06l | B (1-ns square) | . .
Z pa an intact layer. In Table I, the measured ion temperatures for
8 0.4 4 L 4 the two implosions suggest some degree of mix when com-
- 02l ® ”® . 1 L o0 i pared with the hydrocode predictions.
) 3 '~’.: . PN *s °: e Finally, secondary proton production in shots 28900 and
10(58 e — O—Lo-0 28969 indicate a hot-spot areal density between 10 and 12
' ' ' © ' ' ) mg/cnt according to the uniform density model of Azechi
L 80F o 4 L ® . and Cable?® The hot-spot areal density inferred from shot
S 60l o 1 1o ] 28900 (@~ 25) is somewhat larger than that inferred for the
= o % LR ® lower-adiabat implosion. These hot-spot areal densities are
2 40 - awg % e | T *% iy W about a factor of 2 larger than those reported in Ref. 12 and
F 20!l % o 4 F . . are at or near the saturation limit of the model for the mea-
0 . . . . 1 sured ion temperatures.
0O 5 10 15 200 50 100 150
D, ice/capsule rms (um) Capsule offset IV. DISCUSSION
from TCC (um)

The rms amplitudes of the inner-ice-surface roughness at
FIG. 6. (a) The ratio of the primary neutron yield to the predicted yield from the end of the acceleration phase in the »®1co simula-
the 1-D hydrocodeiLac [the yield-over-clearfYOC)] as a function of the .
pre-shot D—ice roughnesgb) The same YOC values plotted as a function tion OfEhOt 28969 ¢~4) can be used to quculate the \_/alue
of the capsule offset from TC{for some of the points shown i), the ~ Of the o parameter used by MCKeﬂtYO define the scaling
offset was not measurgdt the start of the laser pulsg) The average areal performance of cryogenic implosions on OMEGA and the

density as a function of the pre-shotEice roughness. Increasing areal N|F. This point falls very close to the OMEGA~ 4 curve
density appears to be correlated with a reduction in the inner-ice-surface- Fia. 1 d should b d with th int labeled
roughness for the low-adiabat implosions. Such a correlation does not exi&1 Ig. 1 and shou € compared wi € point labeled as

for the high-adiabat implosions that are expected to be much less sensitivk-uwmM-rms ice. The Jum-rms ice point represents an identi-
to laser imprint and acceleration-phase perturbation groidifithe average  cal 2-D simulation(i.e., current laser system nonuniformity
areal (_iensily as a_functic_)n of the capsule offget _from TCC. F_or both |0W—On OMEGA) assuming the NIE specification for ice smooth-
and high-adiabat implosions, the areal density increases with decreasmrg?ess(total rms of 14m). This comparison clearly shows that
capsule offset. M panson clearly shows tha
scaled ignition performance on OMEGA will require im-
provements in the OMEGA laser system uniformity as well
that the capsule performance is significantly degraded due tas improvements to the inner-ice-layer smoothness. Achiev-
the capsule offset. As expected, the average total areal demg ignition-equivalent performance on OMEGA.g., a nor-
sity for the high-adiabat implosions does not appear to demalized 2-D yield of approximately 60pvill require a laser
pend on the ice-layer qualifyFig. 6(c)]; however, there ap- system nonuniformity of 1% or less and a rms inner ice-
pears to be a correlation for increasing total areal densitgurface-roughness of approximatelyufn.
with decreasing ice roughness for the low-adiabat-@) Although outstanding inner-ice-layer smoothness has
implosions, where the convergence ratio at stagnation is exseen achievedapproximately 3um rms including contribu-
pected to be somewhat larger. As a function of decreasingons from the thin plastic shell; see also Fig, the stability
capsule offset from TCC, there is a general trend of increassf the IR laser used to layer the,lce and the fiber optic
ing areal density for both the low- and high-adiabat implo-transport used to deliver IR power to the layering sphere
sions[Fig. 6(d)]. This also correlates with the observation does not appear to be adequate to produce and maintain
that the asymmetry in the individual areal-density measurehigh-surface-quality layergsub-3 um rms. An IR power
ments(the spread divided by the meadecreases with de- feedback control system based on the measured power into
creasing target offset. the layering sphere is currently being implemented to estab-
The measured ion temperatures in all of the cryogenidish the triple point to the required accura@y high-quality
implosions exceed the 1-D hydrocode predictions. In the ablayer requires single-crystal growth within approximately 1
sence of a significant shock yielthere is no evidence for a mK of the triple poin}. The goal of the feedback system is to
shock yield from the neutron temporal diagnoktithis is  regulate the power in the layering sphere to 0.1%.
usually understood as a phenomenon associated with the As described in Sec. Ill, improvements to the laser sys-
mixing of cold fuel into the hot spot. The measured yieldtem uniformity include the development of new DPPs with
preferentially samples the small hot-spot volume, which istight tolerances on spot size, ellipticity, and order; new tech-
surrounded by a steep, mix-induced temperature gradientiques for enhanced power balaftand target alignment;
The yield from this mix region is considerably less than theand new specifications for beam pointing. Based on measure-
ratio of the fuel volumeghot spot and mix regionsHow-  ments of the prototype DPP, an analysis of the potential im-
ever, the large offsets and uncertainties in the layer quality girovements to the overall laser system nonuniformity sug-
shot time make it difficult to interpret the ion temperature gests that the requirement ferl% rms will be achieved in
data. For example, the average ion temperature measured fine near future. Low-adiabat drive pulses that include a
implosions where other experimental evidefesy., reaction picket to tailor the adiabat across the cryogenic fuel shell are
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expected to significantly reduce the imprint and subsequeribevelopment Authority. The support of the DOE does not
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