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ABSTRACT

This paper reviews the statos of direct~drive inertial confinement fusion (ICF) ressarch at
the University of Rochester’s Laboratory for Laser Evergetics (LLE) LLE's goal is ta
demonstrate direct-drive ipuition on the National Ignitien Facitiey (NIF) by 2014. Baseline
"all-OT" NIF direcl-drive ipnilion larget designy heve been develaped that have a predicted
gain of 45 {1-D) at a NIF drive energy of 1.6 M, Sigoificantly highet gains are ¢alculated
for tergets that include & DT-wicked foam ablatcr. This paper also reviews the results of both
wann fiel and initial cryogenic-fuel spherical farget implosion experinents camied owt on the
OMEBEGA UV laser. The resulis of these cxperiments and design caleutstions increase
confidence that the NIT direcs-drive ICF ignition goal will be achieved.

1. INTRODUCTION

The micsion of the Tniversity of Rochester™s (UR'9) Laboratory for Laser Enerpetics
(LLE) ix to invegtigate the interaction of intense radiation with matter. In tha pursoil of this

Curvent Troeos in fnrernotionef Fustor Revearch — Proceedings of the Fifih Svrposizn
Editad by Emilic Panarelle and Roger Raman. WRC Reaearch Preaz, National Resesrch Councit
o Cargadn, Qlzwa, DN K 1A OR6 Canada, 2008,
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migsion, LLE's principal focus is the sudy of direet-drive inertial confinement fusion (ICF)
[1] Direct-dnve ICF offers the potential for bigher gain and sitople cxyopenic targets thas the
indiract-drive approach. As the lead lsboratory for this appeoach within the 1.5, Departroent
of Energy {IDOE} NNSA ICF Program, ELE explores afl aspects of direct-drive ICF (see Fig,
i); uE goal is o demonstrate direct-drive ICFE ignition on the National Igniton Facility (NIF)
by 20L4, and possibly significantly before this date.
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Flgure 1. LLE"s tarmen phrysics iekearch progiam covers all aspocss of dersct-dave ICF

LLE"s program includes the development of tcget desisns for direct-dtive ignition
experiments on the NIF, experiments with cryogenic and nouncryogenic targeis on the 60-
beam, J0-ki OMEGA laser system, diagnostic and targes development for OMEG A, and NIF;
and studies of key aspecis of direct-drive ICF physics, iacluding hydrodynamic instahbilities,
Iager imprinting, and lazer—plasma interactions.

LLE has made significant progress toward the NIF direcl-drive ignition objective.[2,3]
Some of this progress 35 outliosd i thiy paper. The LLE resuits increase confidence that
direct-dove iguition will be demonstrated on the MIF and enhancs the prospects for the
development of an inertial fssion energy (IFE) power plant [4]

2. TARGET DESIGNS

The hydrodynamic utability of dicect-dnve igoition tarpets depends on the Jaser ircadistion
wniformity, capsule ablator, and DT-ice nonusiformities as well as on the irmplosion adiabat &
(ihe eatio of the internal pressore to The Fermi-degenerate pressure). The higher the adiabat,
the more stable the implosion, but the lower the tasget gain. The baseline LLE NIF direct-
drive ignition tsrget design is the = = 3, "all-DT" design[5] shown schematically in Fig. 2{a).
The baseline design achisves a calculated one-dimensionak {1-I¥} fasion gain of ~45; the gam
is reduced to ~30 when two-dimensional (2-0) effects at the anticipated tevels of laser and
targed nonyniformities are ingluded.f5]
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Flpure 1. () Schemabc ceprecentation of baxetie NWIF “all-DT” direcltdrive ipnitbon target design;
{b) QMEGA (30-KT) crywgents tnrget design emargy sealed 1o ihe MIE devign; (c) vompnrison of HTF and OMEGA
baseline - 4 pulse shapes.

Recent progress has also been made on the design of a target comprised of 8 spherical
foam shell wicked with DT [6]. The advaniage of this desion {see Fig. 3} over the all-DT
tarpet it the peesence of hipher-Z material {CH} in the laser deposition region. The higher-Z
matetial increases the energy absorbed by the capsule. For MIF capaules, the absorption
increases by ~4020 (from ~60% aheoeption in DT to ~90% with the wetted foam). In some
previous farget designs [7] with foam ablaters, the faams were doped with high-Z materialg
and used to radiatively preheat the ablator to mitigate the Rayleigh—Taylor instability,

Galn = 45
Abgorphion = 86
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Figere 3. Schematic representation of basedine NIV dinsetdrive “alFDT™ st comparsd b the “wetted-foam™
warges degign, The bassline deslgn achievez an sheomption of ~60% and & 1.1 gain of —45, whereas the “wetbed-
fonm™ targel abrorha ~W% of the loser cnerpy and achieves a caliulated 1-T) gain of ~41.
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The “wefted-foam™ design is mare stable than the all-DT desipn during the acceleration
phase of the implogion. Detailed 2-D hydrodynamic simulations are in progress. The weitad-
foam capsule design will be tested on the OMEGA laser.

LLE is investigating the use of adiabat shaping to taduce the RT prowih rale [8]. One
such idea proposed in the past is based on radiation preheat[9] The present work is simed at
adiabat shapirg by launching a shock whoss stength decreases =5 the shook tmvels thegugh
the shell This creates an adiabat pradient ditectsd towand the ablaiion front. The fime
vanation i the shock stength is imposed by using an intensity pickei in fromt of the main-
drive pulss. The principle wdedying this concept is shewn schematically in Fig. 4. In this
design the main fuel Jayer iz maintained at a low adiabat while the ablation surface has a much
higher adiabat, reducing hydrodynamic instability growth rates.
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Elgure 4. The concept of adisbat shaping ik Uk ues of & picked prepulse (a) Later pultc shapes of & hascline
prulse fred or doshed) compared 10w modified adiabat pries with picket prepulsa (bloe or solid). {b) Density and
adishat profilet for a bypical shell implesin withowl adiskat shaping (aseline-red o dashed) compared 1o thoge
with 4 picked putse (blue of 20lid), The exterior surfece of the shell iz at & higher adibar with the pcket pulse than
with thy baseline pulse shape. ‘The intericr of the shell it ot sigoificanily diffaent T tese o conditions,
() Ablation velocities compared for the two easen, The higler abluinn veloeity sttaned with the picket mlze
rhape reducey the BT growth.

LLE"s calculations show that a short, intensc pulse ahead of the main-drive pulse (picket
puise} reduces the leser imprint as well as e BT prowth rate at the ablation sucface of the
imploding target. As shown in Fig. 5 for an OMBGA simulatiom, there is a significant
reduction in shell nonuniformity when a picket pulse is used compared to the standacd design.
Smoulaizons of NIF direct-drive eryogenic targets show similar behavior,
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Figere 5. [sodensity contouwss Brom ORCAD 21 code simalations of the {a) picked and (&) stapdard CMEGA
ir=degigne At the tirog shown on Wess plots, the shell het meved =100 um in bodi cases,
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3. TARGET EXPERTMENTS AND DIAGNOSTICS

OMEGA is cumrently the world's most powerful laser facility[ 10,11} and has unique
capabilities to conduct direct-drive implosion experimenta. 1t is & 80-heam UV lazer sysiem
with an energy capability of 30 k) on targes, variable pulse shapes; 1-THe, 2-D, smoathing by
spectral dispersion (S8D),[12] and polasization smoothing {131

OMEGA implogion experiments use a comprehensive suite of tarpet diagnostics
{incloding coce, shell, and rmix diagaostics) to test and validate the 1-D and 2-D darget design
predictions.[2] The primary fuet core diapnostics deployed on these experiments are
illusirated schematicalty in Fig. &, In genemal, charged-particle spactroscopy| 141 is used to
determine shell and Foel areal densities via measurements of yield aod spectia of kaock-on
deutesons, tritong, and protons in DT-filled capsule implosions and sccondary protons in BD-
filled copsules.[15] Secondary pewtron speciroscopy is used to assess the fuel areal density in
DD-filled capsnles [16]. Time-resolved x-ray spectroscopy measures the clectron density and
temperature and is wasd to infer the foel-sbell mix ratic 6 Ar-doped, DD-filled capaule
implosions.[17]
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Figure & Differsmt types of spiverical capasies ara wsed on OMEGA s0 that complemeniary diagnostics may be
used 10 charseierize bydrodynamically simiter irsplosions, {a) DD-filied =hell Toplosions sre disgmosed with
sacondary neuinon and sacondary proton spectroscopy; (b) fuel-shell mix is sstimated by wsing thin CI layers
placed chose 1o the cove gas it "He-flied CH shell inploslons; (c) koodk-tm parich: oreasarsmeots on made o
DT -filled shells, and (d) time-resobved Ar-line and comBinunm x-ray emission sprotmecopy are used to measure
e elecieon denaity and temperature ol As-doped DD-filled CH shells.

A series of gas-filled CH shell implosions were camied out on OMEGA driven with an
~23-kJ. l-ns square pulse and full beam smoathiag (1-THz SSD and PS).[2] The ~940-m-
diameter targets had 8- to 24-gm wall thickness and were filled with fuel pressures of 3 and
L5 atm D5 with corresponding predicted (from 1-D bydredynamic sinulacions) convergence
ratios of ~335 and 14, respectively. The resulis of these experiments are summarized in Fig. 7.
It is evident from this deta that the OMEGA laser system provides highly ceproducible
impiogions. In particudar, the implosions of the 15-atm-filted, 20-mme-thick shefls wetr taken
over 2 period of two mooths and show an ~17% standard deviation m the ato of acmal
neptron yigld over predicted 1-0 yield (YOC). The most-siable implosions in this series (24-
p-thick shells with 15-atm fille) have YOC's ~40%. Fuel and sbell areal density
measurements teken during these experiments along with iemporally rezolved measurements
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of the peutron ¥ield point to shell-fuel onix as the principal reason for the degradation of the
measursd acutron yield [18].
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Figwre 7. Ralio of the measured 16 cakoulated priseary eutrod vickd (FOC) fir D-filled CH capsule implosions
ss 3 function of saleutared cvnvergenca ratio fior 1-THEz SED and PS (from Ref. [2f].

An experiment was cartied out to investigate fusl-shell mix and implosion performance
it warm-gaz implosiony as illestrated in Fig. #. The capaules for this experiment were filled
with pure 3. pas, and two different shell configurations were used. The plastic shelis bad a
E-gn deunterated ptastic (CD) layer either placed at the fuel-shell intarface or offset from the
interface by 1 . Mo primacy proton yield iz expected for 2 perfect 1-D implosion in either
cage. Proton vields are a direct signanirs of fosl-shell mix. The typical capeole with an offset
layer producad a yield ~6 times lower than that with zero offset (see Fig. 8). This proton yield
reduction indicates that fegs CD material was mixed into the fuel because of the finite offzet.
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Flgure B The canflguralon of two diffevent capsnics filked swith 4 aim of paore e gz, and wedsured specird of
primary D2He prolons Irom the UMEGA implosions of tese capsubes. 1-D sinmlatians of e implosion of these
capsulbes predict nearly zero primacy proten yield for both tangets.

The quantification of the amcunt of shell mix and its atomic scale were demonstrated on

OMEGA experiments using the combination of x-ray spectroscopy, charged-particle
spectroscopy, and x-ray imaging.[l7] This experiment used plastic shelis (CH} filled with
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deuterium  doped with amall amounts of Ar. The smissivity-zveraped core electron
temperatore {T) and density (#,) were inferred from the measured time-dependent Ar
K-shell spectral line shapes and produced dag such as those shown in Fig. 9.
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Az (0.064), £H [20) Ar {0.054], CH [2]
F T T T 1 [
FCR - 15 : CR-33 | o5
& . .
5 y 100, |2¢ o
3 10p1DT, - 15 2
% . [ J10 ¥
& o, eain ! UCRTY P
0.3 B ol / . |Pesk x ray 20
150 75 00 335 L0 2@5 250 27
Tima (ns} Tima (ne)

(415, ]

dtgnre B, Direct ime-resolved measurements of the stectron deasity {» .} and temperatira (T, of 3 0.9-mm-diam
CH chel? fifbed with 13 aboe of deuterizm and a partial pressure of 0054 atm of Ar. The eapsube for shod TN57 was
20 m thick while that for shet 22522 wes 24 mthick (from Bef, {17}

A detailed analysis of data from shot 22057 indicates that the composition of the mantls
of firel surrounding the central hot spot of the compressed core consists of ~50% dewterium
and ~50% CH. The miered total fuel pressure {electrons and ions) at (ke time of peak veukon
buen is estimate at ~1 1 Ghar, Such implosions have produced a ﬁ.lsionﬁfure of merit {product
of density, femperature, and confinement tHme) of ~7 » 1020 keV s m —comparable to that
obtained on the highest-performance Tokamek magnetic fusion experiments J19]

Cryogenic I}, capsale implosion experiments bava been condugtad on OMEGA[20,21]
The expenments are designed to measure the sensilivity of the direct-droive implosion
performance 10 key parameters such 25 the target sce roughness, the capsule adiabat, laser
energy deposition uniformity, and target positioning accuracy. These experiments are being
conducted using a capsule configuration consisting of a thin shell {gypically -5 zm thick} of
GDP or CD [22). The shells are permsation filled with appreximately 1000 am of Do and
then cooled to the triple point {1573 K} to produce an ics-layer thickness of ~100 pm., Taitial
eryogenic latget exporiments (see Fig, 107 with such tarpsts bave produced YOC of wp to
~50%5 to 100% and areal densities ~80% to 100% of |-D predictions for high-adiabat pulse
shapes (@~ 25). Lower-adiabat (¢ ~ 5) pulse shape tarpet implosions (see Fig, 1} have
achieved YOU of ~1 1% and 2-B caleulated yield approximately equsl to the measured yield.

The recent cryogenic target experiments oo OMEGA have pointed out the neaé for high-
precision arget alignment. The cryogenic targeis are moeuntcd using a spider sifk web attached
o a “C*-shaped mount [23}. Although, the alignment accoracy of the target positioning and
viewing system has been measured (o be better than 5 wan lor nobcryogenic capsules, it was
found that the rapid withdrawal of the cooling shroud prior to the shot could wnder certain
cobditions create large-amplitade vibrations that caused the terget lo be offset fom il
nominal position at the center of the target chamber at shot dme,
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Fipure 10, Summary of the tesults of 3 high-adiabat cryopepc capsdle poodosion, Upper befl—denzity conlow
plot form OR4CEG 2-D hydrxdynamics code simolation of an g~ 25 implosion (shot 23900); epper righw—
DRACO-predicked angukar distriboton of capsule sreal density {rad 207d ling) compared ba tha range of measned
areal density (measored using four mope filler charped-pariicl: smeciromalers placed o vadous angles): lower
tef—megzwed /-mode ice-mariaee uniformity bared on four views: lower center—shadewgraph of terget; bower
rhghi—tuble sutomaribng sxpernmenial results conpared to 1-D tod 2-D skoulstions. This tugel achieved ~263%
of the predicted naaton yleid and sxreeded the predicied 1-1 capsule areal dansiky.
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Figure 11, Semmary of the @sules of an OMEGA low-adishst cryogenic cepaule implosion. Upper left—densivy
conteur piot from GEACCT 2-D hydrodynamics cede simplation of ap o - 4 mplosion shot 289697 upper right—
DEACG-pradicted angular distribubion of capaute areal density (red solid Tine} compaed 1o the nmpe of measud
greal demsity fmeasurard vring fowr range filler charged particle speetrometers placed 2t warious anglesi; Jowver
left—mepzurcd {-mode ice-surface uniformity based on four views; [ower cenler—shadowgraph of rargef; lower
rght—mble summanizing cxperimental results compared bo 1-0 and 248 sjmglations. This tangel achisvef —1 1%
of the prediciad neutren yield anid ~54% of the pradiciad 1-1 capsube arsal density. The measured newtron yield
and areal donsily agree well with the 2-10 DRACOF prextbetion.
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Figure 17 shows the results of an o ~ 25 cryogenic target implosion where the target was
offset by ~BS gm from iz nomuiesl posibon (shat 23477} to that of an 2- 23 capsule
tmplogion with =n offset of only L4+7 tm {shet 28900}

Shot 36477 Shst 28800
Dagwe pubea; Tz - 28
Expermenial  Clean 1-0r  Expatimental  Chean 1-D
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Figure 1Z. A comparizon of shots 2R and 26477 cloarly shows thar larpet offset con be &n importam
contnbuler lo reduced perfirmance even for high-adiabat pulee chape shols Both of these targots wero insdiated
wath an & = 25 polse ghape, Wyt the 1arget wilb the langer offett (6477) suffered 2 weld reduchon of -3
compaved 1o hat ¥ith the smaller offset (289007

4. FUTURE DIRECTIONS

Future expzriments on OMEGA will be directed woward improved laser uniformicy
{improved DPP’s), improvements in the fabrication of cryogenic capsules, higher-precision
tarpet placement, wetted-foam capsules, and picket-fence-pulse-shape capsule implosions.

The succsssful demonsiration of the wetted-foam and picket-pulse concepis on OMEGA
would mativate wn atternpk fo achieve direct-drive ignition on the NIF a8 soon as the NIF
symmneiry allows. While the NIF is designed “not to preciude™ the imnplementation of Jirect-
drive targeis, a changeover from the baseline indirect-drive configuration conld be expensive
and eostly. Laser deposition uniformity caleulations indicate that it may be possible to achieve
an adequate symmedry for direei-drive targels using the NIF polar direci-drive (D)) concept
(repointing MIF beams in the %-ray drive configuration}. An cxample of a calodated
itradiation uniformity distribatéon based on guch a configuration is shown in Fig. 3.

In addition to the sotrventional dirsct-deive appraach, LLE plang to extend ite ICF and
high-energy-densi€y physics capabilities by the construction of a new lager facility: OMEGA
EP. The new laser will make vse of the LLE-developed chiped-pulze-amplifier {CPA})
technology[24] to produce peak powers in excess of several petawatts (1 PW = 1615 W), With
a nominal focused intensity capability of ~6 x 1020 Wicm?, the new laser will provide new
avenues of rescarch a8 illustrated tn Fig. 14. In particalar, OMEGA is an ides] facility to
petform inteprated fast ipnition experiments with itg eryogenic target capability.[25]
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Fgure 14, The pocanal hew schence argas thal may be explored with the DMEGA EP Tazer

5. SUMMARY

Signilicant progress is being made in the comprebensive LLE experimental and
theoretical programs on direct-deive ICF. LLE has developed direct-drive ICF capsule designs
for the NIF facility wath moderate gaing (1-D gains of ~45, 2.0 paing of ~30 at an encrgy of
~1.6 M. Recont advances in target designe point 1o even-higher possible paing and more-
eobust arget desigos by using wetted-foamn capsules and adiabat shaping using pickcipulse
kaser pulse shapes. High-performance cryogenic capsule implosicn experments are yader way
usicg an array of target diagnostics, Exploratery work is alse woder way to determine whether
the MIF indirect-drive beam configuration <an be vsed without substaniive changes to carry
oul high-petformance direct-drive experiments. Finally, ELE is in the desiga stage of a new
high-power Jazer facility (OMEGA EP), which will have multi-PW peak power capability and
will be used for a barge vaziety of ICF and high-energy-density physics experiments,
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