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a)

Capsule-areal-densitypR) asymmetries are studied for direct-drive, spherical implosions on the
OMEGA laser facility[T. R. Boehlyet al, Opt. Commun.133 495 (1997]. Measurements of
copious 14.7-MeV protons generated froH® fusion reactions in the imploded capsules are used

to determineoR. As they pass through the plasma, these protons lose energy, and this energy loss
reflects the areal density of the transited plasma. Up to 11 proton spectrometers simultaneously view
D3He implosions on OMEGA from different directions. While the burn-averaged and spatially
averagepR for each implosion is typically between 50 and 75 mgfdor 20-um plastic shells

filled with 18 atm of B'He gas, significant differences often exist between the individual spectra,
and inferrepR on a given shotas large as-+40% about the meanA number of sources inherent

in the direct-drive approach to capsule implosions can lead to these measussymmetries. For
example, in some circumstances these asymmetries can be attributed to beam-to-beam energy
imbalance when this imbalance is relatively large25% rms. However, for more uniform
illumination the source of the asymmetries is still under investigation.20®3 American Institute

of Physics. [DOI: 10.1063/1.1556602

I. INTRODUCTION In the direct-drive approach to ICF, spherical implosion
Achieving high quality spherical implosions is a critical 9CCUrs in response to a large number of high-power laser
and fundamental requirement in inertial confinement fusiorP€ams illuminating the surface of the target capéu'fd!lu-
(ICF). To achieve high gain and, eventually, ignition, capsuleMination nonuniformity, coupled with initial capsule imper-
implosions must be extremely symmetric with asymmetriegeCt'O“S' lead to distortions in the compressed capsule.
less than a few percefit® Tremendous efforts have been Plasma instabilities would amplify these distortions during
made in current ICF research to reduce implosion asymmé)oth the acceleration and deceleration phases of the implo-
tries by reducing target illumination nonuniformity and cap- Sion. Asymmetries inpR result from both high-mode (
sule imperfections. Characterization of the success of these 10) Rayleigh—Taylor(RT) instabilities and low-mode-
efforts requires measurements of any deviations from spherpumber €=<10) secular modeS " High-mode-number
cal symmetry in the assembled capsule mass, or areal densigrturbations are primarily imprinted by nonuniformities
(pR—the product of the density and radiu®Quantitative ~ within individual laser beams and subsequently couple with
experimental information about asymmetriespiR has not capsule imperfections. These perturbations grow exponen-
been available, however, until recent experiméttiat used tially in their earlier phase until reaching saturation when
novel charged-particle spectrométiyto study direct-drive their amplitudes are larger tharR4? (R is the capsule ra-
implosions at the OMEGA laser facilify:'* Previous work  dius); then they grow linearly®°The low-mode-numbesR
relied on numerical simulations to predict the conditions un-asymmetries {=<10) grow secularly and result primarily
der which asymmetries may develop, and x-ray imaging tdrom drive pressure asymmetry due to nonuniformity in ei-
provide information about emission symmetfy** In this  ther initial capsule structure or laser intensity on target
paper, we report recent charged-particle data on asymmetrgpower imbalance'®1"2°
discuss results, and summarize our current understanding in  Nonuniformities in the on-target laser intensity that

the context of direct-drive implosions. cause drive pressure asymmetry occur due to a number of
physical mechanisms including beam-to-beam power imbal-
apaper RI1 5, Bull. Am. Phys. S0d7, 284 (2002. ance, beam mispointing and mistiming, imbalance of beam
YInvited speaker. o o sizes and profiles, target-center offset, etc. Although the ef-
JAlso Visiting Senior Scientist at LLE, University of Rochester. fects of lateral energy flow in the form of transverse thermal

9Also Department of Mechanical Engineering, University of Rochester. . . . L
®Also Department of Mechanical Engineering and Physics and Astronomy,conduc'[Ion help to reduce high-mode nonuniformities, they

University of Rochester. are negligible for low-mode perturbationé<£6) for the ex-
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FIG. 1. Up to 11 diagnostic ports can be used for
charged-particle spectroscopy on the OMEGA target
chamber. Two of them are permanently mounted,
magnet-based spectrometers CPS1 and CPS2. The oth-
ers can be used for wedged-range-filter proton spec-
trometers(WRF’s).

O = WREF spectrometers
@D = Magnet-based CPS’s

periments discussed here. This is because the separation be-EXPERIMENTS AND pR SYMMETRY
tween the critical surface and the ablation surface, typicayMEASUREMENT METHODS
~1_30 pm, is shorter than the scale length of low-mode non- The experiments reported here used 60 beams of
uniformities (for example,~167 um for £~6). The laser-  fraquency-tripled(351-nm), UV light to directly drive the
intensity nqnunlf(_)rm|ty s_hould |.mpr|nt itself on the target targets. OMEGA®!! delivers 60, symmetrically arranged
and result in variations in ablation pressure that are of thgeams with up to 30 kJ in 1 to 3 ns with a variety of pulse
same order of variations in the laser intensityP(P  shapes. In this study, the laser energies we?& kJ, with a
~6l/1, whereP is the ablation pressure amds laser inten-  typical intensity of ~1x 10" W/cn?, and the laser-beam
sity). spot size on target was1l mm. The 1-ns square laser pulses
On the OMEGA laser facility, significant improvements had rise and decay times ef150 ps. Good pulse-shape re-
have been achieved for both the capsule quality and lasqreatability was obtained, and the beam-to-beam laser energy
conditions. To reduce the effects of laser imprinting on tarimbalance was typically~5% rms. The individual beams
get, beam-smoothing techniques have been applied to indwere smoothed using single-color-cycle 2-D SSD, with 1.0-
vidual beams, including two-dimensional, single-color-cycle, THz bandwidth, and polarization smoothifigS using bire-
1-THz smoothing by spectral dispersiD SSD with po-  fringent wedges. Targets were room-temperature capsules
larization smoothing(PS using birefringent wedges, and With D*He gas enclosed in plasti€H) shells. Two gas-fil
distributed-phase plate®PP’y, etc!®>1"?°Recent experi- pressureg18 atm and 4 atinwere used, and all nominally
ments show that single-beam nonuniformities have been sigldd equal-atom amounts of deuterium and helium. The
nificantly reduced®"?resulting in better capsule perfor- neminal CH-shell thickness was 20m, and the capsule di-
mance, presumably as a consequence of reduced RT seed@gelers were-940 um. _
and reduced fuel-shell m:17:2122Tg reduce low-mode il- 'I;o study pR asymmetry we measured multiple spectra
lumination asymmetry, the overlap of the 60 individual of D°He protons from the reaction
beams is carefully designé@!! In current direct-drive ex- D+°3He— a(3.6 MeV)+p(14.7 MeV). (1)

periments on OMEGA, laser conditions are typlcal!y charac-.l.he 14.7-MeV protons are energetic enough to easily pen-

%trate the CH shell of compressed capsules described here
o : without having their spectral shape significantly distorted,
target center offse5 um; beam mispointing=15 um; mis-  p, t they interact strongly enough with the capsule plasma on
timing <10 ps(~1% of the laser durationand nonunifor-  air \way out to make an accurate measurement of energy
mity of beam size and profiléeffects of DPP distribution |55 possible for probing of capsule compresgitrthe burn
~1.1% rms for a 1-ns square pulse with 60 bedMbn-  time) Charged-particle measurements provide the most sen-
provements in all of these parameters have resulted in Sigstive diagnostic to date for detecting changep R asym-
nificant improvements in capsule implosion performance, in'metry.
cluding pR symmetry. On OMEGA, up to 11 charged-particle spectrometers
The following sections discuss(l) the analysis of can be used simultaneously to measure particles from differ-
OMEGA experiments, together with a description of howent directions, as illustrated in Fig. 1. Two magnet-based
D3He proton spectra are used to styg and pR asymme- charged-particle spectrometéf3PS1 and CPS2nd several
tries; (2) experimental asymmetry daté3) interpretation of wedged-range-filter spectrometé®RF’s) were used in this
their significance; an@4) the summary of the major results. study®® For the CPS’s, the energy calibration uncertainty

(same order as energy imbalahnees% rms or less; capsule
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and density of the CH shéff.

FIG. 2. Proton spectra measured simultaneously at seven different diagnos-  The variations of the measurédE,) and correspond-

e v 1021 &8 IONE VIS Measurmet pot ocaeg. 3

Vr;llléan downshifted e%er(jy and the spe)étral end-point energ);/y. The arrongr the spectra shown in Fig. 2. The avergge mean energy

show the proton’s birth energies. loss was A(E,)~1.8 MeV, and substantial energy loss
asymmetries are clearly seen. Variations about the mean are
as large ast0.4 MeV. Since spectrometer-to-spectrometer

varies with particle energy, about 30 keV at 2 MeV and aboutlifferences inA(E) are sensitive only to low-mode-number

100 keV at 15 MeV. For WRF's, the current energy calibra-structure, the variation indicates the presence of low-mode-

tion is accurate to about 0.15 MeV at 15 MeV. Because thé&wumberpR asymmetries.

WRF's are simple and compact, they can be used at multiple

positions during a shot for symmetry studies; they can alsoll. ASYMMETRY MEASUREMENTS FOR DIFFERENT

be placed close to the target for good statistics when protoBHOT PARAMETERS

yields are low(down to about 5% 10°).° Because a finite

number of spectrometers can be used simultaneously arn

each spectrometer samples a significant angular fraction of

capsule’s surface, only low-mode-number perturbatiofis (

<5) are detected sensitively. from shots involving capsules with differenBe-fill pres-

F|gure 2 |!Iustratgs a sample set of seven proton SPeclig, o5 and shots made during different time intervals, shown
from a single implosion. The protons have known birth spec-

. = in Figs. 4-6. Specifically, plotted in Fig. 4(E,) and in-
gjt(glghci:;sﬂee?rig)foi(g - :;gy'\{lne;)/r)ép%rsgoﬁoﬂtﬁg ;;zsu r{}e”ed pR are compared for two shots, similar except for
of material they pass througlpR). Because the effects of ery different gas-fill pressurdgd and 18 atm, see Fig. 1 for
capsule charging and particle acceleration are negligible in
the experiments discussed hété® a value ofpR for the
portion of a capsule facing a given spectrometer can be es-

In this section, measurements ofHe proton energy
ectra are used to illustrapdk asymmetries and their rela-
tionship to some experiment parameters. Interpretation of the
asymmetries will be discussed in Sec. IV. We begin with data

100

timated from the downshift in mean proton energy(Ep) = <~
=14.7 MeV—(E,)) by using an appropriate theoretical for- S 2r %
mulation for the slowing down of protons in a plasma: A E
v o1l ]
B (dE| ! < —e— 25214 (4 atm) t
pR= Pl ax dE, (2 ---8--- 25211 (18 atm)
E
0 i 1 | | | ] 0
Y > g & °
where dE/dX) is the charged-particle stopping power in the 4&9&0&\ &o&\ & &“
plasma. Because of the relative high temperature and low Port location

density of the compressed core®Hle protons lose their en- _ o
ergies primarily in the CH shell, which has lower tempera_FIG. 4, A(_Ep) and |nfeyredpR are compared for two sh_ots, similar except

. . . for very different gas-fill pressurgg and 18 atm, see Fig. 1 for port loca-
ture but h'gher density than the core reg'on where thQions). Despite this difference, the deviations from spherical symmetry are
nuclear reactions occur. Consequently, the inferred foRal  similar.
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FIG. 7. A(Ep) and inferredoR measured at different port locations for two
FIG. 5. A(E,) and inferredpR for two sequential implosions, both with 4 OMEGA implosions: one with a target offset of 20n toward the direction

atm of D°He. As shown here, the asymmetries of contiguous shots are of'[e{\nc pqrt TIMS (arrow and thf other with zero offsdee Fig. 1 for port
quite similar ' ocations. The fact that variations due to the 20r-offset shot are no larger

than those measured with zero offset suggests that at this level, offsets alone
cannot be responsible for the measured asymmetries.

port location$. Despite this difference, the deviations from
spherical symmetry are similar. Figure 5 shodE,) and  pT-gas fill; similar shellpR values were also obtained for
inferred pR for two sequential implosions, both with 4 atm gitferent gas-fill pressuré?. These results are in contrast
of D®He. As shown here, the asymmetries of contiguousyith one-dimensional(1-D) calculation€® which predict
shots are often quite similar. Figure 6 shows representativgyat implosions with lower fill pressure capsules should re-
A(Ep) (and correspondingR) for three shot sequences dur- gyt in much higher shell compressions. The consistency of
ing one dayia) morning, (b) afternoon, andc) evening(see  the results obtained with two entirely different methods and
Fig. 1 for port locations The laser conditions and capsules gitferent capsule types makes the experimental conclusion
were nominally the same except for fill pressure, a parametqinequivocal. The possibility that the spectrometers are some-
for which there is, at most, a weak depende(s&® Fig. 10 how artificially limited to values ofpR below those pre-
Apart from the low-mode structure apparent in Figs.gicted for the low fill pressures can be ruled out because
4—-6, which will be discussed below, it is apparent from theygjues as high as-100 mg/cm have been measured for
mean values of\(E) (and inferredpR) that total capsule pjcket-pulse capsule implosioR&.The physics behind the
compression is quite insensitive to fill pressure. This result i%iscrepancy between experiments and 1-D simulations, as
consistent withpR measurements made previously usinggiscussed in detail elsewhétejs likely to involve the ef-
knock-on protons from implosions of CH-shell capsules withfects of fuel-shell mix(which is not included in 1-D calcu-
lations. Capsules with low gas pressure are more unstable to
the Rayleigh—Taylor instability. During the deceleration
(2 phase of an implosion, distortions at the fuel-shell interface

8

FIG. 6. Representativa(E,) (and correspondingR) for three shot se-
quences during one daya) morning, (b) afternoon, andc) evening(see

KOl TIMS5 TIM4 TIM3 TIM1 KO3 TIMé6

Port location

2 2k 'g grow and result in the mixing of the fuel and shell materials.
gA, 5 o o Eeei 50 E; This kind of mix would degrade target implosion perfor-
SRt AT T % mance, including the reduction of the capsule compressions.
< —e—25213 { It has been demonstratédor D, and DT shots that unstable
Lt 0 capsules(lower gas-fill pressure or thinner shelesult in

compression falling short of 1-D prediction while relatively
stable capsules would result in implosions close to 1-D pre-

E g dictions.
‘& £ The effects of target offset on the measuge® asym-
‘g i A-- 25216 ‘§ metry are illustrated in Fig. 7. The data shown correspond to
L _"_251217 the conditions of zero offset and 2@m of offset (toward
0 TIM5, or port H14. These two offsets were chosen because,
100 under current OMEGA operation, the uncertainty in the
S < target-center offset is<5 um for room-temperature capsules.
g {503
%‘* e TTT Eé IV. PRELIMINARY DISCUSSION OF POSSIBLE
< e 23m a SOURCES OF THE pR ASYMMETRIES
1 1 i 1 i 1 0

Completely addressing the issue of possible sources of
the measured low-mode-numheR asymmetries is a signifi-
cant undertaking. In this section we discuss some of the pos-
sible effects of individual sources in light of the data shown
above. To understangdR asymmetries for direct-drive im-

Fig. 1 for port locations The laser conditions and capsules were nominally . .
the same except for fill pressure, a parameter for which there is, at most, QlOSIOﬂS on OMEGA, a number of mechanisms should be

weak dependendesee Fig. 1 considered, including initial capsule structure asymmetries,
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FIG. 10. A(E,) andpR measured for the different shots recorded during the

FIG. 8. Proton energy downshifts measured at seven different port locationsame day(some of the data are illustrated in Fig. &alues are averaged
for two contiguous shots. For shot 256@8e imbalance is~24.2% rms, over a maximum of seven port locations. Variations of these measurements

the measuregR asymmetries are strongly correlated with the beam-energyfor each individual shot are characterized with a standard deviation, reflect-
imbalance, where both the laser imbalance and asymmetry are dominated Byg the pR asymmetries and their range.
an{~1 mode.

offset of the target chamber cent@iCC), beam mispointing Sure asymmetry and, consequently, resultsRnasymmetry.
and mistiming, the effects of DPP on the beam size and‘mong the seven spectrometers used for this shot,(fivet
profiles, power imbalance, etc. TIM4, TIM3, CPS2, KO3, and TIMBwere pointed towards
The measurecpR asymmetries appear to have com- the spots of these four beams while KO1 and TIM5 viewed
pletely different features for energy imbalance within the re-the nominal intensity region: The lower laser intensity leads
gimes of ~5% rms and~25% rms, as shown by the two to lower pR in these directions. This clearly demonstrates
contiguous shots in Fig. 8. Shot 25697, for which the energyhat in this case the measurgp® asymmetries are correlated
imbalance is~6.4% rms, displays a distributedR asymme-  primarily with the beam-energy imbalance.
try with a small amplitude of variations-20% to its meap The issue of target offset with respect to target chamber
while shot 25698, for which the energy imbalance iscenter is related to laser-beam balance because a change in
~24.2% rms, displays a strongR asymmetry in several the target position results in a change in the spatial distribu-
particular directions(a factor of 2 smaller than the other tion of on-target laser intensity, even if the beams themselves
directions with normal illumination These are strongly cor- do not move. It can be seen from Fig. 7 that a/20-offset
related with energy imbalance. Specifically, for this shot thedoes not induce asymmetries any larger than those seen in
total laser energy is-21 kJ with(Ey)~350.6 J/oeam. Be- the similar shot with no offset. This implies that the offset
cause four laser beanfeeam 32, 37, 62, and pdropped may be a factor but is not the only sourcep®® asymmetry,
out (only delivered~10% to 15% of E,,)) during the laser ~under these conditions.
illuminations, a strong nonuniformity of laser intensity ~ Although we have seen that shots close to each other in
(o/ms~9%) was imposed on the target, with a dominént time are often very similar, there often tends to be a drift in
~1 mode as illustrated in Fig. 9. Because of the beam overdSymmetry structure over time scales comparable to a day or
lapping on the target surface, the intensities on the spots dfore, as illustrated in Fig. 6. The cause for this is not cur-
these beams are 70% to 80% of the mean irradiance. This rently clear; it may have something to do with a drift in the
asymmetry of energy deposited directly causes ablation pre@ptics that could cause small changes in laser energy trans-
mission efficiency.
Some indication of the variations seen within shots and
CPS2 over time can be obtained by looking at all of the data for
one day(of which Fig. 6 showed a subsgeFigure 10 shows
the measured (E,,) andpR averaged over all port locations
for each individual shot and plotted versus shot number. Fig-
ure 11 shows measuref(E,) and inferredpR (averaged
over seven shots for 18 atm, and five shots for 4)atithe
different port locations; variations in measurements at a
given port are characterized by standard deviations about the
mean. While Fig. 6 illustrates differences between the de-
tailed asymmetry structures of different shots, Fig. 10 shows
that the spatially averageaR for individual shots is rela-
tively constant in time. Figure 11 shows that the time-
averagegR value is relatively constant in spata different
measuring anglgsThe scatter indicated by the standard de-
FIG. 9. The calculated on-target laser-intensity distribution for shot 2569 viations shown in the figures is also roughly constant over
ShO\.NS.a strong ~1 asymmetrgi/. The five port(él)'/IMS, TIM4 CPS2, KO3 8[|me and space, indicating that the measysBdasymmetry

and TIM6) centered about beams 32, 37, 62, and 67, indicated in the figure?-rm)"tu‘jes are relatively repeatable even_Wh”e the details of
were directed toward this region of low laser intensity. the structure become uncorrelated over time.
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