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Measurements of pR asymmetries at burn time
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Recent spectroscopic analysis of charged particles generated by fusion reactions in direct-drive
implosion experiments at the OMEGA laser facilff. R. Boehlyet al., Opt. Commun133, 495

(1997 ] show the presence of low-mode-number asymmetries in compressed-capsule areal density
(pR) at the time of fusion burn. Experiments involved the acquisition and analysis of spectra of
primary (14.7 MeV) protons, from capsules filled with deuterium and helium-3, and secondary
(12.6—-17.5 MeV protons, from cryogenic deuterium capsules. The difference between the birth
energy and measured energy of these protons provides a measure of the amount of material they
passed through on their way out of a capsule, so measurements taken at different angles relative to
a target provide information about angular variations in capsule areal density at burn time. Those
variations have low-mode-number amplitudes as large %3% about the meafwhich is typically

~65 mg/cn?); high-mode-number structure can lead to individual pathlengths through the shell that
reach several times the mean. It was found that the obsefRebymmetries are often similar for
contiguous implosions, but change when the laser beam energy balance is significantly changed,
indicating a direct connection between drive symmetry and implosion symmetry2002
American Institute of Physics[DOI: 10.1063/1.1492806

I. INTRODUCTION Measured energy losses are related togRethrough which
protons pass on their way out of a capsiie.

Achieving spherical symmetry in the assembled mass of  Possible sources of implosion asymmetry include
inertial-confinement-fusionICF) capsule implosions is a exponentially-growing Rayleigh—TaylofRT) instabilities
critical prerequisite for optimal burn and ignitidriNumeri-  and linearly growing secular modes, either of which can be
cal simulations are often used to predict the conditions undeseeded by small-amplitude asymmetries in either initial cap-
which asymmetries may devel@phut quantitative experi- sule structure or laser irradiation. The OMEGA facility uti-
mental information about asymmetries in total areal densitjizes 60 laser beams, and the shapes and overlaps of the
(pR) has been limited. Previous work has included x-rayindividual beams are designed to minimize the total rms non-
measurements which provide information about asymmetriegniformity of power deposition. Nonuniformities within in-
in capsule shells, but only within shell sublayers doped withdividual beams can generate perturbations with high-mode
Ti.% In addition, spectra of low-energy charged particles fromnumbers [(>10), and recent work has resulted in beam
implosions of lowpR capsules have been interpreted as in-smoothing methodél THz smoothing by spectral dispersion
cluding effects ofpR variations within limited areas on the With polarization smoothing) that reduced single-beam
shell (using a|pha partides from g|ass microballoons filled nonuniformities. These reduced nonuniformities have re-
with DT [deuterium—tritun} and DD protons from Sulted in better capsule implosion characteristit'st? pre-
D,-filled capsuled. Here we present the first absolute mea-Sumably as a consequence of reduced RT seeding and a re-
surements of low-mode-number asymmetries in total capsul@ulting reduction in fuel—shell mix:
pR at fusion burn time, from direct-drive implosions of Imbalances in.the on-target power deposition of §eparate
thick-shelled capsules at the OME&ser facility. As pro- ~P&ams can result in low-mode-numbes(L0) perturbations,

posed previously, this was accomplished by studying the driving secular modes which are the focus of this paper.

slowing down of energetic protons whose birth spectrum isThere are currently two methods of adjusting the beam bal-

well characterizedin this case primary and secondarjie ~ anc€ at OMEGA. The “standard” method involves measure-
protong at many different angles around individual capsules.lrzsgrt Ii(ghir}(raorinﬁrf?gr:arc]{lelgiz L?I?rzr\z cflléizuzi\jt)eraﬁzngreerj;g—n of
tion of actual on-target power on the basis of the measured
dAlso visiting Senior Scientist, Laboratory for Laser Energetics, Universityefﬁciency of Iight transmission to the target location: the
of Rochester. o . ’

PAlso at Departments of Mechanical Engineering and Physics, and Asmd“”dl*"”‘I beams are then adJUSted to produce the best pre-

tronomy, University of Rochester. dicted on-target power balance. A new method, referred to as
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CPS1 and CPSP:'%are permanently mounted on two of the
ports, while “wedge-range-filter” spectrometef8VRF9®
can be mounted on the other ports.

Symmetry data have been collected for a variety of cap-
sule types, utilizing protons in the 15 MeV energy range that
are generated by the reactions listed in Table I. These protons
are of far more general use than either highdusion prod-
ucts(e.g., 3.5 MeV DTa) or lower-energye.g., 3 MeV DD
protons, since they can escape compressed capsules with

FIG. 1. Locations of diagnostic ports on the OMEGA target chamber, shown much higher values of totéfuel plus shell areal denSIt)(Up
on an Aitoff projection. The positions labeled CPS1 and CPS2 correspond 80 at least 200 mg/cfn The protons have known birth spec-
permanently mounted, magnet-based spectrometers. The other labeled pdite, and as they pass out of a capsule they lose energy in

can sometimes be used for wedge-range-filter proton spectrometers. proportion to the amount of material they pass through
(pRiota) - A value of pRyy for the portion of a capsule facing
a given spectrometer can be estimitiedm the downshift in
the “x-ray” method* attempts to make measurements thatmean proton energi(Ep) by using an appropriate theoret-
directly determine the relative on-target energy in differentical formulation for the slowing down of protons in a
beams by imaging x-ray emission from a special target plasmad’ (this estimate is insensitive to uncertainties in the
mm in diameter and coated with Awhen illuminated by temperature and density of the shell, which accounts for the
the laser. Individual IR amplifier gains are then adjusted tonajority of the energy lo8s19.
balance the x-ray power generated by the individual beams. To justify the association between energy asymmetries
The charged-particle measurements described here der@nd capsule structure asymmetries it is necessary to explain
onstrate that easily measurable changgsRrasymmetry are why an observed energy asymmetry cannot be a result of
sensitive to changes in the beam balance. The nature of thi#even modification of proton energies by electric fields out-
measurements, and their relationship to capsule asymmetriegide the capsule. This is an important issue, because it is
is discussed in Sec. Il. Proton spectra from 3le-filled  known that target capsules become charged to a significant
capsules with thick plasti¢CH) shells frequently demon- electric potentia(~0.5—1 MV) during laser exposure due to
strate asymmetries in both yield and energy, and these atgser—shell interactiorfs;® when the capsule “burn time”
discussed separately. Asymmetries in proton yield have someccurs during the laser pulges it can when a capsule shell
interesting properties, but are discussed only in the Appendiié thin), the result is that charged particles are accelerated to
because there is strong evidence that they are not directljigher energy while traveling between capsule and detéctor.
correlated with capsule structure. Asymmetries in proton enThis electric potential dissipates quickly after the laser pulse,
ergy, discussed in Sec. lll, are interpreted as unique signdsowever. When the capsule burn occurs a few hundred ps
tures of capsule areal density asymmetries; they are shown &jter the laser pulse ends, as it does for the type of capsule
be correlated with differences in laser beam balance. Prelimistudied here, the radial electric field is essentially gone and
nary data involving secondary protons from cryogenic D the measured energies of particles reflects their actual values
capsules are also shown. Finally, a brief comment on thafter leaving the capsule. This was demonstrated directly by
information content of individual proton spectra is presentedneasurements of knock-on protons from implosions of DT-
in Sec. IV. filled capsules with shells, fill pressures, and laser conditions
comparable to those under study h&r&he knock-on pro-
tons are from the CH shell, elastically scattered by 14.1 MeV
Il. CHARGED-PARTICLE MEASUREMENTS AND DT neutrons from the fuel. Because some of the protons are
CAPSULE STRUCTURE scattered at the outer surface of the shell and will not slow
down due to interactions with the capsule, the high-energy
limit of the proton spectrum at the capsule surface should
Up to 11 diagnostic port locations can now be used foralways be 14.1 MeV. When this spectrum is measured at
charged-particle spectrometry on the OMEGA target chamdifferent angles during each of many shots, using WRFs, the
ber, as illustrated in Fig. 1. Two magnet-based spectrometerhjgh-energy limit is always 14.1 MeV to within statistical

A. Measured particle energy and capsule pR

TABLE |. Reactions producing protons in the 15 MeV energy range in capsules used at OMEGA.

Fuel Proton source
D—3He D+°3He— o[ 3.6 MeV] +p[14.7 MeV]
D, D+ D—n[2.45 MeV]+3He[0.82 MeV],
3He[ <0.82 MeV]|+D— a[6.6—1.7 MeV| +p[12.6—-17.5 MeVf
D-T?or D+T—a[3.5MeV|+n[14.1 MeV],
D-T-H n[14.1 MeV]+p—n’ +p[<14.1 MeV]|

awith D—T fuel, knock-on protons are produced only if the shell contains H.
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FIG. 2. Schematic illustration of how angular variations in capsfie
might generate angular variations in the energies and fluences of protons
that were produced at the center of the fdiel the artificial “hot-spot”
mode) but detected outside the capsuledlfis an angle in this cross sec-
tion, structure with the fornpR(¢) = pRg[ 1+ A cos(¢)] would result in an
angle®,=1/27 betweenpR maxima. As protons pass through the shell at
angle ¢, they lose energ)AE(¢)xpR(¢). They also spread slightly in
angle by an amounés(¢)=<pR(¢), since energy loss is due primarily to
small-angle scattering. A small detector at a distance much greater than the
capsule radius would intercept protons from an angular region in the capsule
with size §¢~26, and this fact determines what types of angular varia-
tions would be seen by a group of such detectors at diffegefithe result

depends on hov®, compares with 24 or, equivalently, howl compares d)
with 7/ 65, as will be demonstrated in the numerical simulations shown in F— i v 30
Fig. 3 and as discussed in a footn@Ref. 19. For values of that are small E dE
(compared tor/ 65), angular variations i\E are detectable but no angular 2 4
variations in fluence could be seen. Ferm/ 65, angular variations in both o
AE and fluence could be seen. For large enolgho variations could be T20 <
measured for eithehE or fluence. _’é
%
110 &
and calibration uncertaintiésjndicating that no acceleration
occurs between shell and detector.
o A |A|||||: I .--nn: i1 11223 0
B. Sensitivity of the measurements to capsule 1 10 100 1000

structures with different mode numbers Wode number

F'gure 2 '”us.trat.es how Caps“"? asymm(?mes _COUld '®EG. 3. Numerical simulation to demonstrate the principle described in the
sult in asymmetries in proton energies and yields, in the arprevious figure. 14.7 MeV protons were assumed to originate at the center of
tificial situation in which all protons are created in an infini- a capsulé“hot-spot” model), and to pass through a 20 g/cc, 1 keV CH shell

tesimal volume at the center of the fueh “hot-spot” with an average areal density of 60 mgfcrihe areal density of the shell
was assumed perturbed by a two-dimensional, sinusoidal structure with

mode). '_rhe_ protons should be produqed with spherlca”ymode numbet, and amplitude 30 mg/cfr(so the minimum value was 30
symmetric distributions of energy and yield, even if the fuelmg/cn? and the maximum was 90 mg/@nas illustrated in the grayscale
itself is asymmetric. Passage through a shell with angiRar  image labeled(a), where brightness is proportional to areal density and

variations results in an angu|ar variation in mean proton enplack is mapped to the minimum value. At a distance of 70 cm from the
capsule, the mean energy and fluence of protons was calculated in a “de-

er.gy’. since energy loss is roughly proportlona.l AR. In . tector” plane normal to the capsule-detector direction. The results are illus-
principle, there would also be an asymmetry in the yieldtrated in the images labeldt) and(c), where brightness is proportional to

(where by yield we mean the inferred total particle yield asenergy per proton and protons per unit area, respecti¢eith black

inferred from the fluence at a given an);;lé’his is because mapped to the minimum value in each caske area represented covers the
same solid angle, as seen from the center of the capsule, as that shown in

the slowing down of pro.tons', as they pass through the capy). The peak-to-peak amplitudes of the energy and fluencelyield calcula-
sule material, occurs primarily through small-angle scattertions, as a function of mode number, are showfdin Energy loss in the CH
ing off electrons, so the protons that started in a particulaP'asma was calculated according to Ref. 17, while estimates for the scatter-
. . - ing angles of protons were obtained with the Monte Carlo program TRIM
direction will be Spread (_)ver a _Small ang?g after passage (Ref. 20. (TRIM applies to cold matter, rather than a plasma, but there is
through the shell. The size dfs is roughly proportional to jite difference for the small-angle scattering of the 14.7 MeV protons since
the amount of slowing down. The result, as discussed in theneir energies greatly exceed both the thermal energies of the shell plasma
caption of Fig. 2, is that there should be a negative change jplectrond ~0.5-1 keV| and the binding energies of electrons in ato@ior
. . H [<0.3 keV].)
yield at observation angles that correspond to lapgerand
larger energy downshift. At small mode numbers, where the
angle betweerpR maxima is much greater thafy, yield so that the angle betweesR maxima is smaller tharg,.
variations should not be measurable but energy variation¥hese effects are illustrated in Fig. 3, which shows numerical
should be detectable. Neither yield nor energy variationsimulations for a particular capsule configuration.
should be detectable when the mode number is large enough In reality, the source of protons will be distributed over a
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FIG. 4. (a) Relationship between a target caps(kft) and the active area of a spectromefeéght). In this simplified cartoon, the capsule is shown as
consisting of fuel contained in a well-defined shell. If particle production extends throughout the fuel volume, detected particles will sarstdatelsub
fraction of the capsule surfacg) The modulation transfer function, or detectability of structure with different mode numbers, for different assumptions about
the size of the region in the fuel where particle production occurs. In the artificial “hot-spot” scenario described in Figs. 2 and 3, with thd patticle®
localized at the center of the fuel, any mode could be detected. In the opposite extreme, where particle production occurs uniformly througheoititne fu

and the shell is infinitely thin, each measurement averages over a sufficiently large fraction of the capsule that only mode numbers-fessthdrbe
detectable. An intermediate situation would result in an intermediate MTF, and it can be shown from the information content in data sets desisribed in t
paper that the middle curve may approximate the response obtained here.

substantial volume of the fuel, so any external spectrometenigher-mode structure could manifest itself within the struc-
measurement will include protons sampling a significantture of individual spectra, as discussed below in Seg. IV
fraction of the capsule surface. Neither yield variations nor  In conclusion, the measurement techniques described
energy variations should be measurable when the size of theere should be sensitive pdR-induced angular variations in
source exceeds the spacing betwe&h maxima. Figure 4 mean proton energy only for small mode numbers. The tech-
illustrates the measurement geometry and the resultant seniques should not be sensitive to any angular variations in
sitivity to mode structure; we are likely to be sensitive onlyyield that are due to capsule structure, since they would oc-
to mode numbers under 10 when we look for angular variacur at mode numbers well above our sensitivity threshold.
tions in mean proton energyalthough the presence of The filtering out of higher mode numbers actually has a

o | <E>=13.6 MeV <E>=13.7 MeV <E>=13.5 MeV
© 1 CPS2 4 L TIM2 4 TIM1
“ - _ﬂ\ L | . . j\, FIG. 5. Proton spectra measured si-
) ’ ' multaneously at eight different port
positions during OMEGA implosion
------ T 21 240(15 atm of D-*He fuel in a 20
o | <E>=13. 7MeV um thick CH shell, illuminated by 23
g + TiM4 JﬂL T kJ of laser energy in 60 beams with a 1
ns flat-top pulsg The mean energy of
R each spectrum is listed here, and plot-
ted in Fig. 6. The energies are all simi-
bt - lar to one another, except for those
- <E> =124 MeV <E> = 12.9 MeV <E>=13.8 MeV measured at ports KO2 and TIM5,
g + KO2 + TIM5 - 1 TIM3 i which were substantially lower.
AN s ﬂ ............ A

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
MeV MeV MeV
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b) FIG. 7. Comparison of measured energy shifts for implosions 21 240 and
21 241, which were nominally identical. Note that the data points are plotted
Shell against longitudinal angle, but that the measurement positions were some-
times above, and sometimes below, the equator. While not identical, the
Compressed results for the two implosions are similar. On-target, rms beam-to-beam
fuel energy nonuniformities were inferred, from UV intensity measurements, to
be 2.5% for shot 21 240 and 3.0% for shot 21 241. The angular variations in
energy shift suggest dnr=1 mode.
Direction of Six of the eight downshifts are equal to one another within
TIM5 and KO2

the measurement uncertainty, while the other two are larger
FIG. 6. (&) Mean change in energy plotted vs measurement port for theby a factor Of_2 and by several standard deviations. The two
spectra illustrated in the previous figure. The right-hand vertical scale prolarge downSh!ﬁS were measured at ports KO2 and TIM':'?,

vides an estimate of the corresponding value of the total areal densitwhich are adjacent to each other and near the equatorial

(<prta|>). This was calculated using the slowing-down formalism of Ref. p|ane of the chamber. The other six measurement locations
17 together with the knowledge that most of the slowing down occurs in th

shell(Refs. 8, 9, and 1land the assumptions that the shell has a density o?prowde views from 60 degrees above the equator, 60 degrees
~20 gl/cn? and a temperature of 0.5 kelthe result is very insensitive to b(.alOW the equator, and S.everal angles a-round. the equator.
uncertainties in these specific valu&efs. 8 and 18. Except for KO2 and ~ Figure 6b) shows a possiblénot necessarily uniguecap-

TIM5, most of the energy losses are within experimental errors of eachgle structure that could generate such a data set.
other. (b) Since KO2 and TIM5 are adjacent to each other, and since the

spectra from the other six measurement directions sample most of the rest of Asymm,emes In proton energies are Ofte_n Sl_mllar from
the capsule surface, the simplest model of capsule structure would involv@N€ implosion to the next, as demonstrated in Fig. 7 where
spherical symmetry except for a localized feature with higiRpointingin ~ the downshifts are plotted as a function of longitudinal angle
configuration, which s not claimed to be unice: n partcular, e soamp: (ioudh the ports are not all quite on the equatdhe
ggzlljg:rritrude out of the shell rather than inctlo the fEeI. , P overall form of the_data from shots 21240 and 21241 sug-
gest that the dominant structure has a mode numbdr of
=1 in longitudinal angle, although there are not enough
beneficial effect. Since the current maximum number ofneasurements to rule out the possibility of aliasing in the
spectrometers is only 11, any efforts to perform a modafata from higher modes.
decomposition or other complete analysis of capsule struc- More examples of implosion asymmetries are shown in
ture are limited to fairly simple structurésuch as that illus-  Fig- 8, which also illustrates the relationship between capsule
trated in Fig. 6. The absence of sensitivity to high-mode asymmetries and laser beam energy balance. Three se-
numbers minimizes the likelihood of aliasing in the dataduences of contiguous implosions all involved capsules with

from such modes. D—23He fuel in 20um-thick CH shells, but the beam balance
adjustment was different for each sequence. Within each se-

Il ENERGY ASYMMETRIES, CAPSULE fom mplosion to mplosion, indating a basic repeatabity.

ASYMMETRIES, AND LASER BEAM BALANCE P P ' 9 P Y.

Between sequences there are significant differences in energy

Substantial energy asymmetries are often seen in thshifts, indicating changes in capsule symmetry with changes
spectra of 14.7 MeV protons from thick-shelled in laser beam balance.
D—3He-filled capsules. Figure 5 illustrates a sample set of Before the implosions illustrated in Fig(e8, the laser
eight spectra from a single implosion involving a capsulebeams were balanced with the standard method. In spite of
with a 20 um CH shell and utilizing the standard beam- the fact that the two capsules had significantly different fill
balance method. The energy downshifts of the spectra, relgressure$8 and 18 atny the deviations from spherical sym-
tive to the birth energy of 14.7 MeV, are plotted in Figap ~ metry are very similatand the shot-to-shot similarity of ab-
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i . FIG. 9. Proton energy shifts measured at different port locations for two
S 2 o sequences of OMEGA implosions involving 18 atm of #4e fuel in CH
% 1 g:u shells(all irradiated with 23 kJ of laser energy in 60 beams with 1 ns flat-top
‘,g +50 pulses. Each plot corresponds to a different laser balance adjustment, as
w 3\ discussed in the text, and each capsule had the shell thickness indicated.
< 14 g On-target, rms beam-to-beam energy nonuniformities, inferred from UV in-
- tensity measurements, were 2.8% and 2.9% in the first sequence, and 5.8%,
¢) | ——24733(18atm) | ] 5.5%, and 5.5% in the second sequence.
o+ : : : : : 0

KO1 TIM4 CPS2 TIM2 TIM1  TIM6
Port Location

surements, to be in the vicinity of 2% rnfghile UV mea-
FIG. 8. Proton energy shifts measured at different port locations for thre rements indi rent nonuniformiti f %
sequences of OMEGA implosions involving BHe fuel in 20 um CH e_Srl;ee Si?\ :Z in? ?géféjnasphpoﬁ‘/vi itn gi u(®OOCCltJI’erZ(Z(i) a?tte)?lg‘nff 0
shells(all irradiated with 22 kJ of laser energy in 60 beams with 1 ns flat-top ; g ) p_ g. g
pulses. Each plot corresponds to a different laser balance adjustment, adther iteration in the x-ray balance adjustment and shows
discussed in the text, and each capsule had the fill pressure indicated. In thipmewhat better uniformity than seen in Fig&)&r 8(b).

case it is not convenient to plot the measurements as a function of any single Figure ga) shows another group of two implosions fol-
angle on the target chamber, because they do not lie near any great circl

On-target, rms beam-to-beam energy nonuniformities, inferred from UV in-FdWing standard beam balance. Both capsules contained 18

tensity measurements, were 2.7% and 2.6% in the first sequence, 4.7e@tm of D—He, but the shell thicknesses were 18 anqu23,

6.2%, and 6.2% in the second sequence, and 5.0% in the last shot. respective|y. In Spite of the difference in shells, the two im-
plosions resulted in similar distortions from spherical sym-
metry although the thicker initial shell resulted in a higher

solutepR values is an example of how capsule compressiompR at burn time. Figure ®) shows a similar set of implo-

is not very sensitive to fill pressure, in contrast to theoreticakions after readjustment of the laser beam balance with the

predictions, as discussed in Ref.)1Bor each of these im- x-ray method. Once again, a change in beam balance

plosions, variations about the mean for on-target energy ithanged the angular variations in measys&d

the different laser beams was estimated with the standard While the energy downshift data tend to be similar

balance method to be about 2.6% rms. However, the x-rawithin a group of contiguous implosions with the same cap-

measurements performed for the x-ray balance method indsule characteristics and beam balance adjustments, there are
cated a level of beam-to-beam nonuniformity of about 6.5%some differences within each group. This would be expected
rms. Corrections for individual beams were made accordeven if the effects of beam balance are constant, since there
ingly, with individual amplifier gains changed by as much asare presumably other, and possibly random, seed perturba-
+13% and—12%. The three implosions represented in Fig.tions such as defects in initial capsule shell uniformity.

8(b) represent those conditions; the angyiRrvariations are Similar low-mode asymmetries are seen with secondary

remarkably similar to one another but quite different fromprotons from D-filled capsules. Preliminary data from

those in Fig. 8). The level of beam-to-beam nonuniformity room-temperature capsules is presented in Ref. 9, while a

within each shot was estimated, from the x-ray balance meaample of results from preliminary work with cryogenig D
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=y

y can contain additional information. The total width of a spec-
TIM-5

> | tral line is affected by instrument response, thermal broaden-
@ <E> = 14.6 MeV . i . ) )
=~ 2 ing of particle birth energies, different pathlengths through
~ 'S [PR~13 mg/icm S . 5816 .
23 fuel and shell for individual particles>®*®and time evolu-
= tion during burrf?? The spectra shown in Fig. 5 are ex-
amples of how individual widths can vary substantially. All
0 “ spectra have nearly the same high-energy limit, because of a
1 ' ; NI small component that is not very downshifted; this is gener-
TIM-4 | TIM-3 ated by a transient shock coalescéieehen the shell is not

| <E> = 14.1 MeV
FpR ~ 29 mg/cm2

<E>=14.6 MeV

4 completely compressend pRy is smal), several hun-
[ PR ~ 13 mg/cm

dred ps before the main burn. The different low-energy limits
represent different maximum pathlengths. These maxima
vary in Fig. 5 from~60 mg/cn? (for most of the portsto

Yield / MeV
(x107)

0 - RS B . ~150 mg/cni (for port KO2). That variation is qualitatively

1 : : : : : . consistent with the cartoon of capsule structure shown in Fig.
| TIM-2 TIM-6 6, which would result in a small number of pathlengths that
<E>=13.7 MeV [ <E>=13.7Mev are much longer than average and affect only spectrometers

' pR ~ 42 mg/cm? [ pR ~ 42 mg/cm? in one direction.

Yield / MeV
(x107)

V. CONCLUSIONS

................ e MR TS

o

ctrometr f charged fusion product rovides
0 5 0 15 20 0 5 10 15 20 _Spe_ ometry 0 9 pro S Pro
Proton energy (MeV) Proton energy (MeV) unigue information about low-mode-number deviations from

spherical symmetry in imploded target capsules. The work

FIG. 10. Five spectra of secondary protons measured simultaneously d“ri%ported here represents the first multiple-view measure-
OMEGA implosion 24 096, with a cryogenic.Hilled capsule. The capsule

had an outer diameter of 93dm, a 100um thick layer of B ice inside a 1 ments  of ab§OIUtepREOta| values. .Da_‘ta from room-

um CH shell, and a fill of D gas(Ref. 21. It was irradiated by 24 kJ of teémperature D=He fuel in CH shells indicate that changes

laser energy in 60 beams, Wit 1 ns fat-top pulse. On-target RMS beam- in observed asymmetries are correlated with significant

to-beam energy nonuniformity, inferred from UV intensity measurements,ch'f;mgeS in laser beam balance. and that for a given beam

2.5%. ' L .

was £57% balance they are often repeatable within contiguous groups
of shots and relatively insensitive to differences in fuel fill

capsules is shown in Figs. 10 and (gee Ref. 21 for an pressure(8—18 atm or shell thicknesg18-23 um). It is

overview of the cryogenic experiments at OMEGA possible that the small variations that are seen within a group

of implosions that are nominally identical are due to a more
IV. A NOTE ON THE STRUCTURES OF INDIVIDUAL random source of perturbation, such as nonuniformities in
SPECTRA the initial shell. Future experiments are planned for further

. . investigation of all these phenomena with a wider variety of
In our discussion of low-mode-number capsule structure

c{':lpsule types at OMEGA. Of particular interest will be ex-
we made use only of the mean energy of each spectrum, but . . )
i . o periments designed to introduce large, controlled amounts of
(as mentioned in Sec. Il)Bthe shapes of individual spectra : . I
laser beam imbalance in order to observe asymmetrip&in
and relate them to changes in implosion performance, and
2t s frmrrrrrrrr P more experiments for determining whether the x-ray balance
method results in improvements in implosion characteristics.
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FIG. 11. The mean energy losses for five proton spectra shown in the prée‘PPENDIX: YIELD ASYMMETRIES

vious figure. Although the diagnostic ports in this case did not all lie near a As discussed in Sec. II. the types of measurements used
great circle on the target chamber, the energies have been plotted against i%eer Y

longitudinal angle. The two data points at about 150 degrees were measur&£re should not detect prqton y_ield asymmetries dL_Je to cap-
above and below the equator, respectively. sule structure under practical circumstances. In spite of that
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FIG. 12. (a) Spatial distribution of proton fluence as measured with a large- -0.5 0 0.5
area CR-39 detector ¢67.5 cm), and displayed as a grayscale image, for E - <E> (MeV)

OMEGA implosion 17 15615 atm of D-*He fuel in a 20um thick CH

shell, illuminated by 24 kJ of laser energy in 60 beamswitl nsflat-top  FIG. 13. (a) For the same data set illustrated in the previous figure, this
pulsg. The CR39 detector faced the target at a distance of 70 cm, subtengyrayscale image displays information about the spatial distribution of energy
ing an angle of about 3.7° from the target. The number of protons per uniper proton.(b) Estimated probability distribution of the proton energy, for
area is proportional to brightness; the black border was covered by a thick|l positions within the detectdiE is the energy at a given position, aver-
aluminum frame, and had no protons. The rest of the area was covered byzgied over 0.12 cfnand(E) is the energy averaged over the entire detector
uniform, 900,um thick Al filter. Each pixel in the image corresponds to a areg. While the proton fluence over the detector area varies by a factor of 2,
physical area 0.125 nhin area.(b) The probability distribution of fluence, there is virtually no energy variation.

or yield, relative to the average value, for all positions within the detector

area(averaged over 0.12 cnto reduce the effect of counting statistics

ing probability distribution of proton fluence values. There is
fact, proton yield asymmetries are often obsertiach wide  a large variation in fluence seen here, with a maximum-to-
range of data including that discussed here and alsminimum ratio of ~2 and a standard deviation 6f18%
secondary-proton yield data reported previously for implo-about the mean. The angular separation of the two fluence
sions of room-temperature, ,Hilled capsule$9. When maxima of Fig. 12a), measured with respect to the target
multiple spectra are available for an individual shot, thecapsule, is less than four degrees. If this were a projection of
yields typically have variations with standard deviationsa structural aspect of the capsule, it would represent a mode
about the mean of 15%—20%; these variations are generallyumber of orded =100. In view of our prediction that we
uncorrelated with energy variations and uncorrelated fronshould not be sensitive to mode numbers greater tha@,
shot to shot. Figures 12 and 13 show data from a specidhe yield variation should not be related to structure in the
experiment in which the lack of correlation with energy is capsule.
demonstrated in a straightforward way for the implosion of a  Another reason for reaching the same conclusion is
D—3He-filled capsule with a 2@um CH shell. The detector shown in Fig. 18a), which illustrates a different aspect of the
in this case was not a spectrometer, but a large-area sheetsdme data set. In this grayscale image, brightness is propor-
CR-39 nuclear track detector that faced the capsule througtional to a measure of the mean energy per particle at a given
an aluminum filter designed to range down the protons tdocation (protons generate circular tracks in the CR39 with
energies within the CR-39 sensitivity rangabout 0.2—8 diameters that correspond to their enertflesThere is no
MeV1®). Figure 12a) illustrates the number of particles per obvious variation over the entire active detector area in spite
unit area incident on the detector at different positions, exof the large fluence variation. Figure (b3 shows a probabil-
pressed as a grayscale image in which brightness is propaity distribution of mean energy per particlestimated from
tional to number density. Figure 8 shows the correspond- the distribution of track diameteksit is extremely narrow
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