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With new measurement techniques, high-resolution spectrometry of secondary fusion protons has
been used to study compression and symmetry of implodedilled capsules in direct-drive
inertial-confinement-fusion experiments at the 60-beam OMEGA laser facilitR. Boehlyet al,,

Opt. Commun133 495(1997]. Data from target capsules withl5 atmospheres of [fuel, in CH

shells 19-27um thick, were acquired with a magnet-based, charged-particle spectrometer and with
several new “wedge-range-filter’-based spectrometers incorporating special filters and CR39
nuclear track detectors. Capsules with 419 shells, imploded with similar laser energies23 kJ

but different methods of single-beam laser smoothing, were studied and found to show different
compression characteristics as indicated by the fuel areal de®tgrmined by the ratio of
secondary-proton yield to primary-neutron yiekhd the total areal densitidetermined by the
energy loss of protons due to slowing in the fuel and $hiellgoing from 0.3-THz SS@smoothing

by spectral dispersignto 1-THz SSD and PS3polarization smoothing the fuel areal density
increased by at least 30%, while the total areal density increased by(#06fb ~52 to ~72
mg/cn?). In addition, significant low-mode-number spatial asymmetries in implosions were
indicated by spectra measured at different angles with respect to the target. The mean energies of
protons, measured at different angles during the same shot, varied by as much as 1 MeV, implying
angular variations in areal density of order 30 mgfichio the best of our knowledge, this is the first
experimental demonstration that capsule symmetry can be sensitively studied by measuring the
energy loss of charged particles. @02 American Institute of Physics.

[DOI: 10.1063/1.1472502

I. INTRODUCTION issues that are crucial for the success of ICF. The first issue
involves the impact of different methods of single-beam laser
The potential utility of secondary fusion products for smoothing on implosion performance; the data presented
diagnosing implosions of Pfilled capsules in inertial- here imply that better smoothing does result in better capsule
confinement-fusior(ICF) experiments has been recognized compression, presumably due to a reduction in the seeding of
for more than two decadés®but practical use of secondary- high-mode-number Rayleigh—Taylor instabilities. The sec-
proton data has previously been limited by the lack of accuond issue involves low-mode-number asymmetries in the ar-
rate spectroscopic measurement techniques. The implemegal densities of imploded capsules; the data presented here
tation of two different types of charged-particle provide the first experimental demonstration that such asym-
spectrometers has now made measurement and interpretatigietries can be studied by measuring the energy loss of
of high-resolution secondary-proton spectra possible. Theharged particles due to slowing in the capsule plasma.
measurement methods are described here, along with data The general value of charged-particle spectrometry for
and analysis having important implications for two physicscapsule diagnostics has recently been demonstrated with
magnet-based charged-particle spectromei@rSs3, which
dpresent address: Lawrence Livermore National Laboratory, Livermore@r€ NOwW used on a regular basis for measuring spectra of
CA. primary charged fusion productp, D, T, @) and “knock-
PAlso visiting Senior Scientist, Laboratory for Laser Energetics, University on” particles(p, D, T, and®He elastically scattered by 14.1-

of Rochester, Rochester, NY. 9,10 :
9Also at Departments of Mechanical Engineering and Physics, and AsMeV neUtrong) for a wide range of CapSUIe types and

tronomy, University of Rochester, Rochester, NY. implosion conditions at the OMEGA 60-beam laser facﬁ?ty.'
YPresent address: Xenogen Corporation, Alameda, CA. Measured spectra provide a number of important implosion
1070-664X/2002/9(6)/2725/13/$19.00 2725 © 2002 American Institute of Physics
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parameters such as primary yields; fuel ion temperature; anscribes specific experiments at OMEGA and secondary-
areal density of fuel gRs,e), shell (pRgne), Or fuel plus  proton data, while physical capsule parameters are derived
shell (pRya). Areal densities are determined by measuringfrom the data in Sec. V. The physics implications of these
the energy loss of charged fusion products as they pass onteasured parameters are discussed in Secs. VI and VII.
through fuel and shefl, or by measuring the vyields of
knock-on particle® or secondary fusion products®

In the most important future ICF experiments utilizing Il. SECONDARY SPECTRA AND CAPSULE
cryogenic capsules with DT or [fuel, large values of areal CHARACTERISTICS

density will limit the number of diagnostic measurements  Two simple models of plasma structure are used here to
that can be made of charged particles. On the National Igniijustrate how measurements of secondary yields and spectra
tion Facility (NIF), pRyoq Of imploded DT capsules is even- are related to the properties of compressed caputeshe
tually expected to exceed 1 g/émin this case, the only “hot-spot” model, all primary fusion reactions take place in
charged particles that could escape the fuel and be detectgdsmall region at the center of the spherical fuel, and the fuel
for studyingpR are tertiary protons; which have energies outside the hot spot, where the primary fusion products react
as high as 30.8 MeV. DT capsules planned for OMEGA maywith cooler fuel to create secondaries, has uniform density
(based on 1D simulationseachpRio 0f 0.2 to 0.3 g/c. and temperature. In the “uniform” model, the fuel is uniform
In this case, knock-on deuterons and tritons, resulting fronpyer its entire spherical volume so that primary and second-
elastic collisions with primary 14.1-MeV neutrons, could be ary reactions take place everywhere. In both cases, there can
detected and used to stugR with CPSs™° be a spherical shell or pusher of a different material outside
In the shorter term, cryogenic experiments will be car-the fuel (generally CH, in most current OMEGA experi-
ried out with pure D fuel. No primary charged fusion prod- ments.
ucts will be energetic enough to escape and be detected, and Modeling of the slowing down of primarjHe and T in
there will be no high-energy primary neutrons to generated fuel can be carried out with the formalism described in
energetic knock-on particles. In addition, the method of deRef. 13, from which the stopping powers shown in Fig. 1
termining pRye through a measurement of secondary-were calculated. The production rates for secondaries are
neutron yieldS will be problematic for values 0pRye €X-  then determined by the cross sections shown in Fig. 2, cal-
ceeding~0.1 g/cnt. Secondary BHe protons(12.6-17.5  culated from the formalism of Ref. 14. The resultant yields
MeV), however, will escape from D capsules with relatively are described in Sec. Il A, below. The shapes of the spectra
high pR. These protons are created by the two sequentiadf secondary protons and neutrons, as they are created in the

reactions fuel, are discussed in Sec. Il B. Modifications to the spectrum
D+ D—n(2.45 Me\) + 3He(0.82 MeV), (1) of protons as they sloyv down on their way out of t_he fuel anq
shell are then determined by the stopping power illustrated in
and Fig. 3(calculated according to Ref. 18nd described in Sec.
3He(<0.82 MeV)+D Ihe.
— a(6.6—1.7 MeVf+ p(12.6—17.5 MeV. 2y A Yields

The yields of secondary protons and neutrévig, and
energy. Some of théHe ions then react in-flight with ther- Y2r} can be calculated by integrating over the appropriate
’ (paths of primary fusion producf$e and T, using the as-

mal D ions, creating protons which, because of the kinet sumptions described above to calculate their energies as a
energy of the'He, have a range of energies. Measured spec: P g

tra of these protons can be used to Sty PR, function of position and the secondary production rates. The

capsule symmetry, and sometimes other parameters. results are proportional to the primary-neutron yi¥ld,, as

The remainder of this paper will discuss the use of spec-Shown in Fig. 4. Related calculations were carried out for

. : ome of these cases by previous workefsytilizing other
tral measurements. Although the emphasis throughout is o odels for the slowing down GHe and T. They pointed out

secondary protons, there is also discussion of how they relal t as lon R is smaller than the ran f one of th
to secondary neutrons created by the two sequential reactio at as long ap fuel s smaflerthan e range ot one of the
primary particles(*He or T) in the fuel, there is a nearly

D+D—p(3.02 MeV)+T(1.01 MeV), (3 linear relationship betweernpR;, and the associated
secondary-particle yield ratioY,,/Y1, or Yon/Y1,). When
pRye €Xceeds the range of a given primary particle, the as-

T(=<1.01 MeV)+D sociated secondary-particle yield ratio reaches a saturation

level, as shown in Fig. 4. For small enougRy,, therefore,
—a(6.7-1.4 Mey+n(11.9-17.2 Mey. @ measurements of yield can be used to inf&,. The re-

Section Il shows how the characteristics of secondary prosults depend weakly on plasma density, but the plasma tem-

tons and neutrons are related to the physical parameters pérature has a strong impact on the valugBf, at which

capsules. Section Il describes how proton spectra are me#hae linear relationship fails due to complete slowing down of
sured with magnet-based charged-particle spectrometetBe primary particles in the fuel. This is a consequence of the

(CPSs and with “wedge-range-filter”-based spectrometerstemperature dependences of the total particle ranges, as illus-

(WRF9 that have recently been developed. Section IV detrated in Fig. 5. Because of the cross sections of Fig. 2,

In reaction (1), *He is created with 0.82 MeV of kinetic

and
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FIG. 1. Stopping powers foiHe (left) and T (right) in

D plasmas with various electron temperatutealcu-
lated according to Ref. 33The stopping is dominated
by electron-induced slowing at particle energies above
about 100 times the electron temperature, and by ion-
induced slowing at lower energies.
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secondary protons are preferentially produced close to thehip between electron temperature and yield saturation holds
birth position of primary*He, while secondary neutrons are for secondary neutrondif it is not known whether saturation
preferentially created near the end of the range of primary has been reached, the measured secondary-to-primary ratio
(see Fig. 6. provides a minimum value for electron temperature.

Two differences between the hot-spot and uniform mod- It was assumed in this simple model that the capsule is
els are apparent in Fig. 4. The first is that the valupiRf,  spherically symmetric and there is no mixing of fuel and
for a given yield is higher in the uniform model, reflecting shell material. It will be shown in Sec. V C that deviations
the fact that the mean distance traveled by primary particleom spherical symmetry can occur, but when small they
before they encounter the fuel—shell interface is smaller by @robably have relatively little effect on the ratios of total
factor of 0.75. The second difference is that complete satuyields of different particles. Other work currently underway
ration of yield at high values gfRy, in the uniform model indicates that fuel-shell mixing may have significant effects
is approached asymptotically, but never reached, becausm yields® some of those effects will be taken into account
some primaries are always created close enough to the sun Sec. VA, when experimentally measured vyields are
face to escape the fuel. interpreted.

Although a measured secondary-proton yield can be
used in the context of our models to infpRye oNly in
regimes where the primariHe escape the fuel before stop-
ping, other information can be inferred when complete stop-
ping occurs in the fuel. As seen in Fig. 4, the electron tem-
perature determines the maximum possible secondary-to-
primary ratio Y,,/Y,. If it is known that yield saturation
has been reached, it is possible to estimate the effective elec-
tron temperature as illustrated in Fig.(@ similar relation-
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0.01 ey e e Proton energy (MeV)
0.01 0.1 1 FIG. 3. Stopping power for protons in D plasmas with various electron
T or *He Energy (MeV) temperaturegcalculated according to Ref. L30ver most of the energy

range, where slowing is dominated by plasma electrons, the stopping power

FIG. 2. Fusion cross sections for energéetite or T with cold D plasma
(calculated according to Ref. 14

for CH plasmas is almost identical except for being higher by a factor of
about 14/13the ratio of the numbers of electrons per unit mass
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B. Birth spectra fuel before losing much of their 0.82-MeV birth energy, then

gpe protons they produce by fusing with fuel deuterons are

The shapes of the spectra of secondary particles at the L S .
birth can be calculated, and we begin with the Seconolar§qually distributed between limiting energies of about 12.6

protons. IfpRy,q is small, so that the primarHe escape the and 17.5 MeV. The energy limits are defined by kinematics,
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FIG. 6. lllustration of how secondary protons are mostly created near the
Te (keV) birth position of the primary’He, while secondary neutrons are mostly
created toward the end of the range of primary T. The vertical axis is in
FIG. 5. Ranges of primary DD fusion productsa D plasma for different  arbitrary units that are different for the two curves; the horizontal axis unit
plasma densities and electron temperat(iresn the stopping-power curves pX is the distance from primary birth position in g/ror a 3-keV, 3-g/cc
in Fig. 1). D plasma.
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FIG. 7. Electron temperature for whicti,,/Y;, cannot exceed a given FIG. 9. Dependence of the mean energies of the proton birth spectra shown
saturation valudsee Fig. 4; these numbers apply to both the hot-spot andn the previous figure on the fraction &#fle energy remaining when tfele
uniform model$. Under some circumstances, this relationship can be usedeaches the fuel—shell interface. Plasma temperature was assumed to be 3
to estimateT,. keV, and the density was 3 g/ck: is defined in the caption of Fig. 8. If the
appropriate value offz is not known, there will be a small uncertainty in the
effective mean energy. In such a case, we could use the value 14.97
+0.04 MeV, which corresponds to the assumption of equal probability for

and are determined biHe energy at the time of interaction all values off, .

with D. The flat distribution as a function of energy between
the limits can be demonstrated by assuming that fusion prod-
ucts are distributed isotropically in th#He—D center-of-  down by different amounts. Figure@ also illustrates that
mass frame, transforming to the lab frame, and calculatinghe shape of the birth spectrum is relatively insensitive to the
the number of particles per unit energy. The number of proplasma temperature. The mean energy of the spectrum varies
tons dN,,, produced during the slowing down ®fye *He  only slightly with the amount of slowing down GHe, as
from energyEsye t0 Esye—d By IS shown in Fig. 9.

AN, p/d Expe= ANsespe_of Expe) /[ A Eapre/d(pX) ], T_he secondary-neutron birth spectrum shapg is more

sensitive topRy,e because the reaction cross section of the

whereosye_p (Espe) is shown in Fig. 2X is distance along  primary T with the fuel D increases rapidly as the T energy
the trajectory ofHe in the plasmad Ese/d(pX) is shownin  decreasegdown to abouE;=0.2 MeV, as shown in Fig.)2
Fig. 1, andA is a constant. For larger values @Ry, SOme  As discussed in previous wofk® this means that the neu-
of the 3He will slow down before |ea.Ving the fuel; when they tron Spectrum gets narrower ﬁquel increasegand the ex-

interact with the fuel, the kinematica”y defined width of the |t|ng T energy decreasbﬂZigure Sb) illustrates this for the
resultant proton spectrum will be smaller. Sincecase of the hot-spot model.

o3ne-(Esye) decreases rapidly afsy. decreases below
about 0.5 MeV, the contributions to the final proton spectru
become very small for lower-enerdile and the shape of the
total proton spectrum remains relatively insensitive to the A proton birth spectrum is never measured directly, be-

amount of slowing down, or equivalently, the value of cause it is modified by passage through fuel and shell before
pRiel- This is demonstrated in Fig(®, which shows how, the protons reach a spectrometer. Since the birth spectrum is
in the case of a hot-spot model, the shape of the spectrumelatively insensitive to fuel conditions, a measured spectrum
gets built up as a contribution of parts duede slowed contains diagnostic information about fuel and shell.

m
C. Measured spectra

FIG. 8. Calculated shapes of secondary-proton and
secondary-neutron spectra. These curves were gener-
ated by assuming théit) the slowing of T ofHe in a D
plasma varies with energy as shown in Fig. 1, &ngd

the primary particles are created near the center and
pass through a uniform fuel that ranges their energies
down to some fractioffig of their birth energyhot-spot

T mode). The plasma density was assumed to be 3 g/cc.
On each plot, the different curves show how the spec-
trum shape is built up as the primary particle gets
ranged down; the curvedo notshow how thenumber

of secondary particles varies wifR. Each plot has
one curve for plasma temperature 10 keV, correspond-
ing to fe=0. This curve is arbitrarily normalized so its
amplitude is the same as the corresponding curve for

Te <= 1keV b) Secondary Te <=1keV]| |
...... Te =10 keV|] [ Neutrons s-----Te=10keV

| a) Secondary
Protons

Relative Number of Protons
Relative Number of Neutrons

10 15 20 10 15 20 lower temperature to demonstrate how the shape is not
Proton Energy (MeV) Neutron Energy (MeV) strongly dependent on temperature.
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FIG. 10. The mean energy of a secondary-proton spectrum after slowing 0

down in a D plasma withp=3 g/cc. The horizontal axis unjgX is the
distance from birth position in g/cmFor a CH plasma, the value iR Te (keV)

corresponding to a given energy should be reduced by the factor (tB&.4

ratio of electrons per unit mass for D to the value for)CFhe dependence FIG. 11. Boundaries of regimes in which various measurements can give

on p is weak; forpR=<0.1, the value 0opR corresponding to a given energy diagnostic information about a 3-g/cc, pure D plagassuming the hot-spot

varies approximately ag®?”. model; for the uniform model, results are simjlaNote thatpR refers to

pRra fOr curves A, butpRy, for curves B and C. Measurements of
secondary-proton energy shift and yield can be made only in the region
belowcurve A, which show the totalR,,, at which secondary protons fail

to escape from the plasntane curve each for the upper and lower limits of

Th f th d d the birth spectrum Measurements of ,,,/Y 1, give information aboupRy,g
e mean energy of the secondary protons decreases 6Efr\ﬂy in the regionbelow curve B, which shows where primary T is ranged

cording to the amount of material they travereig. 3  outcompletely by the fuel and the “saturated” regions of Fig. 4 are reached.
showed how the stopping power of fuel or shell plasma forAbovecurve B, measurement of;, could give information about the fuel

rotons varies with proton enerayv and plasma temper tureelectron te_mperaturg. Measurements\Qf_p/Yln give informaFion abqut
P P 9y P P R pRye 0nly in the regiorbelowcurve C, which shows where primatiie is

For the case of D and CH plasmas wjik=3 g/cc, Fig. 10 ranged out completely by the fuel and the saturated regions of Fig. 4 are
illustrates the slowing down of secondary protons as a funcreachedAbovecurve C, measurement ¥, can give information about the
tion of T, andpX, whereX is distance traveled through the fuel electron temperaturesee Fig. 7.

plasma. The dependence piis weak; the ratio opX to the

mean energy losA(E,,) varies approximately ag®?’ for _ _

pX=<0.1 g/cnt. The dependence on temperature is weak folP- APplicable plasma regimes

Te<1keV and becomes progressively stronger for increas-  Figure 11 summarizes the plasma parameter regimes in
ing T,. If we assume that most of the protons are generategihich the measurement methods described above are appli-
near the center of the fuel, then we can relaté,,) to a  cable. Although the plotted boundaries of these regimes are
sum of the contributions fromRy,e and pRghey- As we will - based on simple models, they have more general applicabil-
see,pRqhe IS typically the dominant source of energy loss. ity.

The protons are not all generated precisely at the center

of the_fuel, s_o they _pass through sllghtl_y different amounts Oflll. INSTRUMENTS FOR MEASURING SECONDARY-
material while leaving the capsule. This has an effect on th

PROTON SPECTRA
mean energy and on the spectrum width, but that effect is

fairly small for the OMEGA data to be discussed here and®- Magnet-based charged-particle spectrometers

will be ignored in estimatingoRiota= pRyert pRshen from Two magnet-based spectrometé&PS1 and CPS2are
the mean energy lodsee Ref. 16 for a quantitative discus- jnstalled on OMEGA(see Refs. 18, 19 and 16 for details
sion). The spectrum width can also be affected by time evo-The principle of operation is illustrated in Fig. 12, which
lution. shows how a magnet is used to separate protand other
More importantly, any long-wavelength variation of charged particlgsof different energies into different trajec-
pRshen With position on the shell results in a different mean tories. The particles are stopped in CR39 nuclear track de-
energy loss for protons detected at different angles with retectors, which are then etched in NaOH and scanned with a
spect to the capsule, and any significant short-wavelengthicroscope. A small hole appears at the location of the track
variation of pRgpe could modify the width of an individual of each individual proton, and the position of a particle track
spectrum by causing different amounts of slowing down forgives the particle energy directly by virtue of the trajectory
different protons reaching the same detector. These effectsllowed through the magnet. Final determination of the en-
will be discussed in Sec. VII. ergy spectrum involves subtracting a background level due to
A secondary-neutron birth spectrum can be measuredeutron-induced noise and “intrinsic track noise.” The neu-
directly!” because it is largely unaffected by passage out ofron noise consists of tracks due to protons elastically scat-
the capsule. The shape of this spectrum is sometimes senséred by primary fusion neutrons, either in the CR39 itself or
tive to fuel conditions, so it has potential diagnostic vdlue. in surrounding materialéapproximately one noise event per
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TARGET be detected with a single filter thickness is not wide enough
to cover the entire secondary-proton spectrum.

In order to find an improved approach, we have per-
formed highly detailed calibrations of the response of CR39
to protons of different energie@lifferent energies result in
different track sizes™® and calibrations of the transmission
characteristics of various filters. In combination, those cali-
brations determine a direct mapping between track diameter
and incident proton energy for a given filter thickness. That
mapping can be used to reconstruct part of the incident spec-
FIG. 12. Concept of the magnet-based charged-particle spectrometefsUm from a histogram of track diameters, but for each filter
(CPS$, showing how the magnetic field separates protons of different enthickness the incident energy interval that is most accurately
ergies. Particles from thg target capsule pass thrqugh a collimating apertuie,~ynctructed is less than 1 MeV wide. To accurately recon-
(not shown before entering the magnet. After leaving the magnet, they are . L.
stopped in pieces of CR39 nuclear track detectast shown. The posi-  Struct the entire secondary-proton spectrum, which is at least
tions of the detected particles then indicate their energies by virtue of théd MeV wide, it is necessary to have data from many different
trajectories followed. filter thickness. For this reason a special ranging-filter design

with continuously varying thickness was used, making pos-

sible the reconstruction of a continuous spectrum over a wide

energy interval. The filters used here were machined from
10" neutron$’). The intrinsic track noise is due to structural ajuminum; each filter has thicknesses varying from 400 to
defects in the CR39 that, after etching, are sometimes diffiigoo um. The individual filters are being calibrated
cult to discriminate from particle tracks and generally appeagpsolutely® with protons with energies up to 13.8 MeV at
at a density of at least 50 per &if Both types of noise tend  the 2-MeV Van de Graaff accelerator at the SUNY Geneseo
to be uniformly distributed on the CR39, subject to countingnyclear  Structure Laboratory, and current absolute-
statistics. calibration uncertainties are0.15 MeV for energy and

The absolute energy calibration of the CPSs is accurat%lz% for y|e|d measurement. The response for a monoen-
to about=0.1 MeV at 15 Me\zl The response function for a ergetiC, 13.8-MeV proton beam was determined to be
monoenergetic proton beam of a given energy is determineghyghly a Gaussian with a standard deviation of 0.15 MeV
by the width of the entrance aperture; at 15 MeV, and with &approximately consistent with the amount of energy strag-
2-mm aperture, the response function is a square box with gling expected for the protons as they pass through the)filter
half-width of 0.65 MeV (or a standard deviation of 0.38 The compactness, portability, and simplicity of WRFs
MeV). Errors in yield measurements are limited by statisticsmakes it possible to deploy many of them on a single shot to
and the lowest value of,, for which CPS2 can measure a study the spatial symmetry of proton specfrd®?3and also
useful secondary-proton spectrum is roughly® 1@on- o get close to the targeéll2 cm for high count rates and
strained by the target-to-aperture distance of 100 cm, themayl statistical errors which allow measurement of good

entrance aperture size, the magnet dispersion, and the baGgectra for proton yields at least as low as the midlvadge.
ground noise level CPS1 has a fixed target-to-aperture dis-

tance of about 235 cm, so it is less sensitive by about a factor
of 5 and is generally not used to measure secondary-proton

spectra. IV. SPECTRUM MEASUREMENTS

- £ 7.6 kG MAGNET
AR,

I -

% “27
200 keV

600 keV 30 MeV
1.0 MeV

3.0 MeV 10 MeV

A. Experiments

B. Wedge-range-filter spectrometers Table | lists basic parameters for three sequences of im-

A second type of spectrometer, a “wedge-range-filter” plosions of B-filled capsules at OMEGA. In all cases, cap-
spectrometefWRF), has recently been utilized for the first sules with~15 atm of B, fuel in CH shells were imploded
time. In a WRF(which will be described in greater detail by irradiation with about 22 kJ of 0.3@m UV light applied
elsewher), CR39 is again used as the particle detector, anih 60 beams with a 1-ns, square-top pulse. Sequences | and
a special wedge-shaped filter is used to range down the prdk, with 19-um-thick capsule shells, were studied and con-
ton energies so they fall within the interval of sensitivity of trasted to determine the difference in performance due to two
the CR39(approximately 0.5—7 Me) This is a more com- methods of smoothing individual laser beams. In both cases
plicated generalization of the simple range-fil{&F) mea- the beams were smoothed by spectral disper&@SSD,
surements that have previously been made with fixedbut sequence | used three color cycles and 0.3-THz
thickness filters or step filters. Estimates of secondary-protobandwidth?* while sequence 1l used one color cycle with
yields have previously been found with RFs by counting all1-THz bandwidth plus polarization smoothit§9?° using
proton tracks behind a constant-thickness filtérand Aze-  birefringent wedges with the laser, resulting in better single-
chi et al® used such data to make broadband estimates dfeam uniformity. Sequence Ill was similar to sequence I
different parts of the proton spectrum. The disadvantages a#xcept for a substantially larger shell thickné2g xm) and
the RF approach are that it is difficult to get accurate spectra slightly larger outer diametdiabout 980um); it is de-
information and that the interval of incident energies that carscribed here as a good illustration of implosion asymmetry.
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TABLE |. Comparison of OMEGA shot sequences. The upper section of the table contains shot par@iheters
shots utilized 1-ns square-top laser pulsése middle section contains neutron and proton measurements, and

the bottom section contains inferred capsule characteristics. All parameters represent averages over the shots
within a sequence, and the energies and yields of secondary protons are also averaged over the measurements
at different ports when appropriate. The values8%,. calculated from neutron yields are considered to be
upper limits, as discussed in the text, while values calculated from proton yields are considered to be lower
limits. Since we do not know what the radial profiles of temperature and density look like, the most conserva-
tive interpretation would use “hot-spot-model” proton numbers as lower limits and “uniform-model” neutron
numbers as upper limits. Values pRy, are derived from the loss of energy of protons due to the fuel and
shell, and represent the mean energy loss of the protons; if the spatial distribution of secondary-proton produc-
tion extends to the inner boundary of the shell, then these numbers could include a slight overestimate of the
true value ofpRgpe, because the mean path through the shell will be longer than the radialseattiRef. 16

for more discussion See the text and the caption of Table Il for discussion of measurement uncertainties.
PFrom secondary-proton dat&rom secondary-neutron data.

Sequence | Sequence I Sequence Il

Parameter (Shots 20 246,48,49,50 (Shots 20 689,90,91 (Shots 21 576,21 578
Fuel 14.3 atm B 15 atm B 15 atm B,
Shell 19um CH 19 um CH 27 um CH
Diameter 910um 910 um 984 um
Laser energy 21.7 kJ 23.2 kJ 23.2 kJ
Laser smoothing 0.3-THz SSD 1-THz S$PS 1-THz SSB-PS
T; (keV) 33 3.7 2.4
Y, (X101 8.82 15.8 2.27
Yo (X107) 13.1 38.0 5.04
Yap (X 107) 12.2 28.1 3.1
(E2p) (MeV) 13.37 12.69 12.82
prueI (mg/cmz),
“Uniform” model 10P<pRy,=16" 1< pRyo=24" 15°<pRy=20"
PRuel (mg/crr?),
“hot-spot” model 7P<pRpe=<12" P<pRp=<19 7P<pRye=<16"
pRiowar (Mglen?) 5 7 68

B. Data a distance of 15 cm from the targets. Figure 14 shows spectra

gjeasured at three different positions during individual shots
corded with a magnet-based spectromé@PS3 and with in sequences Il and Ill. Figure 15 illustrates the spatial rela-
aHg)_nship between the target and the ports used for these mea-

wedge-range-filter-based spectrometers. CPS2 data were s, Fi 16 and 17 show th d vield d
quired by exposing one piece of CR39 to the protons from ajpurements. Lgflires | t.an i ths ow et:p(taﬁsure ylef s allln
four shots of the first sequence, another piece to the protor{ge energy shitts relative to the mean birth energy for a

from the three shots of the sequence I, and another to th'é'd'v'd_ual mee}surements in sequences Il andthere the
total yield is inferred from the local fluengeThe errors

protons from the two shots of sequence Ill, in order to sum h for WRE s reflect statistical d
the yields and minimize errors due to counting statistics for> OWn tor measurements reflect statistical errors an

each sequence. Spectra for the first two sequences are shoWrT calibration uncertainties discussed in _Sec. Il B. Meap
in Fig. 13, but CPS2-measured results from sequence Il ar alues of the measured secondary-proton yields and energies
' are listed in Table I.

not shown because the total yield was too low to allow a oth g ¢ f the shots in the th
statistically significant spectrum to be measured. WRF data er measured parameters of n€ shots in the three se-
uences, measured with neutron diagnostics, are also listed

were acquired for individual shots, with the spectrometers a,g . . .
q P in Table I. Primary-neutron yield¥,, were measured via

indium activation, while ion temperatures were measured

Secondary-proton data for these sequences were r

1 e with a neutron time-of-flight diagnostf€.Secondary-neutron

o | [shots 20246-50 shots 20689-91 yieldsY,, were measured with a time-of-flight diagnostic or

2  1]0.3-THz SSD 1-THz SSD & PS | ; ) o

X with Cu activation.

% ] V. PHYSICAL INTERPRETATION OF MEASURED

= SPECTRA

o

2 The individual WRF-measured spectra for shots in se-
0 ol or, . quences Il and Il show that measurements at different

5 10 15 20 angles with respect to a target during the same shot some-
Proton Energy (MeV) times differ. This is reflected in different mean energies and

FIG. 13. Spectra of secondary protons for two shot series. Each spectrudlfferent inferred ylelds, as shown in Figs. 16 and 17, and in

represents an average over several nominally identical shots, measured Waiﬁerent widths, as shown in Fig. 1_8- These spatial variations
the magnet-based spectrometer CPS2. in spectra put a fundamental limit on the accuracy of any
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3 2 FIG. 14. Spectra of secondary protons for OMEGA
= = |} shot 20 689, left, and OMEGA shot 21 578, right, as
= \(5} measured with wedge-range-filter ~spectrometers
> > T (WRFs. In each case, the OMEGA port is listed.
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single spectral measurement as an indicator of overall cap- 4 [ a) : : :
sule performance, and they complicate any effort to specify S 3t 1 100,
errors in deduced capsule parameters, but they contain im- 2 B ;?U
portant information about capsule asymmetries. As discussed Tn P z L 2 R %
in detail in Ref. 22, the energy asymmetries are interpreted as L\n}“ . 1508
reflecting asymmetries in the capsule areal density, as pre- T |20 1 3
dicted previously? Yield asymmetries do not seem to be | o <20689,9091> ]
directly correlated with areal density asymmetries; there is 0+ t t f 0
evidence that they are at least partly due to very small modi- CPS2 TIM4 TIM5 TIME
fications of particle trajectories outside the capsule that are Port
not accompanied by measurable energy chafehaps by 3 " ' '
[ b)
@ 21 s LR
51 1
> —5—20689
@ ‘ ":"338223990 91>
¥} 0+ ; —
CPS2 TIM4 TIM5 TIMB
. Port

FIG. 16. Measured values ak(E,, and Y,,/Y;, for OMEGA shots

FIG. 15. Approximate relationship between the targ#town as the filled
circle) and the OMEGA ports used in this study; they are roughly coplanarbars indicate measurement uncertainties for energy; uncertainties in inferred
The WRF spectrometers, on ports TIM4, TIM5, and TIM6, are approxi- values ofpRy, Would be somewhat larger to reflect uncertainties in other

mately orthogonal to each other.

20689, 20690, and 20 691, some corresponding to spectra shown in Figs.
13 and 14. WRF measurements were not available for shot 20 690, and the
CPS2 measurements correspond to averages over the three shots. The right-
hand vertical axis of plota) is intended to indicate approximate values of
pRyoral COrresponding to individual shifts in mean proton energy. The error

parameters used in the calculationgdi®,y,, as discussed in the text.
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4+ t ' . . 3
@) ] [ b)
r 1100 -
3 3t T o~ 1
s [ A 02T
< g % [ FIG. 17. WRF-measured values ah(E,, and
'\& 21 3 < Yop! Y1, for OMEGA shots 21576 and 21578, some
wor 50 %1 ] corresponding to the spectra shown in Fig.(14
<|1 14 51576 1 3 >t 578 No CPS2 data were available, because the yield was
| —8— ) o —_——
t]--#--21578 ] | --e--21578 too low.
o¥F ' ' ' 0 0 ¥ ¥ ¢
CPS2 TIM4 TIM5 TIM6 CPS2 TIM4 TIMS TIM6
Port Port

small magnetic fields Accordingly, angular variations will core are unknown, making it difficult to determine directly
be ignored below in discussions of yield except to the extentvhether the hot-spot or uniform model is more accurate.

that they contribute to uncertainties in the total yield. Both values are therefore listed in Table | for each shot se-
guence. The larger impliegRy,e of the uniform model can
A. Yields and fuel parameters be chosen as a conservative upper limit, in which case the

. ] ] mean values for the three sequences are about 16, 24, and 20
The ratioY,,/Y1, can be used to estimajeRye With  mg/ent, respectively.

the information in Fig. 4, subject to two caveats. First, pre-  The measurements &,/ Y1, can also be used in con-
liminary numerical simulations suggest that any mixing atjynction with Fig. 4 to studypRye; results are listed in
the shell-fuel interface may result in an increas&in/Y1,  Taple I. In this case there are reasons to interpret the results
for a givenpRye . This is because the fuel edge temperaturegg |ower limits. First, values of,,/Y,, are very close to
becomes lower, increasing the rate of slowing of the primaryatyration in these experiments, especially if the electron
T (Fig. 1) and allowing them to reach energies where theemperature is assumed equal to the neutron-yield-weighted
cross section for secondary-neutron production is highejon temperature. Second, preliminary work indicates that
(Fig. 2) before leaving the fuel. Use of Fig. 4 witfyn/Y1n,  mixing at the shell—fuel interface may sometimes result in a
assuming an electron temperature equal to the neutrorymga|l decrease in secondary-proton yield for a gip&g,,
averaged ion temperature, could therefore imply a value ofyeaning that use of Fig. 4 could give us an inferred value of
PRy that is too high; secondary-neutron-derived values of,r.  that is too low. To be conservative, we could therefore
pRiue With these assumptions will therefore be interpreted aghoose the hot-spot values as extreme lower limits; the mean

assumptions we make about the density of the fuel. The masgspeciively.

density cannot be determined directly, but it turns out that the |, Taple I it can be seen that the proton-implied values of
maximum possible value giRy for these shots is about 25 R are nearly always smaller than the neutron-implied
mg/cnt, and this information can be used with the capsuleyajues, although there tends to be slightly better agreement
dimensions and fill pressure to estimate thas unlikely to  for the uniform model than for the hot-spot model. The dis-
exceed about 10 g/cc. Since inferrp&y,e increases very crepancy may be due to the effects of mixing, as discussed in
slowly with increasing here, use of this upper limit opis  gec. v A. Alternatively, it could simply mean that the aver-
consistent with interpretation of inferrgeRy,e as an upper age electron temperature in the fuel is lower than the
limit (in any case, the results are extremely insensitive to th?)rimary-yield-weighted ion temperatufas in the hot-spot
assumed value gf). These estimates df, andp are types of  1nde). A lower assumed average, would sometimes lead

spatial averages, and radial profiles within the compresseg) g jarger proton-implied value fgrRq, and would always
lead to a smaller neutron-implied value.

-

B. Energy shift and pR o

shot 21578 ——Tma
] —_—TIM6| ]

The energy shift of a measured spectrum, relative to the
birth spectrum, is due to proton slowing in both D fuel and
CH shell. Figure 3 shows that the proton stopping powers
normalized to are almost the same for D and for CH, and in
the vicinity of the birth energies of the protons there is little
variation with plasma temperature far,<3 keV. In addi-
tion, it will turn out that the shelbR dominates the totaiR,

|'L and that the amount of slowing down in the fuel is small. We
0 +—— =t therefore estimat@R,.y from the shift in mean energy by
5 10 15 20 using the relationship for CH described in Fig. 10 and its
Energy (MeV) caption. The result is weakly dependent on electron tempera-

FIG. 18. Direct comparison of two WRF-measured spectra from shottUr€, a_nd we assume tha=(1+0.5) keV in the. shell.
21578. There is also a very weak dependence on density, and we

Yield / MeV (x10)
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assume thap hel= (20+ 10) gm/cc based on what has been TABLE Il. Comparison of the B implosions of sequences | and Il to simi-
shel -

inf d ; | bout shell B Th lar DT implosions(DT data from Ref. 10 Values corresponding to the
Interred previously about shell compression.Nese as-  «niform” model are used, since that was the only model invoked in Ref.

sumptions, together with the assumptions behind Fig. 10i0. As discussed in Sec. V, uncertainties in inferred valugsRgf,, are not
lead to the inferred values @fR,; Shown in Table | if we  tabulated because of the unknown effects of angular variations. Uncertain-
use the average of the proton energies measured for ealips inpRye were not tabulated in Table |, because they are smaller than the

hot Th tainties in inf due to th differences between the proton-derived and neutron-derived values that were
shot sequence. e uncertainues in in erpéq)ta' U T0 IN€  jisted there as lower and upper limits; the uncertainties shown here reflect

quoted uncertainties in temperature and density are typicalljheasurement uncertainties for all of the parameters used in the model cal-
< 6%, but no uncertainties are listed in Table | because ofulations, plus statistical and calibration uncertainties in the measurements,

the energy asymmetries discussed below plus an estimated uncertainty in yield due the angular variations seen during
- ) . individual shots.
Based on the assumption that measured asymmetries In

proton energy during an individual shot represent areal den- 0.3-THz SSD 1-THz SSB PS
sity asymmetries, as discussed above, the right-hand vertical R R R R
axes of Figs. 1@) and 17a) are labeled wittpRy,, values (gl (gl (malemd (majend)

appropriate for the directions corresponding to individual

ports. The variations seen between different positions sutPz fuel (2nanalysis — 16+1 241
tantially exceed measurement uncertainties for shot sD-2 fuel (2p analysis 10=2 52 Larr—a 2
S y T fuel (KO analysis ~ 9+2 56 15-3 76

quence Il
To justify this association between energy asymmetries
and capsule structure asymmetries, we need to explain whyalancing the energies and adjusting the overlaps of different
the observed energy asymmetry cannot be a result of unevdreams, and errors in surface finish in the capsules, so the
modification of proton energies by electric fields outside therelative importance of single-beam uniformity must be deter-
capsule. This is an important issue, because we know thamined experimentally. The measurement methods described
charged particles from implosions involving thinner shellshere do not give direct information about capsule structure at
and bang times occurring during the laser pulse experienceigh mode numbers, but they do provide information about
acceleration(~0.5 MeV) due to a radial electric field gener- capsule compression.
ated by the laser—shell interactidft We also know that Table | shows that all tabulated parameters, measured
electric fields dissipate after the laser pulse and that acce&nd inferred, were better in sequence Il than in sequence 1.
eration disappears by the bang time of the type of implosiohe yield-weighted ion temperature increased by 12%, the
under study heréhundreds of ps after the pulseThis is  primary-neutron yield increased by 79%, apRi in-
demonstrated directly by measurements we have tlade creased by 38%. The inferred fuel areal density increased by
knock-on protons from implosions of DT-filled capsules with 30%—-60%, depending on whether the hot-spot or uniform
shells, fill pressures, and laser conditions comparable tonodel is used, and depending on whether the proton-derived
those under study here. The knock-on protons are from thealue or the neutron-derived value is used. The radial com-
CH shell, elastically scattered by 14.1-MeV DT neutronspression ratio achieved during implosion can be inferred as
from the fuel. Because some of the protons are scattered justr = |pRyyel/ pRien, WherepRyeo is the fuel areal density
at the outer surface of the shell and will not slow down duefor the uncompressed capsule, and this parameter is higher
to interactions with the capsule, the high-energy limit of theby 13%—-26% in sequence Il than in sequence .
proton spectrum is always at 14.1 MeV. When we measure These improvements all indicate that the lower single-
this spectrum at a number of different angles during each ofeam nonuniformity of 1-THz SSD with PS, relative to 0.35-
a number of individual shots, using WRFs, the high-energyT’Hz SSD without PS, leads to improvements in implosion
limit is always 14.1 MeV to within statistical and calibration performance for B-filled capsules of the type under study. It
uncertaintieg® This shows that there is no significant changeis of interest that the qualitative and quantitative improve-
in proton energy during passage from the capsule to the denent noted here is very similar to that which was seen in a
tectors due to electric fields or any other mechanism. parallel set of experiments with capsules that were filled with
DT gas, where values gfRy,e and pRyy Were inferred by
measuring yields of deuterons scattered from the fuel, and
protons scattered from the shell, by primary 14.1-MeV DT
neutronst® The use of equivalent fill pressures, shells, and
The principal motivation for comparing sequences | andaser conditions should make the-filled and DT-filled cap-
Il was to see if an increase in the uniformity of individual sules hydrodynamically similar, and the numbers in Table Il
laser beams would have a beneficial impact on capsule peshow that compression characteristics were very comparable.
formance by reducing the seeding of high-mode-number ((The D, and DT data are used in a wider-ranging discussion
>10) Rayleigh—Taylor instabilities. The smoothing methodof performance vs smoothing in Ref. 2&he close corre-
of sequence | is known to result in 3% to 8% rms deviationsspondence 0p Ry, values calculated from knock-on deuter-
from uniformity within single beams, while the method of ons from DT capsules, which are independent of temperature
sequence |l results in-1% nonuniformity. There are of and mix issues, and secondary protons fropm dapsules,
course other sources of perturbations that can seesuggests that the secondary-proton-based values may be
Rayleigh—Taylor instabilities, including low-mode-number more accurate than the secondary-neutron-based values seen
(1<10) variations in irradiation uniformity due to errors in in the same table.

VI. IMPLICATIONS FOR SINGLE-LASER-BEAM
SMOOTHING METHODS

Downloaded 05 Jun 2002 to 198.125.178.39. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



2736 Phys. Plasmas, Vol. 9, No. 6, June 2002 Seéguin et al.

VII. IMPLICATIONS FOR CAPSULE IMPLOSION VIIl. CONCLUSIONS

SYMMETRY _ _
We have shown the first detailed measurements of

Whereas high-mode-number structure cannot be seen df€condary-proton spectra fromyflled capsules in ICF ex-
rectly with a small number of spectrometers separated bfefiments, demonstrating the performance of two new diag-
large angles, low-mode structure &EnThe extremes in nostic techniques and demonstrating that charged-particle

- spectrometry can provide useful diagnostic information
mean energy shown in Fig. 17 correspond to valugsRy ) .
9y S P . ba about these capsules. Although more complicated modeling
of about 60 and 90 mg/chat different angles relative to the : : g
compressed capsules of both shots in sequence Il Eac@ now being developed for capsules with X’ and for
P P 9 ' Irectly relating arbitrary capsule structures to the specific

value should represent an average over a finite angular r%‘hapes and angular distributions of measured proton spectra,

,gio.n of the shell,. bepause the source of thg seconQary protolge simple methods used here have already been combined
is likely to be d'S”'F’“ted over a substantial frgcyon O,f theWith the high-quality spectral measurements to provide infor-
fuel volume (even in the hot-spot model Variations in  mation about two important physics issues. Studies with dif-
pRsnen Within the region sampled by a single spectral meaerent single-beam laser smoothing techniques demonstrated
surement would increase the spectrum width. The differencegat the compression of Hilled capsules is better with

in width of the two spectra illustrated in Fig. 1&r shot  1-THz SSD and PS than with 0.35-THz SSD without PS, and
21578 probably reflect differing amounts gfR variation  verified that the compression obtained with el is ap-
within the regions sampled. The energy end points of a giveproximately the same as that obtained with DT fuel. In ad-
spectrum can be used to estimate minimum and maximurdition, the data here provide the first experimental demon-
integratedpR for the detected protons, given that the mini- stration that low-mode-number capswB asymmetries can
mum and maximum energies at birth are known to be 12.e studied by measuring the energy loss of charged particles
and 17.5 MeV. For the spectrum measured at port TIM-4due to slowing in the capsule plasma, as suggested in earlier
end points(after correction for the response function dis- work.*? This result has already inspired a new range of sym-
cussed in Sec. llIBimply minimum and maximum inte- Metry experiments, using charged particles, for studying
gratedpR of approximately 50 and 62 mg/Grespectively. many types of capsule§ncluding cryogenic [ capsules

For the spectrum measured at TIM-6, the extremes are abo@fd for studying the effects of laser beam balafice.

80 and 110 mg/cf Part of the difference between maxi-

mum and minimum integratedR within a single spectral

measurement is due to path-length differences that woulfCKNOWLEDGMENTS

exist in a purely spherical model, as discussed in Sec. I1C, \ve thank Brock Bose for assistance in scanning CPS2
but some of it in this case must be due to asymmetries.  gata for this paper.

Another characteristic of the energies plotted in Fig. 17 The work described here was performed in part at the
is the apparent correlation between the variations within shot| E National Laser Users’ FacilityNLUF), and was sup-
21576 and those within shot 21 578. In both cases, the megorted in part by U.S. Department of Energy Contract No.
surement at port TIM-6 gave a mean energy significantlyDE-FG03-99SF21782, LLE subcontract number
lower than the measurements at TIM-4 or TIM-5. This mayP0410025G, LLNL subcontract number B313975, and the
be related to observations reported from x-ray images of th&).S. Department of Energy Office of Inertial Confinement
cores of other imploded capsules, which often show deviaFusion under Cooperative Agreement No. DE-FCO03-
tion from spherical symmetry with similar spatial orientation 92SF19460. Part of this work was also performed under the
for similar shots® That asymmetry has been interpreted asauspices of the U.S. Department of Energy by University of
due to systematic imbalances in laser power deposition ofalifornia Lawrence Livermore national Laboratory under
the capsule or to a slight error in positioning of the capslile. Contract No. W-7405-Eng-48.
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