Secondary D-3He Proton Spectra from D,-Filled OM EGA Tar gets

Introduction

Two new diagnostic techniques now provide the first high-
quality spectraof secondary fusion protonsfromimploded D,-
filled capsulesininertial confinement fusion (I CF) experiments.
The potential utility of secondary neutrons and protons for
diagnosing such capsules has been recognized for more than
two decades, 18 but practical use of protons has previously
been limited by the lack of accurate spectroscopic measure-
ments. Thefirst new techniqueutilizesamagnet-based charged-
particle spectrometer; the second involves “wedge-range-
filter”—based spectrometers utilizing special filters and CR39
nuclear track detectors. These spectrometers were recently
used to acquire datafrom target capsul es with about 14 atm of
D, fuel in19-pm-CH shells,impl oded at the 60-beam OM EGA
laser facility by irradiation with 22 kJ of laser energy. Results
of that work, presented in this article, are important for the
information they give about current experiments and for the
potential they show for characterization of the cryogenic D,-
filled capsules to be used in the near future.

The general value of charged-particle spectrometry for
capsul e diagnostics hasrecently been demonstrated with mag-
net-based charged-particle spectrometers (CPS'’s), which are
now used on a regular basis to measure spectra of primary
fusion products (p, D, T, a) and “knock-on” particles(p, D, T,
and 3Heelastically scattered by 14.1-MeV neutrons)210for a
wide range of capsule types and implosion conditions on
OMEGA .1 Measured spectra provide a number of important
implosion parameterssuch asprimary yields, fuel iontempera-
ture, and areal density (oR) of fuel, shell(s), or fuel plusshell.
Areal densitiesare determined by measuring the energy | oss of
charged fusion products as they pass out through the fuel and
shell® or by measuring the yields of knock-on particles.19

In the most important future ICF experiments utilizing
cryogenic capsules with DT or D, fuel, large areal densities
will limit the number of diagnostic measurements that can be
made of charged particles. On the National Ignition Facility
(NIF), pRyotg Of imploded DT capsulesis eventually expected
to exceed 1 g/cm?. In this case, the only charged particles that
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could escape and be detected for studying pR are tertiary
protons,}2 which have energies as high as 30.8 MeV. DT
capsulesplanned for OM EGA may (based on 1-D simulations)
reach PR,y Of 0.2 to 0.3 g/cm?. In this case, knock-on
deuterons and tritons, resulting from elastic collisions with
primary 14.1-MeV neutrons, could be detected and used to
study pR with CPS's.10

In the shorter term, cryogenic experiments will be carried
outwith pure-D, fuel. No charged primary fusion productswill
be energetic enough to escape and be detected, and there will
be no high-energy primary neutrons to generate energetic
knock-on particles. In addition, the method of determining
PRi, by measuring secondary-neutron yields® will fail for
PR = 0.1 g/cm?. Fortunately, secondary D-3He protons
(12.6 to 17.5 MeV) will escape from Do-filled capsules with
relatively high pR. These protons are created in the two steps
indicated in reactions (1) and (2):

D+D - n(245MeV) +3He(0.82 Mev); (1)

3He(0.82 MeV)+D - a (6.6 t01.7 MeV)

+p(12.6 t0 17.5 MeV). (2)

In one of the primary branches of the D-D reaction, 3He is
created with 0.82 MeV of kinetic energy. Someof the3Heions
then react in-flight with thermal D ions, creating protons that,
because of the kinetic energy of the 3He, have a range of
energies. Measured spectra of these protons can be used to

measure pRryg ad PRt
Theremainder of thisarticlewill discussthe use of spectral
measurements. Although the emphasis throughout is on sec-

ondary protons, there is also discussion of how they relate to
the secondary neutrons created through reactions (3) and (4):

D+D - p(3.02 MeV)+T(1.01 MeV); ©)
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T(1.01MeV)+D - a(6.7 to 1.4 MeV)

+n(11.9t0 17.2 MeV). (4)

The following sections discuss (1) how the characteristics of
secondaries arerelated to the physical parameters of capsules,
(2) how accurately measured spectra of secondary protonsare
made with the magnet-based CPS's and with “wedge-range-
filter”—based spectrometers; (3) measurementsduring OMEGA
shots; (4) physical interpretation of data; and (5) future appli-
cation to cryogenic-target experiments.

Secondary Spectra and Capsule Characteristics

Two simple models of plasma structure are used here to
illustrate how measurements of secondary yields and spectra
arerelated to properties of compressed capsules. In the “ hot-
spot” model, all primary fusion reactionstake placein asmall
region at the center of the spherical fuel, and the fuel outside
the hot spot, where the primary fusion products react with
cooler fuel to create secondaries, has uniform density and
temperature. In the “uniform” model, the fuel isuniform over
its entire spherical volume so that primary and secondary
reactions take place everywhere. In both cases, there can be a
spherical shell or pusher of adifferent material outsidethefuel
(generally CH, in most current OMEGA experiments). It is
assumed in these simple model sthat the capsuleis spherically
symmetric, with no mixing of fuel and shell material, although
numerical work currently underway indicates that fuel/shell
mixing could beimportant. Infuturework, more-sophisticated
models will be used.
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The slowing down of primary 3He and T in D fuel is
modeled with the formalism described in Ref. 13, with results
shown in Fig. 83.14. The production rates for secondaries are
then determined by the cross sections shown in Fig. 83.15
(calculated from Ref. 14). Theresultant yields, and the shapes
of spectraasthey are created in the fuel, are discussed bel ow.
M odificationsto the spectrum of protonsasthey slow downon
their way out of the fuel and shell are then determined by the
stopping power illustrated in Fig. 83.16 (cal culated according
to Ref. 13).

1. Yields

By integrating over the appropriate paths of primary fusion
products 3He and T and using the foregoing assumptions to
calculate their energies as a function of position, and then
utilizing the secondary production rates, we can calculate
yields Yy, and Y,, of secondary protons and neutrons as
fractions of the primary-neutron yield Y;,, and obtain the
results shownin Fig. 83.17. Related cal culations were carried
out previouslyl® for some of these cases, utilizing older
models for the slowing down of 3He and T. The authors
pointed out that a nearly linear relationship exists between
PRs e and the secondary-to-primary-yield ratios as long as
PRra is low enough that the primary particles (3He or T)
escape the fuel. Each yield ratio reaches a saturation level (as
shown in Fig. 83.17) when the appropriate primary particleis
completely slowed downinthefuel, but measurementsof yield
can be used to infer pRy,q as long as saturation has not been
reached. The results are weakly dependent on plasmadensity,
but the plasmatemperature has astrong impact on the value of
PR a which the linear relationship fails because of com-
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Figure 83.14
Stopping powers for 3He (left) and T (right) in D plasmas of
various temperatures (cal culated according to Ref. 13). Note that
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plete slowing down of the primary particlesinthefuel. Thisis
a consequence of the temperature dependence of the total
particle ranges, as illustrated in Fig. 83.18. Because of the
magnitude of the cross sections (Fig. 83.14), secondary pro-
tons are preferentially produced close to the birth position of
primary 3He, while secondary neutrons are preferentially cre-
ated near the end of therange of theprimary T (seeFig. 83.19).
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Figure 83.15

Fusion cross sections (o) for energetic 3He or T with cold D plasma (calcu-
lated according to information in Ref. 14).
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Figure 83.16

Stopping power for protons in D plasmas of various temperatures (calcu-
lated according to Ref. 13). The values for CH plasmas are almost identical
except for being higher by afactor of about 14/13 (the ratio of the numbers
of electrons per unit mass).
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Two differences between the hot-spot and uniform models
are apparent in Fig. 83.17: (1) The value of pRy, for agiven
yieldisslightly higher intheuniform model, reflecting thefact
that the mean distance traveled by primary particles before
they encounter the fuel—pusher interface is smaller by afactor
of 0.75. (2) Complete saturation of yield at high values of
PR iNthe uniform model is approached asymptotically, but
never reached, because some primaries are always created
close enough to the surface to escape the fuel.

Although ameasured secondary-protonyield canbeusedin
the context of our models to infer pRy,q only in regimes
where the primary 3He escapes the fuel before stopping,
another kind of information can be inferred when complete
stopping occursinthefuel. Asseenin Fig. 83.17, the electron
temperature T, determines the maximum possible secondary-
to-primary ratio Y,/ Y1,,. If itisknownthat yield saturation has
been reached, it is possible to estimate the effective electron
temperature asillustrated in Fig. 83.20. A similar relationship
between electron temperature and yield saturation holds for
secondary neutrons.

2. Birth Spectra

Going beyond the calculation of yields, we can investigate
theshapesof secondary-particlespectraat their birth. Consider
firsttheprotons. If pRy, ¢ issmall, sothat primary 3Heparticles
escape the fuel before losing much of their 0.82-MeV birth
energy, then the protons they produce by fusing with fuel
deuteronsare equally distributed between limiting energies of
about 12.6 and 17.5 MeV. The energy limits are defined by
kinematics and are determined by 3He energy at the time of
interactionwith D. Theflat distribution asafunction of energy
between the limits can be demonstrated by assuming that
fusion products are distributed isotropically in the D—3He
center-of-mass frame, transforming to the lab frame, and
calculating the number of particles per unit energy. The num-
ber of protons produced during the slowing down of 3He from
energy Esy t0 Esy, —AEs,, isproportional to

AE3HeU3He—D(E3He)/[dE3He/d(pX)] -

where U3He_D(E3He) is as shown in Fig. 83.15, X is the
distance aong the trajectory of 3He in the plasma, and
dEs,,,/d(px) is as shown in Fig. 83.14.

For larger values of pR, ¢, Some of the3Hewill slow down

before leaving the fuel; when they interact with the fuel, the
kinematically defined width of the resultant proton spectrum
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Secondary protons

Secondary neutrons
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Illustration of how secondary protons are created mostly near the birth
position of the primary 3He, while secondary neutrons are created mostly
Figure 83.18 toward theend of therangeof primary T. Thevertical axisisinarbitrary units

Ranges of primary D-D fusion productsin a D plasma for different plasma
densities and temperatures (from the stopping-power curvesin Fig. 83.14).

that aredifferent for thetwo curves; the horizontal axisunit pXisthedistance
from primary birth position in g/cm? for a 1-keV, 3-g/cm3 D plasma.
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will besmaller. But since U3He_D(E3He) decreasesrapidly as
Esp, goesbelow about 0.5 MeV, the contributionsto thefinal
proton spectrum become very small for lower-energy 3He and
the shape of the total proton spectrum remains relatively
insensitiveto the amount of slowing down, or equivalently the
value of pRy,g. This is demonstrated in Fig. 83.21, which
shows how, in the case of a hot-spot model, the shape of the
spectrum gets built up as a contribution of parts due to 3He
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Figure 83.20

Electron temperature for which Yzp/Y1, cannot exceed a given saturation
value (see Fig. 83.17). Under some circumstances, this relationship can be
used to estimate Te.
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slowed down by different amounts. Figure 83.21 also illus-
tratesthat the shape of the birth spectrumisrelatively insensi-
tivetotheplasmatemperature. Themean energy of thespectrum
varies sightly with the amount of slowing down of 3He, as
shown in Fig. 83.22.

The secondary-neutron birth-spectrum shape is signifi-
cantly more sensitive to pRy,g because the reaction cross
section of primary T with fuel D increasesrapidly asT energy
decreases (down to about E; = 0.2 MeV, as shown in
Fig. 83.15). As discussed in Refs. 6-8, this means that the
neutron spectrum gets narrower as pRy,g increases (and the
exiting T energy decreases). Figure83.21illustratesthisfor the
case of the hot-spot model.

3. Measured Spectra

A proton birth spectrumisnever measured directly because
it is modified by passage through the fuel and shell before
being measured in areal experiment. Since the birth spectrum
is relatively insensitive to fuel conditions, a measured spec-
trum contains diagnostic information about fuel and shell by
virtue of the changes in the spectrum that can be inferred.

The mean energy of the secondary protons decreases ac-
cording to the amount of materia they traverse (Fig. 83.16

(b) Secondary neutrons
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Figure 83.21

Calculated shapes of secondary-proton and -neutron spectra. These curves were generated by assuming that (a) the slowing of T or 3Hein aD plasmavaries
with energy as shown in Fig. 83.14, and (b) the primary particles are created near the center and pass through a uniform fuel that ranges their energies down
to some fraction fg of their birth energy (hot-spot model). The plasma density was assumed to be 3 g/cm3. On each plot, the different curves show how the
spectrum shape is built up as the primary particle gets ranged down; the curves do not show how the number of secondary particles varies with pR. Each plot
has one curve for plasmatemperature 10 keV, corresponding to fg = 0. This curve is arbitrarily normalized so its amplitude is the same as the corresponding
curve for lower temperature to demonstrate that the shape is not strongly dependent on temperature.
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showed how the stopping power of fuel or shell plasma for
protons varies with proton energy and plasma temperature).
For the case of a D plasma with p = 3 g/cm3, Fig. 83.23
illustratesthe slowing down of secondary protonsasafunction
of Teand pX, where X isdistance traveled through the plasma.
The dependence on p is weak; the ratio of pX to the mean
energy loss <AE,y> varies approximately as p®%7 for pX
< 0.1 g/lem?. The dependence on temperature is weak for T,
< 1keV and becomes progressively stronger for increasing Te.
For aCH plasma, theratio of pXto <AE,,> islower by about
13/14. If weassumethat most of the protonsare generated near
the center of the fuel, then we can relate <AE,,> to a sum of
contributions from pRy,¢ and pPReg)-

The protons are not all generated precisely at the center of
the fuel, so they pass through slightly different amounts of
material while leaving the capsule. This affects the mean
energy, but that effect is fairly small for the OMEGA data
discussed here. It al so causesabroadening of the spectrum, and
in future work that broadening will be used as another con-
straint on capsule structure.

A secondary-neutron birth spectrum can be measured di-
rectly.1® The shape of this spectrum is sensitive to fuel condi-
tions, so it has potential diagnostic value.® Figure 83.24
summarizes the plasma parameter regimes in which the mea-
surement methods described above are applicable.
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Dependence of the mean energies of the proton birth spectra (shown in
Fig. 83.21) on the fraction of 3He energy remaining when the 3He reaches
the fuel—pusher interface. Plasmatemperature was assumed to be 3 keV, and
thedensity was 3 g/cm3. If the appropriate value of fg (defined inthe previous
figure caption) is unknown, the effective mean energy will be uncertain. In
such a case, we could use the value 14.97+0.04 MeV, which corresponds to
the assumption of equal probability for all values of fg.
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The mean energy of a secondary-proton spectrum after slowing down in a
D plasma with p = 3 g/cm3. The horizontal axis unit pX is distance from
birth position in g/cm2. For a CH plasma, the value of pX corresponding to a
given energy should be reduced by thefactor 13/14 (theratio of electrons per
unit mass for D to the value for CH). The dependence on p is weak; for
pX < 0.1, the value of pX corresponding to a given energy varies approxi-
mately as p0-07,
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Boundaries of regimes in which various measurements can give diagnostic
information about a 3-g/cm3, pure-D plasma (assuming the hot-spot model).
Note that pR refers to pRotg for curve A, but pRsye for curves B and C.
(A) Measurementsof Y2p/Y1n and secondary-proton energy shift can be made
only in the region below these curves, which show the pRiotg a which
secondary protonsfail to escapefromtheplasma(onecurveeachfor theupper
and lower limits of the birth spectrum). (B) Measurements of Yon/Y1n give
information about pRsye only in the region below this curve, which shows
where primary T is ranged out completely by the fuel and where the
“saturated” regionsof Fig. 83.17 arereached. Abovethiscurve, measurement
of Yan could give information about the fuel electron temperature.
(C) Measurements of Yzp/Y1n give information about pRyye only in the
region below this curve, which shows where primary 3He is ranged out
completely by the fuel and where the saturated regions of Fig. 83.17 are
reached. Abovethiscurve, measurement of Yz cangiveinformationabout the
fuel electron temperature (see Fig. 83.20).

LLE Review, Volume 83

135



SeconpaRY D-3HE ProToN SPECTRA FROM Do-FiLLED OMEGA TARGETS

Instrumentsfor Measuring Secondary-Proton Spectra
1. A Magnet-Based Charged-Particle Spectrometer

Two magnet-based spectrometers (CPS1 and CPS2) are
installed on OMEGA. More information about CPS1 and
CPS2isavailableelsewhere, 1617 put the principleof operation
isillustrated in Fig. 83.25, which shows how amagnet is used
to separate protons (or other charged particles) of different
energiesinto different trajectories. The particlesare stoppedin
CR39 nuclear track detectors, which are subsequently etched
in a solution of NaOH and water, and then scanned with a
microscope. A small hole appearsat thelocation of thetrack of
each individual proton. The position of a particle track gives
the particle energy directly by virtue of thetrajectory followed
through themagnet. Final determination of an energy spectrum
involves subtracting abackground noiselevel, whichincludes
neutron-induced noiseand “intrinsictrack noise.” Theneutron
noise consists of tracks caused by protonselastically scattered
by primary fusion neutrons, either in the CR39 itself or in
surrounding materials; it scales with primary-neutron yield.
Theintrinsic track noise is caused by structural defectsin the
CR39, which look like particle tracks after etching; it is
independent of implosion yields. Both types of noise are
uniformly distributed on the CR39, subject to statistics.

Measuring secondary-proton spectra with CPS2 is more
difficult than measuring other spectra, such asthose of primary
D-3Heprotons,?for tworeasons: (1) CR39isnot very sensitive
to protons with energies higher than about 7 MeV, so when

Target

7.6-kG magnet

50 keV
200 keVv

600 keV
1.0MeVv

3.0MeV 30 Mev

10 MeV

E10098

Figure 83.25

Concept of the magnet-based charged-particle spectrometers, showing how
the magnetic field separates protons of different energies. Particles from the
target capsule pass through a collimating aperture (not shown) before enter-
ing the magnet. After leaving the magnet, they are stopped in pieces of CR39
nuclear track detectors (not shown). The positions of the detected particles
then indicate their energies by virtue of the trgjectories followed.
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detecting protons with higher energiesit is necessary to use a
filter to range the protons down in energy just before they
impact the detector. This is not difficult for primary D-3He
protons, which are nearly monoenergetic. But for the wide
interval of incident energies associated with secondary pro-
tons, no single-filter thickness will range all protons down to
the 0.5- to 7-MeV interval for which the detector is efficient.
For this reason, a new filter whose thickness varies with
position (or, equivalently, energy) was fabricated of alumi-
num. (2) Statistical noise is a significant problem. Typical
primary D-D neutron yieldsinthe OMEGA experiments have
been of the order of 101, and the secondary-proton yield is
usually inthevicinity of 108. With aspectrometer slit width of
3 mm, a dlit length of 15 mm (perpendicular to the magnet
dispersion direction), and a target-to-slit distance of 100 cm,
the maximum total number of detected protons per shot is
about 360—enough to givereasonable statistical errorsfor the
total yield and themean energy, but theerror barsonindividual
energy binsinaspectrumwill belarge. Inaddition, the number
of background noise events that must be subtracted is compa-
rabletothenumber of trueproton events, making the statistical
noise even worse. After dispersion by the magnet, the 360
protonsare spread out over an areaof about 3cm? onthe CR39,
giving 120 protons/cm?. This has to be compared with noise
that comes from intrinsic defects and from neutrons. Intrinsic
noise eventsgenerally appear at adensity of the order of 50 per
cm?2. Neutron-induced events occur at about one per 10%
neutrons, or about 45 per cm? on the CR39 (which is about
135cmfromthetarget); thus, for asingleshot, theratio of noise
events to secondary-proton eventsis of the order of 1.

2. Wedge-Range-Filter Spectrometers

Another new type of spectrometer, a wedge-range-filter
spectrometer (WFS), has recently been tried for the first time.
In a WFS (which will be described in detail elsewherel®),
CR39 isagain used as the particle detector, and special filters
are used to range down the proton energies so they fall within
the interval of sensitivity of the detector. The advantages of
using range-filter measurements are simplicity and the ability
to operate at lower yields by getting closer to the target. The
disadvantages are (1) theinterval of incident energiesthat can
be detected with asingle-filter thicknessis not wide enough to
cover the entire secondary-proton spectrum, and (2) it is
difficult to get accurate spectral information. Secondary-pro-
ton yields have previously been estimated in this way by
counting proton tracks behind a constant-thickness filter,3-6
and A zechi et al .6 used such datato make broadband estimates
of different parts of the proton spectrum.
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Tofind animproved approach, we haverecently performed
highly detail ed calibrations of theresponse of CR39to protons
of different energies(different energiesresultindifferent track
sizes)19 and calibrations of the transmission characteristics of
various filters. This information allows us to define a direct
mapping between track diameter and incident proton energy
for agivenfilter thickness. That mapping can be used to recon-
struct part of the incident spectrum from a histogram of track
diameters, but for each filter thickness the incident energy
interval that is most accurately reconstructed is less than
1 MeV wide. To accurately reconstruct the entire secondary-
proton spectrum, which is more than 5 MeV wide, it is
necessary to have datafrom many different filter thicknesses.
For this reason we use a special ranging filter with continu-
ously varying thickness, making it possible to reconstruct a
continuous spectrum over awide energy interval. The filters
used here were machined from aluminum, with thicknesses
varying from 400 um to 1800 um. The fabrication tolerances
turned out to beworsethan desired, and thefilterswereslightly
too thin. For the purposes of this first study, it was therefore
necessary to estimate the thickness error by cross-calibrating
the measured spectra with spectra acquired with the magnet-
based CPS2. Thissinglecorrection parameter wasthen applied
toall datafromWFS's. More-accurate fabrication and calibra-
tion techniques will make this unnecessary in the future.

A simple estimate of statistical errors can be made, assum-
ing that aWFSiis 15 cm from a capsule producing Yy, = 1011
and Y, ~ 108, Withan effectiveareaof about 3cm?for thebulk
of our spectrum, the number of incident protonswill be about
10°. Theseare spread out over at least 5MeV, and at each filter
thickness only about 1/3 of the spectrum is detected, so the
number of protons actually counted is ~3 x 10%. This makes
intrinsic noise totally irrelevant, but the number of neutron-
induced events is ~1 x 104 By restricting ourselves to an
appropriate subset of track diameters, the number of proton
events can be reduced by a factor of 2 and the number of
neutron events by a factor of 4. The ratio of noise events to
secondary-proton events is thus only ~0.15, and the large
number of events guarantees very small statistical errors even
after background subtraction.

Spectrum M easur ements
1. Experiments

Toillustrate the measurement and interpretation of second-
ary-proton spectra with our two new types of spectrometers,
we present data from a recent series of four similar OMEGA
shots. Table 83.1 lists some basic shot parameters. The target
capsuleshad ~14 atm of D, fuel in 19-pm-thick CH shellswith
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outer diameters of ~910 um. Each capsule was imploded by
irradiation with ~22 kJ of 0.35-um UV light applied in 60
beamsfor 1 ns(inasquare-top pulse). Thelight was smoothed
by spectral dispersion (2-D SSD with 0.3-THz bandwidth29).
Primary-neutron yields Y3, (measured viaindium activation)
varied from 8.1 t0 9.8 x 1019, while secondary-neutron yields
Y, (measured with a time-of-flight diagnostic or Cu activa-
tion) werein therange of 1.1to 1.8 x 108. Yield-weighted ion
temperatures were 3.2 to 3.5 keV (measured with a neutron
time-of-flight diagnostic).

CPS2 proton data were acquired by exposing one piece of
CR39 to the protons from all four shots in order to sum the
yields and minimize errors due to counting statistics. The
background noise level was determined by measuring the
number of apparent events at energies higher than the upper
energy of the secondary-proton spectrum, and this mean noise
level was subtracted from thetotal spectrumto givetheresults
shown in Fig. 83.26. Table 83.1 lists the mean energy and the
yield of this proton spectrum.

WEFS datafor each of thefour shotswere taken at adistance
of 15 cm from the target. Resultant spectra are shown in
Fig. 83.27, and measured parameters are listed in Table 83.1.
Figure83.28 showshow the average of these spectracompares
to the spectrum from the magnet-based CPS2.

2. Measurement Uncertainties

The proton yields obtained with CPS2 or with one of the
WFS'shave measurement uncertainties dueto counting statis-
tics. In addition, each measurement representsan average over
a small solid angle, and measurements made at multiple
positions during the same shot have shown that there are
angular variationsin particle fluxes that substantially exceed
uncertainties due to counting statistics. This spatial variation
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Figure 83.26

Spectrum of secondary protons for four shots, measured with the magnet-
based spectrometer CPS2. One typical statistical error bar is shown.
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Figure 83.27

Spectra of secondary protons for the four individual OMEGA shots, as
measured with the wedge-range-filter spectrometers (WFS's). One typical
statistical error bar isshown inthetop plot. The statistical errorsin thelower
threeplotsareslightly higher becauseonly 1/3 of theavail abledatawereused.
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Figure 83.28
Comparison of the average spectrum measured with CPS2 (from Fig. 83.26)
and the average of the individual WFS-measured spectra of Fig. 83.27.
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of proton flux has been noted for a wide variety of shots and
will be described in detail elsewhere. The standard deviation
within measured spatial distributions of secondary-proton
yieldduring individual shotstendsto beinthevicinity of 20%.
This puts a fundamental limit on the accuracy of any single
yield measurement (asanindicator of total yield) and provides
motivation for using multiple detectors.

The CPS2 yield measurements are affected by counting
statistics in the measured spectra, including the subtracted
background levels. The CPS2-measured proton-yield uncer-
tainties quoted in Table 83.1 were determined by adding, in
quadrature, the statistical uncertainty (about 5%) and the
expected standard deviation dueto spatial variations (20% for
a single shot, but 10% here for an average over four statis-
tically independent shots). CPS2 measurements of mean ener-
gies have an uncertainty due to counting statistics (about
0.1 MeV here) and also due to any systematic energy calibra-
tion errors. Absolute calibration is accurate to about 0.1 MeV
at 15MeV.21 The spatial variationsin particle flux mentioned
above do not seem to be accompanied by energy variations, so
the energy measurement uncertaintiesquoted in Table 83.1 are
obtained by adding the statistical error to the calibration
uncertainty in quadrature.

The WFSyield measurements are subject to the same 20%
uncertainty dueto spatial variations. Statistical errorsfor these
measurementstend to bemuch smaller (near 1%for each shot),
so in Table 83.1 a 20% uncertainty is assigned to each indi-
vidual measurement. Sincetherearefour individual and statis-
tically independent measurements (for the four shots), the
error assigned to the shot-averaged yield is 10%. Errorsin the
measurement of mean energy are caused by counting statistics,
but these statistical errorsare quite small (about 0.02 MeV for
shot 20246). The calibration error is larger, and since the
energy calibration for these preliminary measurements was
artificially tied to the calibration of the magnet-based CPS2,
wedo not list errors here (thiswill be remedied in the future).

3. Performance of the Spectrometer Types

Overall, the secondary-proton spectra obtained with the
WFS'shavelessnoisethan thosefrom CPS2. Statistical errors
per shot are afactor of 10 smaller because the detector can be
closer tothetarget, canusealarger activearea, and hasahigher
ratio of true signal eventsto noise events. This advantage will
diminish when secondary yieldsincrease, asthey are expected
to for cryogenic targets. For current yields, the performance
benefits combine with simplicity to make this approach very
useful asacomplement to the CPS' sand particul arly attractive
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for studying the spectrum from many directions simulta-
neously for symmetry characteristics.22 Theoretically, the
WFS's should work at yields of ~10% and up to ~10%° (by
moving farther from the target). They will not work for yields
of 101 or more, unless they can be moved well outside the
target chamber, because of track overlap problems in the
CR39. This probably limits their use to secondary (and ter-
tiary) protons and, occasionaly, primary protons from low-
yield D-3He shots. The primary charged products of many
other targetswill haveyiel dsthat aretoo high, and themeasure-
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ment of knock-on particlesfrom DT targets,19whichisof great
interest to the ICF program, requires a separation of different
particle types (D, T, and p), which cannot be performed with
this approach.1® These are appropriate applications for the
magnet-based CPS's.

Interpretation of Measured Proton Spectra
1. Yield and Fuel Parameters

The measurements described above reflect properties of
compressed targets, and in thissection welook at implications

Table 83.1: OMEGA shot parameters, measurements, and inferred properties.

Parameter Shot 20246 Shot 20244 Shot 2024]9 Shot 202B0 <20246,48,49,50>
Fuel 14.2 atm b 143 atm B 143 atm B 143 atm B 143 atm B
Shell 19um CH 19um CH 19um CH 19um CH 19um CH
Outer Diameter 91Lum 909um 913um 905um 909.5um
Laser Energy 21.9 kJ 21.0kJ 22.1kJ 21.9kJ 21.7 kJ
Laser Pulse 1 ns, square 1 ns, squafe 1 ns, square 1 ns, square 1 ns, square
T; (keV) 3.20.5 3.5%0.5 3.5%05 3.205 3.305
Yin (x1019) 9.76+0.07 8.060.06 8.280.06 9.1%0.07 8.820.03
Y, (x107) 17.#1.2 11.60.9 11.%0.9 12.41.0 13.%0.5

7 AWFS WFS WFS WFS 11.481.34CPS2
Yop (x109) 15.8:3.1 11.8:2.4M 12.142.4M 12.142.4M
12.9¢1. AWFS
13.32:0.15°PS2
<Epp> (MeV) 13.248.WFS 13.36.WFS 13.28.WFS 13.24.WFS
13.27B.WFS
PRyl (Mg/en?) < (18:2) < (15:2) < (15:2) < (14£2) < (161)
from Y, /Y,
CPS2
PRyet (mg/erm) > (B2WFS | > (7e2WFS | » (742)WFS > (6£2)WFS =(6e1)
from Yo./Yy,) > (7+1)WPS
PRotal (Mg/cn?) 558, WFS 50B, WFS 568, WFS 558, WFS 536"
from <E2p> 548 WFS

CPS3easured with the magnet-based spectrometer CPS2.
WFS\vieasured with a “wedge-range-filter” spectrometer.

Astatistical errors are much smaller, but a 20% uncertainty is assumed because of known spatial nonuniformities (see pg. 138).
Bstatistical errors are very small, but systematic calibration errors have not been quantified (see pg. 138).
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for physical parameters. The measured ratios Y5, /Y, can be
used to estimate pRy,q, With the information in Fig. 83.17,
subject to two caveats. First, preliminary numerical simula-
tions have suggested that any mixing at the shell—fuel bound-
ary may result in an increase in secondary-neutron yield for a
given pRy o, meaning that the valuesin Fig. 83.17 could give
us avalue of pRy gy that istoo high. For this reason, we will
interpret our secondary-neutron-derived values of pRy g 8s
upper limits. Second, the results are slightly dependent on
assumptions we make about temperature and density in the
fuel. We know from neutron measurements that the ion tem-
peratures are dlightly higher than 3 keV; we assume the
electron temperatures are the same. The mass density can’t be
determined directly, but we will find that the maximum pos-
sible value of pRy,q for these shots is about 18 mg/cm?. This
information can be used with the capsule dimensions and fill
pressure to estimate that p is unlikely to exceed 10 g/cm?.
Inferred pRy,q increases slowly with increasing assumed p
here, so using this upper limit on density will once again give
us an upper limit on pRy,q. Since we don’t know whether the
radial profilescorrespond morenearly to auniform or hot-spot
model, we can choose the larger results of the uniform model
asanupper limit. Under these assumptions, we cal cul ate upper
limitson pRy, inour four individual shotsof 14to 18 mg/cm?,
aslisted in Table 83.1.

The measurements of Y,/ Y1, can also be used in conjunc-
tion with Fig. 83.17 to study pRgg- In this case, there are
reasonsto interpret our resultsaslower limits. First, thevalues
of Y,/Y1, are very close to saturation. Second, preliminary
work indicates that mixing at the shell-fuel boundary may
sometimesresultinasmall decreasein secondary-protonyield
for agiven pRy,q, meaning that Fig. 83.17 could give us an
inferred value of pRy,q that is too low. We therefore quote
values from the hot-spot model (which gives lower numbers
than the uniform model), using again the upper limit on p of
10 g/cm? (inferred PR,y decreases slowly with increased
assumed p here). The resulting lower limits for our shots fall
intheinterval from 6.3to 8 mg/cm?, asindicated in Table 83.1.
These values are very similar to values for DT-filled capsules
with similar shells and fill pressures, using CPS-measured
spectra of knock-on particles.19

2. Energy Shift and pRygt4

The energy shift of a measured spectrum, relative to the
birth spectrum, isdueto proton slowingin both D fuel and CH
shell. Figure 83.16 shows that the proton stopping powers
normalized to p are almost the samefor both D and CH, and in
the vicinity of the birth energies of the protons there is little
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variation with plasmatemperaturefor T, <3 keV. Inaddition,
it will turn out that the shell pR dominatesthetotal pRand that
the amount of slowing downinthefuel issmall. Wetherefore
estimate pRyyi from the shift in mean energy by using the
relationship for CH described in Fig. 83.23 and its caption,
together with parameters appropriate for the shell. The result
is weakly dependent on electron temperature and density in
the shell, and we assume that T, = (1+0.5) keV and p =
(20+10) g/cm3. These assumptions, together with the assump-
tions behind Fig. 83.23, lead to the inferred values of PRy
shown in Table 83.1, which are all in the vicinity of
55 mg/cm?. We note that thisis similar to val ues measured for
D-3He-filled capsules and DT-filled capsules with similar
shells and fill pressures. 910

3. Future Improvements

Future data-interpretation work will involve more-detailed
analytical and numerical modeling and the utilization of more
information from proton spectra. The WFS-measured spectra
for singleshotsareclean enoughto allow detailed comparisons
of spectrum shapeswith model predictions. Theimportant fact
is that the combination of neutron and proton measurements
provides a strong set of constraints that must be addressed in
any complete model of the physics of capsule behavior.

Conclusions

We have shown the first detailed measurements of second-
ary-proton spectrafrom Do-filled capsulesin | CF experiments
and demonstrated that charged-particle spectrometry can be
used to provide useful diagnostic information about Do-filled
capsulesin OMEGA. The energy downshift of a spectrum is
directly related to thetotal areal density of the capsule, and the
secondary-proton yield gives diagnostic information about
fuel parameters such as the fuel areal density (especially in
conjunction with primary- and secondary-neutron yields).

Thisfirstfeasibility demonstrationisparticularly important
because measurement of secondary-proton spectramay bethe
only diagnostic method for studying the areal densities of
imploded, cryogenic D, capsules if pRy,q exceeds the limit
for usefulness of secondary-neutron measurements (of the
order of 0.1 g/cm?, as shown in Figs. 83.17 and 83.24). It is
expected that cryogenic, D,-filled capsules will be imploded
on OMEGA in the near future. Estimates of total areal densi-
ties, madefrom 1-D simulations, areashighas0.2t00.3g/cm?.
Under such circumstances, the measurement of secondary-
proton spectra will still be possible with the techniques de-
scribed here(andtheincreasedyieldswill substantially decrease
the statistical errors). This can be seen in Fig. 83.24, which
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indicatesthe range of conditions under which the protons will
escape the capsule and be measurable.
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