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A new technique for diagnosing compression in multiple regions of inertial confinement fusion
targets is discussed. This diagnostic uses knock-on deuterons and protons that have been elastically
scattered by 14.1 MeV deuterium—tritiu(@T) fusion neutrons. The target is composed of three
different materials: DT gas contained in a plastic shell overcoated by deuterated plastic. The effect
on the knock-on deuteron spectrum of mixing of these layers from hydrodynamic instabilities is also
discussed. ©2000 American Institute of Physids§1070-664X00)01904-2

I. INTRODUCTION curring at the ablation surface, can then feed through to the
Areal density—the product of density and thicknessfuel_She” interface during the acceleration phase of the im-
(pR) of specific materials or regions in inertial confinementpIOSIcm and gdd to any preexlstmg roughness on thg inner
fusion (ICF) targets—is an important measure of compres—surface' During the deceleration phase, these distortions at

sion that enables a comparison between ICF implosions an}ge fuel-shell interface can grow, resulting in amixing of the
uel and the shell material. The knock-on particle spectrum

simulation. In particular, this quantity influences several cru- =~ =™ ) e ) X .
cial aspects of an igniting target: the degree of self-heating if&" 'S mformatlon_about_condltl_on_s in the target during this
the target, its fractional burn, and gdin. latter pha_sg of the w_nplosmn. This is y\{hen core te_mperatures

Several methods involving nuclear reaction productsa”d densities are high enough to |n|t|at(=T Fhe fusion process
have been employed to determipR in ICF implosions2~ and to produce the Knock—pn ions. The mixing of the fu_el and
In this article, we will discuss the use of knock-on particleste Shell at these times in the implosion can significantly
(deuterons and protonshat have been elastically scattered MOdify the neutron production rate relative to ideal one-
from the 14 MeV primary deuterium—tritiuntDT) fusion cﬁmensmna(l—D) S|ml_JIat|ons, and _consequently_the.produc.—
neutrons. Both knock-on deuterdiand protonhave been tion of the knock-on ions and their spectra. This diagnostic
previously used as a means of inferring the areal density of 8 result will probe conditions in the target at different
single region of the target, namely, the fuel. The primarytimes relative to 1-D simulations, depending on the extent of
focus of this paper is a novel knock-on deuteron-based diadnixing. Other diagnostic tools such as the neutron temporal
nostic that will simultaneously diagnoseultipleregions of a ~ diagnostic(NTD)? (which can measure the thermonuclear
compressed target. The knock-on proton spectrum will als®urn history of a target in an experimgwe&n provide infor-
be used to independently infer areal density for one of thénation on the time of neutron production, and consequently
regions, and thereby provide a self-consistency check.  the time during the implosion that theR is determined.

The target consists of DT gas enclosed in a plagtid) Current diagnostics on the mixing of various layers in
shell overcoated by a layer of deuterated plagiib) and is  the target use x-ray spectroscopic signatures from various
of interest because its characteristics are commensurate wig9pants in the targétTechniques based on nuclear particles
the targets surrogatéo future cryogenic targets planned for would provide an independent assessment of hydrodynamic
the OMEGA lasel. The central goal of the cryogenic targets mix in the target and could probe conditions in the target that
is to validate the performance of the high-gain direct-driveare not easily accessible by x-ray spectroscopy.
ignition designs planned for use on the National Ignition ~ The knock-on deuteron diagnostic can provide informa-
Facility. Experiments with surrogate targets can offer ation about the compressed target in a relatively model-
larger array of diagnostic techniques to provide useful inforindependent way for values of targeR up to ~100 mg/crd
mation on target behavior. (Ref. 2. The number of knock-on deuterons can provide

In a direct-drive ICF target implosion, degradation in information on the areal densities of the layer in which they
target performance is believed to occur primarily through theare produced, and the energy loss of these particles as they
Rayleigh—Taylor instabilit}, which is seeded by either tar- propagate out of the target will provide additional informa-
get imperfections or laser nonuniformity. This instability, oc- tion aboutpR along the propagation path. For valuespdt
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higher than 100 mg/cfnthe knock-on spectrum is signifi- Energy loss
cantly distorted and any inference of areal densities is very
model dependent.

The knock-on proton diagnostic is somewhat similar to
the knock-on deuteron diagnostic. The number of these par-
ticles is once again proportional to the areal density of the
layer in which they are producgguch as the plastic shgll
However, the spectrum of these particles is significantly dif-
ferent from the deuterons, and a different analysis must be
used to interpret the measurement. In earlier work, a model-
dependent technique to interpret the proton signal was
presented. In this paper, we present a more model-
independent analysis of the proton spectrum that relies on the Elastically
number of knock-on protons in a suitably defined energy scattered
range. neutron

MaXImum Informatlc.m fr_om the knOCk_on diagnostics is FIG. 1. Knock-on process: The elastic scattering with the primary DT neu-
obtained by using detailed information about the shape anEions produces ‘“knock-on” particlegdeuterons, tritons, and protons
magnitude of the knock-on spectrum. Until recently, thewnhich lose energy as they transverse the target.
technique used to detect the knock-on deuterons has in-
volved counting tracks that satisfy selective criteria in

stacked track detectors, consequently providing only gross4 1 MeV ori DT i 1. Th ber of h
information about the particle spectrum. This lack of detailed-+-1 MeV primary neutronFig. 1). The number of suc

spectral information has limited the use of knock-on ions aglastically sca}ttered particleN, is then proportio.nal tothe
a diagnostic. With the deployment of the new charged-r"“'m_ber Of. primary neutrons, the ”F‘mber density for the
particle spectrometefCP39,'° detailed spectral information particle of_mterestnK, the average distance that the neutron
of charged reaction products from the imploding target car{/@Verses in the targetR), and is given by

now be obtained, enabling a more complete analysis of con- N, = nk(RYokY, (1)

ditions in the target using the knock-on particles. Using a o ,
7.5-kG magnet, the CPS can momentum-select incidenihere the subscrig{ indicates the type of knock-on particle,

charged particles, which are then impinged onto a detect(ﬁndUK is the corresponding cross section for elagtic scatter-
plane consisting of track detectors. The identity of each par'-ng (_0'643 for deuterolns and 0.@9for p'rotons. Using the
ticle is then established by comparing the track diameterlation between the ion number density and the mass den-
with known stopping powers of various particles at that mo-Sity: this can be rewritten for the number of knock-on deu-
mentum. The detailed spectra obtained in this manner ha&rons produced in equimolar DT as
permitted measurements of areal densities in ICF tafgets. Np=7.7X 10*2y<pR> cm?/gm, 2)

In the sections that follow, we first discuSec. 1) the o
knock-on particles from a typical target that consists of onlyWhere(pR), the areal density, is given by
two regions: DT fuel and a plasti@CH) shell. Knock-on R
deuterons (and tritong are produced in the fuel, and <PR>ZJ pdr. 3)
knock-on protons are produced in the CH shell. The analysis 0
of each of these is discussed. A generalization of this techifhe ratio of the number of knock-on deuterons to the number
nique to inferpR in three regions of the compressed target,of 14.1 MeV DT primary neutrons provides a measure of the
using the detailed shape of the deuteron spectrum, is dduel's areal density. We note that knock-on tritons can also
scribed in Sec. lll. The target is fabricated from three matebe produced in a similar elastic-scattering process with the
rials: DT fuel is enclosed in a CH shell overcoated with CD.energetic DT neutrons. However, since tritons are more mas-
Knock-on deuterons are produced in both the DT and CDsive, they move more slowly and lose energy more rapidly.
layers with two well-defined high-energy peaks in the spec-Thus, their spectrum can get significantly distorted at smaller
trum, separated by an energy determined by the areal densitalues of areal densities, leading to a less reliable inference
of the intermediate CH layer. Using the results from simula-of pR.
tion as examples, we demonstrate the procedure for deducing Knock-on protons may be produced by the addition of
the pR of the three layers from the deuteron spectrum. Inhydrogen to the fuel or from the protons in the plastiche
Sec. IV, we discuss how hydrodynamic instabilities couldtarget is prepared with a plastic shelFor knock-on protons
modify the measured knock-on deuteron spectrum and exanproduced from the plasticCH) layer, Eq.(1) for the number
ine the validity of our analysis for the modified spectra. of elastically scattered protons can be rewritten as

N,p=3.2x10"2Y(pR) cnmi/gm. (4)

Again, the ratio of the number of elastically scattered protons
The knock-on diagnostic relies on the elastic scatteringo the number of DT neutrons is proportional to the areal
of various iongdeuterons and protons the target from the density of the plastic layer.

Knock-on
proton

Elastically
scattered

Knock-on
deuteron/triton

Energy loss

Il. KNOCK-ON IONS AS A DIAGNOSTIC FOR pR
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The challenging aspect of inferring the number of (pR)cy (mg/em?)
knock-ons produced relates to the spectrum of these par- _ _
ticles. The knock-on spectrum is produced in a continuum of!G. 3. () The slowing down of the knock-on deuteron spectrum for dif-

. tendi | Mekhock deut ferent areal densities of the shelpR)c: The high-energy peak remains
energies extending over .severa khock-on deuterons well defined for increasing slowing down of the deuterofs. End-point
occur up to 12.5 MeV, while the proton spectrum extends Ufnergy of the spectrum as a function of the shell's areal density: The end-
to 14.1 MeV due to different neutron-impact parameters. point energy, defined as the higher of the half-maximum energy of the peak,
The entire spectrum cannot be measured because the vefyelated to the shell areal density.
low-energy knock-ons can be stopped in the target. As a
result, these diagnostics rely on the identification of specific s
features in the high-energy portion of the knock-on spectra téween 10% and 20% and, therefore, the knock-on tech-
deduce the total number of ions produced and hence the aredifiue can be practically used to deduce fpiRlasymmetries
density of the layer of interest. that are larger than these errors.

In addition to the fuel areal density, the knock-on deu-

teron spectrum can also provide a measure of the shdf!s
Knock-ons produced in the target slow dowprimarily
through energy loss in the sheland, as a result, the spec-
Even though the entire knock-on deuteron spectrum canfum is downshifted from its usual maximum of 12.5 MeV.
not be measured, the number of knock-ons produced can egure 3a) shows the spectra due to different areal densities
reliably deduced using the high-energy region of the specef the shell, pR)cy. The continuous energy loss of these
trum. The anisotropic differential cross section for elasticcharged ions is modeled using Ref. 13. The slowing down of
scattering results in a clearly identifiable peak in the specthe deuterons can be characterized by the end point of the
trum (shown schematically in Fig.)2The number of deuter- spectrum(defined as the higher of the two energies of the
ons under this peak is about 16% of the total number ohalf-maximum of the pegk As Fig. 3b) indicates, this end
deuterons produced in the scattering process and is relativepoint is proportional to the areal density of the shell.
independent of any distortion of the spectrum in the target  An important feature of the knock-on deuteron diagnos-
over a large range of areal densities allowing for a modeltic that enables a relatively model-independent measure of
independent inference of the total number of knock-on deuthe shell’'spR is the temperature insensitivity of the high-
terons producedand hence theR of the fuel, pPR);, energy peak of the deuteron spectr(for pR<60 mg/cn?).
through Eq.(2)]. Figure 4 shows the deuteron spectra for two different shell
The high-energy peak is the result of nearly “head-on” pR values at two different typical electron temperatu(tee
collisions between the 14 MeV neutrons and deuterons, anmperatures are typical of the shell in 1-D simulations of the
it determines a directionalR along the “line-of-sight” of  implosions. Energy loss at these typical densities and tem-
neutron production. Thus, two CPSs that view the targeperatures in imploding ICF targets is dominated by losses to
from nearly orthogonal directions should be able to detecelectrons(the electron density is related to the ion density
long-wavelength variations ipR. Such low-order modes and consequently the areal density of the material through its
may be imposed on the target due to power imbalance, beadegree of ionization Knock-on deuterons with energies
mispointing, etc’? and information on these modes would greater than about 7 MeV typically have much higher veloci-
provide valuable feedback to laser improvements. Typicaties than electrons at the typical temperatures in the cold
errors in the inferrehR through CPS measurements are be-plastic(~0.5 keV). In this limit, the energy loss is indepen-

A. Knock-on deuterons
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~60 mg/cnt, the deuterons are slowed to less than 7 MeV.
This value ofpR suggests a limit on the maximum value of
the shell's areal density that can be deduced independent of
temperature considerations in the shell. On the other hand,
the knock-on tritons, being more massive, show a greater
sensitivity to both the temperature and the of the shell,
limiting the range of temperatures and areal densities over
which conditions in the target can be inferred reliably from
their spectrum. The triton spectrum can be used as a self- 0 : ' ' ' :
consistency check, however, on target conditions that have 0 20 40 ©0 80 100 120
been measured by other diagnostics. (pR)cH (mg/em?)
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FIG. 5. (a) Proton spectra for various values of areal densities of the CH
B. Knock-on protons layer. (b) Number of knock-on protons between 10.5 and 12 MeV versus

Knock-on protons can be used independently of the deu(pR)CH: The number of protons in this energy range can be related to the
. areal density of the plastic layer.
terons to deduce the areal density of the plapfgy. In
contrast to the knock-on deuteron spectrum, the proton
knock-on spectrum is relatively flashown schematically in laser and the remainder contributes to core compregsion.
Fig. 2), making it far more difficult to relate distortion of the The mass and size of these targets are similar to future cryo-
spectrum tpR. genic targets designed for the OMEGA laser. The diagnostic
The knock-on proton spectra for various valuepBf;  design permits some flexibility in each layer's thickness
are shown in Fig. &). The number of protons between 10.5 while retaining its equivalence to currently used cryogenic
and 12 MeV is proportional to the areal density of the plasticsurrogate targets.
and can be used to dedugRcH up to a value of about 100 In addition to knock-on deuterons, knock-on protons are
mg/cnt [shown in Fig. %b)]. The proton background from produced in the plastitFig. 6), and the areal density of the
the deuteron break-up reactipt(n,2n) p] with its end point  plastic layer can be deduced from the ratio of the number of
at 11.8 MeV is insignificant in the chosen energy range foiprotons produced to the number of primary neutrons.
target conditions of interest, primarily due to the lower cross
section for the deuteron breakup reaction relative to that of
the elastic scattering of protons. Thus, the number of protons
measured in the chosen energy range can provide a measure
of the areal density of the plastic layer. PRz, pRCH,
In the next section, we consider a generalization of the pRcp
knock-on deuteron diagnostic that will enable more detailed @___P_) pRcH
information about the compressed target.

. “THREE-LAYER” TARGETS

The deuteron diagnostic can be extended to angiyke
in three separate regions of the compressed target if the tar-
get has been fabricated with three different mate(fig. 6):

an inner DT(or a DT) fuel region, a pIaSti(fCH) shell, and  Fig. 6. Information about the areal densities of each of the layers and the
an ablator(CD). (Some of the CD layer is ablated by the temperature of the hot fuel can be inferred using the particles shown.

14-MeV
neutrons (Thop)
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densities of the three layers can be inferred from the spectrum as shown. - B3 (oR)cy = 36 mg/em?
< 34 " ez (pR)cy = 40 mg/cm? ]
8 37 | W Least-squares 4
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Knock-on deuterons are produced in both the fuel and = 0r ]
the CD layer. The deuterons produced in the fuel lose energy 5 28 ]
as they traverse the target, causing the high-energy peak to S 26t .
shift downward. The spectrum of deuterons from the CD 24 | ]
. . | 1 1
layer, on the other hand, has its maximum energy at the 1 s 16 17 18

nascent value of 12.5 MeV. The time-integrated simulated
spectrum for a target with a combined CH and CD thickness
of 20 um (5 um CH and 1mm CD) is shown in Fig. 7. The FIG. 8. () Comparison of testsimulated spectrum(dashed ling showing
target is driven wit a 1 nsec square pulse, which is typical spectrum from best-fit modebolid line). (b) Sensitivity analysis of the

; ; inferred areal densities: Shown are the areal densities for the three layers
of many OMEGA experiments. The spectrum is produced b that result in spectra whose squared difference is within 20% of the least-

postprocessi.ng a1-D SimlLilatiOI’l of the impIOSion USing thesquares values. Each shaded region represents the set of areal densities of
hydrodynamic code.iLAC.™ The postprocessor transports the fuel and CD layer satisfying the 20% criterion, for a fixed value of the

the knock-ons in straight lines and calculates the particl@real density of the CH layer.
energy loss for every time step using the simulated density
and temperature profiles. The relevant features are the two
high-energy peaks in the spectrum arising from the indi-mg/cnt for the CD layer that compares favorably with the
vidual contributions of the fuel and CD layetshown as value of 25.6 mg/crhin the simulation. While the areal den-
dashed and solid lines in Fig).7The area under the higher- sities of the CH and CD layers can be determined model
energy peak is primarily a measure of the areal density of thendependently, some uncertainty is introduced in the value of
CD layer, pR)cp, Whereas the peak at the lower energy hashe fuel's areal densitygR); since not all the deuterons
contributions from both the fuel and the CD shell. The sepaunder the low-energy peak are produced in the fuel. The
ration of the two peaks provides a measure of the areal dercontribution to this peak from the CD layer depends on the
sity of the plastic layer, dR) cn- slowing down of the deuterons and the geometry of the paths
If the peaks are well separated, the areal densities of thiéarough the target. An upper limit fopR); can be obtained
three layers can be deduced nearly model independently, uby assuming that all the deuterons under this peak are pro-
ing the scheme outlined above. We first consider the arealuced in the fuel. In this case, the inferred areal density of
density of the plastic layer. For the spectrusolid line)  the fuel using Eq(2) is 23.6 mg/cr to be compared with
shown in Fig. 8a) the separation of the two high-energy the simulation value of 17.0 mg/én
peaks is about 3 MeV. The areal density of the plastic result- A more accurate estimate of the errors in the areal den-
ing in this separation should correspond to the value thasities can be obtained through the following analysis of the
results in a downshift of the end-point energy by the saménock-on deuteron spectrum. We consider deuteron spectra
amount. From Fig. @), this separation corresponds to an from a model where each layer is approximated by a constant
areal density of about 40 mg/énto be compared with the density and temperatur@n ice block model The density
value of 35 mg/crhin the simulation. Next, to deduce the and the thickness of each layer are chosen by requiring a
areal density of the CD layer, we calculate the total numbefixed mass for each laygknown from the specifications of
of deuterons in the high-energy peak. This value is a knowithe target being model¢@nd a chosepR. We ignore tem-
fraction of the total number of deuterons produced since thiperatures in the colder plastic and CD in this analysis as we
portion of the spectrum is unaffected by the presence of delwexpect little sensitivity to these temperatures. The choice of
terons from the fuel. For the spectrumiashed lingin Fig.  fuel temperature, however, cannot be made arbitrarily since
8(a), this is the number of deuterons above 10.25 MeV, andthe deuterons may lose some energy in the hot fuel. In this
again, from the spectra in Fig(8 this corresponds to about example, we choose the fuel temperature at peak neutron rate
12% of the total knock-on deuterons produced. Using thisn the simulation as the relevant fuel temperature. In deduc-
fraction for the number of deuterons in the peak and a foring areal densities from the experimentally measured spec-
mula for CD[similar to Eq.(2)], we obtain a value of 26.5 trum the choice of the fuel electron temperature can be

(pR)¢ (mg/cm?)
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guided by the ion temperature obtained experimentally frontinally, we note that the true set of areal density values ob-
the width of the DT neutron spectrdm(measured through tained from the simulation is not excluded from our result at
time-of-flight techniques It must be noted that the measured this 20% level.
ion temperature can differ from the electron temperature, es- If we assume that the neutrons are produced in the center
pecially if the high temperature is caused by an incideniof the fuel(as opposed to uniformly throughout the fuahd
shock in the fuelwhich preferentially heats the iopdow-  repeat the above analysis, we obtain the following results: an
ever, a sensitivity analysis of the spectra to this temperaturareal density of 16.3, 40.4, and 30.5 mgfdor DT, CH, and
can provide bounds on both the areal densities and temper&D, respectively. The least-squares difference between the
tures. model spectra and the test data for this case is higher than for
In this manner we construct a static representation of théhe uniform source, implying correctly a uniform distribution
target and fit the spectra from such a model by varying thef the DT neutrons in the simulation.
areal densities of each layer. While the ice-block model is
not e>_(pecteq to accurately describe th_e primary complexitie  MODIFICATION OF THE KNOCK-ON DEUTERON
of an imploding target such as the spatial and time-depende ECTRUM DUE TO MIX
variation of densities and temperatures, the spatial localiza-
tion of neutron sources in the target, and the geometry of the  Our discussion has been based so far on a 1-D simula-
knock-on trajectories through the target, it should provide aion of the implosion that does not include the effects of
reasonable time and spatially averaged representation of thgydrodynamic instabilities and mix on the imploding target.
target relevant to the knock-on spectrum. In addition, any effects on the target caused by long-
To test our scheme for deducing the areal densities, wavavelength asymmetrigpossibly due to laser-beam imbal-
consider again the simulated spectrum shown as a dashedices in power and pointing errpisave also been ignored.
line in Fig. 8a). Using the model described above, we vary The effects of such departures on nuclear and particle diag-
the pR of the three layers to minimize the least-squares dif-nostics are difficult to determine quantitatively from 1-D
ference between the spectrum from the model and the simsimulation.
lated data. The energy range chosen for this minimization is  During the deceleration phase, the Rayleigh—Taylor un-
the area determining the two peaks in the specti@B  stable fuel—shell interface, seeded by its nonuniformity, can
MeV). Our chosen technique for minimization is based onresult in a mixing of the hot fuel and cold shell. This mixing
the downhill simplex method of Nelder and Me¥dlif we  of materials at very different temperatures can result in a
assume that the neutrons are created uniformly in the fuekignificant quenching of the neutron yield relative to 1-D
the resulting spectrum of such a minimization scheme isimulations (that do not include this effectSince the diag-
shown as the solid line in Fig.(&. Our values for the areal nostic should probe conditions in the compressed target cor-
densities for the DT, CH, and CD laye($6.5, 40, and 27.4 responding to times of peak neutron and consequently
mg/cnt, respectively compare favorably with the results knock-on production, this quenching can result in different
from the simulation17, 35, and 25.6 mg/cth These values conditions probed experimentally by the diagnostic relative
agree very well with the model-independent extraction of theo 1-D simulations. For the purpose of studying the feasibil-
areal densities of the CH and CD layers, implying correctlyity of the diagnostic in the presence of such mixing, we
well-separated peaks, and, in addition, provide a tighteassume that the effect of the deviations from 1-D is to ex-
bound on pR); . clusively change the neutron-production rate and hence the
To gauge the sensitivity of the spectrum to the leastknock-on spectrum. Effects on the hydrodynamic evolution
squares values @iR obtained in this manner, we consider of the target due to instabilities and other reasons for depar-
Fig. 8b), which shows sets ofoR)p and (pR); for differ-  tures from 1-D behavior are ignored.
ent values of gpR)cy. [Each shaded region represents a set  To assess the effect of this mixing, we compare the spec-
of areal densities of CD and fuel, corresponding to a certairtra from purely 1-D simulations with two models of neutron-
value of (pR)cy.] For each value ofdR)cy, this set corre- rate truncation. These models should span the extremes of
sponds to those values whose spectra are within 20% of thegossible neutron-rate truncations in the experiment. In the
least-squares value. In this manner, we find the range of adirst model, we assume that a portion of the fuel implodes
ceptable values of the areal densities of each layer in theith a constant velocity acquired just before deceleration be-
target. Also shown in the figure are the least-squares valugins and is unaffected by the growing instabilities at the
(squarg and the result from the 1-D simulatidoircle). We  fuel—shell interface. We then assume that the only neutron
see that by using this procedure we obtaR values of the vyield is from this portion of the fuel. The neutron rate from
fuel and CD layer to within 10% of the true value. The largerthis model is shown in Fig.(®) as the “free-fall” rate and is
range of acceptable values @R)cy relative to the ranges significantly lower in magnitude relative to the 1-D simula-
of (pR); and (pR)¢p indicates that the deuteron spectrum istion. Figure 9b) shows the corresponding areal densities in
less sensitive to the areal density of the plastic layer. This ishe target from the simulation. As Figs(a and 9b) indi-
probably due to the fact thapR)cy does not determine an cate, the neutron rate in this model peaks earlier and thus
absolute number or energy, but only the relative separatioprobes earlier times in the implosion. This results in a deu-
of the two high-energy peaks. A comparison with the valueteron spectrundotted line in Fig. 1Dthat is characteristic of
deduced from the knock-on proton spectrum would, in addismaller areal densities for all three layers. Our analysis of
tion, provide an independent check on the valueg®)cy - this spectrum provides values that agree reasonably with the
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1o« T i T large changes in the areal density that results in a consider-
1022 | @ . ably broadened emergent spectrum with less-well-defined
Constant rate

~ i peaks(dashed line in Fig. 10 The least-squared valués.9,
:<J 22.9, and 18.7 mg/cfhare within 20% of the results of the

102!
1020 |- 1
1019 |
1018 |

1017 !

| simulation(10.7, 32.3, and 16.0 mg/én suggesting that our
* e Free-fall 4 analysis can be used to infer the areal density of each of the
I 4 layers.
! The inferredpR describe neutron-averaged conditions in
the target that are very similar between the two mix scenarios
described earlier. This leads to similar values of inferred ar-
eal densities. However, the mix-related information is en-
coded in the different spectral shapes. The spectra shown in
Fig. 10 can be distinguished using the CPS since the energy
resolution of the CPS for the deuterons is approximately 150
keV ! but mix-related information from the measured spec-
trum can be extracted only through additional modeling.

Experimentally, the neutron-rate history can be obtained
through the neutron temporal diagnostitNTD).® One

Time (ns) method to compare the implosion with 1-D simulations
could be as follows: The experimentally obtained neutron-

FIG. 9. (&) Neutron-rate curves for different models used for assessing theate curve could be used to identify the times in the implo-
modification of the dguterqn spectrum_due to hydrodynamiq mix: solidgjgn probed by the diagnostic—the diagnostic probes times
line—result of a 1-D simulation; dotted line—neutron rate obtained from a . e .
free-fall model(see text and dashed line—neutron rate fixed to a constant around the peak neutron burn rate. An identification of these
value at a certain time(b) pR history of the target from 1-D simulations. times would allow us to calculate the areal densities of the
The diagnostic is sensitive to areal densities near peak neutron rates ampdree Iayers from the simulation. A comparison of these val-
consequently to peak temperature. ues with those obtained from the knock-on diagnostic would
shed light on whether conditions in the experiment compare
favorably with the 1-D simulation up to the time probed by
fhe diagnostic. If the areal densities inferred from the diag-
nostic differ considerably from those in the simulation, this
procedure will allow one to identify a time when mixing

Neutron rate (s—1)

pR (mg/cm?2)

results from simulation; the least-squares values are 9.
22.5, and 17.1 mg/ctwhereas the results of the simulation
are 8.9, 26.7, and 15.8 mg/énWe once again note that an

independent measurement O’.ﬁR)CH using the knock-on effects have already significantly influenced the fusion pro-
proton spectrum can constrain the areal density of pIaSt'_Eesses. Independent of any comparison with detailed hydro-
inferred from the deuteron spectrum. The favorable Compar'aynamics simulations, the areal densities deduced from the
son between the values of the areal densities inferred fromy, J o1 deuteron diagnostic should be nearly model inde-
the o_llggnostlc z_;md the true values sugggsts that the arédéndent and would provide information about the conditions
densities can still be deduced reasonably if such a modifie the target corresponding to times in the implosion identi-
specl:trumd\_/}/fas the res(;JItl of a measurerr;]ent.h fied using the NTD. Further, a comparison with detailed mix-
n a different model, we assume that the neutron rat(?ng models may enable the identification of conditions in the

proceeds as given by the 1-D simulation up to a certain tImet'arget that would result in the observed neutron-rate curves
and, thereafter, it proceeds at a constant rate given by the rafe J the inferred values ohR)

at the chosen time. This is shown in Figapas the “con-
stant rate” model. A comparison with Fig(l9 indicates that
the diagnostic then probes the times corresponding to th¥. SUMMARY AND CONCLUSIONS

In this article, we have presented a new diagnostic based
on knock-on deuterons, which will simultaneously diagnose
the areal densities in three different regions of the com-
pressed ICF target. These targets have three 1&iparsCH,
and CD, and the areal density of each of these layers can be
C"r‘ft‘ea“‘ Free.fall 7 inferred from the deuteron diagnostic. In addition, knock-on

protons from the CH layer can be used to independently
deduce the areal density of the plastic.

When used in conjunction with a detector that measures
the neutron-rate history of an implosigNTD), the time in
0 2 4 6 &8 10 12 the implosion probed by this diagnostic can be identified.

Energy (MeV) This will permit a more detailed comparison between the
. simulation and experiment.
FIG. 10. Knock-on deuteron spectra using the three models of neutron-rate We have also examined the modification of the knock-on

truncation shown in Fig. @): The spectrum is sensitive to the different !
conditions in the compressed target probed by the deuterons. deuteron spectrum caused by departures from 1-D behavior

P 393
=)} =]
-
1

s
™~

oo

Number of deuterons/
DT neutron (MeV-1)

S

(=]
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