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The response of CR-39 track detectors to neutrons has been characterized and used to measure
neutron yields from implosions of DD- and DT-filled targets at the OMEGA laser fadilityR.

Boehly et al, Opt. Commun.133 495 (1997)], and the scaling of neutron fluence wikh(the
target-to-detector distanckas been used to characterize the fluence of backscattered neutrons in the
target chamber. A Monte-Carlo code was developed to predict the CR-39 efficiency for detecting
DD neutrons, and it agrees well with the measurements. Neutron detection efficiendied of
+0.2)x10 4 and (6.0-0.7)x 10" ° for the DD and DT cases, respectively, were determined for
standard CR-39 etch conditions. In OMEGA experiments with both DD and DT targets, the neutron
fluence was observed to decreaseRas up to about 45 cm; at larger distances, a significant
backscattered neutron component was seen. The measured backscattered component appears to be
spatially uniform, and agrees with predictions of a neutron-transport code. As an additional
application of the calibration results, it is shown that the neutron-induced signal in CR-39 used in
charged-patrticle spectrometers on OMEGA can be used to determine DD and DT yields ranging
from about 16° up to 134 With further improvements in the processing and analysis of CR-39, this
upper limit can be increased by at least two orders of magnitude20@2 American Institute of
Physics. [DOI: 10.1063/1.1487889

I. INTRODUCTION multaneously, for measuring neutron fluence as a function of
position in a target chambéuseful for studying yields and
backscatter from the target chamber, and for benchmarking
neutron transport codgsThe characterization of CR-39 re-
sponse to neutrons is interesting in its own right, and it also
provides information that helps clarify the performance of
CR-39 in other applications(such as charged-particle
D+D—3He(0.8 MeV)+n(2.45 MeV) (1)  spectrometry ~** when neutrons are present. The neutron-

response calibrations described here expand greatly on ear-

lier work!?2=1*and extend the applicability to situations rel-
D+T—a(3.6 MeV)+n(14.1 MeV), 2) evant to inertial-confinement-fusion contexts.

] S i The principles of the CR-39 response to charged par-
and measurements of the yields provide information aboUicies and neutrons, and processing and analysis of CR-39,
the quality of the implosions. Various diagnostics exist for 3¢ giscussed in Sec. Il along with a description of Monte-
detecting these neutrons and inferring different implosion Patarlo simulations. In Sec. Ill, measurements of DD and DT

rameters, and details about these techniques can be foundﬁ@utrons at OMEGA are used to characterize the CR-39 re-
Refs. 2-5. In this article, we describe a new method of mea;

suring neutron y|eld§ with CR-39 track detectbrhis ap- Carlo predictions. These results are then used to measure
proach makes possible the use of many small detectors SHeutron fluences as a function of angle and distance to the
target, as described in Sec. IV. We finally discuss, in Sec. V,
“Electronic mail: frenje@psfc.mit.edu the relevance of this study to charged-particle measurements
b)zrel_s;ent' agglrsessos; Lawrence Livermore National Laboratory, Livermoreperformed at OMEGA using CR-39. In this section, we also
C)Aliclnoerlnxllailsiting Senior Scientist at the Laboratory for Laser Energetics,d€scribe how the charged-particle measurements can be im-

University of Rochester, New York 14623. proved.

Implosions of targets filled with deuterium gPor a
mixture of deuterium and tritiuntDT) gas are routinely per-
formed at the OMEGA laser facility,with neutron yields
ranging from 16 up to 13 Neutrons are produced in the
targets through the primary fusion reactions

and
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Il. DETECTION OF NEUTRONS WITH CR-39 Front side I Back side
CR-39
The detection of a neutron with CR-39 occurs in two i‘l ey
- . . . ) 1
steps. The first is the generation of a moving charged par- > ion > |
. . . - Case 1. ]
ticle, either through scattering or through a nuclear reaction, DD e e !
as described below in Sec. Il B. The second is detection of i ea Bl
the track of the charged particle. We therefore begin with a i |
discussion of the detection of charged particles. ; =

A. Charged-particle interactions with CR-39 DT< Case 2: = = i
) ) ) o [ Heavier ion ]
CR-39 is a clear plastic whose chemical composition is ! :
. . [} 1
Ci,H150;. When a charged particle passes through, it leaves ' o :
a trail of damage along its track in the form of broken mo- Case 3 ¢ 7 - |
lecular chains and free radicals. The amount of local damage ase = éé’f:\’f' i
along the track is related to the local rate at which energy is gf}a‘”er QU |
lost by the particle(dE/dx where x is distance along the i

track). Particle tracks are made visible by etching the CR-39 A A _ 3

in sodium hydroxidelNaOH). The surface of the plastic is — After etching “J
etched at a rate called the bulk etch ratg), while dam-

aged material along particle tracks etches at a higher rat@iG. 1. Schematic drawingnot to scalg of the CR-39 track detector and
The etch results in a conical pit wherever a particle passetﬂ"f interaction processes taking place in the CR-39 material. The DD and

through the plastic surface. With increased etch time, tthT nel_Jtrons can interact with the CR-39 matem_al_ via elastic sca_tten_ng,
oducing recoil protons or carbon or oxygen nuclei in the forward direction

diam?ter and depth of the pit. increasesl as long as the dep the laboratory systenicase 1. The DT neutrons can also inelastically
remains smaller than the particle range in CR-39. These pitseact[via (n,p and (n,a) reactions in carbon or oxyggrin the CR-39

or “tracks,” can be identified and quantified by the study of material producing charged particles that can produce tracks on the front
microscope images as described in Sec. Il C. and/or the back side of the C_R-39. _Case 2 shows(ithy® reaction, while

. . ; . case 3 shows botkn,@) reaction(solid arrows and the carbon breakup
In comparison with other track materials, CR-39 is Moreeaction(dashed arrovisproducing threex particles. Also indicated in the

sensitive to low-energy~MeV) protons. CR-39 is also rela- figure are initial CR-39 thickneskr.3s, and CR-39 front and backside
tive|y insensitive to electrons, X-rays and gamma rays, whiclsurfaces before and after etching, which results in an etch dgpth

is not the case for some other materials such as nuclear emul-

sions. These features of CR-39 make it the preferred detectaracks will be due to protons, because scattered carbon and
choice for neutron measurements in high-flux fusion envi-oxygen ions have short ranges in CR-39. These processes
ronments. will be clarified further in Sec. Il D. In Sec. Il we will dis-
cuss the results of experimental measurements and Monte-
Carlo simulations of detection efficiencies.

—— Before etching

B. Neutron interactions with CR-39

Possible interactions of DD neutrori®.45 MeV) and
DT neutrong14.1 MeV) with CR-39 are illustrated in Fig. 1.
Either type of neutron can scatter elastically, producing re- The diameters of tracks after etching depend mainly on
coil protons or carbon or oxygen nuclei in the forward direc-the etch time(t) and the etch rateMg), where the latter is
tion in the laboratory systefi?. DT neutrons can also un- sensitive to the normality and the temperature of the NaOH.
dergo inelastic(n,p or (n,a) reactions with carbon or In order to get repeatable results, these factors must be con-
oxygen, and the resulting charged particles can producgolled. In the work described here, the CR-39 samples were
tracks on the front and/or the back side of the CR-39. Theetched in 6.0 molarity NaOH held at 80 %@ll results will
neutron detection efficiency of CR-39 is the probability thatcorrespond to these conditions unless noted othepwise
an incident neutron results in a charged particle leaving @additional control on consistency is incorporated by exposing
visible track on the surface of the CR-39 after etching. a small area on the backside of each piece of CR-39 to 5.5-

For the elastic-scattering process, detection efficiencyMeV alphas(from a 0.1uCi ?*’Am source. With similar
for neutrons incident on the front side of the CR-39 dependgtch conditions these alphas should always give rise to tracks
on the range of recoil ions in the CR-39, and the etch depth of the same size, but if this is not the cdslee to variations
I [which is equal to the bulk-etch ratég(~2.0 um/h) in either etch conditions or CR-39 characteristicsrrec-
times the etch time]. For neutrons traveling approximately tions can be made to the other measured diameters by appro-
normal to the CR-39 surface, the front-side detection effipriate scaling.
ciency should be proportional tq if 1.<r, and independent After the etch process, CR-39 is inspected using an op-
of I if Ie>r. This is a consequence of the forward scatteringtical microscope with transmission lighting and infrared
and the fact that the number of potential scattering targetblocking filters. A computer-based scan system is necessary
seen by neutrons is proportional Itp. Tracks will also ap- to characterize the thousands of tracks that are typically in-
pear on the back side of the CR-39, where the detectiogident on large scan areas. A CCD camera captures images of
efficiency is nearly independent &f and the initial CR-39 the CR-39 for track analysis, and each track event is charac-
thicknessl cg.3gas long ad.<Icgr.35—r. Nearly all detected terized by several parameters in order to differentiate the

C. Processing and analysis of CR-39
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signal from the intrinsic nois¥. A manual focusing tech- Front side Back side
nique is applied in order to maintain the optimal focus to lerso~ 1050 um

within a few microns, allowing for accurate characterization ! E

of the tracks. L. e SS _,(Q,:

The uncertainty in the determination of track diameter is
mainly due to the finite pixel size and to focusing variations,
and is a fraction of a micron. The tracks appear as dark
circles on a light background. The perimeter of each track,
which defines the area of the track, is identified as the loca-
tion at which the image intensity drops below a specified
“boundary threshold,” which is typically set to 85% of the
median background intensity. The diameter is calculated n
from the area of the track. In addition, parameters such as
optical contrast and track eccentricity are recorded. The op-
tical contrast is calculated as the deviati@m percent from
background brightness. The contrast is important partly be-
cause it helps differentiate real tradkghich tend to be dapk
from intrinsic-noise tracks in the CR-3@vhich are often
lighter in appearangeA contrast threshold of 65% will nor-
mally result in the acceptance of all neutron-induced tracks
and at the same time the rejection of most intrinsic-noise
tracks. The eccentricity of the track is determined from the

shape of the track boundary relative to perfect circularity. In"'C: 2 Schematic drawingot to scalé showing thenp-elastic scattering
ocess and the parameters used in the calculations of the neutron detection

the case of CR'39.rESp0nse to neutrons, a large fractiqn ‘gf'ficiencies on the front sidgeft) and the back sidéight) of a CR-39 track
the tracks are noncircular due to the angles of recoil particlesetector. The input parameters are the CR-39 area, the detector-to-target

and the reaction products. An eccentricity threshold of 359listance(R), and neutron energy; the thicknelgg 3o of the CR-39 is as-

is therefore used in this study for accepting all neutron_sumed fixed at 105@um. Using these input parameters, the efficiency is
calculated for detecting a neutron by finding a track of a recoil proton on the

induced tracks, while 15% is more typical when analyzinGfront side or the backside of the CR-39 after etching. Elastiscattering
tracks produced by charged particles with normal incidencepoints are uniformly distributed in the etched CR-39 volume for the front-

All results presented in this article are determined usin ide calculatior(region A, characterized by the etch depgk Vgt~12 um

: . or a 6 hetch, and in the whole CR-39 volume excluding the etched volume
analysis thresholds ((border/comraSt/eccenmCDty(85/65/ for the backside calculatiofregions A and B, characterized by the length

35), except as noted in Fig. 12. | cr-39— o). The recoil proton is assumed detected if the energy is within the
CR-39 sensitivity range 0.2—6 MeV, and if the recoil anglg, relative to
the surface normal, is less than the critical angbg(E,).  is equal tod,,

D. Simulating CR-39 response to neutrons for incident neutrons traveling perpendicular to the CR-39 surface.

.

N
— After etching

Before etching

A Monte-Carlo code was developed to calculate the ab-
solute CR-39 response to DD neutrons, and to calculate thieinction (Fig. 3), and the scattering angl@,(,) of the recoil
np-elastic scattering component for DT neutrons. The inpuproton relative to the incoming neutron determines the initial
parameters are the CR-39 area, the CR-39-to-target distaneaergy of the proton. The distance traveled by a proton be-
(R), and the neutron energy; the thicknelss.sg Of the  tween thenp-scattering point and th@ostetch CR-39 sur-
CR-39 is assumed fixed at 1020n. Using these input pa- face is calculated, and the energy loss functid&/dx) for
rameters, the efficiency is calculated for detecting a neutrothe protons in plastic determines the proton energy at the
by finding a track of a recoil proton on the front side or the surface. The recoil proton is assumed detected if the energy
backside of the CR-39. is within the CR-39 sensitivity range 0.2—6 MeV, and if the

For the calculation of front-side response, the- recoil angle(y), relative to the surface normal, is less than
scattering points are uniformly distributed in the etchedthe critical angle¢c(Ep).19'20 Figure 4 shows the critical
CR-39 volume(region A in Fig. 2. For the backside calcu- angle and the proton-recoil scattering anglés both the
lation, scattering points are distributed in the whole CR-39DD and the DT casgeas a function of initial proton energy. It
volume excluding the etched volume on the backdide can be seen in the figure that practically all recoil protons are
gions A and B of Fig. 2 Attenuation of the neutron flux and detected for the DD case, while most are rejected based on
multiple scattering effects in the CR-39 volume are ignoredscattering angle for the DT case. The total number of recoil
(attenuation of the neutron flux is at worst ) for  particles (per incoming neutron satisfying these require-
I cr.3=1050um, and the probability of multiple scattering is ments determines the CR-39 track detection efficiency. This
smalley. The target is assumed to be a point source of neuprocedure applies for both front and back side calculations.
trons, and thenp-scattering points in the CR-39 relative to The hydrogen number density in CR-39 (5
the target determine the directions of incoming neutrons. The< 107 cm ™), the totalnp elastic-scattering cross section
directions of the recoil protons are randomly generated, witf0.7 b for 14 MeV neutrons and 2.5 b for 2.45 MeV neu-
the angular dependence of thp-differential elastic scatter- trong, and the thickness of the source volume producing
ing cross sectiorfin the laboratory systejmas a weighting recoil protons determine the absolute detection efficiency
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FIG. 3. (a) Differential np-elastic cross section given in the center-of-mass system for DT neutrons. The data were taken from Refs. 17 and 18, and the solid
line is the best horizontal fit to the daté) Differential np-elastic cross section as a function of laboratory angle for the DT neutrons. It can be seen that the
cross section peaks at forward-scattering angles in the laboratory system. The differential cross section in the laboratory systerth)shagrused in the
calculations presented here, and is related to the center-of-mass cross segtiorf y,)/d(}) ,,= 4cosé,{do(h)/dD)]cy - Here, the scattering angle in the
center-of-mass systeng, is related to the scattering angle in the laboratory syst#@m, by ¢=m—26,,. The scattering process, in the two different
observation systems, is schematically shown below the corresponding data. The DD-differential cross section looks nearly the same excapt thhatthe t
section is about 3.5 times larger.

(the uncertainties in these parameters are of the order of @arly with etch time; on the backside it should be indepen-
percent. Simulations were performed for a variety of sce-dent of etch time. These features were experimentally veri-
narios assuming a bulk-etch ratég) of (2.0+1.0) um/h!*  fied in experiments at OMEGA. Four stacked CR-39 track
and the results are presented in Sec. lll. The uncertainty idetectors, with aluminum filterghickness>100 um) in be-
Vg is the dominant error in the simulations. tween, were used at a location 15 cm from afiled target
[see Fig. Ba)]. Each CR-39 piece was then etched for 3, 4, 5,
and 6 h; Fig. 6a) shows the results and a comparison with
data simulated as described in Sec. Ill D. The experimental
A. CR-39 efficiency for detecting DD neutrons data points are normalized to the neutron yield k34
Following the discussion in Sec. Il B, CR-39 efficiency (shot 19556 measured by the indium-activation diagnostic

for detecting DD neutrons on the front side should vary lin-/0cated 25 cm from the targé’t.lt_ can be seen that the ex-
perimental results agree well with the simulations over the

Ill. MEASURED AND SIMULATED CR-39 RESPONSE
TO NEUTRONS

100 — T T T 3-6 h range. An efficiency of (110.2)x 10 % was deter-
80 7 (a)  D,-filled target
: CR-39
§ 60 L i (} --------- 55 -------- i £+ Aluminum
% : \ B Tantalum
=]
— i
&0 40 N (b) | DT-filled target CR-39
= ) Front Back
20 | .\ ] ¢ )
Region of 100 % daem
. CR-39 detection . . .
0 . AL FIG. 5. Schematic drawingnot to scalg of the experimental setup of the
0 ) 4 6 8 10 CR-39 track detectors in OMEGA target chamber for the DD-neutron mea-
surementgresults presented in Fig(®] (a), and for the DT-neutron mea-
Energy [MeV] surementgresults presented in Fig(l®] (b). In the DD case, four CR-39
B ) ] track detectors were separated by aluminum filters, each at leastrh00
FIG. 4. Critical angle[ ¢.(E,)] and proton-recoil scattering angles,() thick. The CR-39-aluminum assembly was located 15 cm from the target. In

for the DD and the DT case as functions of proton enerd, (  the DT case, five CR-39 track detectors were located 45 cm from the target
=E,cod Bﬁp) It is assumed that the neutrons have perpendicular angle ofvhere each piece of CR-39 was separated by a filter made of tanfthlich
incidence, i.e., §=6,,, see Fig. 2 As a result, practically all recoil pro- enough to stop reaction products from an adjacent CR-39 track dgtector
tons for the DD case are detected, while most recoil protons for the DT cas&€he experimental setup, in both cases, allowed for several front and back-
are rejected on the basis of scattering angle. sides of the CR-39.
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10° . DD-detection efficiency ___ DT-detection efficiency _ track detector, were located at 45 cm from a target that pro-
@ e e Gl ® duced 6.% 10* DT neutrons(shot 20218 Tantalum was
ol % 11 o o 3 3 selected as filter material for the DT case, instead of alumi-
> . . . .
U e e e e num, because it has negligible,p) and (n,«) reaction cross
g | e e e t sections at the DT neutron energy. This feature of tantalum
g 10 ®  This paper (front side) qF E .. .
8 ©  This paper (backside) nimiz X - | u
g — minimizes the effect of external charged-particle sources that
2 [— T N would artificially enhance the apparent CR-39 detection ef-
10 np-calc. (backside) | L Intrinsic noise level . .. . . .
35 Sl ) ficiency for DT neutrongfurther information about filter se-
, v Mattiullahetal. (front side) lections for different applications is found in Sec).\r'he
o 1 2 3 4 5 6 7 80 1 2 3 4 5 6 71 8 experimental arrangement is schematically shown in Fig.
Etch time [hrs] Etch time [hrs] .
5(b). Each CR-39 piece was etched for 3, 4, 5, 6, and 7 h,

FIG. 6. Measured and calculated efficiencies for detecting@mnd DT~ and the results are presented in Fig)@s a function of etch
neutrons(b), on the front and back sides of the CR-39 as a function of etchtime. It can be seen that in contrast to the DD case, the
time. It can be seen tha}t thg DD simulations agree with the experimentqbackside detection efficiency increases with etch t([IIEtO
results. The DT calculation includes only the elastscattering compo- b 6 This i indicati d
nent, which on the front side is dominated by the inelastic contributions® ou.t h IS Is a strong In |c_at|on _o(n,p) an . (n,@)
(case 2 and 3 in Fig.)1The experimental data are normalized to the neutronf€actions in carbon and oxygen, in region C of Fig. 2, pro-
yields measur?d by indium and copper activation for the DD sh_ot 19556ducing protons and heavier ions that are emitted in the back-
(Y,=1.34x10"), and the DT shot 20228Y(=6.7x10'%), respectively.  \yarq directions. Some of the tracks detected on the backside
The CR-39 pieces were etched from 3 to 7 h. A nominal value of 300 | d by f d ttered t d di
intrinsic-noise tracks per chis used to calculate the corresponding detec- are_ also cause y _Orwar 'Sca_ ered pro (DTS) UC‘_E . n
tion efficiency limit at 15 and 45 cm for the DD and DT cases, respectively.fegions A and B of Fig. Pgenerating a detection-efficiency
component which is quite insensitive to the etch tipsee
mined for detecting DD neutrons on the front sidéth a 6 the efficiency curve, in Fig. @), for detecting DD neutrons
h etch, while (3.3 0.3)x 10~* was found for the backside on the backside The saturation of the backside detection
The quoted error bahere and for all DD data in the artile efficiency at about 6. h al_so suggests that hgavier ions, such
is due to a combination of counting statistics and intrinsica_S a'PhaS r?md beryllium 'Onsf are produced in the backward
noise direction with average energies of about 3 and 6 MeV, re-
The results reported in this study are in qualitative agreeSPectively(further etching makek,>r for these particles in
ment with measurements performed by Mattiullahal? CR-39]. Other heavier ions are produced as well, but their

and by Griffith et al. (who quote an efficiency of about 3.3 contributions to the detection efficiency are negligible in

X 1072 for detecting neutrons in the energy range 1.5—6.¢-omparison.

. . _5 — 4
MeV, including the response on both sides of the CR-38s Efficiencies of (6.6-0.7)x10 > and (1.0-0.2)<10
indicated in Fig. 6). Our results appear to be a factor of were measured for detecting DT neutrons on the front and

four lower than the efficiency reported by Collogyal,14 ~ Pack sides of the CR-39, respectivety h etch. Tracks de-
who found a CR-39 efficiency of (1:30.4)x 104 for 2.9 tected on the front side are caused mainly by alphas and
MeV neutrons on the front siddor a 2 hetch of the CR-39 heavier ions .comin'g frorfn.,p) and(n,a) reactions in carbon
in NaOH held at 70 °C and 6.25 molarityA possible expla- and oxygen in region B, since most of the protons scattered

nation of the high detection-efficiency value reported by Col-N "€gion A are excluded on the basis of critical antdee

lopy et al. is that a significant number of backscattered neut 19 3- The quoted error bars for the DT case include track
unting statistics in addition to a 10% systematic error in-

trons may have been detected. In addition, objects near tH& e e
CR-39 (polyamide or other CR-30may have generated ex- troduced by the uncertainty in the copper activation measure-
tra charged particles that were detected within the CR-3§"ent of the DT yield. .

under test. In any event, care should be exercised when com- AS shown in Fig. @), these results are balsz|cally com-
paring the results from different studies because it is neceé)-af“t,)le with lrfsults reported by _I\/I_attlullaet al aﬁn4d by
sary to take into account different neutron energies, differenrifiith etal:™ (who quote an efficiency of 13810 * for

etch techniques, different scanning methods, and differencél€tecting neutrons in the energy range 6-18 MeV on both
in CR-39 properties. sides of the CR-309 Collopy et al* determined an effi-

ciency of (5.0-1.8)x 107 ° (2 h etch in 6.25 molarity NaOH
held at 70 °Q for detecting 14.8 MeV neutrons on the front
B. CR-39 efficiency for detecting DT neutrons side of the CR-39, which is somewhat higher than would be
For the case of DT neutronS, the situation is more Com.extraDOIated from our data. Once again, it should be pOinted
plicated. In addition to elastiop-scattering, inelastic pro- OUut that only a qualitative comparison can be made due to the
cesses occur and must be accounted for. No Monte-Carf@ifferent neutron energies, different etch techniques, different
calculations were performed to predict the absolute CR-3§¢anning methods, and differences in CR-39.
efficiency for detecting DT neutronnly the elasticnp
component was calculatednstead, a measurement with a
copper-activation diagnostic located 45 cm from the targe
was used for absolute calibratiéhln these experiments, Additional information about CR-39 response to DD and
five pieces of CR-39, with tantalum filters in between, thick DT neutrons can be acquired from the track diameter distri-
enough to stop reaction products from an adjacent CR-38utions shown in Fig. 7. A study of CR-39 response to dif-

p Studies of track-diameter distributions
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FIG. 7. (a) Distribution of tracks produced by DD and DT neutrons on the \“ T

front side of the CR-39 for shot 2025( (= 9.17x 10'° DD neutron$ and

ofshot 20258 ¥,,=8.34x 10" DT neutrony, respectively. The CR-39 track FIG. 8. OMEGA port diagram, showing the locations of TIM 1 through
detectors were located at 15 and 45 cm from the target for the DD and DTIM 6, and KO 1 through KO 3, which were used for the CR-39 track
cases, respectively. In the DD case, most tracks are smaller tham2f detectors.

diameter, which is an indication that mainly protons are produced. In the DT

case, on the other hand, tracks larger tharu20in diameter are observed,

indicating that nuclear reactions take place in the CRd30Track-diameter A Angular uniformity

distributions resulting when aluminurgdashed ling and tantalum(solid

line) filters are used in front of the CR-39, located at 60 and 45 cm fromthe  Figure 8 shows the arrangement of diagnostic ports on

target, respectively. The distributions were recorded during two differentha OMEGA target chamber. CR-39 track detectors were po-
shots. To compare these distributions, the aluminum case was normalized to

the tantalum case on the basis of the neutron yields, the distances to tI’?e!tloned ata n_umber _Of different Ports’ but all at th‘? sawme
target, and backscatter effects. for each shot in a series of experiments. Neutron yields were

extracted from the back sides of the CR-39 pieces, and are
plotted in Figs. 9 and 10 as a function of CR-39 location. In
the DD casdFig. 9), the detectors were positioned at 15 cm
from the target; the measurements are on average in agree-
ment with the In-activation-implied yield, which is also
shown in the figure. A small variation is observed within the
set of CR-39 measurements, but they are consistent with
counting statistics and the effects of intrinsic noise. The con-
clusion is that there is no evidence of angular variations in

ferent charged particle@escribed in Ref. J)0showed that
protons produce tracks up to about 2h in diameter(6 h
etch. This can be seen for the DD cafeig. 7(a)] where
only recoil protons are detectdthe contributions from re-
coil carbon and oxygen ions are negligiblEor the DT case,
on the other hand, tracks larger than 2@ in diameter are
observedFigs. 1a) and 7b)], indicating that heavier ions
are producett from (n,p) and (n,e)-reactions.

Otge neutron fluence.

In CR-39-based, charged-particle measurements ma . . . .
DT data were acquired in four different shots, using a

during OMEGA experimentssee Sec. Y’ aluminum fil- - g d . b shot. Ae sh ;
ters are used to slow particles down to energies where theg), erent target-detector distance for each shot. As shown in

are efficiently detected. For the DT case, aluminum also act ig. 10, the results indigate b(_)th _negligible angul_a_r var_iation
as a source of protons and heavier idpsoduced in(n,p) and close agreement with activation-measured yigtdthis

and (n,«) reaction$ which result in tracks that appear as

noise in the data. This feature of aluminum could compro- DD
mise the charged-particle studies, especially when charged- 1.0 ' T ' T '
particle yields are low. This is illustrated in Fig(bj, where Shot 19579
CR-39 track-diameter distributions recorded behind alumi- 08t Y =532x10" .
num and tantalum filters are compared; the aluminum results ’
in about 60% more tracks in the diameter range 2ux8% — o6k i
o
= p A
IV. MEASUREMENTS OF NEUTRON FLUENCES AS A - 0.4 - \ 4
FUNCTION OF POSITION IN THE OMEGA | In-activation
TARGET CHAMBER o
Determination of absolute CR-39 neutron-detection effi- | CR-39-to-target distance = 15 cm
ciencies has made possible absolute measurement of neutron , , , ) .
. . 0
fluences as a function of position in the OMEGA target KO2 KO3 TIMI TIM2 TIM3

chamber. In addition to quantifying neutron yields from im- _ _ _
pIoded targets, these measurements provide informatio'ﬁ'G' 9. Derived DD-neutron yieldsY(,) as functions of the CR-39 angular

. . .. location for one shotsee Fig. 8 for the port positionsThe CR-39 were all
about angular and radial fluence variations. In Sec. IV A it ISiocated 15 cm from the target. The neutron yields are extracted from the

shown that there are negligible angular variations; in Secwack sides of the CR-39, and the measurements are on average in agreement
IV B it is shown that the radial variation differs froR™ 2 for ~ with the In-activation-implied yieldshown as the dashed lineA small

R=60 cm (whereR is distance from target to detectpin- variation is observed within the set of CR-39 measurements, but they are
consistent with counting statistics and the effects of intrinsic noise. As a

dicating the presence of neutron backscatter within the targefsyu, the cr-39 data suggest that the neutron fluence is independent of the
chamber. angle at this distance.
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=) P3N I A L Y ~ 72\\ chamber | . > Tl
= 60F Y 1T 2 e RT Y radius | I —,
> Cuactivati 2107 F LSS 1 F Backscattered-neutron level E
u-activation N = | |
- 4 L] ® i Tl . e
+0 ¢ * ) L Intrinsic-noise level RS S Intrinsic-noise level I
Cu-activation 0wg — — - —— —— 13 |
20k 4 L Backscaitered-neutron level | |
CR-39-to-target distance = 30 cm CR-39-to-target distance = 45 cm | |
) ) . ) ) ) . . 101 1 1 1 1 1 1 1 L 1 ! 1 i
28 — — 0 25 50 75 100 125 150 1750 25 50 75 100 125 150 175
© @ CR-39-to-target distance (R) [cm]
Shot 20222 Shot 20231
st v = 7.53x102 1L v = 7.06x102 FIG. 11. Number of neutron induced tracks per’ams a function of CR-
! . ! . 39-to-target distancé¢R) for the DD case(a) and the DT casdb). The
— o o . number tracks were measured on the backsides of the CR-39, after an in-
2 10f 1t * 1 trinsic noise level of 300 tracks per énvas subtractedhorizontal dotted
> . .. o . lines). The solid lines indicate thR™~? predictions, which are based on the
* h d [N T determined detection efficiencies and the neutron yieljg Gpecified in
5.0 Cu-astivation 1r Cu-activation 1 the figures. The neutron-transport calculations, using the cud® are
CR-39-10-terget distance — 60 cm CR-39-to-target distance = 150 cm s_hov_vn as dotted line. The experimental data and the calculations indicate a
significant component of backscattered neutrons from the target chamber,

0 L s L L : ' L L L 1 1 1 L L

KO3 TIMI TIM2 TIM3 TIM4 TIMS TIM6 KO3 TIMI TIM2 TIM3 TIM4 TIMS TIM6

which has an inner radius of 156.2 cfindicated as the vertical dashed
lineg), for R=60 cm. Thecog calculation also indicates, in comparison with
FIG. 10. Derived DT neutron yieldsY(,) as functions of the CR-39 angular the R™2 prediction, that the backscattered neutron emission is quite uniform
location for four different shots, using a different target-detector distance fo@s shown by the horizontal dashed )ime the target chamber for both the
each shot. The results show both negligible angular variation and clos®D case and DT case.

agreement with Cu-activation-measured yields for distances up to about 60

cm from the targeta)—(c). (d) At 150 cm, the CR-39-measured yields are . . .
about a factor of 2 higher than the Cu-activation-measured yield, and thiflirect experimental conclusion about the level of backscat-

increased must be assigned to neutrons scattered from the target chamitered neutrons. However, the neutron transport code”*

wall. A variation of the neutron fluence of 15% about the mean is also seefyas ysed to predict the backscattered neutron component for

at 150 cm, and this might be explained by neutron scattering from internal,. . . .

structures of the OMEGA target chamber. listances up to 175 cﬁ?.The_ results, shovyn in Fig. 14 in
terms of detectable tracks in CR-39, indicate that the back-

o scattered neutron component is quite uniform in the target
case copper activatiof” At 150 cm, the CR-39-measured chamber and contributes a number of tracibout 90 per

yields are about a factor of 2 higher than the activation-.npy that is below the intrinsic-noise level by about a factor
measured yield, and we will see in Sec. IV B that this is dueyt 3. This means that the backscatter component cannot be
to neutrons scattered from the chamber wall. A variation ofstudied with CR-39 unless the neutron yield becomes high

the neutron fluence by 15% about the mean is also seen @hoygh for the backscatter-induced track density to exceed
150 cm, and this might be explained by neutron scatteringe intrinsic-noise level. As we will see, this is exactly what
from internal structures of the OMEGA target chamlelr happens for DT data.

though this seems to be inconsistent with a conclusion Figure 11b) shows the experimental data aodG pre-
reached in Sec. IV B based on backscatter simulations jictions for a DT shot. Because of the high neutron yield, the
intrinsic-noise level is significantly lower than both the mea-
sured track densities and the predicted backscatter compo-
nent. This makes measurements significant eveR=al75
Having demonstrated that angular yield variations arecm, and allows us to see that there are definite deviations
not significant, it is possible to study radial variations byfrom theR™? prediction forR=60 cm. These deviations are
placing different detectors at different ports and at values otonsistent with theog predictions, confirming the presence

R varying from 15 to 150 cnithe inner radius of the target of a backscattered neutron component and suggesting that it
chamber is 156.2 cmmThe number of neutron-induced tracks is spatially uniform.

per cnt on the backsides of the detectors are plotted as a

function of R for a DD shot and a DT shot in Fig. 11. Also
shown in the figure are predictions of the radial variations in’- CHARACTERIZATION OF NEUTRON-INDUCED

. OISE IN CHARGED-PARTICLE MEASUREMENTS AT
fluence that would_be _expected in the absence_of backscatt%,,v“zGA USING CR-39 TRACK DETECTORS
based on the activation-measured neutron yields for eac

shot and the CR-39 neutron-detection efficiencies found in CR-39 is used in a wide variety of charged-particle spec-
Sec. III. trometry measurements during experiments at OMEGA.

For the DD casdFig. 11(a)] the experimental data do The characterization of CR-39 response to DD and DT neu-
not significantly deviate from th&® 2 predictions for dis- trons, discussed in Secs. lI-IV, provides a better understand-
tances up to the maximum &=60 cm at which data were ing of the neutron-induced noise in the charged-particle mea-
acquired. The intrinsic-noise le?él(indicated in the figure  surements. It also suggests that the neutron-induced noise
makes measurements at largeuncertain and prevents any can be reduced for DT implosions by careful choice of

B. Radial variations
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as the yield exceeds 1V indicating that useful yield esti-
mates can be made in that regime. Intrinsic noise dominates
at lower yields.

(2) DD (b) DT

T T T

10'F  CR-39-to-target distance = 15 cm 4 F CR-39-to-target distance = 45 cm /;f’r

B. Studies of DT implosions

For DT implosions, the neutron energy is above the re-
................. 4 action thresholds for most materials. This indicates that care
must be exercised when selecting a filter material, and from
the results of Sec. Il C, it can be predicted that tantalum
would result in fewer neutron-induced events than the alumi-
Y, [x10"] ¥, b0"] num that is used in most current applications. Figuré)2

) o ) illustrates actual data acquired with these two filter materials
FIG. 12. (@) Number of DD-neutron-induced tracksvithin the diameter during OMEGA implosions. The number of trackwithin
range 6—12um) per scan image (1810 3cn¥) as a function of implo- . 9 P o . .
sion yield (where the yield was measured with either indium activation or adiameters range 6—12m) in no-signal areas is plotted as a
neutron time-of-flight diagnostic The data were extracted from the front function of DT neutron yield, as determined through copper
sides |°f thedCR'39 UfSing Sﬁa” Pafame(el'?65/15- Trf“e 0%3'9 detec‘;tOfS activation. The detectors were located 45—-60 cm from the
were located 15 cm from the target in all cases. The solid line indicates . . -
linear fit to the data above a neutron yield of*ddndicating that useful ?argets, but all are normalized to 45 cm by _correctmg:toF
yield estimates can be made in that regime. Intrinsic noise, nominally indi-2Nd for backscatter effects as measured in Sec. IV B. It can
cated by the horizontal dotted line, dominates at lower yigldsNumber of ~ be seen that the aluminum filtétata shown as open circ)es
PT'”el{tVOfl“i”dgced tff""Ck@’_Vithi”ft8$ diameter Tﬁllzgée G—l?m)dpfer scan  gcts as an external charged-particle source and increases the
image is plotted as a function o neutron yield determined from copper . .
activation. The data were acquired using aluminum or tantalum filters innumber of _neUtron'lnduced tracks _by _abOUt 60% in the
front of the CR-39. The CR-39 pieces were located 45-60 cm from theCR-39 (relative to tantalum data, which is shown as black-
targets, but all data are normalized to 45 cm by correctingRfot and for ~ filled circles. Tantalum clearly has advantages over alumi-
backscatter effects. It can be seen that the aluminum filter acts as an externg{;m for noise minimization.

charged-particle source and increases the number of neutron-induced tracks . .
by about 60% in the CR-3%elative to tantalulh The DT data show a The data show a strong linear correlation between track

strong linear correlation between track density and neutron yield, and exd€nsity and neutron yield, indicating that yield estimates can
trapolation to lower neutron yield indicates that at 15 cm from the target thebe made from track densities. Extrapolation to lower neutron

method_ should work_ down to at I_ea_stliOA{here intri_nsic noise would §art yield indicates that at 45 cm from the target the method
whi??;?;éﬁ';/Zer{aep'sinatr;]gpgg?!g“;::t‘syt'g'%;osrig;:ﬁi;itr()d ofabott 10 spould work down to at least 1) where intrinsic noise
would start to dominate; at 15 cm from the target the yield
limit would be 13° There is an upper limit on yield for this
method of about 1, where track overlap in the CR-39
filter materials(the filter material is not important for DD starts to be significant. With further improvements in pro-
implosions because the DD neutron energy is below the recessing and scanning of CR-39, and correction for track
action thresholds for most materialén addition, the ability  overlap?® the upper limit can be extended to yields around
to calculate a neutron yield from the same piece of CR-3910'® and perhaps as high as'1Gthe upper limit at the Na-
used for charged-particle measurements can be useful féional Ignition Facility would be about ten times higher
verifying the consistency of the recorded target-detector dis-
tance and the neutron yields reported by other diagnosticACKNOWLEDGMENTS
The neutron yield can be studied on most pieces of CR-39
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Tracks / scan image

For DD studies at OMEGA, no-signal regions in the )
charged-particle data were used and the results are plotted iﬂTvi FB Bc?:k?Ig:tt ;‘l'-' F?g\j- ggimlr::t?l}ri:é;ig%?igéz
Fig. 12a). This f|gure ;hows _the qumber of tracl§s Per unit sg pelageet al, Rev. Sci. Instrums6, 1205 (1995.
area as a function of implosion yieldvhere the yield was “R. A. Lercheet al, Rev. Sci. Instrum66, 933 (1995.
measured with either indium activation or a neutron time-of- ZRHJ- LgeDgget al, RkeV-dSCi- 'nStfumG&d 868 (19;93- .
H H H _ The R- trac etectors use in these experlments were
?Ight t(:]lagtnOStI;)._ Th?l CR-39 ql_iteCéOI:[S Wﬁl’e Ioca:ed 15|_cm manufactured by Track Analysis Systems Limited, Bristol, U.K.
rom the target in all cases. The data show a strong linearc k(i et al, Phys. Plasmag, 2578(2000.

correlation between track density and neutron yield as long*D. G. Hickset al, Phys. Plasmag, 5106(2000.
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9F. H. Seuin et al, Phys. Plasma8, 2725(2002. is used for measurement of the DD neutron yield. The effect of the back-
¢, K. !_i et al, Phys. Plasma8, 4902(2001). scattered neutrons is negligible at the short target-to-detector distance.
"'F.H. Sguin et al, Rev. Sci. Instrum(submitted. 2The (n,2n) reaction in copper, which has a reaction threshold of 10.9

12 Mattiullah et al, Nucl. Instrum. Methods Phys. Res.H, 76 (1990.
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(1980.

MeV, is used for measurement of the DT neutron yield. As for the indium
activation diagnostic, the effect of the backscattered neutrons is negligible
140 T Coll  al. Rev. Sci. InstrumGa. 4892 (199 at the short target-to-detector distance.
sy - Colopy el al, Rev. Sel. Instrumbs, (1992. A nominal value of 300 intrinsic-noise tracks percis normally used in
Neutron-Cross Sections, Vol. 2, National Nuclear Data Center, . . ) .
Brookhaven National Laboratory. the anglyss. However, this number, whlch_ varies from CR-39 to CR-39
6The intrinsic noise is mainly due to structural defects in the CR-39, 0r24plece, is strongly dependent on the analysis procedure used.
debris on the surface of the CR-39 that look similar to real particle track. SR' M. Buck and J. M. Hall, Proc. SPIB771, 127(1999. )
173, C. Allred et al, National Nuclear Data Center, Brookhaven National = 1he OMEGA target chamber was modeled as a 9-cm-thick, spherical alu-

Laboratory. minum shell. A more complicated model of the OMEGA target chamber,
18], D. Seagravet al, National Nuclear Data Center, Brookhaven National ~using exact shape and dimensions, and including internal structures in the
Laboratory. target chamber, did not yield an appreciably different result. This rein-

particles with recoil angles, relative to the surface normal, larger than the forces the view that the backscattered neutrons are coming primarily from
critical angle[ ¢.(E,)] are not detected. The critical angle depends on the the target chamber wall.
particle type, properties of the track-detector, and the etch conditions. 2°The track overlap limitation can be extended to considerably higher track
20p_ M. Staffordet al, Nucl. Tracks Radiat. Mead4, 373(1988. densities using statistical analysis techniques that correct for the track
2The (n,n’)-reaction in indium, which has a reaction threshold of 0.5 MeV, overlap.
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