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Absolute measurements of neutron yields from DD and DT implosions
at the OMEGA laser facility using CR-39 track detectors
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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 facility@T. R.
Boehly et al., Opt. Commun.133, 495 ~1997!#, and the scaling of neutron fluence withR ~the
target-to-detector distance! has 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 efficiencies of~1.1
60.2)31024 and (6.060.7)31025 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 decrease asR22 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-particle spectrometers on OMEGA can be used to determine DD and DT yields ranging
from about 1010 up to 1014. With further improvements in the processing and analysis of CR-39, this
upper limit can be increased by at least two orders of magnitude. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1487889#
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I. INTRODUCTION

Implosions of targets filled with deuterium (D2) or a
mixture of deuterium and tritium~DT! gas are routinely per
formed at the OMEGA laser facility,1 with neutron yields
ranging from 106 up to 1014. Neutrons are produced in th
targets through the primary fusion reactions

D1D→3He~0.8 MeV!1n~2.45 MeV! ~1!

and

D1T→a~3.6 MeV!1n~14.1 MeV!, ~2!

and measurements of the yields provide information ab
the quality of the implosions. Various diagnostics exist
detecting these neutrons and inferring different implosion
rameters, and details about these techniques can be fou
Refs. 2–5. In this article, we describe a new method of m
suring neutron yields with CR-39 track detectors.6 This ap-
proach makes possible the use of many small detector
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multaneously, for measuring neutron fluence as a function
position in a target chamber~useful for studying yields and
backscatter from the target chamber, and for benchmark
neutron transport codes!. The characterization of CR-39 re
sponse to neutrons is interesting in its own right, and it a
provides information that helps clarify the performance
CR-39 in other applications~such as charged-particl
spectrometry!7–11 when neutrons are present. The neutro
response calibrations described here expand greatly on
lier work12–14 and extend the applicability to situations re
evant to inertial-confinement-fusion contexts.

The principles of the CR-39 response to charged p
ticles and neutrons, and processing and analysis of CR
are discussed in Sec. II along with a description of Mon
Carlo simulations. In Sec. III, measurements of DD and
neutrons at OMEGA are used to characterize the CR-39
sponse, and the DD results are shown to agree with Mo
Carlo predictions. These results are then used to mea
neutron fluences as a function of angle and distance to
target, as described in Sec. IV. We finally discuss, in Sec
the relevance of this study to charged-particle measurem
performed at OMEGA using CR-39. In this section, we a
describe how the charged-particle measurements can be
proved.

e,

,

7 © 2002 American Institute of Physics
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II. DETECTION OF NEUTRONS WITH CR-39

The detection of a neutron with CR-39 occurs in tw
steps. The first is the generation of a moving charged
ticle, either through scattering or through a nuclear react
as described below in Sec. II B. The second is detection
the track of the charged particle. We therefore begin wit
discussion of the detection of charged particles.

A. Charged-particle interactions with CR-39

CR-39 is a clear plastic whose chemical composition
C12H18O7. When a charged particle passes through, it lea
a trail of damage along its track in the form of broken m
lecular chains and free radicals. The amount of local dam
along the track is related to the local rate at which energ
lost by the particle~dE/dx, where x is distance along the
track!. Particle tracks are made visible by etching the CR
in sodium hydroxide~NaOH!. The surface of the plastic i
etched at a rate called the bulk etch rate (VB), while dam-
aged material along particle tracks etches at a higher r
The etch results in a conical pit wherever a particle pas
through the plastic surface. With increased etch time,
diameter and depth of the pit increases as long as the d
remains smaller than the particle range in CR-39. These
or ‘‘tracks,’’ can be identified and quantified by the study
microscope images as described in Sec. II C.

In comparison with other track materials, CR-39 is mo
sensitive to low-energy~;MeV! protons. CR-39 is also rela
tively insensitive to electrons, x-rays and gamma rays, wh
is not the case for some other materials such as nuclear e
sions. These features of CR-39 make it the preferred dete
choice for neutron measurements in high-flux fusion en
ronments.

B. Neutron interactions with CR-39

Possible interactions of DD neutrons~2.45 MeV! and
DT neutrons~14.1 MeV! with CR-39 are illustrated in Fig. 1
Either type of neutron can scatter elastically, producing
coil protons or carbon or oxygen nuclei in the forward dire
tion in the laboratory system.15 DT neutrons can also un
dergo inelastic ~n,p! or ~n,a! reactions with carbon o
oxygen, and the resulting charged particles can prod
tracks on the front and/or the back side of the CR-39. T
neutron detection efficiency of CR-39 is the probability th
an incident neutron results in a charged particle leavin
visible track on the surface of the CR-39 after etching.

For the elastic-scattering process, detection efficie
for neutrons incident on the front side of the CR-39 depe
on the ranger of recoil ions in the CR-39, and the etch dep
l e @which is equal to the bulk-etch rateVB('2.0 mm/h)
times the etch timet#. For neutrons traveling approximate
normal to the CR-39 surface, the front-side detection e
ciency should be proportional tol e if l e,r , and independen
of l e if l e.r . This is a consequence of the forward scatter
and the fact that the number of potential scattering targ
seen by neutrons is proportional tol e . Tracks will also ap-
pear on the back side of the CR-39, where the detec
efficiency is nearly independent ofl e and the initial CR-39
thicknessl CR-39 as long asl e< l CR-392r . Nearly all detected
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tracks will be due to protons, because scattered carbon
oxygen ions have short ranges in CR-39. These proce
will be clarified further in Sec. II D. In Sec. III we will dis-
cuss the results of experimental measurements and Mo
Carlo simulations of detection efficiencies.

C. Processing and analysis of CR-39

The diameters of tracks after etching depend mainly
the etch time~t! and the etch rate (VB), where the latter is
sensitive to the normality and the temperature of the NaO
In order to get repeatable results, these factors must be
trolled. In the work described here, the CR-39 samples w
etched in 6.0 molarity NaOH held at 80 °C~all results will
correspond to these conditions unless noted otherwise!. An
additional control on consistency is incorporated by expos
a small area on the backside of each piece of CR-39 to
MeV alphas~from a 0.1-mCi 241Am source!. With similar
etch conditions these alphas should always give rise to tra
of the same size, but if this is not the case~due to variations
in either etch conditions or CR-39 characteristics! correc-
tions can be made to the other measured diameters by ap
priate scaling.

After the etch process, CR-39 is inspected using an
tical microscope with transmission lighting and infrare
blocking filters. A computer-based scan system is neces
to characterize the thousands of tracks that are typically
cident on large scan areas. A CCD camera captures imag
the CR-39 for track analysis, and each track event is cha
terized by several parameters in order to differentiate

FIG. 1. Schematic drawing~not to scale! of the CR-39 track detector and
the interaction processes taking place in the CR-39 material. The DD
DT neutrons can interact with the CR-39 material via elastic scatter
producing recoil protons or carbon or oxygen nuclei in the forward direct
in the laboratory system~case 1!. The DT neutrons can also inelasticall
react @via ~n,p! and ~n,a! reactions in carbon or oxygen# in the CR-39
material producing charged particles that can produce tracks on the
and/or the back side of the CR-39. Case 2 shows the~n,p! reaction, while
case 3 shows both~n,a! reaction ~solid arrows! and the carbon breakup
reaction~dashed arrows! producing threea particles. Also indicated in the
figure are initial CR-39 thicknessl CR-39, and CR-39 front and backside
surfaces before and after etching, which results in an etch depthl e .
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2599Rev. Sci. Instrum., Vol. 73, No. 7, July 2002 Neutron yields of using track detectors
signal from the intrinsic noise.16 A manual focusing tech-
nique is applied in order to maintain the optimal focus
within a few microns, allowing for accurate characterizati
of the tracks.

The uncertainty in the determination of track diamete
mainly due to the finite pixel size and to focusing variation
and is a fraction of a micron. The tracks appear as d
circles on a light background. The perimeter of each tra
which defines the area of the track, is identified as the lo
tion at which the image intensity drops below a specifi
‘‘boundary threshold,’’ which is typically set to 85% of th
median background intensity. The diameter is calcula
from the area of the track. In addition, parameters such
optical contrast and track eccentricity are recorded. The
tical contrast is calculated as the deviation~in percent! from
background brightness. The contrast is important partly
cause it helps differentiate real tracks~which tend to be dark!
from intrinsic-noise tracks in the CR-39~which are often
lighter in appearance!. A contrast threshold of 65% will nor
mally result in the acceptance of all neutron-induced tra
and at the same time the rejection of most intrinsic-no
tracks. The eccentricity of the track is determined from
shape of the track boundary relative to perfect circularity.
the case of CR-39 response to neutrons, a large fractio
the tracks are noncircular due to the angles of recoil parti
and the reaction products. An eccentricity threshold of 3
is therefore used in this study for accepting all neutro
induced tracks, while 15% is more typical when analyzi
tracks produced by charged particles with normal inciden
All results presented in this article are determined us
analysis thresholds of~border/contrast/eccentricity!5~85/65/
35!, except as noted in Fig. 12.

D. Simulating CR-39 response to neutrons

A Monte-Carlo code was developed to calculate the
solute CR-39 response to DD neutrons, and to calculate
np-elastic scattering component for DT neutrons. The in
parameters are the CR-39 area, the CR-39-to-target dist
~R!, and the neutron energy; the thicknessl CR-39 of the
CR-39 is assumed fixed at 1050mm. Using these input pa
rameters, the efficiency is calculated for detecting a neu
by finding a track of a recoil proton on the front side or t
backside of the CR-39.

For the calculation of front-side response, thenp-
scattering points are uniformly distributed in the etch
CR-39 volume~region A in Fig. 2!. For the backside calcu
lation, scattering points are distributed in the whole CR-
volume excluding the etched volume on the backside~re-
gions A and B of Fig. 2!. Attenuation of the neutron flux an
multiple scattering effects in the CR-39 volume are igno
~attenuation of the neutron flux is at worst 1023, for
l CR-3951050mm, and the probability of multiple scattering
smaller!. The target is assumed to be a point source of n
trons, and thenp-scattering points in the CR-39 relative
the target determine the directions of incoming neutrons.
directions of the recoil protons are randomly generated, w
the angular dependence of thenp-differential elastic scatter
ing cross section~in the laboratory system! as a weighting
Downloaded 01 Jul 2002 to 198.125.178.39. Redistribution subject to A
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function ~Fig. 3!, and the scattering angle (unp) of the recoil
proton relative to the incoming neutron determines the ini
energy of the proton. The distance traveled by a proton
tween thenp-scattering point and the~postetch! CR-39 sur-
face is calculated, and the energy loss function (dE/dx) for
the protons in plastic determines the proton energy at
surface. The recoil proton is assumed detected if the en
is within the CR-39 sensitivity range 0.2–6 MeV, and if th
recoil angle~c!, relative to the surface normal, is less th
the critical anglefc(Ep).19,20 Figure 4 shows the critica
angle and the proton-recoil scattering angles~for both the
DD and the DT case! as a function of initial proton energy. I
can be seen in the figure that practically all recoil protons
detected for the DD case, while most are rejected based
scattering angle for the DT case. The total number of rec
particles ~per incoming neutron! satisfying these require
ments determines the CR-39 track detection efficiency. T
procedure applies for both front and back side calculatio

The hydrogen number density in CR-39 (
31022 cm23), the total np elastic-scattering cross sectio
~0.7 b for 14 MeV neutrons and 2.5 b for 2.45 MeV ne
trons!, and the thickness of the source volume produc
recoil protons determine the absolute detection efficie

FIG. 2. Schematic drawing~not to scale! showing thenp-elastic scattering
process and the parameters used in the calculations of the neutron det
efficiencies on the front side~left! and the back side~right! of a CR-39 track
detector. The input parameters are the CR-39 area, the detector-to-
distance~R!, and neutron energy; the thicknessl CR-39 of the CR-39 is as-
sumed fixed at 1050mm. Using these input parameters, the efficiency
calculated for detecting a neutron by finding a track of a recoil proton on
front side or the backside of the CR-39 after etching. Elasticnp-scattering
points are uniformly distributed in the etched CR-39 volume for the fro
side calculation~region A, characterized by the etch depthl e5VBt;12 mm
for a 6 hetch!, and in the whole CR-39 volume excluding the etched volu
for the backside calculation~regions A and B, characterized by the leng
l CR-392 l e). The recoil proton is assumed detected if the energy is within
CR-39 sensitivity range 0.2–6 MeV, and if the recoil angle~c!, relative to
the surface normal, is less than the critical angle (fc(Ep). c is equal tounp

for incident neutrons traveling perpendicular to the CR-39 surface.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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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
line is the best horizontal fit to the data.~b! Differential np-elastic cross section as a function of laboratory angle for the DT neutrons. It can be seen t
cross section peaks at forward-scattering angles in the laboratory system. The differential cross section in the laboratory system, shown in~b!, was used in the
calculations presented here, and is related to the center-of-mass cross section by@ds(unp)/dV) lab54cosunp@ds(f)/dV)]CM . Here, the scattering angle in th
center-of-mass system,f, is related to the scattering angle in the laboratory system,unp , by f5p – 2unp . The scattering process, in the two differe
observation systems, is schematically shown below the corresponding data. The DD-differential cross section looks nearly the same except that thotal cross
section is about 3.5 times larger.
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~the uncertainties in these parameters are of the order
percent!. Simulations were performed for a variety of sc
narios assuming a bulk-etch rate (VB) of ~2.061.0! mm/h,11

and the results are presented in Sec. III. The uncertaint
VB is the dominant error in the simulations.

III. MEASURED AND SIMULATED CR-39 RESPONSE
TO NEUTRONS

A. CR-39 efficiency for detecting DD neutrons

Following the discussion in Sec. II B, CR-39 efficien
for detecting DD neutrons on the front side should vary

FIG. 4. Critical angle@fc(Ep)# and proton-recoil scattering angles (unp)
for the DD and the DT case as functions of proton energyEp

5Encos2 unp
2 ). It is assumed that the neutrons have perpendicular ang

incidence, i.e., (c5unp , see Fig. 2!. As a result, practically all recoil pro
tons for the DD case are detected, while most recoil protons for the DT
are rejected on the basis of scattering angle.
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early with etch time; on the backside it should be indepen
dent of etch time. These features were experimentally ver
fied in experiments at OMEGA. Four stacked CR-39 track
detectors, with aluminum filters~thickness.100 mm! in be-
tween, were used at a location 15 cm from a D2-filled target
@see Fig. 5~a!#. Each CR-39 piece was then etched for 3, 4, 5
and 6 h; Fig. 6~a! shows the results and a comparison with
data simulated as described in Sec. III D. The experiment
data points are normalized to the neutron yield 1.3431011

~shot 19556! measured by the indium-activation diagnostic
located 25 cm from the target.21 It can be seen that the ex-
perimental results agree well with the simulations over th
3–6 h range. An efficiency of (1.160.2)31024 was deter-

of

ase

FIG. 5. Schematic drawing~not to scale! of the experimental setup of the
CR-39 track detectors in OMEGA target chamber for the DD-neutron mea
surements@results presented in Fig. 6~a!# ~a!, and for the DT-neutron mea-
surements@results presented in Fig. 6~b!# ~b!. In the DD case, four CR-39
track detectors were separated by aluminum filters, each at least 100mm
thick. The CR-39-aluminum assembly was located 15 cm from the target. I
the DT case, five CR-39 track detectors were located 45 cm from the targ
where each piece of CR-39 was separated by a filter made of tantalum~thick
enough to stop reaction products from an adjacent CR-39 track detecto!.
The experimental setup, in both cases, allowed for several front and bac
sides of the CR-39.
AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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2601Rev. Sci. Instrum., Vol. 73, No. 7, July 2002 Neutron yields of using track detectors
mined for detecting DD neutrons on the front side~with a 6
h etch!, while (3.360.3)31024 was found for the backside
The quoted error bar~here and for all DD data in the article!
is due to a combination of counting statistics and intrin
noise.

The results reported in this study are in qualitative agr
ment with measurements performed by Mattiullahet al.12

and by Griffithet al. ~who quote an efficiency of about 3.
31024 for detecting neutrons in the energy range 1.5–
MeV, including the response on both sides of the CR-39!13 as
indicated in Fig. 6~a!. Our results appear to be a factor
four lower than the efficiency reported by Collopyet al.,14

who found a CR-39 efficiency of (1.360.4)31024 for 2.9
MeV neutrons on the front side~for a 2 hetch of the CR-39
in NaOH held at 70 °C and 6.25 molarity!. A possible expla-
nation of the high detection-efficiency value reported by C
lopy et al. is that a significant number of backscattered n
trons may have been detected. In addition, objects near
CR-39 ~polyamide or other CR-30! may have generated ex
tra charged particles that were detected within the CR
under test. In any event, care should be exercised when c
paring the results from different studies because it is ne
sary to take into account different neutron energies, differ
etch techniques, different scanning methods, and differen
in CR-39 properties.

B. CR-39 efficiency for detecting DT neutrons

For the case of DT neutrons, the situation is more co
plicated. In addition to elasticnp-scattering, inelastic pro
cesses occur and must be accounted for. No Monte-C
calculations were performed to predict the absolute CR
efficiency for detecting DT neutrons~only the elasticnp
component was calculated!. Instead, a measurement with
copper-activation diagnostic located 45 cm from the tar
was used for absolute calibration.22 In these experiments
five pieces of CR-39, with tantalum filters in between, thi
enough to stop reaction products from an adjacent CR

FIG. 6. Measured and calculated efficiencies for detecting DD~a! and DT
neutrons~b!, on the front and back sides of the CR-39 as a function of e
time. It can be seen that the DD simulations agree with the experime
results. The DT calculation includes only the elasticnp-scattering compo-
nent, which on the front side is dominated by the inelastic contributi
~case 2 and 3 in Fig. 1!. The experimental data are normalized to the neut
yields measured by indium and copper activation for the DD shot 19
(Yn51.3431011), and the DT shot 20228 (Yn56.731012), respectively.
The CR-39 pieces were etched from 3 to 7 h. A nominal value of 3
intrinsic-noise tracks per cm2 is used to calculate the corresponding dete
tion efficiency limit at 15 and 45 cm for the DD and DT cases, respectiv
Downloaded 01 Jul 2002 to 198.125.178.39. Redistribution subject to A
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track detector, were located at 45 cm from a target that p
duced 6.731012 DT neutrons~shot 20218!. Tantalum was
selected as filter material for the DT case, instead of alu
num, because it has negligible~n,p! and~n,a! reaction cross
sections at the DT neutron energy. This feature of tanta
minimizes the effect of external charged-particle sources
would artificially enhance the apparent CR-39 detection
ficiency for DT neutrons~further information about filter se
lections for different applications is found in Sec. V!. The
experimental arrangement is schematically shown in F
5~b!. Each CR-39 piece was etched for 3, 4, 5, 6, and 7
and the results are presented in Fig. 6~b! as a function of etch
time. It can be seen that in contrast to the DD case,
backside detection efficiency increases with etch time~up to
about 6 h!. This is a strong indication of~n,p! and ~n,a!
reactions in carbon and oxygen, in region C of Fig. 2, p
ducing protons and heavier ions that are emitted in the ba
ward directions. Some of the tracks detected on the back
are also caused by forward-scattered protons~produced in
regions A and B of Fig. 2! generating a detection-efficienc
component which is quite insensitive to the etch time@see
the efficiency curve, in Fig. 6~a!, for detecting DD neutrons
on the backside#. The saturation of the backside detectio
efficiency at about 6 h also suggests that heavier ions, s
as alphas and beryllium ions, are produced in the backw
direction with average energies of about 3 and 6 MeV,
spectively@further etching makesl e.r for these particles in
CR-39#. Other heavier ions are produced as well, but th
contributions to the detection efficiency are negligible
comparison.

Efficiencies of (6.060.7)31025 and (1.060.2)31024

were measured for detecting DT neutrons on the front
back sides of the CR-39, respectively~6 h etch!. Tracks de-
tected on the front side are caused mainly by alphas
heavier ions coming from~n,p! and~n,a! reactions in carbon
and oxygen in region B, since most of the protons scatte
in region A are excluded on the basis of critical angle~see
Fig. 3!. The quoted error bars for the DT case include tra
counting statistics in addition to a 10% systematic error
troduced by the uncertainty in the copper activation meas
ment of the DT yield.

As shown in Fig. 6~b!, these results are basically com
patible with results reported by Mattiullahet al.12 and by
Griffith et al.13 ~who quote an efficiency of 1.331024 for
detecting neutrons in the energy range 6–18 MeV on b
sides of the CR-39!. Collopy et al.14 determined an effi-
ciency of (5.061.8)31025 ~2 h etch in 6.25 molarity NaOH
held at 70 °C! for detecting 14.8 MeV neutrons on the fron
side of the CR-39, which is somewhat higher than would
extrapolated from our data. Once again, it should be poin
out that only a qualitative comparison can be made due to
different neutron energies, different etch techniques, differ
scanning methods, and differences in CR-39.

C. Studies of track-diameter distributions

Additional information about CR-39 response to DD a
DT neutrons can be acquired from the track diameter dis
butions shown in Fig. 7. A study of CR-39 response to d
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2602 Rev. Sci. Instrum., Vol. 73, No. 7, July 2002 Frenje et al.
ferent charged particles~described in Ref. 10! showed that
protons produce tracks up to about 20mm in diameter~6 h
etch!. This can be seen for the DD case@Fig. 7~a!# where
only recoil protons are detected~the contributions from re-
coil carbon and oxygen ions are negligible!. For the DT case,
on the other hand, tracks larger than 20mm in diameter are
observed@Figs. 7~a! and 7~b!#, indicating that heavier ions
are produced11 from ~n,p! and ~n,a!-reactions.

In CR-39-based, charged-particle measurements m
during OMEGA experiments~see Sec. V!,7–11 aluminum fil-
ters are used to slow particles down to energies where
are efficiently detected. For the DT case, aluminum also
as a source of protons and heavier ions@produced in~n,p!
and ~n,a! reactions# which result in tracks that appear a
noise in the data. This feature of aluminum could comp
mise the charged-particle studies, especially when char
particle yields are low. This is illustrated in Fig. 7~b!, where
CR-39 track-diameter distributions recorded behind alu
num and tantalum filters are compared; the aluminum res
in about 60% more tracks in the diameter range 2–25mm.

IV. MEASUREMENTS OF NEUTRON FLUENCES AS A
FUNCTION OF POSITION IN THE OMEGA
TARGET CHAMBER

Determination of absolute CR-39 neutron-detection e
ciencies has made possible absolute measurement of ne
fluences as a function of position in the OMEGA targ
chamber. In addition to quantifying neutron yields from im
ploded targets, these measurements provide informa
about angular and radial fluence variations. In Sec. IV A i
shown that there are negligible angular variations; in S
IV B it is shown that the radial variation differs fromR22 for
R>60 cm ~whereR is distance from target to detector!, in-
dicating the presence of neutron backscatter within the ta
chamber.

FIG. 7. ~a! Distribution of tracks produced by DD and DT neutrons on t
front side of the CR-39 for shot 20250 (Yn59.1731010 DD neutrons! and
ofshot 20258 (Yn58.3431012 DT neutrons!, respectively. The CR-39 track
detectors were located at 15 and 45 cm from the target for the DD and
cases, respectively. In the DD case, most tracks are smaller than 20mm in
diameter, which is an indication that mainly protons are produced. In the
case, on the other hand, tracks larger than 20mm in diameter are observed
indicating that nuclear reactions take place in the CR-39.~b! Track-diameter
distributions resulting when aluminum~dashed line! and tantalum~solid
line! filters are used in front of the CR-39, located at 60 and 45 cm from
target, respectively. The distributions were recorded during two diffe
shots. To compare these distributions, the aluminum case was normaliz
the tantalum case on the basis of the neutron yields, the distances t
target, and backscatter effects.
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A. Angular uniformity

Figure 8 shows the arrangement of diagnostic ports
the OMEGA target chamber. CR-39 track detectors were
sitioned at a number of different ports, but all at the sameR,
for each shot in a series of experiments. Neutron yields w
extracted from the back sides of the CR-39 pieces, and
plotted in Figs. 9 and 10 as a function of CR-39 location.
the DD case~Fig. 9!, the detectors were positioned at 15 c
from the target; the measurements are on average in ag
ment with the In-activation-implied yield, which is als
shown in the figure. A small variation is observed within t
set of CR-39 measurements, but they are consistent
counting statistics and the effects of intrinsic noise. The c
clusion is that there is no evidence of angular variations
the neutron fluence.

DT data were acquired in four different shots, using
different target-detector distance for each shot. As shown
Fig. 10, the results indicate both negligible angular variat
and close agreement with activation-measured yields~in this

T

T

e
t
to

the

FIG. 8. OMEGA port diagram, showing the locations of TIM 1 throug
TIM 6, and KO 1 through KO 3, which were used for the CR-39 tra
detectors.

FIG. 9. Derived DD-neutron yields (Yn) as functions of the CR-39 angula
location for one shot~see Fig. 8 for the port positions!. The CR-39 were all
located 15 cm from the target. The neutron yields are extracted from
back sides of the CR-39, and the measurements are on average in agre
with the In-activation-implied yield~shown as the dashed line!. A small
variation is observed within the set of CR-39 measurements, but they
consistent with counting statistics and the effects of intrinsic noise. A
result, the CR-39 data suggest that the neutron fluence is independent
angle at this distance.
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case copper activation!.22 At 150 cm, the CR-39-measure
yields are about a factor of 2 higher than the activatio
measured yield, and we will see in Sec. IV B that this is d
to neutrons scattered from the chamber wall. A variation
the neutron fluence by 15% about the mean is also see
150 cm, and this might be explained by neutron scatter
from internal structures of the OMEGA target chamber~al-
though this seems to be inconsistent with a conclus
reached in Sec. IV B based on backscatter simulations!.

B. Radial variations

Having demonstrated that angular yield variations
not significant, it is possible to study radial variations
placing different detectors at different ports and at values
R varying from 15 to 150 cm~the inner radius of the targe
chamber is 156.2 cm!. The number of neutron-induced track
per cm2 on the backsides of the detectors are plotted a
function of R for a DD shot and a DT shot in Fig. 11. Als
shown in the figure are predictions of the radial variations
fluence that would be expected in the absence of backsca
based on the activation-measured neutron yields for e
shot and the CR-39 neutron-detection efficiencies found
Sec. III.

For the DD case@Fig. 11~a!# the experimental data d
not significantly deviate from theR22 predictions for dis-
tances up to the maximum ofR560 cm at which data were
acquired. The intrinsic-noise level23 ~indicated in the figure!
makes measurements at largerR uncertain and prevents an

FIG. 10. Derived DT neutron yields (Yn) as functions of the CR-39 angula
location for four different shots, using a different target-detector distance
each shot. The results show both negligible angular variation and c
agreement with Cu-activation-measured yields for distances up to abo
cm from the target~a!–~c!. ~d! At 150 cm, the CR-39-measured yields a
about a factor of 2 higher than the Cu-activation-measured yield, and
increased must be assigned to neutrons scattered from the target ch
wall. A variation of the neutron fluence of 15% about the mean is also s
at 150 cm, and this might be explained by neutron scattering from inte
structures of the OMEGA target chamber.
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direct experimental conclusion about the level of backsc
tered neutrons. However, the neutron transport codeCOG24

was used to predict the backscattered neutron componen
distances up to 175 cm.25 The results, shown in Fig. 11~a! in
terms of detectable tracks in CR-39, indicate that the ba
scattered neutron component is quite uniform in the tar
chamber and contributes a number of tracks~about 90 per
cm2) that is below the intrinsic-noise level by about a fact
of 3. This means that the backscatter component canno
studied with CR-39 unless the neutron yield becomes h
enough for the backscatter-induced track density to exc
the intrinsic-noise level. As we will see, this is exactly wh
happens for DT data.

Figure 11~b! shows the experimental data andCOG pre-
dictions for a DT shot. Because of the high neutron yield,
intrinsic-noise level is significantly lower than both the me
sured track densities and the predicted backscatter com
nent. This makes measurements significant even atR5175
cm, and allows us to see that there are definite deviati
from theR22 prediction forR>60 cm. These deviations ar
consistent with theCOG predictions, confirming the presenc
of a backscattered neutron component and suggesting th
is spatially uniform.

V. CHARACTERIZATION OF NEUTRON-INDUCED
NOISE IN CHARGED-PARTICLE MEASUREMENTS AT
OMEGA USING CR-39 TRACK DETECTORS

CR-39 is used in a wide variety of charged-particle sp
trometry measurements during experiments at OMEGA.7–11

The characterization of CR-39 response to DD and DT n
trons, discussed in Secs. II–IV, provides a better understa
ing of the neutron-induced noise in the charged-particle m
surements. It also suggests that the neutron-induced n
can be reduced for DT implosions by careful choice

r
se
60

is
ber
n

al

FIG. 11. Number of neutron induced tracks per cm2 as a function of CR-
39-to-target distance~R! for the DD case~a! and the DT case~b!. The
number tracks were measured on the backsides of the CR-39, after a
trinsic noise level of 300 tracks per cm2 was subtracted~horizontal dotted
lines!. The solid lines indicate theR22 predictions, which are based on th
determined detection efficiencies and the neutron yields (Yn) specified in
the figures. The neutron-transport calculations, using the codeCOG, are
shown as dotted line. The experimental data and the calculations indic
significant component of backscattered neutrons from the target cham
which has an inner radius of 156.2 cm~indicated as the vertical dashe
lines!, for R>60 cm. TheCOG calculation also indicates, in comparison wit
theR22 prediction, that the backscattered neutron emission is quite unif
~as shown by the horizontal dashed line! in the target chamber for both the
DD case and DT case.
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filter materials~the filter material is not important for DD
implosions because the DD neutron energy is below the
action thresholds for most materials!. In addition, the ability
to calculate a neutron yield from the same piece of CR
used for charged-particle measurements can be usefu
verifying the consistency of the recorded target-detector
tance and the neutron yields reported by other diagnos
The neutron yield can be studied on most pieces of CR
used in charged-particle spectrometers as long as the nu
of neutron-induced tracks exceeds the number of intrin
noise tracks, because there is usually a ‘‘no-signal’’ area
the CR-39 surface that is not exposed to the charged part
from the target.

We now look at data from D2-filled capsules and DT-
filled capsules, and we restrict our attention to CR-39 tra
in the diameter range 6–12mm ~6 h etch! because for many
applications this is the range actually used for analysis.11

A. Studies of DD implosions

For DD studies at OMEGA, no-signal regions in th
charged-particle data were used and the results are plott
Fig. 12~a!. This figure shows the number of tracks per u
area as a function of implosion yield~where the yield was
measured with either indium activation or a neutron time-
flight diagnostic!. The CR-39 detectors were located 15 c
from the target in all cases. The data show a strong lin
correlation between track density and neutron yield as l

FIG. 12. ~a! Number of DD-neutron-induced tracks~within the diameter
range 6–12mm! per scan image (1.331023cm2) as a function of implo-
sion yield~where the yield was measured with either indium activation o
neutron time-of-flight diagnostic!. The data were extracted from the fron
sides of the CR-39 using scan parameters~85/65/15!. The CR-39 detectors
were located 15 cm from the target in all cases. The solid line indicat
linear fit to the data above a neutron yield of 1010, indicating that useful
yield estimates can be made in that regime. Intrinsic noise, nominally i
cated by the horizontal dotted line, dominates at lower yields.~b! Number of
DT-neutron-induced tracks~within the diameter range 6–12mm! per scan
image is plotted as a function of DT neutron yield determined from cop
activation. The data were acquired using aluminum or tantalum filter
front of the CR-39. The CR-39 pieces were located 45–60 cm from
targets, but all data are normalized to 45 cm by correcting forR22 and for
backscatter effects. It can be seen that the aluminum filter acts as an ex
charged-particle source and increases the number of neutron-induced
by about 60% in the CR-39~relative to tantalum!. The DT data show a
strong linear correlation between track density and neutron yield, and
trapolation to lower neutron yield indicates that at 15 cm from the target
method should work down to at least 1010, where intrinsic noise would star
to dominate. There is an upper limit on yield for this method of about 114,
where track overlap in the CR-39 starts to be significant.
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as the yield exceeds 1010, indicating that useful yield esti-
mates can be made in that regime. Intrinsic noise domin
at lower yields.

B. Studies of DT implosions

For DT implosions, the neutron energy is above the
action thresholds for most materials. This indicates that c
must be exercised when selecting a filter material, and fr
the results of Sec. III C, it can be predicted that tantal
would result in fewer neutron-induced events than the alu
num that is used in most current applications. Figure 12~b!
illustrates actual data acquired with these two filter mater
during OMEGA implosions. The number of tracks~within
diameters range 6–12mm! in no-signal areas is plotted as
function of DT neutron yield, as determined through copp
activation. The detectors were located 45–60 cm from
targets, but all are normalized to 45 cm by correcting forR22

and for backscatter effects as measured in Sec. IV B. It
be seen that the aluminum filter~data shown as open circles!
acts as an external charged-particle source and increase
number of neutron-induced tracks by about 60% in
CR-39 ~relative to tantalum data, which is shown as blac
filled circles!. Tantalum clearly has advantages over alum
num for noise minimization.

The data show a strong linear correlation between tr
density and neutron yield, indicating that yield estimates c
be made from track densities. Extrapolation to lower neut
yield indicates that at 45 cm from the target the meth
should work down to at least 1011, where intrinsic noise
would start to dominate; at 15 cm from the target the yie
limit would be 1010. There is an upper limit on yield for this
method of about 1014, where track overlap in the CR-3
starts to be significant. With further improvements in pr
cessing and scanning of CR-39, and correction for tra
overlap,26 the upper limit can be extended to yields arou
1016 and perhaps as high as 1017 ~the upper limit at the Na-
tional Ignition Facility would be about ten times higher!.
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