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A simulation of the interaction of neutrons emitted from a 252Cf source with a CR-39 detec-
tor is presented in this paper. Elastic and inelastic neutron interactions occur with the con-
stituent materials of the CR-39 detector. Inelastic scatterings only consider (n, a) and (n, p)
reactions. Fast neutrons tracks are, mainly, produced by recoil particle tracks in the plastic
nuclear track detector as a result of the elastic scattering reaction of neutrons with the con-
stituent materials of the solid-state nuclear track detectors, especially hydrogen nuclei. The
energy of the neutron, incident position, direction, and type of interaction were sampled by
the Monte Carlo method. The energy threshold, critical angle and scattering angle to the de-
tector surface normal were the most important factors considered in our calculations. The
energy deposited per neutron mass unit was calculated. The angular response was deter-
mined by both Monte Carlo simulation and experimental results. The number of visible
proton tracks and energy deposited per neutron per visible track were calculated and simu-
lated. The threshold energy of the recoil proton as a function of the thickness and incident
proton angles was measured by the etchable range of protons at scattering angles, along
with the shape and diameter of the track. Experimental and simulations result were in good
agreement.

Key words: 252Cf neutron source, nuclear track, CR-39 detector, particle recoil, Monte Carlo
simulation

INTRODUCTION

Applications of solid-state nuclear track detec-
tors (SSNTD) have been reported in various fiel ds of
science and technology [1]. These detectorsare useful
for the registration of heavy charged particles having
energies ranging from tens of keV up to several hun-
dredsof MeV [2] athough, below 200keV, alargedis-
crepancy between the latent and etched tracks exists
[3]. CR-39 detectors have been successfully utilized
for the detection of neutrons and ionized particles [4,
5]. A neutronisan uncharged particleand, therefore, it
does not cause ionizations in the detectors; accord-
ingly, it does not produce tracksin SSNTD. Owing to
the elastic and inelastic interactions of neutrons with
the congtituent atoms of the CR-39 detector
(C1,H41505, consisting of hydrogen, oxygen, and car-
bon), recoil nuclei with an energy above thethreshold
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inducelatentintrinsictracks. To determineneutron de-
tector efficiency for latent track formationin a CR-39
(defined as the number of latent tracks created by al-
phaparticles, protonsor other recoil particlesper inci-
dent neutron) [3], it is possible to simulate the energy
deposit of protons and alpha particles produced by
elastic and nuclear reactions in a CR-39 per incident
neutron by changing the input parameters of the
MCNP code.

Theinteraction of neutrons emitted from a2>2Cf
sourceby the CR-39 detector issimul ated in thisstudy.
Our simulations are based on the critical angle and re-
coil-energy particledistribution for latent track forma-
tion. Furthermore, to verify simulation results, the ex-
perimentswere carried out using neutronsemitted by a
252Cf source. In thiswork, the angular response of the
CR-39 detector for detecting fast, neutron-induced re-
coils, isinvestigated using M CNPcodesand measured
experimentally, as well.
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EXPERIMENTS

The experiments were carried out at the detec-
tion laboratory of Sungkyunkwan University
(SKKU). We haveassumed that CR-39 detector sheets
(dimension: 2 cm x2 cm; thickness: 700 um, density:
1.32 g/cm?) areirradiated by an uncovered, cylindri-
cally-shaped 52Cf neutron source (base diameter:
2.5cm; height: 3.1 mm). Inthisstudy, CR-39 track de-
tectors obtained from Intercast Europe Spa, Parma,
Italy, were used. The source-to-detector distance was
5 cm and the neutron flux of the 25°Cf source of the
Cr-39 detector was 432 cm?s™. Furthermore, it was
assumed that neutronsare emitted from the source sur-
face and that interactions within the source itself
should be neglected. Theirradiations were carried out
at angles of 0°, 15°, 30°, 45°, 60°, 75°, and 90° (with
respect to the normal to the detector surface, seefig. 1
for details on the experimental set-up at SKKU). The
activity of the 2°Cf source was 4570 B, with an ac-
tive diameter per volume of 5 mm, while its backing
was platinum and the cover approximately 100 ug Au
per cm?. This source had atotal surface emission rate
of 142900 alpha particles per min in 2z on April 21,
2011. A %52Cf was placed in an aluminum standpipe at
the same height as the detector. After irradiations,
CR-39 detectorswere etched in 6 N sodium hydroxide
(NaOH) at 70 °C for 8 hours. Since protons created
through both elastic and in€el astic reactions were emit-
ted in various directions, their latent tracks were ran-
domly oriented in all directions at the point of interac-
tion, anywhere within the CR-39 detector. Some
trackswill berevealed in the direction of the particles
motion, while some others might be etched in adirec-
tion oppositeto themotion of the particles. Therewere
also instances of tracks due to a partial energy loss of
particlesin CR-39 detectors (those that | eave detector
surfaces). Since the interaction of neutrons will take
place anywhere within a CR-39, theloss of tracks due
to the removal from the detector surface will be com-
pensated by the creation of new tracks in the deeper

Figure 1. Experimental set-up of the ®®°Cf sour ce used at
differentirradiation anglesof CR-39 detector swherethe
source-to-detector distanceis5cm and irradiationsare
carried out at anglesof 0°,15°, 30°, 45°, 60°, 75°, and 90°
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Figure 2. Optical microscopy images of observed tracks
from the interaction of neutrons emitted by the 2°Cf
sour cewith the CR-39 detector etched in 6 N NaOH for 8
hours

layers of the surface. The method employed to exam-
ine these tracks was explained in our previous work
[6]. A digital image-analysis system, including aUSB
camera (2000 x 1500 pixels), amicroscope (magnifi-
cation of about 1000) and image-processing software
(track counting system), was applied for track count-
ing. The spatial resolutionis0.9 um per pixel. By ana
lyzing the shape of thetracks, thisanalysis system can
even distinguish overlapping tracks (fig. 2). Finally,
track density and mean track diameter were obtained
by a customized program developed by the authors.
In this study, both elastic and inelastic processes
are investigated. Fast neutron tracks are produced
mainly by using recoil particle tracksin a plastic nu-
clear track detector, resulting from the elastic scatter-
ing reaction of neutrons with the constituent materials
of the SSNTD, especidly hydrogen nuclei. The
threshold energy of recoil protons as a function of
CR-39 thicknesses and incident proton anglesis mea-
sured. To do so, the etchable range of protons within
the mentioned scattering angles, along with the shape
and diameter of tracks, are essential for the further de-
velopment of track analysisof theMATLAB program.

CALCULATION METHOD

Nuclear reactionssuch as(n, p), (n,a), (n, t), and
(n, d), which emit various charged particles, are
non-elastic processes. The most intense nuclear reac-
tionsare (n, p) and (n, o), whereas others, which have
much smaller cross-sections, are neglected in this
study. Elastic scattering reactions are more intensive
than nuclear reactions; therefore, recoil particletracks
are extremely important. Neutron energy, incident po-
sition and direction, aswell astheinteraction type, are
sampled by the Monte Carlo method. The target atom
issampled asfollows: if thetotal cross-sections of the
atoms are denoted as oy, o¢, and og, the tota
cross-section of a molecule, oy, IS given by oy =
=180y + 120+ 7 0. Thethreeratiosare defined as
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Figure 3. WATT spectrum of the *?Cf neutron source

A=18oyloy, B=120 0y, C = 7Toglow [7]- The
energy and angle of elastic scattered neutrons and re-
coiled nuclei are cal culated by thewell-known method
described by Mukhin [8]. The neutron energy spec-
trum of 252Cf is well-known to be a fission neutron
spectrum and is called the WATT spectrum, while the
cross-section datawastaken fromthe ENDF/B-VII li-
brary. The WATT spectrumisshowninfig. 3. Wehave
also checked if therecoil proton staysin the detector or
not, according to itsrange[9]. All of the energy isab-
sorbed if therecoil protoniscompletely stopped inthe
detector material. It is not necessary to calculate the
energy deposited by aproton before leaving the detec-
tor. The angles, aswell asthe energy of aradiated al-
phaparticleandresidual nucleus, arecalculated for the
(n, ) reaction. Alpha particle energy is equal to neu-
tronenergy beforecollision, plusthe Q-valueof there-
action, minus the energy of the residua nucleus. A
similar approach is used for another important reac-
tion, namely, (n, p). Theangles, aswell astheenergy of
the emitted proton and residual nucleus are calculated
[7]. Theformation of visibletracksisstrongly depend-
ent on several factors. The energy threshold, critical
angle 6, and the scattering angle to the detector sur-
face normal being the most important factors consid-
eredin our calculations. Recoilswith energy bel ow the
energy threshold or with a scattering angle above the
critical angledo not formrevealed tracks. Based onthe
track mechanism, the critical angle can bedefined asa
function of the track etch ratio (V) which isaratio of
the track etch rate (V5) to the bulk etching rate (Vg).
The correlation is given as [10]

0, =sin* (Vy/ Vi) ()

For our simulation, we have developed a com-
puter program called the track counting system. The
program is written in standard MATLAB codes. It
reads saved files such as JPG files and calculates the
number of tracks, track density and the mean track di-
ameter. Our program fulfillsthe prerequisitesfor read-

ing the number of tracks such as threshold energy,
overlapping tracks and background. When two tracks
overlap at the same position, our computer program
recognizesthem asasingletrack. Incasesof low track
density with asimilar background, this computer pro-
gram omits these tracks. Owing to the very small pro-
portion of latent al phatracks (<1%o), only carbon, oxy-
gen, and proton recoils are taken into account. By
using SRIM codes[9], we can calculate the linear en-
ergy transfer (LET) for different energy ranges of re-
coils. The optimum thickness of the degrader for the
registration of 0.5 MeV-4.5MeV recoil protonsresult-
ing from a®5?Cf sourcein the CR-39 detector is deter-
mined by using MCNP and SRIM codes. The track
size depends on the damage caused in the CR-39 de-
tector which, inturn, depends on the energy and direc-
tion of recoil protons [11]. After reading the number
and track sizes, using the MCNP code, we can calcu-
latetheangular distribution of the secondary particles.
Their latent tracks were examined for their capacity to
become revealed tracks. This was done by checking:
(2) if theirincident angleto the CR-39 detector surface
islarger than the critical angle and (2) if the diameter
of the track is larger than 1.2 um. The ssimulation of
neutron interactions through the CR39 detector was
performed by the MCNPcode. Thedistributions of re-
coiled protons were presented in fig. 4 and fig. 5, re-
spectively.

RESULTS AND DISCUSSION

Our simulation was based on the histories of
one million neutrons in a CR-39 detector. The proton
energy depositioninthe CR-39 detector was2.78-102
MeV/g per neutron.

Tracks that enter perpendicular to the face pro-
duceacircular image, whilethose entering at an angle
produceanelliptical or teardrop-shaped image. Figure
3 shows the long axis track-si ze distributions of 252Cf
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Figure 4. Distributions of recoiled protonsvs. angles
simulated by M CNPcode
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Figure 5. Distributions of recoiled protons vs. energy
simulated by M CNP code
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Figure 6. CR-39 track size distribution for a >°°Cf
neutron source
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Figure 7. Normalized ratio of the track numbers over
long axis

neutrons energies. There were no significant differ-
ences between the 0° angle and other angle distribu-
tions, so they were combined in fig. 6. Thetrack size
depends on both LET along the track and the range.

Figure 8. Angular response of CR-39 detector to
neutrons emitted by a ®’Cf source

Figure 7 shows the distributions of the ratio of the
number of tracks and their long axes between 10-15,
25-30, 30-35, 35-40, and 40-45 um over 15-20 um.

Figure 8 showsthe curves of therelative angular
response obtained in the experiments and simulations
for source-to-detector geometry shown in fig. 1. Ex-
perimental and simulation results are in good agree-
ment. At large angles, the relative error increases be-
cause track densities are lower and the uncertainty in
angle determination has a greater contribution. As a
result of these uncertainties, the agreement between
the simulation and experimental results decreases.

Inorder toincreasetheresponse of CR-39 detec-
torsto neutrons, a CR-39 sheet was used as aradiator
in contact with various thicknesses of an Al degrader
placed in contact with the CR-39 detector. Theresults
obtained using MCNPand SRIM for the threshold en-
ergy of arecoail proton asafunction of both CR-39 ra-
diator thickness and incident proton angles are shown
infig. 9. At asmall angle, the threshold energy of the
recoil proton increases with thickness.

In our experiment, the limitation of the track di-
ameter for counting was 1.2 um, while track densities
werein therange of 2000 to 8000 tracksper cm?. Inthe
case of fig. 2, track density was 3930 track per cn.
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Figure 9. Threshold proton energy as a function of
CR-39 radiator thickness and scattering angles
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Figure 10. Track efficiency and deposited energy per
neutron (responses) in the CR-39 detector obtained by
both the experiment and the simulations

Thiswas achieved by using our MATLAB pro-
gram and subsequently improved by another devel-
oped program called ATMS [12]. The rate of proton
registration in the detector was determined from both
the polynomial curvefit tofig. 9 and the PTRAC card
of the MCNP code. Therefore, through this simula
tion, one can easily obtain the recoil proton specifica
tion fromthe output PTRAC card of the MCNP, tracks
of recoil protonsin different layersof the CR-39radia-
tor and the registration rate (efficiency) of the CR-39
detector.

By placing variousthicknessesof an Al degrader
(ranging from O to 250 um) between the CR-39 de-
grader and the CR-39 detector, proton threshold ener-
giesof 0.5t04.5MeV were covered. After theirradia-
tion of the radiator, degrader, and detector assemblies
by neutrons, the etched trackswere counted. Figure 10
shows the efficiency of proton registration tracks (left
sideof axisY) vs. Al degrader thicknessesand thesim-
ulation of the deposited energy per neutron — per visi-
bleprotontrack (right side of axisY) —vs. theremoval
layers of CR-39.

Tracks and the energy deposited by the apha
particles are neglected, because the probability of the
creation of alpha particles by them is much smaller
than the one related to protons. The number of re-
vealed tracks decreases with each removal layer. Asa
result of the fitting to the datain fig. 7, the following
equation was obtained

Y =ae™ +ce™ 2

where, Y is the efficiency, visible proton track per
neutron, X —the removal layer, and the coefficients
area=0.2355 b= -0.7193, ¢ = 0.07741, andd =
=-0.05651.

The relative statistical error for track counting
dependson thetrack densities of the sampleand it var-
iesfrom 7 to 10%.

CONCLUSIONS

A simulation of neutrons emitted from a 252Cf
source and their interaction with a CR-39 detector was
presented in this paper. We developed a customized
program to count the number of visible tracks. MCNP
and SRIM codeswere used to calculate recoil protons
and theangul ar response of the CR-39 detector to neu-
trons emitted by a?>?Cf source. The polynomial curve
fitting shows the usefulness of the threshold energy of
the protons registered at different thicknesses of the
CR-39 detector and different directions. The rate of
proton registration in the detector was determined
fromthe polynomial curvefittothreshold proton ener-
gieswith the removal thickness of the CR-39 detector
at different scattering angles and from the MCNP
PTRAC card, by smulating the recoil proton specifi-
cation and tracking of recoil protons in different lay-
ers, theregistration rate of the CR-39 detector can eas-
ily be obtained. Asindicated in fig. 10, the deposited
energy per one neutron as a function of the removal
layer of CR-39 predicts a trend similar to the proton
registration rate (tracks per neutron) with variationsin
degrader thickness. These results were also verified
experimentally.
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Mutpa TEPTEPEYMN, Xjyn Byk KUM, Jyn Canr KM, Xoceun APAPUNEX, Jour Ceo KAU

YIIOPEJHA CTYIMNJA EKCIIEPUMEHTA/IHUX U CUMYJ/IUPAHUX
OJITOBOPA JETEKTOPA CR-39 HA HEYTPOHCKHU CIEKTAP 232Cf

Y 0BOM pajly IpHKa3aHa je CUMyJaldja MHTEpaKIhje HeyTPOHA EMATOBaHKUX U3 u3Bopa »>>Cf ca
perektopoM CR-39, To jecr, enacTuyHa M HeeJacTUYHA HHTEpaklyja HEYTPOHA Ha TI'PaJUuBHUM
MaTepujajrMa OBOT IeTeKTopa. Y HeellacTHYHA pacejarba YKIbydeHe cy camo (n, o) u (n, p) peakuyje.
[Tyrame Op3ux HEyTPOHA YIIIABHOM CaulbhaBajy MyTarmhe Y3MAKIUX YECTHIA Y MIIACTUIHOM HYKJI€apHOM
IETEKTOPY TparoBa, Kao pe3yiTaT eJIacCTHIHOT pacejarka HeyTpOHa Ha IPAJIMBHOM MaTepHjaly AETEKTOpa,
HAapOYUTO Ha je3rpuMa BofoHMKa. EHepruja HeyTpoHa, YIaJHH IIOJ0XKa], TpaBal] U BpCTa HHTEpaKIHje
cumynupanu cy Monte Kapno merogom. HajakHmju akTopu pasmaTpaHud y NpopayyHHUMaA Cy
E€HEepreTCKM Npar, KpUTUIHHM yrao W yrao pacejama y OJHOCY Ha HOpMajy Ha MOBPIIMHY JIETEKTOpA.
Nspauynara je eHeprmja AemoHOBaHA IO jeMUHUIM Mace HeyTpoHa, a Monte Kapno cumymnanmjom n
eKCIIepIMEHTAITHO ofipeheHa je yraoHa 3aBHCHOCT OfI3uBa. bpoj BUIUbMBHX MyTama MPOTOHA U €HEPrHja
JIETIOHOBaHa 110 HEYTPOHY MO BUIJbUBO] MyTakH, TakKobe ¢y n3pauyHaTu u cumyiaupanu. Eneprercku nmpar
y3MaKJIOT MPOTOHA y PYHKIM]jU IeObUHE MaTepHjajia U yIaJHUX YIIIoBa IPOTOHA MEPEH je ToMohy foMeTa
MPOTOHA JOOMjEHOT y HATPUKEHOM MaTepHjaiy Mo YIIIOBUMA pacejama, 3ajeJHO ca O0IMKOM U TIPE THIKOM
nyrame. ERcriepuMeHTaIH pe3yiTaTh U Pe3yJITaTH CAMYJIanHje JoOpo ce MOKIIANajy.

Kmwyune pequ: 252Cf HeYpoOHCKU U380p, HykaeapHa iyitarba, CR-39 Oeitiexitiop, yamak wecitiuye,
Mowitie Kapao cumyaayuja



