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Abstract. In this work, nuclear track detectors (NTDs) of CR-39 and LR-115 were used in identification of charged
particles and determination of doses of fast and thermal neutrons. CR-39 characterizations were carried out using
etchant conditions of 6N NaOH at 60°C with Vg ~ 0.9 um/hr with registration efficiency better than 90 % and critical
angle of etching under different removal layer values. In addition, CR-39 NTDs were used in fast neutron registration
utilizing their interactions with the constituent atoms of the detector material. Induced-proton track densities (pT) were
registered at different etching times and neutron doses (Dfn) from 1.54 up to = 44 mSv. An exponential relationship
between pT and Dfn was found to obey the formula Dfn = 1.27exp (0.067 pT). An empirical formula to relate the
induced proton energy (E,) with its (dE /dx),, in CR-39 was found to be E, = 170.031 (dE/dx),*>'® MeV/um. Also, in
this work, CR-39 and LR-115 track detectors were used for detection of dose of thermal neutrons obtained through the
polymethyle methacrylate sheet (PMMA) moderation of 24/Am-Be fast neutrons source with B0z converter. CR-39 and
LR-115 NTDs were exposed to thermal neutrons for up to 37 hrs. Four sets of detectors were irradiated at exposure
times of 1.5, 18, 21 and 37 hrs. The thermal neutron fluxes were calculated from the induced-ions track density through
the concepts of the efficiency factor from the total track density (p ). The equivalent doses (D) of thermal neutrons were
deduced using the dose-flux relationship or flux-dose conversion factor. Moreover, 7Li (0.84 MeV) and 4He (1.47 MeV)
induced-ion tracks were produced from the interaction of thermal neutrons with boron-covered CR-39 detector. The
discrimination between alpha panicles (34He —ions) and 7Li-ions was carried out extensively. Data measurements were
repeated many times in order to achieve better accuracy. This discrimination (or spectroscopic analysis) is based on an
adequate and careful analysis of the acquired data obtained from the circular track diameters induced in CR-39
detectors as a result of thermal-neutron-boron interaction mechanisms. The charged particles (+He, 7Li) identifications
were successfully obtained using circular-track diameter analysis method with alpha tracks from 2#1Am alpha reference
source. Although such method is tedious, results are indeed encouraging and certainly recommended. Results of this
study are then discussed within the frame work of track formation theories and etching mechanism in NTDs.
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while induced proton tracks result from neutron

1. INTRODUCTION

Nuclear track detectors (NTDs) are widely employed
in many scientific studies and several technological
applications [1-12]. Track detectors are successfully
used in the determination of U and Th in natural
samples, as personnel neutron dosimeters, in charged
particle identification, radon survey studies, alpha-
radio-autography, etc. [13-23]. They provide permanent
records of events (tracks), operate successfully under
various environmental conditions and have almost no
fading under normal storage conditions. Each charged
incident particle on the surface of a NTD interacts and
leaves a trail of damaged material which can be read
with an optical microscope after an etching process
takes place. Studying the characterizations of etched
tracks reflects the properties of the type of interactions
between incident radiation and the detector material
[24-27]. Alpha incident particles produce alpha tracks,
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interaction after elastic scattering process.

The aim of this work concentrates on studying the
experimental registrations of alpha and recoil proton
tracks in NTDs in order to enhance the dosimetric
properties of such NTDs and the possibility of using
them as good fast and thermal neutron dosimeters in
certain specified fields. Also, the interaction of thermal
neutrons with boron covered CR-39 and LR-115 track
detectors is the main task of this paper. Dosimetric
properties of thermal neutron irradiated CR-39 NTDs
are studied. The product-ions discrimination method is
used with circular track diameter measurements to
evaluate thermal neutron doses. Mono-energetic alphas
from 241 Am-source were also used as reference alpha
tracks to ensure the validity of such distinguishability
technique in spectroscopic analysis and dosimetric
applications.
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2. EXPERIMENTAL TECHNIQUES

2.1. Materials, Etchants and Track Counting

Two different types of NTDs were used in this study:

(1) CR-39 NTDs of 500 pm thicknesses, TASTRAK,

(Ci2H1807, p=1.3 gm/cms3), manufactured by Ltd Comp,
Bristol, UK, and

(2) LR-115 type II NTDs of 12 pum thickness layer
(density p=1.3 gm/cm3, C¢HsO;N-), manufactured by
Kodak Pathé Company, France.

These NTDs were irradiated by alpha and neutron
sources and then chemically etched before track
measurements. Chemical Etchants of 6.0 N NaOH at
70°C and 2.5 N NaOH at 60°C were used with CR-39
and LR-115 NTDs, respectively. An optical microscope
(Olympus BH-2) with eye piece lens of 0.22 pm per
division and attached digital camera was used in track
counting and track parameters measuring.

2.2. Irradiation Facilities

CR-39 and LR-115 detectors were exposed to 241Am
alpha source (0.924 uCi) and to 24:Am-Be fast neutron
source (5.0 Ci).

2.3. Thermal Neutron Detection

Thermal neutrons were obtained from the
moderation of 24:Am-Be fast neutrons using sheets of
equal thickness of polymethyle methacrylate (PMMA).
It was found that 6 cm PMMA sheet is sufficient to
thermalize about 95% of the fast neutron flux from
241Am-Be source. The thermal neutron doses were
measured using CR-39 and LR-115 NTDs covered with
B2.0O3; as a converter [4]. Samples of CR-39 were
irradiated at different times up to 37 h by thermal
neutrons from 24:Am-Be source using boron oxide as a
converter.

3. RESULTS AND DISCUSSION
3.1. Alpha Particles Identifications

3.1.1. Registration Efficiency

The alpha registration efficiencies of both CR-39
and LR-115 track detectors were determined as a
function of alpha energy from 0.5 to 5.48 MeV.
Efficiency is defined as the ratio of the number of track
density per unit exposure time (p/t) to the number of
the incident alpha particle flux (¢), given in alpha/cmz2.

120

* LR-115 dedector
= CR-39 detector

100

@
3

Efficiency%

o 1 5 6

2 3 4
Alpha energy (MeV)

Figure 1. Comparison between registration efficiencies for CR-
39 and LR -115 track detectors versus values of alpha energy.
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Figure 1 shows the variation of efficiency (%) with
alpha energy for both CR-39 and LR-115 track detectors.
From Figure 1, one sees that the efficiency value of
LR-115 is about 80% in energy range from 1.5 to 3.5 MeV
and then decreases with increase in energy, while the
efficiency of CR-39 is nearly 95 % in the entire studied
energy range.

3.2. Fast Neutron Detection

3.2.1. Fast Neutron Dosimetry

CR-39 foils were irradiated by 24:Am-Be neutron
source at different doses (1.451, 8.651, 23.581, and
44.005 mSv). Irradiated samples were chemically
etched (6N NaOH at 60°C) for different etching
durations, then the diameter of the induced proton
tracks was measured under an optical microscope.

Figure 2 (a, b, ¢, and d) shows the variation of
induced recoil proton track density with etching time.
The track density shows a strong increase with etching
time.
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Figure 2. Track density as a function of etching time at
different neutron doses in CR-39 NTDs.
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Figure 3. Track density as a function of
fast neutron dose at value of removal layer of 10.9 um.
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Figure 3 shows a relationship between the track
density and dose values. This figure provides a
calibration curve which can be used in fast neutron
dosimetry, for any future study, when one needs to
evaluate the fast neutron-dose rate with track density
measurements. In this case some plastic detectors
etched under the same conditions should be used in the
measurement. CR-39 was etched in 6N NaOH at 60°C
and for 12 hr.

3.2.2. Fast Neutron Spectroscopy and
Identification

The fast neutron spectroscopy was carried out by the
measurement of the neutron-induced proton tracks due
to elastic scattering of fast neutrons with constituent
atoms in CR-39 detector. The energy of the induced
protons E, is governed by its scattering angle (6)
according to well-known equation [22]:

_4A
P a+1)?

cos? 0 E, 1)

where 0 is the scattering angle of the proton and A is the
target atomic mass.

In a special case when the scattering angle is zero,
the proton energy is maximum and equals neutron
energy, E,= E;. In NTDs the circular tracks mean that
the scattering angle is zero and so the proton energy is
equal to the neutron energy. This method is used in this
work for neutron spectroscopy.

In this work, the recoil proton track diameters in
CR-39 detector were used to study the distribution of
the neutron energies from 24Am-Be source. The
diameters of the circular tracks were measured under
etchant conditions of 6 Na OH at 60°C.
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Figure 4. Histogram distribution of induced protons circular
tracks in CR-39 irradiated by fast neutrons to a dose of 1.541
mSv at different removal layers.

The relation between the fractional percentage
numbers of measured circular induced proton tracks
with their corresponding diameters are shown in
Figures 4-6. These measurements were performed at
various removal layers and neutron doses (1.451, 8.651,
and 44.005 mSv). At least a total of circular track was

counted and considered in measurements. The neutron
spectroscopy study can then be easily investigated by
the aid of Figures 6-8, where the registered circular
induced proton track distributions are taken into
consideration.
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Figure 5. Distribution of induced protons circular tracks in
CR- 39 irradiated by fast neutrons to a dose of 8.651 mSv at
different removal layers.
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Figure 6. Distribution of induced protons circular tracks in
CR-39 irradiated by fast neutrons to dose of 44 mSv at
different removal layers.

Fast neutron spectroscopy of the Am-Be source can
be established if one is able to relate the circular proton
tracks (see Figures 4-6) to proton energies. This cannot
be achieved without a monoenergetic proton-energy
source. Instead of such requirement, a relation between
the response function or velocity ratio V, and the
function dE/dX (energy loss per unit path length of
protons in CR-39 detector) can be used, (dE/dX-V) by
Yamauchi et al; 1999 [27] as

[dE/dX (Kev/um)], = 109.395log (V) —
3.375 (2)

where p stands for proton.

Figures 7-9 show the percentage ratio of circular
proton tracks and the etching ratio V at various neutron
doses. V is calculated from the formula [21]:

yoh?+r?

) (3

where h hand r are the removal layer and the radius of
the circular proton-track, respectively. It is clear from
these figures that V ranges from 1.2 to about 1.8.
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Figure 7. Distribution of the response function (V) of circular-
proton tracks in CR-39 irradiated by fast neutrons to a dose
1.541 mSv and different removal layers.
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Figure 8. Distribution of the response function (V) of
circular-proton tracks in CR-39 irradiated by fast neutrons to
a dose of 8.651 mSv and different removal layers.
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Figure 9. Distribution of the response function (V) of
circular- proton tracks in CR-39 irradiated by fast neutrons to
a dose of 44 mSv and different removal layers.

Using the relation (3), one can obtain representation
given in Figure 10 between V and proton (dE/dX).
Different models were done by many authors to get a
factor between the energy loss (dE/dX)p of protons and
the etch rate ratio V of the protons in CR-39; one of
these models [1] is used, where [(dE/dX) - V] factor can
be obtained.
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Figure 10. Proton energy loss rates (dE/dX)
in CR-39 as a function of response function V.

By using SRIM-computer code program [3], one can
extract a relationship between proton energy Ep and
(E/dX), in CR-39 detector which is given in Figure 11.
A fitting formula can be represented in the form:

Ep = 170.031 (dE/dx), ***® (4)
g 80.00 —
3
E 40.00 —
0.00 T T T T T
E,(MeV)

Figure 11. Rate of Energy loss; (dE/dX) calculated by
SRIM computer program as a function of proton energy.

From the relationships (dE/dx vs V) and (dE/dx vs
Ep) one can extract the dependence of V on Ep
Furthermore, since the track diameters are related to V,
one can then relate track diameters to proton energies.
Under the conditions of our treatment, the proton
energies are supposed to be exactly the same as the
energies of fast neutrons emitted from the 24:Am-Be
source. The representations given in Figures 4 to 6 can
be transformed into energy representations instead of
track diameters.

3.3. Thermal Neutron Detection

3.3.1. Thermal Neutron Dosimetry

When thermal neutron is incident upon the layer of
0B, used as a converter, the reaction products, alpha
particles (4He) and 7Li-ions, emerge from Boron with
energies of 1.47 and 0.54 MeV, respectively [5, 6]. The
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ions hit the surface of the CR-39 detector with the same
energy if they emerge just at the detector surface.
Figure 12 shows the variation of alpha and Li track
density with etching time at different exposure times. It
is also convenient to use LR-115 detector in thermal
neutron dosimetry because the induced alpha has
energy within the registration energy window of LR-115.
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Figure 12. Track density registered in CR-39 using B.O3
converter versus etching time for thermal neutrons at
different exposure times.

Figure 13 displays the variation of track densities
registered in CR-39 and LR-115 using B,0; converter
versus thermal neutron exposure time. It is found (see
Figure 13) that the density of tracks registered in CR-39
is higher than that registered in LR-115. This is most
probably attributed to the higher registration efficiency
of CR-39 than that of LR-115.
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Figure 13. Track densities registered in CR-39 and LR-115
using B.O3 converter as a function of thermal neutron
exposure time.

3.3.2. Thermal neutron dose determination

CR-39 and LR-115 track detectors were used for
thermal neutron dose measurements using B.O3 as a
converter. For thermal neutron dose determination
using CR-39 and LR-115 detectors, the thermal neutron
flux should be obtained from the induced-ions track
density. The fluence is obtained by means of the
efficiency factor as follows.

The total efficiency n is given by:
n=€X (5)

where € is the registration efficiency and X is etching
efficiency of induced alpha particles and is given by:

X = iRcoszﬁC (6)

where R is the range of 1.47 MeV alpha particle in B203
and 6. is the critical angle of etching. The thermal

neutron flux @ can be obtained from the total track
density p as [21]:

p =10t )

From the flux calculation, one can calculate the
equivalent dose (D) from the dose-flux conversion
relationship factor, which is given by:

D=H® (8)
where H is the flux-dose converting factor [28], which
has a value of 1.07X 10715 Sv-m?.

Figure 14 shows the thermal neutron dose in CR-39
and LR-115 using B203 converter versus exposure time
for thermal neutrons.
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Figure 14. Thermal neutron dose in CR-39 and
LR-115 using B.0; converter versus exposure time.

3.3.3. Thermal Neutron-Induced-Charged Particle
Identification (He, Li)

When thermal neutrons irradiate boron-covered
CR-39 detector, resulting particles 7Li (0.84 MeV) and
2He (1.47 MeV) induce tracks. Ranges of 7Li ions are
lower than those of %He ions. The discrimination
between alpha particles and Li ions was extensively
carried out and data measurements were repeated many
times in order to achieve better accuracy in
measurements. This discrimination (or spectroscopy
analysis) is based on an adequate and careful analysis of
the acquired data obtained from the circular track
diameters induced in CR-39 detectors as a result of
thermal neutron-boron interaction mechanisms. This is
a rather tedious task but good acceptable result should
indeed be expected. Four sets of detectors were used,
where each set was irradiated at different thermal
neutron exposures. Times of exposure were 1.5, 18,
21 and 37 hrs.

Figure 15 (a & b) shows the variation of the numbers
of circular tracks percent with their diameters
registered in boron-covered CR-39 detectors exposed to
1.5 hr thermal neutrons. Two periods of etching time
were used which correspond to removal layers of 6.4
and 7.3 pm. Etching conditions of 6N NaOH at 60°C
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were used in all experiments. From inspection of data
analysis/fitting curves one can have the following
observations:

1- As a result from data-fitting method, two peaks
were found (good energy discrimination) at each value
or removal layer thickness. The first peak (lies on the
left) corresponds to the Li-induced tracks, while peak to
the right (second peak) corresponds to alpha particle-
induced tracks. Peaks at longer etching time are shifted
to the right, where diameters are increased. Results are
expected and confirm the nature of track properties in
matter.

2-The density of induced alpha tracks is larger than
that of Li tracks. This may be due to smaller ranges of
Li ions in comparison to alphas.
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Figure 15. Distribution of circular tracks in CR-39 exposed to
1.5 hr thermal neutrons at different removal layers;
(a) without reference tracks from 241Am-source and (b) with
reference tracks.

In fact, we proceeded further to have a great
confidence about such results by doing an additional
experimental test using a standard alpha emitter (24:Am
source) at a monoenergetic value of 1.47 MeV. For such
case, additional CR-39 detectors were exposed to
1.47MeV alphas, etched under the same etching
conditions and tracks were measured at removal layers
of 6.4 and 7.3 um. Figure 15-b is the same as that given
in Figure 15-a but with 1.47 MeV alpha tracks included
using 24'Am-source as reference points. It is clear from
Figure 15-b that values of reference alpha tracks are
consistent with the alpha-peak position within the
experimental error uncertainty.

Figures 16-18 display the same detailed studies as in
Figure 15-b, but with thermal neutron-exposure times
of 18, 21 and 37 hrs, respectively. All measurements
given in these figures were carried out at different
removal thickness layers and the data were analyzed as
explained in connection with Figure 15-b. In all figures
reference alpha track-diameter representations were
also included and an agreement with alpha peak-
positions (within experimental error bars) was found.
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Figure 16. Distribution of circular tracks in CR- 39 exposed to
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Figure 17. Distribution of circular tracks in CR-39 exposed to
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Figure 18. Distribution of circular tracks in CR- 39 exposed to
37 hr thermal neutrons at different removal layers.

The agreement between reference alpha tracks with
alpha peak position at various removal layers
strengthen the validity of presented data analyses and
approximately determines the alpha-peak position as
well as the Li-peak position in all measurements. As a
closing remark, it can be said with confidence that alpha
particles and Li-ions resulting from thermal neutron
interaction with boron-covered CR-39 detector can be
successfully discriminated using a simple method.
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4. CONCLUSION

Nuclear track detectors (NTDs) have many
advantages and are being used in various fields of
science and technology.

Two types of track detectors were used in this study
and various experiments were carried out to achieve the
aim of the present work. The conclusion of the work can
be summarized as follows:

1. Etching conditions of 6N and 2.5 N NaOH at 60°C
were suitably used with CR-39 and LR-115 track
detectors, respectively.

2. Detection efficiency of CR-39 for alpha track
registration is better than 95% within the energy range
of about 0.5 up to 5.5 MeV. The LR-115 showed a lower
efficiency value of about 80% in the energy range 1.5 to
4.0 MeV; outside this latter energy window, the
efficiency of LR-115 drops rapidly.

3. The fast neutron-induced proton track density in
CR-39 showed a remarkable increase with increasing
etching time and fast neutron dose. This reflects the
importance and potential use of CR-39 detector in fast
neutron dosimetry.

4. The use of CR-39 detector in fast neutron
spectroscopy and neutron-induced recoil protons
identifications can be carried out under fast neutron
dose determination and selected value of removal layer
thickness of CR-39 NTDs. Also, spectroscopic analysis
of recoil tracks and fast neutron dose determination by
using CR-39 detectors support the widespread
applicability of NTDs in fast neutron dosimetric
applications.

5. Fast neutron spectroscopy was well established by
relating the neutron-induced proton track diameter (¢)
to the etching rate ratio (V) and from (V-dE/dx)
relationship, one can relate ¢ to dE/dx and then to
proton or neutron energy as follows:

[dE/dx (Kev/um)], = 109.395log (V) — 3.375
and

Ep = 170.031 (dE/dx) ;"

6. Fast neutron energy distribution was extended up
to 10 MeV and it is in reasonable agreement with the
energy distribution recorded from 24.Am-Be neutron
source.

7. The thermal neutron-induced-particle track
density in CR-39 showed a remarkable increase with
increasing etching time and thermal neutron dose. This
reflects the importance and potential use of CR-39
detector in thermal neutron dosimetry.

8. The use of CR-39 detector in thermal neutron
spectroscopy and neutron-induced charged particle
identifications can be carried out under thermal
neutron dose determination and selected value of
removal layer thickness of CR-39 NTDs.

9. °Li and 4He ions resulting from the interaction of
thermal neutrons with boron-covered CR-39 are well
resolved using the circular track diameter distribution
method and checked with a monoenergetic alphas from
24tAm-source.

10. Also, spectroscopic analysis of charged particle
tracks and thermal neutron doses determination by
CR-39 detectors support the widespread applicability of

NTDs in thermal neutron dosimetric and particle
identification applications.

11. Finally, it is recommended to use the suggested
circular track diameter method used with PMMA to
thermalize fast neutrons and applied spectroscopic
analysis to other kinds of neutron sources in addition to
241Am-Be (i.e. Rd-Be, Ce-Be, etc.) in order to perform
the thermal neutron dose measurements and charged
particle identifications.

12. Finally, it is recommended to use the suggested
circular track diameter method in fast and thermal
neutron spectroscopic analysis to other kinds of neutron
sources with CR-39, LR-115 and other NTDs.
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