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Abstract. In this paper, a thermal neutron beam for neutron capture studies at the horizontal
neutron channel No.2 of the Dalat Nuclear Research Reactor (DNRR) is designed and simulated
using the MCNP5 code. The proposal model having a conical collimator of 240.3 cm in length,
and neutron filters of Al,O3 and Bi crystals with different thicknesses was simulated for optimal
adjustment of the filter lengths. The simulation shows that a pure thermal neutron beam can
be obtained at the irradiation position when a composition of crystal filter of 20 cm Al,O3 and
6 cm Bi crystals are applied into the collimated beam line. The thermal and epithermal neutron
fluxes are 1.02 x 108 n/cm?/s (accounting for 97.92% of total neutron flux) and 0.22 x 107 n/cm?*/s
(accounting for 2.08% of total neutron flux), respectively.
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1. Introduction

A thermal neutron beam of a nuclear reactor can be employed for neutron capture studies
and applications such as prompt gamma neutron activation analysis (PGNAA), boron neutron
capture therapy (BNCT) [1-6], and neutron radiography. To produce a thermal neutron beam
from a nuclear reactor, single crystals of Si, Al,O3, or Bi are often used as neutron filters [5,6]. A
high-performance thermal neutron beam for neutron radiography using the Al,O3 sapphire crystal
filter has been designed and developed at the PULSTAR reactor [7]. In our experimental studies
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of neutron capture reaction (n,y), the activated nuclei with the exited state as its biding energy are
considered to be produced. Accordingly, the thermal neutron beam with a high factor of thermal
to fast neutron is required to reduce as most as possible unexpected reactions such as (n, p), (n,a),
and (n,n’).
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Fig. 1. The mechanical configuration of the horizontal channel No.2.

Fig. 2. MCNP5 Simulation model of the horizontal channel No.2.

In Vietnam, the Dalat nuclear research reactor (DNRR) is a 500-kW pool-type research
reactor in which light water is used as both moderator and coolant, and the beryllium and graphite
materials surrounding the reactor core are used as a neutron reflector [8]. The DNRR has four
horizontal neutron channels that penetrate the concrete shield and the aluminum tank and pass
through the pool water to the graphite reflector. Three of the neutron channels (No.1, No.2, and
No.4) are oriented radially concerning the center of the reactor core, and channel No.3 is tangential
to the outer edge of the reactor core [9]. The mechanical configuration and simulated figure of
horizontal channel No.2 of the DNRR are presented in figures 1 and 2, respectively. From 2011 to
the present, at the horizontal channel No. 2 of the DNRR, only a combination of Si and Bi single
crystal filters has been used to provide a pure thermal neutron beam for different applications,
such as PGNAA, nuclear data measurement, and training [8,9]. Therefore, this study aims to have
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a redesign and simulation check of the beam intensity and quality by replace the silicone filter
material with the sapphire filters (Al,O3) at the horizontal neutron channel No.2 of the DNRR.
We expect that the thermal neutron flux at the channel will improve significantly.

2. Materials and methods

The present configuration has a cylindrical collimator with a total length of 240.3 cm con-
sisting of two parts. The first part is 150.3 cm in length and 9 cm in diameter for installing neutron
filters made of Si and Bi crystals, with a thickness of 20 cm and 3 cm, respectively. The second
part is 90 cm in length with an outer diameter of 20.1 cm, and the collimated diameter is 3 cm.
The lining layers, surrounding the collimators, are made of Pb and WWX-277 (a neutron shield-
ing material from the Shieldwerx company) as gamma and neutron absorbing materials and an
aluminum plate for prevention from possible leaking water. The input neutron energy spectrum,
for the simulation work was selected at the entrance position of the channel No.2, and validated
by a gold foil activation method. The thermal and epithermal parts of the input spectrum are given
in Fig. 3. The Bi crystal has the function of gamma-ray absorption, and the Si and Al,O3 crystals
play the role of low transmission factors for fast neutrons but a high factor for thermal neutrons.
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Fig. 3. The thermal and epithermal parts of the neutron energy spectrum at the entrance
position of the channel No.2

The output neutron energy spectrum consisting of the thermal and epithermal neutron re-
gions at the sample irradiation position after being transmitted through the filters was recorded
using the tally F4 with DE4/DF4 cards of MCNPS5 with an energy range from 1 meV upto 1 MeV.
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The integrated thermal and epithermal fluxes were calculated from the output spectrum as fol-
lows [4,10]:
ECdZO.SEV
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where ¢ is the neutron flux at the sample irradiation position, ¢,(E) is the output energy dependent
neutron, and E1 and E2 are the lower and upper limit of the energy range. In this work, the thermal
neutron energy region covering the energy peak of 0.0253 eV was calculated from 1.0x10-3 eV to
0.5 eV, and the part from 0.5 eV to 0.1 MeV was considered as the epithermal neutron flux.

In this work, the neutron activation foils of vanadium with and without a Cd cover were
irradiated at the output position for experimental determination of the thermal and epithermal
neutron fluxes. The partial neutron flux can be calculated by the expression [11]:
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where @ is the neutron flux, C the net counts of the corresponding gamma peak. f is the correction
factor for the effects of neutron multiple scattering and self-shielding in the irradiated foils, A is
the decay constant of the >*V product nucleus, and ¢ is the detection efficiency of the gamma-ray
detector. I is the intensity of the gamma peak, N the number of >''V nuclei in the foil sample, oy
is the average thermal neutron capture cross-section of >'V. #, , and #3 are irradiating, cooling
and measuring times, respectively. The uncertainties of the neutron fluxes presented in Table 1 are
mainly from statistical and measured efficiency components.

Table 1. Simulated and measured results of the output thermal neutron flux at the channel No.2

Parameters Simulation Experimental
Thermal neutron flux 2.27 x 107 (2.1340.04) x 107
(n/cm?/s)

In this study, a conical collimator with 240.3 cm in length is proposed to increase neutron
flux compared to a cylindrical collimator, presented in Ref. [S], which is used to simulate the
neutron beam with the crystal filters of Al;O3 and Bi. This collimator model is presented in
Fig. 4. The neutron total cross-sections of Al;O3 and Si crystal filters are prepared by using the
NJOY16 code [12], as shown in Fig. 5. The cross section data base ENDF/B-VII.1 [13] has been
updated in this MCNP5 simulations for the collimators materials.
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] crystal Al,O;
i crystal Si
P~ 1
% 10 ]
g 100 3 \ //
= ] \\/
107 10 107 10 107! 10° 10! 10°

Neutron energy (eV)

Fig. 5. Neutron total cross-section of Al,O3 and Si crystal filters.

3. Results and discussion

The thermal neutron fluxes at the sample irradiation position for cases of Al,O3 or Si crystal
filters are determined by simulation. As shown in Fig. 6, the intensity of thermal neutron beam
produced by the Al,O3 crystal filter is higher than that in the case of Si crystal filter. For the
conical collimator model, the simulated values of the thermal and epithermal neutron fluxes at the
sample irradiation position of the channel No.2 with alternative filter thickness are shown in the
Table 2.
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Filter Neutron flux
thickness Thermal neutron Epithermal neutron Thermal/Total
(cm) 108 (n/cm?/s) 107 (n/cm?/s) (%)
Si/Al,O3 Bi Si+Bi AlLOs+Bi Si+Bi AlLO3;+Bi Si+Bi ALO;3;+Bi
[5] [5] [5]
0 0 4.68 4.68 16.92 16.92 73.43 73.43
5 1 3.46 3.38 8.49 4.49 80.30 88.28
5 2 2.95 2.89 6.58 3.5 81.79 89.19
5 3 2.53 248 5.12 2.75 83.17 90.01
5 4 2.18 2.15 3.99 2.16 84.53 90.88
5 5 1.88 1.85 3.04 1.71 86.10 91.55
5 6 1.63 1.61 2.36 1.36 87.33 92.20
10 1 3.02 2.89 5.51 1.89 84.56 93.85
10 2 2.58 248 4.27 1.51 85.77 94.26
10 3 2.21 2.13 3.32 1.2 86.96 94.66
10 4 1.91 1.84 2.59 0.96 88.09 95.05
10 5 1.64 1.59 1.97 0.8 89.31 95.25
10 6 1.42 1.38 1.52 0.63 90.36 95.63
15 1 2.64 248 3.65 0.89 87.84 96.55
15 2 2.26 2.13 2.87 0.72 88.74 96.75
15 3 1.94 1.83 2.19 0.58 89.86 96.94
15 4 1.67 1.59 1.74 0.47 90.58 97.13
15 5 1.44 1.38 1.35 0.41 91.42 97.12
15 6 1.25 1.20 1.01 0.32 92.50 97.37
20 1 2.32 2.15 242 0.55 90.57 97.52
20 2 1.99 1.84 1.91 0.45 91.24 97.60
20 3 1.74 1.58 1.46 0.37 92.24 97.73
20 4 1.47 1.37 1.12 0.3 92.89 97.84
20 5 1.26 1.18 0.90 0.27 93.36 97.73
20 6 1.09 1.03 0.73 0.22 93.72 97.92

It can be seen, in Table 2, that the thermal neutron fluxes by the Al,O3 crystal filter are
slightly lower than the values by the Si crystal filter as the same thickness, but the quality factors
(ratio of thermal neutron flux to epithermal neutron flux) of the neutron beam due to the Al,O3
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filter is better. It can be explained based on Fig. 5, that neutron total cross-section in the energy
range from 10° eV to 100 eV of the crystal Al,O3 is higher than Si crystal. In addition, in the
epithermal neutron energy range from 0.5 eV to 100 eV, the neutron capture cross-section of the
Al,Os crystal is much higher than Si crystal, therefore the epithermal neutron flux at the irradiation
position generated by crystal Al,O3 is much lower than crystal Si. In other words, we only need
25 cm of the crystal Al,Os3 filter in length to produce the pure thermal neutron beam (98.40% of
total neutron flux) with a value of 0.89 x 108 n/cm?/s while the crystal Si filter is 60 cm in length
(98.33% of total neutron flux) with the value of 0.40 x 108 n/cm?/s, respectively.
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Fig. 6. The output neutron spectrum at the sample position by using Al,O3 and Si crystal filters.

As seen in Fig. 7, the thermal neutron flux decreases nun-uniformly with an increase of the
same amount of thickness of the Bi filter. For every 5-cm Al,O3 added, its ability to reduce the
thermal neutron flux is almost the same as that of an increase of 1 cm Bi. Fig. 7 also shows the
effect on the thermal neutron flux as the thickness of the Al,Oj3 filter further increases. This effect
is greatest with the second 5 cm Al O3 (at 10 cm) and gradually less with each subsequent 5 cm.

Figure 8 and Table 2 indicate that the quality factors of the thermal neutron beam also
increases non-uniformly as increasing the thickness of Al,O3 and Bi filters. The optimal thickness
of Al,O3 crystal is 20 cm.

4. Conclusions

In order to to improvement of the thermal neutron beam of channel No. 2 for neutron
capture experiment and related applications, the MCNP simulations of channel No.2 of the DNRR
with different thicknesses of Al,O3; and Bi single crystal filters were carried out. The quality
factors of the thermal neutron beam in the case of Al O3 crystal is better than the previous ones (Si
crystals). A composite of 20 cm Al,O3 and 6 cm Bi single crystals has proposed for the PGNAA
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Fig. 7. Thermal neutron flux according to the length of the crystal filters of Al;O3 and Bi
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Fig. 8. Thermal neutron flux ratio according to the length of the crystal filters of Al,O3
and Bi

application that the thermal and epithermal neutron fluxes at the sample irradiation position would
be 1.03 x 108 n/cm?/s (97.92% of total neutron flux) and 0.22 x 107 n/cm?/s (2.08% of total
neutron flux), respectively. The simulated results of thermal neutron beams in this paper are
also expected to be useful for basic experimental research and education using the neutron beam

facilities at the DNRR.
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