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Abstract: This paper presents a new design of a thermal neutron beam at the horizontal
channel No.l of the Dalat Nuclear Research Reactor by using the MCNP6 code. The
thermal neutron beam is the result of installing a combination of Sapphire and Bismuth
crystal filters. Due to lacking the thermal neutron cross-section data of crystalline filters,
we used NJOY2016 code to generate the cross-section files for Sapphire and Bismuth,
then updated the compatible library files into MCNPG6 library. The filter configurations
having different thickness were investigated for obtaining the optimal value of thermal
neutron flux and thermal neutron flux to high-energy neutron flux ratio R-value. In
addition, we changed the beam guide structure from cylindrical collimator to conical
collimator for increasing the neutron flux at the sample position. The comparison of
simulation results using a different combination of filters at the same thickness showed
the advantages of Sapphire crystal in the aspect of producing higher thermal neutron flux
and R-value.
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1. Introduction

Neutron filter technique is commonly used for producing neutron beams at nuclear
research reactors in the world. The filters are a combination of materials at different forms
such as free gas, crystal, and powder. In the Dalat Nuclear Research Institute (DNRI), the
neutron filter technique has been developed and applied for supporting fundamental
research and neutron activation analysis experiments with the neutron beam energy at
thermal, 2 keV, 24 keV,59 keV, and 148 keV. For the thermal neutron beam, a combination
of silicon and bismuth single crystal filter has been applied base on the characteristics of
thermal inelastic scattering of a neutron with single crystal materials. Recently, the
FILTER-7 computer code was used for searching the optimal design of the filters, which
archived the thermal neutron flux at 1.6 X 10® n/(cm?.s) and the cadmium ratio RCd(Au)
at 420 [1]. However, some study on nuclei having a low thermal cross section, the higher
thermal neutron flux is needed for increasing the reaction rate. Additionally, eliminating
high energy neutron at the sample position can improve the accuracy for experiments on the
thermal neutron beam. Therefore, to increase the thermal neutron flux having high purity,
after investigating the properties of filter materials and referring to others studies on thermal
neutron filter [2], [3], [4], we decided to use the MCNP code to design a new thermal
neutron beam at the horizontal channel No.1 of the DNRI by using the combination of
sapphire and bismuth single crystals instead of silicon and bismuth one.

In this work, we used the Monte Carlo computer code MCNP6 [5] to simulate the
characteristics of neutron spectra irradiated sample position after transmitted the filters at
the different thickness. The MCNP6 uses the ENDF/B-VII neutron cross-section files as
ACE format, which were processed from the ENDF library files by the NJOY code. To
describe the interaction of neutron with moderators or crystal materials in thermal energy
region, the thermal neutron scattering files are used to provide neutron cross-section data for
some popular materials [6]. Due to lacking thermal neutron scattering cross-section of
sapphire and bismuth crystals in the MCNP6 library, we used the NJOY?2016 [7] code to
generate the cross-section files using phonon frequency distribution of elements from [8].
The new library files were processed as a compatible format then updated into the MCNP6
library. By changing the thickness of the filters, the correlation of thermal neutron flux and
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the ratio R-values was obtained. The new filter configuration was designed base on the
optimal thermal neutron flux and R-value.

2. Methodology
2. 1. Preparing the total thermal neutron cross-section library files

Total thermal neutron cross-section of crystallized materials is the summation of
absorption cross-section and scattering cross-section. The scattering cross-section includes
three part: incoherent elastic, coherent elastics, and inelastic. For a single crystal material,
the elastic cross-section is normally neglected [9]. Then, the inelastic scattering cross-
section plays an important role in interactions of the thermal neutron with these materials.
The thermal neutron cross-section files of materials were generated by the NJOY2016 code.
The module LEAPR was used to calculate and import the inelastic cross-section data to the
THERMR module for merging and processing absorption cross-section with scattering cross
section. Fig 1 shows the total thermal cross-section of sapphire processed by the NJOY 2016
code compared to free atom total cross-section and experimental results Exp 01 [4] and Exp
02 [2].
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Fig 1. Total thermal neutron cross-section of Sapphire calculated by NJOY2016

The new cross-section files were updated into MCNP6 library by using the xsdir file
provided by the MCNP6 code, and the MT card was applied for S(a, 8) treatment of isotopes
in crystal filters.

2. 2. Simulation configuration

The horizontal channel No.1 of DNRI was approved to open for developing a new
thermal neutron beam, which utilized for neutron scattering studies. By the success of
designing and manufacturing previous neutron beams [10], we changed the cylindrical beam
collimators to conical one for increasing neutron flux at the sample position. The collimators
are neutron and gamma absorber materials placed alternatively to minimize radiation dose. In
addition, 5cm of Bismuth crystal filter was inserted for reduced gamma background. The
collimators length have to satisfy the requirement for ensuring the isotropic property of the
neutron beam. Fig 2 shows the vertical cross-section of the channel No.1 modeled in this
simulation.
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Fig 2. Simulation geometry configuration of the channel No.1.

The neutron filters were placed at the middle of the beam guide. By changing the
sapphire filter thickness with a step of 5cm for each configuration, we investigated the
optimal thermal neutron flux and R-value by using the tally F4. The neutron source spectrum
was calculated from the simulation of the reactor core by criticality KCODE card.
Similarity, we simulated the same geometry configuration by changing the sapphire filter to
silicon filter for comparing the performance of two filters.

2. 3. Results and discussions

The relative neutron flux spectra at the sample position were calculated and compared
to the original neutron spectrum as the Fig 3. In case of no neutron filter, the neutron spectrum
remains the same distribution and the neutron flux decreases by the distance from the source.
With the present of filters, there is a significant decreasing of neutron flux above the thermal
region, while thermal flux is less decline. Therefore, the R-value is higher than the non-filter
case, which is the consequence of low thermal total cross-section of crystalized filters. At the
same thickness, the sapphire filter gives better thermal neutron beam with higher thermal
neutron flux and R-value. In addition, the sapphire filter can stop the neutron energy at
54 keV and 148 keV, which can transmit through the silicon filter by two corresponding
negative dips on the total cross-section [11].
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Fig 3. Simulation neutron spectra at the sample position



By increasing thickness, the filters can increase the capability of capturing neutron
energy above thermal region while allowing transmission of the thermal neutron, which
increases the R-value, or in other words, the purity of the thermal neutron beam. Fig 4 shows
the correlations of thermal neutron flux and filter thickness between sapphire and silicon
crystal. In all cases, the sapphire filter gives higher thermal neutron flux as well as the R-
value.
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Fig 4. Thermal neutron flux and R-value vs filter thickness

Table 1 shows more detail about the simulation results of the R-values of filters at the
different thickness. From the table, the 15cm thickness sapphire filter gives R-value about 7.7
times higher than silicon filter, which proved the advantage of sapphire filter on silicon filter.

Table 1: R-values of filters at different thickness

Filter R-value
thickness | Sapphire | Silicon

(cm) filter filter
0 3.10 3.10
5 24.82 12.16
10 93.42 22.94
15 310.17 39.98
20 931.58 63.43
25 2089.66 90.42
30 3979.22 122.81
35 6776.75 160.20
40 10661.13 202.61

3. Conclusions

According to simulation results, the sapphire crystal filter can create a better thermal
neutron beam having higher purity as well as thermal neutron flux compared to the silicon
filter. The optimal filter configuration was selected at 15 cm thickness of sapphire crystal
following the criteria: R-value, thermal neutron flux, and filter cost. Besides providing results
for the feasibility study of design a new thermal neutron beam, the simulated neutron spectra
are also the important input parameters for studying radiation dose in shielding design of the
facility. However, the neutron flux spectra in this simulation are the relative values; the



accurate value of neutron flux will be measured by the activation method after installation the
filters.
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THIET KE CHUM NEUTRON NHIET MOI TAI LO PHAN UNG HAT
NHAN PA LAT
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Tém tit: Bai bao nay trinh bay két qua md phong thiét ké chum neutron nhiét méi tai
kénh ngang s6 1 cua 10 phan tmg hat nhan Da Lat sir dung chuong trinh mé phong Monte
Carlo MCNP6. Chum neutron nhiét duoc tao ra bang cach sir dung t& hop phin loc tinh
thé Sapphire va Bismuth. Dé nang cao sy chinh xac cho céc tinh toan mo phong, thu vién
s6 liéu tiét dién tan xa neutron nhiét cia cac vat liéu tinh thé Sapphire va Bismuth da
dugc tinh toan bang chuong trinh NJOY2016 va cip nhat vao thu vién sb liéu phan tng
hat nhan theo dinh dang ctia chuong trinh MCNP6. Ngoai ra, hinh hoc ctia hé chuan truc
neutron duoc thiét ké cai tién tur dang hinh try sang dang hinh cone nhim ting thong
lwong neutron tai vi tri chiéu mau thyc nghiém. Trong qua trinh tinh toan mé phong, bé
day cua céac phin loc dugce thay d6i dé tim ra gi4 tri toi vu cua thong lwong neutron nhiét,
ti s6 R giira thong luong neutron nhiét véi thong lwong neutron ning lugng cao, va dong
thoi giam phong gamma. Két qua mé phong cho thiy voi cing bé day, t6 hop phin loc
Sapphire va Bismuth cho théng lugng neutron nhiét ciing nhu ti sé R cao hon dang ké so
v6i t6 hop phin loc Sillicon va Bismuth. Cu hinh t6 hop phin loc méi thu dugc tir két
qua md phong s& duoc thiét ké ché tao va lap dat dé phuc vu cac thi nghiém.
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