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H I G H L I G H T S

• Irradiation of samples by monochromatic neutron beam of E-beam tube.
• Using the neutron activation method to determine the neutron flux.
• Investigating the neutron imaging system of the Tehran Research Reactor (TRR).
• Unfolding the neutron energy spectrum.
• Benchmark study to validate the calculation tool against experimental data.

A B S T R A C T

Using the experimental data in nuclear computing to verify the calculation methods and
tools based on numerical and statistical methods has many benefits such as illustrating
the quality, ensuring the capabilities, and validating computer codes. Simulation by
computer tools is also applicable in the safety analysis of research reactors. In this
research, the computer tool (MCNPX 2.7.0: 2011) was verified against the experimental
data of neutron flux and spectrum on the sample position of the Tehran Research
Reactor (TRR) neutron imaging system by the neutron activation method. To determine
the benchmark specifications, the simulation of the system was done at the first step
by considering a well-defined facility geometric, material specification and reactor core
configuration, fuel elements, and radiation facility (beam tubes and collimator, reactor
core, and neutron imaging components). Then the flux and neutron spectrum at the
sample position were calculated. In the second step, a set of In (bare and covered by cd)
and Au foils and a set of Au, Ni, Ti, and Zr, were placed and exposed almost in front of
the reactor E beam tube. The neutron energy spectrum was unfolded by calculating the
saturation activity of each foil by SAND-II code, and the neutron flux was calculated. A
comparison of the results obtained in two steps shows a relatively good and acceptable
agreement (Max. 30% deviation) between the flux and the shape of the flux profile
obtained from calculations and experimental data.
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1 Introduction

Accompanying progress in computer technology and nu-
merical methods, the capabilities of computer codes in
the field of nuclear computing have been substantially en-
hanced. The recent development of these methods and
tools allows for better simulation of the complex processes
during the routine operation and transient conditions of
research reactors (IAEA, 2022). Correct application of
these methods and codes is an essential part of design im-
provement, operation, utilization, and safety aspects of

research reactors and associated experiments. In many
institutions operating these reactors, these codes are used
daily for technical support of operation and analysis of
parameters related to reactor safety.

However, the benchmarking process of computational
codes and the use of available experimental data to ver-
ify or the calculation methods and tools which uses
numerical-statistical methods, are always an important
topic for conducting research (IAEA, 2022).

To demonstrate the quality of these computational
methods and codes, it is important to benchmark them
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Table 1: Summary of benchmarking calculations, using the foil activation in active research reactors.

Reactor Country Experiment name Type of experiment Benchmark contributors Codes used

OPAL Australia
ANSTO-2

Structure material Argentina, Australia MCNP5, ORIGEN, MCNP6,
activation France DARWIN2, TRIPOLI- 4

ANSTO-3
Activation of Argentina, Australia, CONDOR, CITVAP,

Au grains Slovenia MCNP5, MCNP6

ATI Austria ATI-2 Foil activation Austria, Slovenia
Serpent 2, MCNP6,

FISPACT-II

ETRR-2 Egypt EAEA-2
Cs-134/Cs-137 activity

Australia, Egypt
AUS98, Analytical model,

ratio in LEU targets MCNPX v2.7
Argentina, MCNP5, SCALE,

IPEN/ MB-01 Brazil IPEN/ MB-01 Mo-99 activation Brazil, MCNP6, FISPACT-II,
South Africa OSCAR-5

JSI TRIGA
Slovenia JSI-1 Foil activation

Argentina, MCNP5, FISPACT-II,
Mark II Slovenia MCNP6

Be MCNPX v2.7,
SAFARI-1 South Africa NECSA-2 poison Romania, South Africa OSCAR-5/MGRAC,

activation OSCAR-5

against experimental data as part of assessing the va-
lidity of their application to the design, operation, and
safety analysis of research reactors, regarding in use of ra-
diation applications such as neutron imaging. Therefore,
benchmarking of calculation results against experimental
data, such as the calculation of reactor fuel burnup rate
(El Bakkari et al., 2009) or neutron activation of mate-
rials (Tiyapun et al., 2015; Di Tigliole et al., 2014), has
significant benefits and applications in fields of evaluating
the accuracy of calculations in the design, operation, and
safety data analysis of the research reactors, including the
Tehran research reactor (TRR).

To conduct the benchmarking of MCNP code or other
nuclear codes (Iwamoto et al., 2017), through the neu-
tron activation experiment and then the calculation of
neutron spectrum and flux or through the other exper-
iments (Olsher et al., 1993), it is sufficient to have the
technical specifications of benchmarking. Technical spec-
ifications include the reactor descriptions and experimen-
tal data available in advance or being measured during an
experiment (IAEA, 2022). The mentioned specifications
have already been prepared for many important research
reactors in advance and are used as a reference for con-
ducting benchmarking tests (IAEA, 2015).

Table 1 shows the list of reactors for which the nuclear
code verification test was performed through the neutron
activation method. TRR is not in Table 1, so the purpose
of the current research is to benchmark the used computer
tool (MCNPX 2.7.0: 2011) results against the experimen-
tal data of only neutron flux and spectrum through the
neutron activation of targets (as the technical specifica-
tions), for use in future applications in the TRR neutron
imaging.

2 Material and Methods

The benchmarking test and analysis using the MCNP cal-
culation method of the TRR core, components, and neu-
tron imaging system elements require the technical spec-
ifications of benchmarking. This specification consists of
two parts. The first is a complete geometric description of
the reactor, such as dimensions, core layout, configuration,
fuel elements, and radiation facility structure, including

beam tubes and collimators, used for simulation and mod-
eling of system components and code calculations. The
second is the experimental data, which includes the results
of measurements in a radiation facility through neutron
activation of fixed foils in the sample position. The di-
mensions, weight, and materials of the irradiated sample,
the duration of irradiation and the subsequent decay time
to measure the saturated activity, and finally the neutron
flux and spectrum calculations are also considered in this
part.

Figure 1: A 3D geometry of the TRR model. Beam tubes
(A to H), thermal columns, and other structural components
of the TRR are shown.

Figure 2: 2D view of MCNP model of the TRR North West
beam tube (E) position.
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Figure 3: A view of the neutron collimator designed to be installed in the beam tube E.

2.1 Reactor’s Technical Specifications

Tehran Research Reactor is a pool-type reactor with ther-
mal power of 5 MW with Low Enrichment Uranium (LEU)
plate fuel (20% U-235) and with light water as a coolant
and reflector media. This reactor is used to produce ra-
dioisotopes, activate samples, and for educational pur-
poses. This reactor is also equipped with auxiliary systems
for the use of neutron beams and gamma rays produced
in the core of the reactor in various research fields. This
equipment includes radiation channels, thermal columns,
etc. In addition, this reactor has seven beam tubes. The
location of this equipment is shown in 3D in Fig. 1. An
MCNP geometric simulation of the reactor core and com-
ponents are also illustrated in 2D in Fig. 2.

To obtain a thermal neutron beam for neutron irra-

diation purposes, a neutron collimator has been designed
and installed inside a 6-inch E-beam tube (Fig. 3), and
has been successfully tested (Dastjerdi and Khalafi, 2015;
Dastjerdi et al., 2017, 2016). Having neutron and gamma
filters, this collimator can greatly reduce gamma rays and
fast neutrons in addition to parallelizing neutrons from
the reactor core and improving the quality of neutron im-
ages. Bipolycrystal has been used as a gamma filter and
graphite as a filter for fast neutrons. Figure 4 shows the
configuration of arrangement No. 7 of the medium TRR
core.

The support plate consists of a 9 × 6 Aluminum grid
with dimensions of 75× 46 cm, which has 54 potential lo-
cations for the placement of fuel rods. Also, empty spaces
are created for sample radiation in the core. This core
contains 24 SFE and 5 CFE. Each SFE contains 19 fuel

Figure 4: Configuration of arrangement No. 7 of the TRR medium core (left side), Radial representation of the TRR core, and
a partial view (Y-X modelling) of various types of SFE, CFE, and Graphite Box.
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plates and each CFE contains 14 fuel plates with a enrich-
ment of 19.7. Control rods are placed in these complexes
(Dehkordi et al., 2019).

2.2 Neutron Radiography Room’s Technical
Specifications

A room equipped with the necessary equipment for digi-
tal neutron radiography (NR), including a shutter, sample
table, beam catcher, and automation system for transfer
and processing of recorded images, was built adjacent to
the E-beam tube (Rokrok et al., 2021) and evaluated for
neutron imaging quality (Kasesaz et al., 2020).

As seen in Figs. 5 and 6, there is a corridor outside the
room and the exit door is at the end of this corridor. The
walls are 55 cm thick and made of reinforced concrete. The
structure and materials used in the beam catcher (Fig. 6)
reduce the neutron and gamma dose rates to as low as
reasonably possible levels (Dastjerdi et al., 2017). Due to
technical reasons, the height of the part of the chamber
ceiling, which is placed on top of the E tube beam, is 145
cm higher than the ceiling.

Figure 5: Final design: the designed room has a curved
corridor outside the room and walls of the same thickness.

Figure 6: Design and installation of the new roof of the
neutron imaging room of the Tehran reactor, 3D design (right
side).

To reduce the total dose rate outside the room, the
door was covered with two layers of borate polyethylene
each 5 cm thick, and two layers of lead each 3 mm thick.
Figure 7 shows its schematic design. The schematic de-
sign of the beam catcher is shown in Fig. 8. In this design,
the thickness of the lead layer is 25 cm. The diameter of
the beam catcher entrance is 50 cm, so according to the
divergence angle of 2 degrees of the neutron beam, this
equipment was placed at a distance of 450 cm from the
E-beam tube.

2.3 Computer code and used libraries

MCNPX 2.7.0 computer code is used for simulation
(Pelowitz et al., 2005). This code simulates the transport
of particles such as neutrons, photons, and electrons using
the Monte Carlo method. Due to the use of the Monte
Carlo method, the results obtained from this code are al-
ways associated with statistical error or variance. In cases
where the statistical error of calculations is high, different
variance reduction methods can be used and better results
can be obtained. In this research, to simulate the reactor
core and its components, the source is defined as a circular
disc with a diameter of 15 cm (equal to the cross-sectional
area of the E-beam tube). Neutrons are emitted from this
source isotropically in the form of a cone with a divergence
angle of 2 degrees.

Figure 7: Neutron Radiography room and door plan.

Figure 8: Schematic image of the beam catcher installed in
the neutron radiation room.
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Table 2: Characterization of the irradiated foils.

Sample Foil Foil mass in Measured Nuclear Energy Half-life Irradiation Cooling
code material datasheet (g) mass (g) interaction threshold (d) time (s) time (s)

AE In 0.13 0.1351 115In(n,n’)116Inm 2.1-2.9 MeV 0.18691 9180 254

AC In + Cd 0.13 0.1372 115In(n,γ)116Inm Thermal 0.03761 9180 254

E Ni 0.28 0.2817 58Ni(n,p)58Co 2.9 MeV 71.3 28800 151200

G Ti 0.14 0.1435
46Ti(n,p)46Sc, 5.5 MeV 83.3

28800 151200
48Ti(n,p)48Sc 2.1 MeV 3.41

I Zr 0.11 0.115 90Zr(n,2n)89Zr 12.3 MeV 3.2670 28800 151200

K Au 0.12 0.1278 197Au(n,γ)198Au Thermal 2.7 28800 151200

Table 3: The results of measured saturation activity and saturation activity calculated by SAND-II code (after 25 repetition
limit).

Saturated Measured Saturated Calculated Normal 5.00 Percent Ratio Measured Deviation of
Foil Reaction Activity Activity Activity Limits (MeV) to Calculated Measured from

(DPS/Nucleus) (DPS/Nucleus) Lower Upper Activities Calculated Activity
197Au(n,γ)198Au 5.63E-16 5.18E-16 1.50E-08 2.55E-01 1.0872 8.72%

197Au(n,γ)198Au Cd 5.25E-17 5.36E-17 4.00E-04 5.25E-01 0.979 -2.1%
115In(n,γ)116mIn 7.54E-16 8.18E-16 1.60E-08 2.80E-07 0.9219 -7.81%
115In(n,γ)116Inm 4.11E-17 4.03E-17 1.50E-03 6.00E-01 1.0205 2.05%

46Ti(n,p)46Sc 2.81E-19 2.68E-19 5.00E+00 1.24E+01 1.0498 4.98%
48Ti(n,p)48Sc 2.41E-20 2.48E-20 7.20E+00 1.35E+01 0.9703 -2.97%

115In(n,n′)115mIn 1.09E-18 1.11E-18 4.00E-01 9.30E+00 0.9838 -1.62%
115In(n,n′)mCd 1.08E-18 1.09E-18 4.25E-01 9.30E+00 0.9875 -1.25%

To calculate the neutron flux and spectrum at the sam-
ple location (in front of the E-beam tube and 100 cm from
the outlet), Tally F4 and ENDF/B-VII.0 nuclear data li-
brary (Chadwick et al., 2006) were used. For calculations
of the neutron flux, triple binding energy consisting of
thermal, epithermal, and fast neutrons in the range of up
to 2.5× 10−8, 1× 10−2, and 20 MeV, respectively was se-
lected. For calculations of the neutron spectrum in multi-
group mode and to include the lowest possible energy in-
terval, the energy division was done in 618 groups. DX-
TRAN spheres are used as a variance reduction technique,
a combination of two variance reduction techniques, Rus-
sian roulette, and non-analog probability density function
sampling. The DXTRAN spheres (with inner and outer
radiuses of 11 and 12 cm, respectively) are placed exactly
around the location of the samples, at a distance of 100
cm from the E-beam tube.

2.4 Experimental data

The method used in this research to measure thermal neu-
tron flux and non-thermal neutron flux (epithermal and
fast) at the sample location is neutron activation of two
types of metal foils. The estimation of the minimum time
required for irradiating the samples was carried out by
considering the minimum activity required for detection
by the laboratory detector system, which is a High-Purity
Germanium Detector (HPGe), and the technical charac-
teristics of the samples based on equation Eq. (1)

A = Nϕσ(1 − e−λta)e−λtw (1)

where ta and tw are the irradiation time and the time
interval between the end of irradiation and the start of

counting, respectively, is the number of target atoms, is
the absorption cross-section of target nuclei, is the decay
constant of activation products, is the activity of inter-
action products in neutron activation and is the thermal
neutrons flux. Based on these estimations, short-term ir-
radiation (9180 s) of In foils with and without Cd cover
with a cooling time of 254 s and long-term irradiation
(28800 s) of Ti, Ni, Zr, In, and Au foils with a cooling
time of 151200 s were done. Foils specification data used
in irradiation conditions are given in Table 2. Standard
irradiated circular samples are 0.5 inches (1.27 cm) in di-
ameter and all 0.02 inches (0.0508 cm) thick.

After the samples were irradiated and cooled down in
the laboratory, to calculate the specific activity of the irra-
diated samples, gamma rays were counted using an HPGe
detector, and the neutron flux was unfolded in the differ-
ent energy bins based on neutron activation reactions and
the results of the SAND-II code output (SNL-SANDII,
1996).

This code works based on the repetition algorithm. By
entering the saturation activity of each foil, the initial
guess of the neutron energy spectrum (Fig. 9) (Zamani
and Shayesteh, 2022), appropriate correction, and weight-
ing coefficients as inputs, the estimated neutron spectrum
is extracted in each execution cycle and close to the real
spectrum. This code does not define the geometry of the
neutron source, foils, and their radiation test environment.
Meanwhile, these factors are influential in the results of
measuring the activity of foils (Heydarzade et al., 2018).

The results of measured saturation activity, calculated
saturation activity, and deviations (all less than 10%) in
the output of the SAND-II code execution are presented
in Table 3.
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Figure 9: Neutron spectrum in different range of energies (thermal, epithermal and fast), in front of E beam tube.

Figure 10: The connecting piece of the samples to the base (right), Installing the samples on the plexiglass plate and connecting
it to the base (middle), placing the base and the plate holding the samples in front of the beam tube E (left).

The results obtained from the SAND II code show a
good agreement between the results of this code and the
measured values. Figure 10 shows a view of how to in-
stall and connect the first and second sample foils on the
plate and support base (transparent plexiglass) and its
placement in the sample location in the neutron imaging
laboratory.

3 Results and Discussion

By comparing the results of experimental measurements
and calculations, the code can be benchmarked to obtain
a degree of consistency between the results. A compari-
son of calculated and measured non-thermal and thermal
neutron spectra is given in Figs. 11 and 12, respectively.
Each Figure has 2 diagrams including a moving average
line trending diagram for each graph. The comparison of
measured and calculated neutron flux is given in Table 4.

The results obtained in this study show that in the neu-
tron imaging system of the Tehran Research Reactor, the
flux and spectrum calculated by the MCNP code are con-
sistent with the experimental results of the saturation ac-
tivity measurement. The deviation between the calculated
and measured neutron flux and spectrum in the thermal
neutron energy range (used in neutron imaging) is about

30%. This could be due to more scattering of low-energy
neutrons from the walls and other elements in the neu-
tron radiography room, while there is a greater agreement
between the results in the epithermal and fast neutron
energy range. These results show that the materials and
geometric features used in the simulation are well mod-
eled by the MCNP code in the imaging application. When
comparing calculated results with experimental data, the
variance of results and errors in simulation and measure-
ment should be considered. However, most of the vari-
ances in the measurement results seem to be due to the
position of the measurement point in three-dimensional
space. Other causes of the difference between the results
are temperature effects and uncertainties in the reactor
power calibration, which directly affect the calculations.
The proximity of the foils to each other and the effect of
the activation plexiglass holding them on the laboratory
count can also affect the final measurement results. On
the other hand, the density of the material may not be
equal to the actual values. In general, any slight differ-
ences in the geometry and materials used in the simula-
tion with real conditions will cause differences between the
measured values and the simulation results. In addition,
the results of Tally F4 calculations in small and thin vol-
umes (such as irradiated foils) are not very accurate. Also,

16



M. Zamani and M. Shayesteh Radiation Physics and Engineering 2024; 5(1):11–19

Figure 11: Comparison of neutron flux by MCNP (diagram with green circles) with the measurement in the laboratory (diagram
with blue circles) in three energy ranges of thermal, epithermal, and fast neutrons - trending diagram of each graph, is indicated
by continuous red and yellow graphs, respectively.

Figure 12: Comparison of the neutron flux by MCNP code (diagram with green circles) with the experimental results (diagram
with blue circles) in thermal neutrons energy group, trending diagram related to the calculation and experimental results are
marked with continuous red and yellow cycles, respectively.

Table 4: Comparison of calculated and measured neutron flux results in different neutron energy ranges.

Energy Group (MeV)
Calculated neutron flux by Measured neutron flux

Deviation (%)
F4 Tally (n.cm−2.s−1) in LAB (n.cm−2.s−1)

Thermal Neutrons (0- 2.5E-8 MeV) 5.33E+6 4.122E+6 29.36

Epithermal Neutrons (2.5E-8 - 0.1 MeV) 4.19E+5 3.754E+5 11.73

Fast Neutrons (0.1 - 20 MeV) 4.09E+6 3.955E+6 3.54

the neutron flux spectrum defined in the source card of the
simulation program may not be completely accurate. In
some cases, the saturation activity measurements of some
radioisotopes may not fully match the simulation results.
The reason for this could be that the gamma spectrum
lines for measuring those isotopes are in the low energy
region, where the uncertainty of the detector used is high
and the measurement accuracy is lower.

There may be a discrepancy between the neutron spec-
trum taken as an initial input spectrum to start the

SAND-II code run (to calculate the flux) and the input
data provided. In addition to the above, the lack of cross-
section in the library of this code for some materials used
as a composite structure in the construction of the collima-
tor and some other reasons cause the calculated neutron
flux and spectrum to not fully match the experimental re-
sults. The results of the present research on neutron flux
distribution can be used for future calculations such as
spectrum calculations, dose rate calculations, various in-
teraction rate calculations, reactor power selection factors,
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and reactor core kinetic parameter calculations.

4 Conclusions

The radiation system of the Tehran Research Reactor with
the new changes made in it was simulated with the MC-
NPX code. In this research, the foil activation method
was used to investigate the imaging system of the reac-
tor. The activity of the samples was determined using an
HPGe detector and the SAND-II code. The measured sat-
uration activity and the calculated saturation activity for
all eight samples used in this research are in good agree-
ment with each other and their difference is less than 9%
for all samples.

The neutron flux at the output of the E beam tube
for three energy groups was calculated from Tally F4 of
the MCNPX code, and the DXTRAN sphere was used
to reduce the variance. The results obtained from these
calculations are in acceptable agreement with the mea-
sured values of the flux obtained by the neutron activa-
tion method and using the SAND-II code to unfold the
flux. This correspondence is about 30% for thermal neu-
trons and 12% and 3.5% for epithermal and fast neutrons,
respectively.
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