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The determination of the characteristics of neutron spectrum at different irradiation positions on
the outer wall of moderator chamber of the intense resonance neutron source by simulation
method using MCNP code was presented. The characteristics of neutron spectrum including the
flux of thermal, epithermal and fast neutron, neutron temperature and o-shape parameter have
been determined. For validation of MCNP simulation, the characteristics of neutron spectrum at
the optimal irradiation position were determined experimentally by activation technique. The
comparison shows that the simulated and experimental results are in agreement, which indicates
the high reliability of MCNP code except for a-shape parameter. Our revised equation for deter-
mination of o shape parameter by the method of cadmium-ratio for multi-monitor has been used,
in which the correction coefficients of the epithermal neutron transmission for cadmium cover,
the thermal and epithermal neutron self-shielding, were included for improvement of the accu-
racy. The calculated and measured a-shape parameters are in good agreement when our proposed

revised equation is used.
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INTRODUCTION

Neutron-induced nuclear reaction cross-section
data, particularly in the thermal and resonance regions,
serve as a fundamental basis for both basic research and
practical applications. In nuclear safety, accurate
cross-section data are essential for optimal reactor de-
sign, enabling reliable performance predictions and
chain reaction control. Similarly, medical applications
including radioisotope production for diagnostic imag-
ing or cancer treatment, depend critically on neutron
cross-section reliability at specific energies. Although
numerous evaluated nuclear data libraries exist, the de-
mand for improved accuracy persists [1], especially for
isotopes exhibiting complex resonance structures in the
epithermal range (1 eV-100 keV).

* Corresponding author, e-mail: Ihkhiem@iop.vast.vn

At the Joint Institute for Nuclear Research (JINR),
the intense resonance neutron source IREN based on the
LUE-200 electron linear accelerator [2-4] has emerged
as a powerful tool for high-resolution neutron studies.
Unlike conventional reactor sources relying on moder-
ated fission neutrons, IREN generates neutrons pre-
dominantly through the photoneutron mechanism when
110 MeV electron beams interact with a tungsten target.
While this design offers advantages for resonance stud-
ies, it simultaneously introduces challenges in character-
izing the neutron flux distribution at irradiation positions.
Key spectral parameters such as the relative contribu-
tions of thermal, epithermal, and fast neutrons, the epi-
thermal spectrum shape parameter o, and the neutron
temperature, must be known in advance to ensure precise
cross-section measurements.

Numerous previous studies have focused on de-
termining neutron spectral parameters using various
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methodological approaches, depending on the type of
neutron source and the specific research context. For
example, Khattab et al. [5] and Akaho ef al. [6] em-
ployed MCNP simulations to calculate neutron spectra
in MNSR reactors. This approach was also adopted by
Beasley et al. [7] to characterize the epithermal neu-
tron spectrum of the Portuguese research reactor. Dias
et al. [8] applied covariance analysis to determine the
o-shape parameter in k -based neutron activation
analysis (k,-NAA). Yavar ef al. [9] and Soleimani et
al. [10] compared MCNP simulation results with ex-
perimental data to calibrate spectral parameters in re-
search reactors. Additionally, Alloni et al. [11] charac-
terized neutron fields generated by accelerators
through a combination of simulations and experimen-
tal measurements. In the context of accelerator-driven
neutron sources, Alloni ef al. [11] demonstrated that
significant errors in intermediate-energy neutron
modeling may arise if multiple scattering in target ma-
terials is neglected. Devan et al. [12] conducted a
study to investigate the photoneutrons produced by the
Pohang Neutron Facility, based on an electron linac in
the watercooled Ta-target system using the Monte
Carlo simulation code MCNPX. The maximum en-
ergy of the electron linac is 75 MeV. Multiple gold foil
neutron activation experiments were carried out to es-
timate the spatial distribution of photo-neutrons. The
optimum conditions of the target system and the ex-
perimental set-up to maximize the thermal neutron
production, were investigated. Notably, in a compre-
hensive review on photoneutron production from
electron accelerators, Sari [13] highlighted that uncer-
tainties in nuclear cross-section libraries can lead to
substantial discrepancies in predicted fast neutron
fluxes.

Our research group is the first to propose the use
of the IREN facility for measuring neutron-induced nu-
clear reaction cross sections via the activation method.
To ensure the accuracy of the results, the initial and es-
sential task is to precisely characterize the neutron flux
at the sample irradiation positions. The objective of this
study is to determine key characteristics of the neutron
flux at sample irradiation positions using the Monte
Carlo method implemented in the MCNP code [14].
The accuracy of the simulation results is evaluated by
comparison with corresponding experimental data ob-
tained through the activation method. Additionally, the
study aims to identify and apply necessary corrections
to improve the accuracy of neutron flux parameters de-
termined experimentally.

MATERIAL AND METHODS
Neutron production by IREN

The principle of neutron production of IREN fa-
cility is based on (e, y) and (y, n), (y, xn) and (y, xnyp)

nuclear reactions. The electrons accelerated to high
energy from a linear accelerator are used to bombard a
photoneutron target to create bremsstrahlung radia-
tion, which then generates neutrons via photonuclear
reactions with the target material. The photoneutron
target should be made from heavy metal with high
atomic number because the emission of gamma rays is
proportional to the atomic number of the target mate-
rial. The IREN facility consists of the electron linac
LUE200 with an S-band traveling wave accelerating
structure [15]. The electrons exit the accelerator
through a window made of hemispherical beryllium
with a diameter of 36 mm and a thickness of 1 mm.

The general schematic of the IREN facility is
presented in fig. 1.

The currently achieved parameters of an elec-
tron beam accelerated by the LUE-200 accelerator are
given in tab. 1.

For converting bremsstrahlung into neutron ra-
diation, a cylindrical tungsten alloy (90 % W, 7 % Ni,
3% Fe, p=18.075 gcm™) of 4 cm diameter and 10 cm
length has been used as a neutron production target.
The tungsten target is placed inside an aluminum cy-

Pulsed transformer 1
= Electron gun

1* accelerating Section

2% aecelerating section

2% Klystron

2% modulator

Figure 1. The general schematic of IREN

Table 1. The currently achieved parameters of the
electron beam accelerated by the LUE-200 accelerator
used for simulation

Average electron energy 110 £ 5 MeV
Pulse beam current 1.8 A
Average current 10.8 pA
Pulse duration 120 ns
Cycle repetition rate 50 Hz
Average power on target 1.2 kW
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Figure 2. The design of neutron irradiation chamber

lindrical container of 16 cm diameter and 25 cm
length, containing distilled water to moderate the pro-
duced neutrons. The production target is continuously
cooled by circulating water in the moderator tank us-
ing a pump. In fig. 2, the design of neutron irradiation
chamber, including tungsten target and water modera-
tor tank, is presented.

Monte Carlo simulation of neutron
spectra using MCNP code

For measurement of the cross-section of the re-
actions induced by thermal and epithermal neutrons,
the reaction targets made by high-purity metal thin
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foils will be used and will be attached to some position
on the outer wall of the water moderator tank, as pre-
sented in fig. 3(a). Before the experiment, one should
know the main characteristic quantities of neutron
spectrum at a selected irradiation position as accurate
as possible. These quantities can be deduced from the
neutron spectrum at the corresponding position and
therefore, it is necessary to know accurate neutron en-
ergy spectra, either by experimental measurement or
by simulation.

In our study, the neutron energy spectra have
been simulated by the Monte Carlo method using
MCNP-6 code. Figure 3(a) shows a horizontal
cross-section of the configuration of irradiation cham-
ber used for MCNP simulation, where the vertical di-
rection of Z-axis is sketched, which is directed down-
wards from the top of the water moderator tank
coinciding with the direction of the incoming electron
beame. The point with z = 0 is the one located on the
top surface of the water moderator tank. The currently
achieved parameters of the electron beam accelerated
by the LUE-200 accelerator are presented in tab. 2 and
the energy distribution of electron beam, measured in
October 2023 which is presented in fig. 3(b), have
been used for simulation. For each simulation, 10°
events have been generated.

Gamma activity measurement and
determination of reaction rate

To measure the activity of neutron-activated tar-
gets, a high-energy-resolution gamma spectrometer
was used. The detector used to record the gamma-ray
spectrum is the HPGe detector of GC4018 model man-
ufactured by Canberra, with 40 % relative efficiency
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Figure 3. The configuration of neutron production chamber (a) and the energy distribution of electron beam measured in

October 2023 (b) for MCNP simulation
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Table 2. The neutron self-shielding coefficients of
some isotopes present in the targets will be used in our
experiment for comparison

Target [iilf:;] Th[lrilkgf % INuclide| Gun | Gepi | Grs
Au | 9x9 0.1 TAu 0.8837/0.2142 0.2142
Cu [13x11 0.5 BCu 0.96590.6980| 0.6975
Zr [10x9| 0.1 7r 10.9997/0.9812 0.9811
Zr [10x9| 0.1 %7r 10.9997|0.9773| 0.9767
W [10x9| 0.35 18w 10.9168(0.2524| 0.2379
W [10x9| 0.35 W 10.9168]0.6112| 0.5973

and energy resolution of 1.8 keV at 1.33 MeV. The re-
action rate per target nucleus is determined by the fol-
lowing formula [16]

_l o
RF N s A(1—e ")
" ngel, (1—e ) (1—e *) e H (1—e %)

M

where R is reaction rate per target nucleus, ny — the
number of nuclei of the target, &£ — the detector's effi-
ciency at the energy of the characteristic gamma peak,
Noyps—the gamma-ray count at the characteristic energy
peak, I, — the gamma emission intensity, A — the decay
constant, 7., — the cycle period of the electron beam, 7 —
the pulse width of the electron beam, #; — the time of ir-
radiation, f,, — the cooling time, 7, — the time of mea-
surement, and F. — the general correction factor for
gamma measurement, including efficiency geometri-
cal correction, gamma self-absorption in the target,
dead time correction and summing effect. For correc-
tion of losses of gamma-ray count of interest,
gamma-ray characteristic energy peak due to an effect
of true coincidence summing, a correction program
TrueCoinc [17] has been used. For determination of
gamma self-absorption in the target and for efficient
geometrical correction, two different Monte Carlo
codes, developed by us, have been used.

In this study, high purity natural Am and Cu sam-
ples (> 99.9 %) were used. The activities of the isotopes
198Au and **Cu produced via the '7Au(n,y)'*®Au and
9Cu(n,y)**Cu reactions were determined using the
gamma peaks of411.80 keV (95.62 %) for '*®Au and the
1345.37 keV (0.4748 %) for “*Cu. The sample measure-
ment time was adjusted to achieve a statistical uncer-
tainty of less than 1 %.

RESULTS AND DISCUSSIONS

All the necessary quantities characterizing the
neutron spectra at an irradiation position will be de-
duced from the neutron spectra at this site. The neutron
spectra at different irradiation positions located on the
outer wall of the water moderator tank, with and with-
out cadmium cover, have been simulated. Three typi-
cal different neutron energy spectra are presented in
fig. 4, corresponding to three cases: without cadmium
cover (represented by a solid circle), with cadmium
cover of 0.5 mm thickness (solid triangle), and 1 mm
thickness (solid square). One can see clearly from fig.
4 that the spectra of the targets with cadmium cover of
0.5 mm and 1 mm thickness are almost identical. This
means that the absorption of thermal neutrons by cad-
mium cover with these two thicknesses of 0.5 mm and
1 mm is equivalent. Therefore, it can be concluded that
to completely absorb completely thermal neutrons, a
cadmium cover with thickness of 0.5 mm is sufficient.

Selection of optimal position
for irradiation

The optimal irradiation positions must be se-
lected to increase the activity of irradiated targets. The
optimal irradiation positions are those at which the in-
duced reaction rates should be the highest. To find the
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optimal irradiation positions, the reaction rates of
some isotopes at different irradiation vertical positions
Z should be calculated. The reaction rates induced by
thermal, epithermal and fast neutrons can be calcu-
lated using the following formulas [18]

ECd

Ry =Gy |@(E)o(E)dE, )
0
Eg

Rey =Gy [ @(E )0 (E,)dE, 3)
ECd

Ry =Gy [@(E)o(E,)dE, (4)
E;

where ¢ (E,) is the neutron flux and o(£,) — the reac-
tion cross-section at neutron energy of £, Ry, Repi. The
and Rpg are the reaction rates induced by thermal,
epithermal. The and fast neutrons at a specific irradia-
tion position, Gy, Gepi, and Gy, are the thermal, epi-
thermal, and fast self-shielding correction factors
and E.4=0.55 ¢V is the cadmium cutoff energy and
E¢ =0.1 MeV.

The total reaction rate R, will be the sum of
these three reaction rates and is calculated using the
following formula

Rtot :Rth +chi +Rfast (5)

Table 2 shows the calculated values of the coeffi-
cients of Gy, Gepi» and Gy for nuclides '’Au and
83Cu, that are present in our pure natural metal foils
used in experimental measurement for validation of
MCNP simulated results. These coefficients were cal-
culated based on the method described by Trkov [19]
and the values of o(E,) were taken from the
ENDF/B-VIILO library.

Figure 5 presents the relationship of the reaction
rate calculated for *Cu to the irradiation positions at
different Z. It should be noted that for calculation of re-
action rates using eqs. (2-5), the neutron flux at

diferent irradiation positions calculated by MCNP
were used. [t can be seen clearly from fig. 5 that the op-
timal irradiation position in the Z direction will be the
point with Z=5 cm.

Determination of characteristic parameters
of the neutron spectrum at the optimal
irradiation position Z=5 cm

A neutron energy spectrum at an irradiation site
can be divided into three regions including:

The thermal region with neutron energy less than
cadmium cut-off energy E4 = 0.55 eV, which can be
described by the following function [20]

E
Qo (E) =0 — e F/Mo (6)

1
(kT

where E, is the neutron energy, k£ — the Boltzmann con-
stant, and Ty, is average neutron temperature (or
Maxwellian temperature).
The epithermal region with neutron energy
E < E<E:=0.1 MeV, which can be described by the
following function [20, 21]
(pepi (E n) = &
E

1+a
n

(7

where « is the epithermal spectrum shape parameter.

The fast region in which neutron energy is greater
than Ecan be approximated by the Maxwellian distribu-
tion, as written [20]

Pu () =y 2B ()

(KT¢)
where Tt is the average temperature of fast neutrons,
@, D,, and @; in the egs. (6)-(8) are the flux of ther-
mal, epithermal, and fast neutrons and their unit is in
cm s, The total energy neutron spectrum will be the
sum of three individual energy spectra (6-8) aforemen-
tioned.
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The characteristic parameters of the neutron
spectrum, at a specific irradiation position, include
D, D,,D;, Ty, a, and Ty These parameters can be ob-
tained if the measured or simulated spectra at the cor-
responding irradiation position are available. In our
case, neutron energy spectra have been simulated us-
ing MCNP code. To deduce the characteristic parame-
ters, one needs to fit the distributions (6-8) corre-
spondingly with the thermal (£, < 0.55 eV),
epithermal (0.55 eV < E, < 0.1 MeV), and fast (£, >
0.1 MeV) energy regions, namely: the values of @,
and T}, can be obtained by fitting the distribution (6) to
the simulated spectrum in the region with neutron en-
ergy lessthan £_4 (0.55 eV), the values of @, and ot can
be obtained by fitting the distribution (7) to the simu-
lated spectrum in the region with neutron energy £ <
E, <0.1 MeV and the values of @5 and T} can be ob-
tained by fitting the distribution (8) to the simulated
spectrum in the region with neutron energy £, > 0.1
MeV. The MCNP simulated neutron flux density spec-
trum at the irradiation position Z=15 c¢m and the fitting
curves, are presented in fig. 6. In this figure, the values
simulated by MCNP are represented by the solid
squares, the dashed line is the fitting curve of distribu-
tion (6) to the MCNP simulated points for determina-
tion of @, and kT, the solid line is the fitting curve of
distribution (7) to the MCNP simulated points for de-
termination of @, and o shape parameter, and the dot-

o
o

1

1

]
—
o

©

1

Neutron flux density [cm_zsﬁ1 (eV)f1

—
10° 10° 10
E, [eV]

Figure 6. Fitting curves in three energy regions of
neutron flux density spectrum at the irradiation position
Z=5cm

ted line is the fitting curve of distribution (8) to the
MCNP simulated points for determination of @5 and
kT¢. The obtained results are listed in tab. 3.

It can be seen from tab. 3 that the values of a-shape
parameter and Maxwellian neutron temperature T, are
very different at different sample irradiation positions.
Their magnitudes of the discrepancies at different irradi-
ation positions can be observed more clearly in fig. 7.
The value of a-shape parameter increases with the value

Table 3. The characteristic parameters of the neutron spectrum at different irradiation positions for

the case without cadmium cover

Z[cm] @, [10° cm %] @,[10°ecm '] | @3[10°cm s kT [meV] a kTi[MeV]
1 1.627 1.038 5.236 41.064 —0.1062 1.133
2 2.590 1.158 5.939 38.863 —0.0898 1.067
3 4.261 1.361 7.763 38.761 -0.0722 0.868
4 5.833 1.402 7.266 39.078 —0.0580 1.041
5 6.451 1.420 4767 36.611 —0.0550 1.244
6 6.480 1.458 6.942 37.887 —0.0588 0.874
7 5917 1.008 5.331 36.902 —0.0419 1.043
8 4.166 0.729 3.494 32.673 -0.0551 1.178
T Ll T T L) T L) 42 L] T L) L] L) T T T
-0.04- -
—0.05- 1 404 \ .
a o S
~0.061 1 8 ——"
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Figure 7. The variation of a shape parameter and 7, at different irradiation positions
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Figure 8. The simulated neutron density spectrum after
0.5 mm cadmium cover at the irradiation position Z =5
cm and the fitting curves

of Z, while the temperature Ty, decreases with increasing
Z. This is quite consistent with our prediction because the
larger the distance Z corresponds to the layer thickness of
the water layer. The greater the thickness of the neu-
tron-slowing water layer, the better the neutron
thermalization process and thus will reduce the deviation
of the neutron spectrum from the ideal 1/E spectrum and
reduce the neutron temperature Ty,.

The MCNP simulated neutron spectrum after 0.5
mm cadmium cover at the irradiation position Z =5 cm
and the fitting curves are presented in fig. 8. In this figure,
the points simulated by MCNP are represented by the
solid squares, the dashed line is the fitting curve of distri-
bution (6) to the MCNP simulated points for determina-
tion of @ and AT, the solid line is the fitting curve of
distribution (7) to the MCNP simulated points for deter-
mination of @5¢ and kT;$®, and the dotted line is the fit-
ting curve of distribution (8) to the MCNP simulated
points for determination of @/ and AT .

The characteristic parameters of the neutron
spectrum at the irradiation position Z= 5 cm after cad-
mium cover of 0.5 mm thickness, are listed in tab. 4 in
which the superscript cd of each quantity is used for
cadmium covered target, for example, @5, ®5%and
cD;d and the thermal, epithermal and fast neutron
fluxes after the cadmium cover.

Determination of cadmium rati
by MCNP simulation

The cadmium ratio (CR) is defined as the ratio of
reaction rates of the targets without and with the cad-
mium cover as follows [22, 23]

where R°™ and R* are the reaction rates of bare and
cadmium covered targets, o, (E) and ¢(E) are the neu-
tron capture cross section and neutron flux at energy E,
respectively, and E.q— the cadmium cutoff energy. This
formula is correct under the assumption that all neu-
trons with energies less than E.4 will be completely ab-
sorbed by the cadmium cover. It is known that the CR
can be calculated if the neutron energy spectrum can be
measured experimentally or can be calculated for the
target with and without cadmium cover.

For calculation of CR, the MCNP simulated
spectrum presented in fig. 5 and the neutron
self-shielding thermal and epithermal coefficients
taken from tab. 2 were used. The calculated results of
CR for some targets assuming that £ 4=0.55¢eV and
the thickness of used cadmium cover of 0.5 mm are
listed in tab. 5, in which Rb and R® are the reaction
rates of the targets induced by thermal, epithermal and
fast neutrons without and with 0.5 mm cadmium
cover.

Verification of accuracy of the characteristic
parameters calculated from MCNP simulated
neutron spectra

To verify the accuracy of the characteristic pa-
rameters calculated from MCNP simulated neutron
spectra, three experiments were carried out. The first
experiment aims to check the optimal irradiation posi-
tion, where the neutron flux is the highest. In this ex-
periment, the 10 mm x 10 mm x 0.5 mm thin Cu targets
of high purity (> 99.99 %) were activated at five irradi-
ation positions, located on the outside wall of the mod-
erator tank with Z=1, 3, 5, 7, 9 cm. The gamma-ray
spectra of the irradiated targets were measured using
our gamma-ray spectrometer, mentioned above. The
measured reaction rates per target nucleus of ©*Cu iso-
tope of the Cu targets, with and without cadmium
cover, at different irradiation positions, directly deter-
mined from measured gamma-ray spectra using eq. (1)
are listed in tab. 6, where R°d and R are the reaction
rates of the target with and without cadmium cover, re-
spectively.

In fig. 9, the relationship between reaction rate
and irradiation position at different Z is presented.

Table 4. The characteristic parameters of the neutron spectrum at the irradiation position z =5 c¢m for

the case with the cadmium cover of 0.5 mm thickness

Z [cm] tDICd(lO8 em?s™h ¢§d(108 em?s™)

cl>§d(108 em s

kT§Y [meV] o kTS [meV]

5 0.106 1.614

7.797 39.310 —0.058 0.194
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Table 5. The calculated results of CR for some targets assuming the cadmium cut-off energy is 0.55 eV

and the thickness of used cadmium cover is 0.5 mm

Nuclide Reaction rate of bare target (R™°) [s '] | Reaction rate of cadmium covered target (R°®) [s '] CR
7 Au 6.66-10" 2.49-107 2.675
Hzr 7.45-107"7 5.49-107"7 1.357
S7r 5.28-107' 5.58.107'° 0.946
%Cu 2.48:10" 408107 6.086
186y 2.66-107* 1.02-107 2.600
184y 1.79-107"° 1.14-10°7 1.564

Table 6. The measured reaction rate per target nucleus of
®Cu isotope at different irradiation positions

Z [cm] R [s7] R*[s "]

1 3.78-10' £2.49-10"® | 8.45-10"7 +7.28-107"
3 7.72-10"£4.93-10" | 1.19-10"°+1.02-107"®
5 1.03-10"° +6.58-10" | 1.34.10"°+1.23-107"®
7 9.44-10" +6.19-10"® | 1.39-10"°+1.31-107"®
9 7.16:10'° +4.88-10" | 1.09-10° +1.20-10°"®

r T r T
104074 Rcubare 5cm |
' —e— Acuincd
8.0-107° 1
o
©
6.0-107"¢ 1
401077 ]
2.0-107"%] i
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Z[cm]

Figure 9. Relationship between reaction rate per nucleus
of *Cu and irradiation position at different z

The results listed in tab. 6 and shown in fig. 9 in-
dicate that the irradiation position at Z= 5cm gives the
highest reaction rate. This experimental conclusion is
completely consistent with the results obtained by the
simulation presented above. In addition, the agree-
ment between the simulation and experimental results
allows us to conclude that the MCNP code can accu-
rately simulate the neutron spectra at different irradia-
tion positions.

The second experiment aims to compare the cad-
mium ratio obtained by simulation and by measure-
ment. In this experiment, the high purity (>99.9 %)
thin natural metal foils of gold and copper were used as
the targets for neutron irradiation. The two sets of tar-
gets, without and with 0.5 mm thickness cadmium
cover, were prepared for simultaneous irradiation at
the optimal irradiation positions Z =5 cm located on
the outer wall of the moderator. The targets were si-
multaneously activated by neutron at the optimal irra-

Table 7. The CR determined experimentally for diferent
targets and compared with the values obtained by
simulation

Nuclide CRexp CR.u Difference [%]
Y7 Au 2.58 +0.06 2.675 3.72
$Cu 6.33 £0.08 6.086 3.91

diation position with Z = 5 cm. The gamma spectra
emitted by the targets after irradiation were recorded
using the gamma spectrometer described in section 2.3
and analyzed using Genie-2000 software. The count-
ing rates at characteristic peaks (at411.8 keV for '8 Au
and 1345.37 keV for %Cu), after taking into account
all the necessary corrections, were used to calculate
the CR of '7Au and %3Cu isotopes. The reaction rates
per target nucleus of the isotopes '*’Au and **Cu were
determined experimentally by the activation method.
The CR were determined from the measured reaction
rates and are given in tab. 7, where CR,, and CR, are
the experimental and calculated CR, respectively. The
values of CR,, are taken from tab. 5.

The calculated CR listed in tab. 5, that were de-
duced from MCNP simulated spectra are also given in
this table for comparison. The results in tab. 7 show
that the CR calculated by simulation and measured by
experiment are relatively consistent. This once again
allows us to conclude that the method of determining
the CR using MCNP simulation is relatively accurate
and acceptable instead of time-consuming experimen-
tal measurements.

The third experiment is for comparison of exper-
imental a-shape parameter with that deduced from
MCNP simulated neutron spectrum.

The value of at-shape parameter can be experi-
mentally determined by the CR for multimonitor
method [21, 24]. For determination the value of o shape
parameter, the CR method has been used using the ob-
tained experimental values of CR.,,, listed in tab. 7.

The determination of the a¢-shape parameter is
based on the ratio of epithermal neutron-induced reac-
tion rates measured in two different monitor foils. To
eliminate dependence on absolute nuclear data, De
Corte et al. [21] reformulated the a-determination
equation by dual monitor method using CR However,
their initial formulation did not account for several
corrections, such as the correction of cadmium trans-
mission and correction of the thermal and epithermal
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neutron selfshielding. Subsequent studies [25, 26] in-
corporated these corrections, leading to a more com-
prehensive expression of the form

(CR" —1)5, _ [(Qy —04264)GTy (E, ) +C,
(CR -1y [(Qy —04264)Gl s, (E,p0) ™ +C,
(10)
where

CR =CR/F,,C, =04264/ (2a+1)E%,,

0 =1, /gO'O’G:chi /Gy,

where CR is cadmium ratio, F.q — the cadmium trans-
mittance coefficient, E.4=0.55 eV —the effective cad-
mium cut-off energy, Gy, and G, are corrections for
thermal and epithermal self-shielding effects, o) — the
cross- section of the thermal neutron capture reaction
at a speed of 2200 ms ', J, — the integral cross-section
of the resonance neutron capture reaction, and E, —the
average energy of all the neutron resonances. The sub-
scripts Au and W refer to gold and tungsten monitors,
respectively.

By very careful transformations, we have pro-
posed another equation for determination of o-shape
parameter by the dual monitor method using CR in
which the correction factors F 4, Gyp,, and G ;, were in-
cluded

epi»

(CR™ -1), G, _[(Qy ~0426)(E, )], +C,
(CR"-1); G [(Qy-0426)(E, )], +C,
(11)

where
CR" =CR/F,,0, =1,/g0,,

C, =04264/ (2a+1)EZ,; ,G =Goi /G

To calculate G,; and Gy, several studies have
proposed methods for estimating these quantities [27,
28]. Trkov et al. [19] developed the MATSSF code us-
ing an analytical approach to approximate the solution
of the neutron diffusion equation for neutron
self-shielding correction calculations, including the
thermal (Gy,) and epithermal (G;) self-shielding fac-
tors. Adetailed description of the methodology and the
relevant computational equations is provided in [19].
The MATSSF code offers the advantage of fast com-
putation and is capable of handling samples composed
of various elemental constituents. It supports several
predefined sample geometries, including thin foil, cy-
lindrical, and spherical shapes. The authors employed
both the MATSSF code and the MCNP code to per-
form calculations, and the results obtained from both
methods were found to be in very good agreement.
Therefore, in this study, we used the MATSSF code to
determine the neutron selfshielding factors for the Au
and Cu samples used in the present study.

The a-shape parameter can be obtained by solv-
ing eq. (11) by the iterative method using the experi-

mental CR taken from tab. 7 and the relevant nuclear
data listed in tab. 8. We also used the equations pro-
posed in[25,26,29] to determine the ct-shape parame-
ter. The values of the o-shape parameter obtained from
different equations are presented in tab. 9.

Through this study, we observed that the values
ofthe a-shape parameter vary depending on the moni-
tor pair used. In our opinion, in addition to the system-
atic errors of the input data taken from tab. 8, there may
also be some other causes related to the neutron spec-
trum such as, the cadmium cover does not completely
absorb thermal neutrons and the contribution of fast
neutrons in the epithermal region is quite large.

The value of the o shape parameter determined
by eq. (11) depends on many parameters. The errors of
these quantities will be propagated to the final «
value. In addition, we found that the value of « -shape
parameter is very sensitive to some parameters such as
F 4 (cadmium transmission coefficient), CR, Gy, and
G (thermal and epithermal neutron self-shielding
coefficients), and Q,. Even a very small change in
these parameters can lead to a large change in the value
of the t-shape parameter.

To reduce errors caused by the previous two phe-
nomena, we have proposed two new correction factors
in the calculation. The first correction factor C 2 is
for correcting the influence of fast neutrons on the re-
action rate of the bare target. The second correction
factor 5 takes into account the influence of residual
thermal neutrons passing through the cadmium cover
and of fast neutrons, on the reaction rate of the cad-
mium covered target. The coefficients C P and C{f
are defined as follows

bare

C Pare _ - fast ( 12)
Rl

cd cd
R th +R fast
R cd

tot

cy = (13)

where R P° and R 22 are the reaction rates induced by

fast neutrons and all neutrons (thermal, epithermal and

fast) for a bare target; RS , R 5oy and R (S are the reac-

Table 8. Nuclear data used for determination of
a-shape parameter

Monitor £-(eV)[30]] 0, [30)) @~ 0/ | Fua 311 g [32]

97 Au 5.65 15.7 | 0.2440.01 | 1.009 |1.0054
$Cu 1040 1.14 | 0.72+0.02 | 1.000 |1.0002

Table 9. The values of the or-shape parameter obtained
from different equations

o shape parameter
[29] [25, 26]
—0.0589 +0.012 —0.0784 £0.012

Present work
—0.0841 +0.012
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Table 10. The experimental value of o shape parameter
for the different monitor pair

Monitor pair a™ a*”
P (before correction) | (after correction)
YTAu - ®Cu —0.084 £0.009 | —0.055 +0.010
a-shape parameter
deduced from MCNP ~0.058
simulatedneutron )
spectrum

tion rates induced by thermal, fast and all neutrons re-
spectively, for a cadmium covered target.

By wusing MCNP code, the wvalues of
RpEe R RS RS and RS can be obtained and
therefore, it is possible to determine the correction fac-

tors coefficients C £*° and C¢¢ . The reaction rates and
cadmium ratios obtained from the experiment will be
corrected by using the following formulas

Rbarc :R barc(l_c})am) (14)

corr

RS, =R*(1-CF) (15)

corr

_ ( bare
g())(r% :(1 Cf )Cchp (16)

a-cg

By applying our suggested correction factors,
the values of the a-shape parameter were recalculated
using eq. (11), where CR was replaced by CR 3., cal-
culated by eq. (16). The obtained corrected « shape
parameter is listed in tab.10 for comparison. It can be
seen immediately that the difference between the ex-
perimental and calculated values of ¢-shape parame-
ter, after applying the correction proposed by us, was
reduced quite a lot. This indicates that our proposed
corrections are meaningful.

CONCLUSIONS

In this article, the results of the determination of
the characteristics of the neutron spectrum, at different
irradiation locations, using simulation methods, have
been presented. The characteristics of neutron spec-
trum at the irradiation positions including the flux of
thermal, epithermal and fast neutron, neutron temper-
ature and a-shape parameter can be determined from
the neutron spectra simulated by MCNP code. The re-
sults obtained from the simulation were compared
with the corresponding results deduced from the ex-
periment to confirm the accuracy of the MCNP code.
The comparison shows that the results obtained from
MCNP simulation are quite consistent with experi-
mental measurements using the activation method ex-
cept for a-shape parameter. The values of a-shape pa-
rameter at an irradiation position measured by
different monitor pairs are very different when com-
paring each other and different from the value deduced

from MCNP simulation. A correction method has been
for the experimental determination of o-shape param-
eter. After applying this correction, the difference of
the values of coefficient t-shape parameter measured
experimentally is significantly reduced, proving the
effectiveness of the proposed correction method.
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Je Tpan Mun IbAT, By [lyk KOHI, JIe Xour KUM, Hryjen Tu IUIb, ®am Tun TAIb,
Tpyenr Xoan bao ®U, Hryjen Tu Illlyen TAU, Tpan Hrok TOAH, dus Ban TPYHI,
Hryjen Taw BUIb, Hryjen An COH, Banepu Hukonajesnu IIEIIOB,

Amnppej Jypuesnu IMUTPUIEB, Banepuj Bnamumuposnu IOBAYEB,

Ceprej bopucosna BOP3AKOB

OIOPEBUBAIBE ITAPAMETAPA HEYTPOHCKOI CIIEKTPA Y IIOCTPOJEBY IREN
KOPUIIKREILEM MCNP CUMYJAILMJE N EKCIIEPUMEHTAJ/HE IIOTBPIE

INpukaszano je ofpebuBame KapakTepUCTUKAa HEYTPOHCKOI CIEKTpa ca pasddyuTUM
Ho3ulijaMa 3padea Ha CHOJ/bAIIEM 3HAY MOJEPAaTOPCKE KOMOPE HWHTEH3UMBHOT PE30OHAHTHOT
HEYTPOHCKOT u3Bopa, MeTofoM cumynanuje MCNP kopom. Ofpebene cy KapakKTepiCTUKE HEYTPOHCKOT
CIIEKTpa, YKIbYyuyjyhu (pykc TepMUUKUX, EMUTEPMUIKUX U OP3UX HEYTPOHA, TEMIIEPATypy HEYyTPOHA U
napameTtap a-o6nuka. 3a morepry MCNP cumynanuje, KapakTepuUCTHKE HEYTPOHCKOT CIIEKTpa Ha
ONTHMAJHO] MO3MLUjU 3padyema ofipebeHe cy eKCIepUMMEHTalHO TeXHUKoM akrtupanuje. Ilopebeme
HoKasyje fja ce CUMYJIMPAHU 1 €KCIIEpUMEHTAITHU PE3YITaTH CIaXy, IITO YKa3yje Ha BUCOKY MOY3[1aHOCT
MCNP xopa, ocum 3a napameTap a-o6auka. Pagu no6osbiama TaYHOCTH, KOpHUITheHa je OBie peBUANpPaHa
jemHauMHa 3a ofipebuBame napameTpa o-06IMKa METOOM KaIMUjyM OFHOCA 32 BUIIIE MOHUTOPA, Y KOjy Cy
yKJbYy4eHH KOe(UIMjEHTH KOpeKIHje IpPeHoca E€NUTEPMUYKUX HEYTPOHA 3a KaJMHUjYMCKH IIpeMas,
TEPMHUYKY U €MUTEPMHUYKY CAMO3AIUTUTY HEYTpOHA. MI3pauyHaTH U U3MEPEHM NapaMeTpU ¢o-00JIuKa y
ROo6POj ¢y carlacHOCTU Kajia ce KOPUCTH OBJie MPEITIOKEHA PEeBUANPAHA jeHAUNHA.

Kwyune peuu: unitieH3u6HU pe30HAHIUHU HEeYIUPOHCKU U3B0D, KAPAKIUepU3AUUja HEYIUPOHCKO2Z
citexitipa, MCNP tipozpam, meitiooa akiniusayuje




