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In order to study the feasibility of using lightweight 24!Am-Be radionuclide reference neu-
tron radiation field for the calibration of neutron measurement instruments, this paper re-
ported the Monte Carlo simulation work on free field reference neutron radiation, standard
reference neutron radiation regulated by ISO-8529 series standards and minitype reference
neutron radiation we designed. The distributions of dose equivalent rates and neutron energy
spectrum in different conditions, such as different room types, different room sizes and dif-
ferent shield materials were the main simulation contents for analyzing the characteristics of
the three types of reference neutron radiation. According to the simulation results, theoretical
supports were provided for the discussion on the minitype reference neutron radiation for

calibration purpose.
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INTRODUCTION

Neutron radiation metrology is important in ra-
diation protection field [1]. Instruments applied for
neutron radiation measurement, such as neutron ambi-
ent dose equivalent instrument, rem meter or neutron
energy spectroscopy, are extremely important tools to
ensure the safety of nuclear facilities and devices, as
well as radioactive workers [2]. Termly calibrations
should be taken out to ensure the performances of
these instruments. Gressier et al. [3] explained the def-
inition and technology status of calibration for neutron
measurement instruments. At present, all calibration
works of neutron measuring instruments should be
carried out in reference to neutron radiations around
the world. Radionuclide neutron sources, that are the
reference standards because of the quantities, neutron
fluence and neutron dose equivalent, can be realized in
laboratories. So, they are of fundamental importance
to neutron metrology [4]. The ISO-8529 series stan-
dards regulated the radionuclide sources applied for
calibration purpose include **'Am-Be, ?*2Cf, and
252Cf+ D,O [5-7]. However, in most radiation protec-
tion situations, the neutron energy spectra are different
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from those generated by radionuclide sources de-
scribed above. Therefore, ISO-12789 series standards
regulated the simulated workplace reference neutron
radiation field, whose characteristics are more similar
to the real measurements [8-10]. But, the simulated
workplace reference neutron radiation is quite com-
plex. The irradiation facility includes radionuclide
source, accelerator, or reactor. Moreover, in order to
achieve ideal neutron energy spectra, various absorb-
ing, or scattered materials are placed between the pri-
mary neutron source and point of test, in order to
change the distribution of neutron energy spectrum.
Therefore, there are few metrological services
equipped with simulated workplace reference neutron
radiation. Last year the China Institute of Atomic En-
ergy has built a simulated workplace reference neutron
radiation and it was the first one in China. So, the gen-
eral reference neutron radiation for calibration pur-
pose is still generated by radionuclide sources, at pres-
ent [11-13].

In the standard reference neutron radiation
(SRNR) regulated by ISO-8529 series standards, con-
tribution of scattered neutrons to the indication should
be less than 40 %. This regulation not only eliminates
the influence of scattered neutrons on the instrument
indication from dosimetry view, but also prevents the
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calibration deviation caused by the scattered neutrons
with complex energy distribution, to the instruments
with different energy responses. To meet the demands,
the minimum size of the reference neutron radiation
should not be less than 3 m X 3 m x 3 m (open ceiling
type room is smaller but the incompletely enclosed
structure was not in consideration in this study) [5].
With the corresponding shield facilities, the heavy
weight and large size make it inconvenient to move.

With the development of nuclear science and
technology, the demands of in situ calibration of nu-
clear detectors are obviously increasing. In gamma
metrology field, removable calibration devices are de-
veloped for the calibration of area and portable gamma
detectors, as well as personal dosimeters [14, 15]. In
neutron metrology field, no relative researches on
such removable calibration devices are reported.
Based on this, this work carried out a study on the
Monte Carlo simulation on ! Am-Be reference neu-
tron radiation. First, we simulated the free field refer-
ence neutron radiation (FRNR) and SRNR regulated
by ISO-8529 series standards. Then we simulated a
proposed minitype reference neutron radiation
(MRNR) compared to the SRNR and discussed the
feasibility of the MRNR application for calibrations of
neutron measuring instruments.

METHOD

The 2*'Am-Be reference neutron radiation
model in this study included FRNR, SRNR regulated
by ISO-8529 series standards and MRNR we de-
signed. The energy distribution data of 2*'Am-Be
source was from ISO-8529 and the spectrum were
shown in fig. 1. The neutron emission rate was set as
2.5:10° s7!. The Monte Carlo code Geant 4 was em-
ployed as simulation tool to calculate the mode
[16-18].

In the description of the three types of reference
radiation, some quantities would be mentioned repeat-
edly. Therefore, we will define them in advance.

— The distance between the point of test and
' Am-Be source was defined as D.
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Figure 1. Neutron energy spectrum of a 21 Am-Be source;
(Bg — spectral source strength, By = dB/dE,

B — neutron source strength)

—  The dose equivalent rate generated by all neutrons
at the point of test, including main neutron beam
from 2! Am-Be source and scattered neutrons, was
defined as E.

— The dose equivalent rate caused by only scattered
neutrons at the point of test was defined as C.

—  Theratio between C and E was the contribution rate
of scattered neutrons and it was defined as R.

Free field reference
neutron radiation

In ISO-8529 series standards, the FRNR is de-
fined for irradiators performed in free space with no
scatter or background effects. In our simulation work,
241 Am-Be radionuclide source was placed in the geo-
metric centre of the place large enough and the medium
was air. FRNR is the simplest reference neutron radia-
tion. Simulation work on FRNR is applied for compar-
ing with the SRNR and MRNR, which will help us to
understand the SRNR and MRNR well.

Standard reference
neutron radiation

In ISO-8529, three type of rooms for SRNR
building are regulated. The room type includes cubical
type room, half-cubical type room and open ceiling
room. Table 1 shows the minimum room length for 40
% room return of 2! Am-Be radionuclide source. L, ¥,
and H are the length, width and height of the room re-
spectively.

In this study, open ceiling room was not in con-
sideration. The sizes of cubical and half-cubical type
room were set as is shown in tab. 1. Thicknesses of
each side were set as 0.3 m. In the simulation, different
shield materials, borated 5 % polyethylene, concrete,
lead and iron, were applied for research. The D were
setas 0.75m,0.85m,0.95m, 1.05m, 1.15m, 1.25m,
and, 1.35 m, respectively. The schematic of the two
reference radiations were shown in fig. 2.

Minitype reference neutron
radiation

Compared to SRNR, there are no relative laws to
regulate the size of MRNR and it is a non-standard ref-
erence radiation. Considering it is a removable device
and should be available, three rules below should be
followed when designing a MRNR.

Table 1. Minimum room length for 40 % room return
of 2’ Am-Be radionuclide source (D = 75 cm)

Room Cubical Half-cubical Open
o type room type room ceiling

typ (L=W=H) | (L=W=2H)| (L=W=2H)
Minimum| 5 o ) 43m 2.9m

size
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Table 2. The MRNR with different sizes

Length [m] Width [m] Height [m]
2.3 1.5 1.5
22 1.4 1.4
2.1 1.3 1.3
2 1.2 1.2
1.9 1.1 1.1
1.8 1 1

— The space of MRNR should be able to contain
radionuclide neutron source, source container,
neutron measuring instrument and its support
platform. Moreover, the above quantity D should
not less than 75 cm. Based on the above condi-
tions, the size and weight should be as small as
possible.

—  Thickness of the shield box of MRNR should be as
thin as possible in the basic of meeting the radia-
tion shield requirements.

— Scattered neutron components in MRNR should
be reduced as much as possible in the condition of
proper size and shield materials range.

Based on the aforementioned rules, series
MRNR with proper sizes, shown in tab. 2, were ap-
plied for simulation.

The 5 % borated polyethylene was selected as
the shield material and the thickness was set to 0.3 m.
Distance between 2*' Am-Be radionuclide source and
left side of the shield box was kept 0.3 m. The D were
still setas 0.75m, 0.85m,0.95m, 1.05m, 1.15m, 1.25
m, 1.35 m. The medium in the MRNR was air. The
physical model of the MRNR is shown in fig. 3.

Shadow cone

According to ISO-8529 series standards, shadow
cone method is an important correction method of C in

the calibration. It can measure the C directly. Shadow
cone is consisted of two parts: front part made of iron
and rear part made of 5 % borated polyethylene. In the
simulation work, the cone angle was set as 18°. The
lengths of the front part and rear part were 20 cm and
30 cm, respectively. Distance between the >*'Am-Be
source and shadow cone was kept at 10 cm for different
reference neutron radiations.

RESULT OF SIMULATION
AND DISCUSSION

Characteristics of FRNR

Dose equivalent rate in neutron radiation field is
calculated through fluence at the point and fluence-
dose equivalent rate conversion coefficient from ICRP
74 report. Fluences at different points were simulated
by Monte Carlo method. Distribution of dose equiva-
lent rates in FRNR with and without shadow cone are
shown in fig. 4.

From fig. 4, we noticed that distribution of £ in
the FRNR, without shadow cone and distance, fol-
lowed the inverse-square law. Although, as we have
known, that the shadow cone shielded almost all neu-
trons from 2! Am-Be radionuclide source and the val-
ues of £ reduced sharply at different points of test but,
they were still not zeros. The effects we analyzed may
be from the air scattered neutrons, which were the C
mentioned above. The C presented decrease trend with
the increase of D. Table 3 shows the calculated contri-
bution proportions R of C. The R presents the inverse
relationship compared to the £ with the D increase.

For further research, neutron energy spectra dis-
tributions were simulated with and without shadow
cone, at different points of test. The results are shown
in fig. 5.
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+

Figure 3. Physical model of
MRNR; (a) without shadow
cone and (b) with shadow cone
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Figure 5. Neutron energy spectra at different points of
test; (a) without shadow cone and (b) with shadow cone

Inthe FRNR, countrates of neutron energy spec-
tra, at different points of test, decrease regularly with
the increase of D, according to the fig. 5(a). The shapes
of the spectra were similar with the pure >*' Am-Be
neutron spectrum. In fig. 5(b), due to the shield effect
of the shadow cone, the distributions of the spectra
were chaotic with low count rates. Count rates of the
neutrons with low energy were higher than those with
high energy. In general, the FRNR was an ideal refer-
ence neutron radiation field. The characteristics of it
were easy to be understood.

Characteristics of standard
reference neutron radiation

In ISO-8529 series, the usual shicld material of a
SRNR is concrete. Other common shield materials for
neutron radiation field are borated polyethylene and
paraffin. Considering that in neutron radiation field
may exist interactions which may generate gamma
rays, lead and iron are usually applied for shielding
gamma rays. Therefore, concrete, 5 % borated poly-
ethylene, lead and iron were applied for the shield ma-
terials in our simulation work. The dose equivalent
rates distributions in SRNR with different shield mate-
rials are shown in fig. 6.

From fig. 6, with D increasing, dose equivalent
rates showed decrease trend at different points of test
in SRNR with different shield materials, which were
the same with the FRNR. However, no matter whether
in cubical type room or in half-cubical type room, the
dose equivalent rates, at points of test, were larger than
those in FRNR. It was because the neutrons from
241 Am-Be source interacted with the shield wall and a
large number of scattered neutrons were generated.
The contributions to dose equivalent rates in SRNR
compared to FRNR are shown in fig. 7.

According to figs. 6 and 7, SRNR with four shield
materials which were sorted as lead, iron, concrete and
5 % borated polyethylene, according to C from big to
small at the same point of test. Comparing the four ma-
terials, the C'in SRNR constructed of 5 % borated poly-
ethylene or concrete were smaller than in SRNR con-
structed of lead and iron, obviously. It was because 5 %
borated polyethylene and concrete contained a large
number of hydrogen atoms, which possess strong mod-
eration and absorption ability to neutrons. For lead and
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Figure 6. Distributions of dose equivalent rates in SRNR
with different shield materials: shield material — (A) 5%
Borated polyethylene, (B) Concrete, (C) Lead, (D) Iron;
Solid line shows half-cubical type room and Dotted line
shows was cubical type room)

Table 3. Contribution of scattered neutrons to dose equivalent rate at different points

Distance [m] 0.75 0.85

0.95 1.05 1.15 1.25 1.35

Contribution of scattered neutrons 1.54 % 1.69 %

1.71 % 1.75 % 1.79 % 1.80 % 1.85 %
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% SRNR(A) the values of R were about twice of that shielded by

= : SRNR(C) 5 % borated polyethylene.
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g the simulation on the SRNR with shadow cone. The
ideal C and actual C are presented in tab. 5, as well as
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Figure 7. Contributions to dose equivalent rates in
SRNR: shield material: (A) 5 % Borated polyethylene,
(B) Concrete, (C) Iron, (D) Lead; Solid line presents
half-cubical type room and Dotted line was presents
cubical type room

iron, the absorption and moderation ability are rela-
tively weak. The above results indicated that 5 % bo-
rated polyethylene was the most proper shield material
for neutron radiation theoretically. However, due to the
high cost for building such a large SRNR for actual ap-
plication, institutes usually choose concrete instead of 5
% borated polyethylene. The C in half-cubical type
room were smaller than those in cubical type room due
to its bigger size, which lead to fewer scattered neu-
trons. Besides, we noticed an interesting phenomenon
that with the increase of D, the C presented decrease
trend in half-cubical type room while increase in cu-
bical type room. It may be easy to understand that the C
will decrease with the increase of D. However, for cu-
bical-room with such a small size, with the increase of
D, the point of test is close to the inner wall of radiation
field, and the scattered neutrons from inner wall of the
radiation field were stronger than the attenuation
caused by the increase of D. The Cin SRNR varies a lit-
tle at different locations, but the dose equivalent rates
caused by main neutron beam and scattered neutrons,
were decreasing with the increase of D. Therefore, Cin-
creases with the increase of D. According to C and £ in
SRNR, R can be calculated, which is shown in tab. 4.
From tab. 4, the R in SRNR with different shield
materials were all increasing with the increase of D.
When the shield materials were 5 % borated polyethyl-
ene or concrete, the R were less than 40 % at all of the
points of test. When the shield material was concrete,

Table 4. The R in SRNR with different shield materials

From tab. 5, the errors between ideal C and the
actual C increase with the increase of D overall in cu-
bical type room. In half-cubical type room, when 5 %
borated polyethylene was employed as the shield ma-
terial, the errors present a decrease trend with the in-
crease of D. When the shield material was concrete,
the errors were all within 4 %. The above results indi-
cated that there was obvious difference between the
ideal C and actual C, especially in cubical type room
with such size, which will help us to identify the situa-
tions of shadow cone.

In order to study the neutron composition at dif-
ferent points of test, the neutron energy spectra were
simulated. The neutron energy spectra distributions of
cubic type room and half-cubical type room, at differ-
ent points of test, are shown in figs. 8 and 9, respec-
tively. Lead and iron materials were not in consider-
ation. The left figure is the whole neutron energy
spectrum and the right figure presents the range of
count rate from 0 s7! to 2 s7!. Similar figures below
were all applied for this presentation style.

When the shield material was concrete or bo-
rated polyethylene, the counts of each energy channel
of the neutron energy spectra, at different locations,
decrease regularly with the increase of D. The shape of
energy spectrum above 2 MeV is similar to that of
241 Am-Be neutron source. The energy spectrum of the
energy band within 2 MeV is different from that of the
24IAm-Be neutron source due to the increase of
counts. Compared to concrete, the count rate increased
less below 2 MeV in SRNR shielded by 5 % borated
polyethylene.

Characteristics of MRNR

Compared with SRNR, the design idea of
MRNR was lightweight. It means that the size and vol-

Room type 0.75 m 0.85 m 0.95 m 1.05 m 1.1I5m 1.25m 1.35m
Cubical (A*) 7.70 % 9.72 % 11.94 % 14.34 % 16.91 % 19.66 % 22.60 %
Half-cubical (A) 6.79 % 837 % 10.02 % 11.71 % 13.45 % 15.22 % 17.01 %
Cubical (B) 15.54 % 19.18 % 22.98 % 26.92 % 30.98 % 35.17 % 39.50 %
Half-cubical (B) 13.51 % 16.39 % 19.33 % 22.29 % 2523 % 28.14 % 31.00 %
Cubical (C) 40.08 % 46.41 % 52.24 % 57.53 % 62.32 % 66.62 % 70.50 %
Half-cubical (C) 34.90 % 40.46 % 45.56 % 50.23 % 54.44 % 58.25 % 61.70 %
Cubical (D) 50.57 % 56.85 % 62.33 % 67.07 % 71.17 % 74.71 % 77.80 %
Half-cubical (D) 44.45 % 50.37 % 55.61 % 60.20 % 64.22 % 67.73 % 70.82 %

* Shield materials: (A) 5 % borated polyethylene, (B) Concrete, (C) Iron, and (D) Lead
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Table 5. Comparison of the ideal C and actual C in different room type reference neutron radiation with different shield

materials (unit: uSvh'l)

Room type 0.75m 0.85m 0.95m 1.05m 1.15m 1.25m 135m
Ideal C 4.38 4.40 4.44 4.49 4.55 4.63 4.74
Cubical (A) * Actual C 4.54 4.54 4.40 4.25 4.06 3.80 3.47
Error 3.74 % 3.11% —0.81 % -5.35% —10.84 % —17.86 % -26.90 %
Ideal C 3.82 3.73 3.64 3.55 3.47 3.40 3.33
Half-cubical (A) | Actual C 4.33 4.25 4.07 3.89 3.72 3.57 343
Error 13.38 % 13.83 % 11.70 % 9.46 % 7.20 % 5.09 % 3.06 %
Ideal C 9.65 9.69 9.77 9.87 10.04 10.27 10.60
Cubical (B) Actual C 9.08 9.21 9.11 8.92 8.66 8.28 7.71
Error -5.95% —4.91 % —6.73 % -9.59 % —13.75 % —19.38 % -27.31%
Ideal C 8.19 8.01 7.84 7.69 7.54 7.41 7.30
Half-cubical (B) | Actual C 8.20 8.30 8.09 7.84 7.61 7.39 7.17
Error 0.11 % 3.62 % 3.16 % 1.98 % 0.93 % -0.32% -1.73 %
* Shield materials: (A) 5 % borated polyethylene and (B) concret
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Figure 8. Neutron energy spectra distribution in cubical type room: shield materials; (a) 5 % borated polyethylene and

(b) concrete

ume should be as small as possible. Meanwhile, it
should be able to contain the neutron radionuclide
source, source container and the detector to be cali-
brated. In the second section of this paper, the size of
MRNR series that meets the requirements, is listed.
After comparing the four shield materials, 5 % borated
polyethylene was the best shield material for con-
structing an MRNR with such small size. The distribu-
tions of E and C are shown in fig. 10 respectively.
From fig. 10, the £ in MRNR increase more than
those in SRNR. With the increase of distance between

241 Am-Be source and point of test, the C showed de-
crease trend, which was obviously different from
SRNR shown in fig. 7. According our analysis, the
241 Am-Be source was not located at the geometric cen-
ter but near the side of MRNR. Therefore, the closer to
the radiation source, the more scattered neutron com-
ponents from the wall scattered, which lead a larger
contribution to dose equivalent rate. Table 6 showed
the R in MRNR with different sizes.

It indicated that when the shield material was
5 % borated polyethylene, the MRNR with the size of
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Figure 10. Distributions of E and C in MRNR:
(a) E and (b) C

2 mx1.2 mx1.2 m was a proper design because the
contribution proportions were all less than 40 % at
points of test in the range of 0.75 m-1.35 m. Based on
this, the ideal C and actual C were simulated to under-
stand if shadow cone was proper to be applied in
MRNR with the size of 2 m x 1.2 m X 1.2 m. The re-
sults were shown in tab. 7.

From tab.7 we noticed that the errors between
ideal C and actual C were stable except that for D equal
to 0.75 m and 0.85 m. Compared to SRNR, the errors
showed different trends with the increase of D. There-
fore, when shadow cone is employed in SRNR or
MRNR, more attention should be paid to the points of
test which were close to the inner wall of radiation or to
the 24! Am-Be source.

In addition to the dose equivalent rate distribu-
tion of MRNR, we also simulated the energy spec-
trum distribution of MRNR. For the MRNR of 2 m x
x1.2 m x 1.2 m, the distribution of energy spectrum,
at different points of test, is shown in fig. 11.

Compared with the energy spectrum distribution
of SRNR and FRNR, the increase of neutron count rate
in MRNR is significant in the energy range below 2
MeV. The maximum value of the neutron spectrum had
risen dozens of times. From the distribution of the spec-
tra, there were a large number of scattered neutrons in
the MRNR, which changed the spectrum components.
Therefore, for neutron measurement instruments with
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Table 6. The R in MRNR with different sizes

Size [m] 0.75 m 0.85 m 0.95 m 1.05m 1.15m 1.25m 1.35m
23x1.5x1.5 19.94 % 22.86 % 25.59 % 28.15% 30.53 % 32.78 % 3491 %
22x14x14 21.13 % 24.12 % 26.92 % 29.51 % 31.92 % 3421 % 36.39 %
2.1x13x1.3 22.44 % 25.53 % 28.36 % 30.98 % 33.44 % 35.77 % 38.02 %
20x1.2x1.2 23.91 % 27.05 % 29.98 % 32.58 % 35.07 % 37.46 % 39.79 %

1.9 x 1.1 x1.1 25.55% 28.74 % 31.65 % 3433 % 36.86 % 39.32 % 41.84 %
1.8 x1.0 x 1.0 2737 % 30.59 % 33.51 % 36.22 % 38.83 % 41.49 % 44.39 %
" Shield materials: 5 % borated polyethylene
Table 7. Comparison of the ideal C and actual C in MRNR (2.0 m x 1.2 m x 1.2 m) (unit: uSVh’l)
0.75 m 0.85m 0.95 m 1.05m 1.ISm 1.25m 1.35m
Ideal C 16.48 15.15 14.01 12.95 12.08 11.34 10.73
Actual C 12.97 13.33 12.76 11.84 11.14 10.41 9.75
Error -21.26 % —12.01 % -8.97 % —8.57 % =771 % —8.20 % -9.12%
60 size of MRNR was selectedas2m x 1.2m % 1.2 m, ac-
8:222: cording to our estimation. The comparison included
P 0.95m = distribution of dose equivalent rates and neutron en-
% ol ::(1]?, m b ergy spectra.
Jul lggm: First, the distribution of equivalent rate, £ and
3 30t ' scattered contribution, R for three types of reference
© neutron radiation, were shown in fig. 12.
=4 From fig. 12, the increases of dose equivalent
. rate in MRNR were more obvious than that in SRNR.
The scattered contributions from scattered neutrons in
0= i = “""'""‘-:31 MRNR were about three times bigger than in SRNR.
(a) Energy [MeV] All R calculated by actual C were smaller than that for
ideal C. This phenomenon is more obvious in MRNR.
& P It means that the shadow cone is more proper to be em-
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proposed. In the comparison, the shield material of the
SRNR and MRNR was 5 % borated polyethylene. The

Figure 12. The E and R of three type of reference neutron
radiation; (4) ideal C and B, actual C
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ployed in SRNR with large size, which is accordant
with the standards.

In the comparison of the distribution of neutron
energy spectra, the point of test was at the distance of
0.75 m to the >*' Am-Be source. Comparison is shown
in fig. 13.

From fig. 13, the neutron energy spectrum in
FRNR was similar to the pure >*! Am-Be neutron en-
ergy spectrum. For SRNR and MRNR, the count rate
in the energy range above 5 MeV was almost the same
as that for FRNR. However, in the energy range below
5 MeV, with the decrease of energy, the count rate in-
creased gradually.

Discussion on the feasibility of MRNR
for calibration

From the previous simulation results, it can be
seen that the dose equivalent rate distribution and en-
ergy spectrum distribution, of the three types of neu-
tron reference radiation fields, are quite different. Al-
though, the contribution from scattered neutrons in the
MRNR with the size of 2 m x 1.2 m x 1.2 m, or larger,
was less than 40 %, at the points of test within 0.75
m-1.35 m range, it was still significant and should be
corrected. The shadow cone technology was proved to
be employed in reference neutron radiations with large
size above. In addition to the shadow cone method
mentioned above, there are still another three scattered

60
1 1 == MRNR
50+ 2 -* SRNR (half-cubical) |
e 3 = SRNR (cubical)
T 4+ FRNR
o 40|
®
T 30
[=]
(&)
20;
3
10 |
2
4 S
%0 107 ’ T
Energy [MeV]
2
<1 —MRNR
= =2 — SRNR (half-cubical)
T 3 — SRNR (cubical)
o 13[ *4 -FRNR
B
b
3 1
o
0.5
0 i S . .
-2 10 0 1
10 10 Energy [MeV] 10

Figure 13. Comparison of the neutron spectra
distribution in the three types of reference neutron
radiation

neutron correction methods: the generalized fit
method, the semi-empirical method and the reduced
fitting method. The latter three methods, when the ra-
diation field, detectors and other required conditions
are fulfilled, the correction results of the different
methods agree reasonably well. Besides, there are
strong limitations on the type and geometry of the in-
struments to be calibrated and the 2*! Am-Be source
should be located at the geometric center of the radia-
tion field. Therefore, the above scattered neutron cor-
rection methods are not proper for the calibration in
MRNR. If we want to apply MRNR for the calibration
of neutron measurement instruments, reasonable and
effective neutron scattering correction method should
be developed.

Besides, from to the energy response view, the
distribution of neutron energy spectra at the points of
test in MRNR showed a significant variation in the
24 Am-Be spectrum (specially in the epithermal re-
gion). The energy response of different neutron mea-
surement instruments may vary greatly. This difference
will lead to great errors in the measurement results.
Therefore, the application limitation of MRNR should
be taken into consideration. In the future, a lot of re-
search should be done on the energy response correc-
tion method of MRNR for neutron measurement instru-
ment calibration.

CONCLUSIONS

According to our simulation research, for refer-
ence neutron radiation generated by 2*'Am-Be
radionuclide source, the FRNR was the ideal reference
radiation. The structure of FRNR is simple and the
dose equivalent rates at each points of test in the field
and the distance to the 2! Am-Be source, follow the in-
verse square attenuation relationship. Contributions to
the dose equivalent rate from scattered neutrons were
small and they can be neglectable. However, it is im-
possible to build such a reference radiation.

The sizes of the SRNR in our simulation work
were set as the minimum value regulated by ISO-8529
series standards. Contributions to the dose equivalent
rates in SRNR from scattered neutrons were obvious.
When 5 % borated polyethylene or concrete were used
as the shield materials, contributions from scattered
neutrons decreased obviously due to the strong moder-
ation and absorption ability for neutrons. Based on the
above simulation work, points of test in the range of
0.75 m-1.35 m from the >*! Am-Be all meet the require-
ment that the contribution of scattered neutrons is less
than 40 %. In practice, the SRNR can be enlarged to
make its characteristics closer to the FRNR.

For MRNR, the sizeof2mx1.2mx1.2mwasa
proper design when it was shielded by 5 % borated
polyethylene. However, there is still a large number of
scattered neutrons, which changes the distribution of
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the neutron spectrum compared to FRNR. The dose
equivalent rate increases obviously. The actual C, cal-
culated through the shadow cone technology, shows
obvious deviation compared to the ideal C. Therefore,
if the MRNR is applied for the calibration of neutron
measurement instruments, proper scattering correc-
tion method should be developed. Moreover, study on
the deviation caused by different energy response of
neutron measurement instruments and energy re-
sponse correction methods, should be carried out in
the future work.
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Jucun JbY, Cynr ITAHT, Jukyen hEH, Jyuen XY AHI, bearhanr MAO, Ilenr ®EHT, IIuhanr YEH

MPOYYABAILE MOHTE KAPJIO CUMYJIAIIMIOM PE®EPEHTHOT
HEYTPOHCKOT 3PAYEIbA U3 241Am-Be I3BOPA PATMOHYKINIA

Ia 6m ce mpoyumia ynmoTpedbUBOCT TOJba PeEPEHTHOT HEYTPOHCKOT 3paderha Off JaKor
241 Am-Be n3Bopa 3a KanuOpalujy MHCTPYMEHATa 32 MEPEH-€ HEYTPOHA, y OBOM pajiy je n3noxkena MoHTe
Kapno cumynanuja cnoGoHOT Nojba peepeHTHOT HEYTPOHCKOT 3paueka peryiucanor MCO-cepujom
cTaHAapaa 1 1 pepepeHTHOT HEYTPOHCKOT 3pavueha MUHATHUIIA, KOje CMO in3ajHupainu. Pacronesa jaunna
EKBUBAJICHTHE []03€ M HEYTPOHCKOT €HEPTeTCKOT CIIEKTPA Y PA3IMIUTIM YCIOBAMA, Ka0 IITO CY Pa3INIATH
THIOBH M BEJIMYMHE MPOCTOPHja W Pa3IMYUTH 3aIITUTHA MaTepHjain, OWIN Cy TJIABHU NPEIMETH CAMY-
Jalyje 3a aHaIn3y KapaKTepUCTHKA TP BPCTe pehepeHTHOT HeYTPOHCKOT 3pauera. [Ipema pesynratuma
cuMmyJanmje, 1o0ujeHe cy TEOpHjcKe OCHOBE 3a paclpaBy O MUHUTHI pe(hepeHTHOM HEYTPOHCKOM 3padeHy
y CBpXy Kajubparuje.

Kyune peuu: Monitie Kapao, ** Am-Be uzeop paduonyk.auda, pegpepencro HeyilipoHcKo 3paderse,
HeYIPOHCKU eHepZeliCKU CHeKTNap, ja1uHa eK8UBaleHIliHe 003¢




