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a b s t r a c t

This paper presents the establishment and characterization of a neutron calibration field

using a bare 252Cf source of low neutron source strength in Vietnam. The characterization

of the field in terms of neutron flux spectra and neutron ambient dose equivalent rates

were performed by Monte Carlo simulations using the MCNP5 code. The anisotropy effect

of the source was also investigated. The neutron ambient dose equivalent rates at three

reference distances of 75, 125, and 150 cm from the source were calculated and compared

with the measurements using the Aloka TPS-451C neutron survey meters. The discrepancy

between the calculated and measured values is found to be about 10%. To separate the

scattered and the direct components from the total neutron flux spectra, an in-house

shadow cone of 10% borated polyethylene was used. The shielding efficiency of the

shadow cone was estimated using the MCNP5 code. The results confirmed that the

shielding efficiency of the shadow cone is acceptable.

Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This

is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Together with the national nuclear power program to intro-

duce the first nuclear power plant in Vietnam within the next

decade, the increasing use of radiation and neutron sources

for research and industrial applications requires a domestic

calibration facility for calibrating neutron measuring devices.

The Institute for Nuclear Science and Technology (INST), a

subinstitute of the Vietnam Atomic Energy Institute, and a

member in the International Atomic Energy Agency/World

Health Organization secondary standard dosimetry laboratory

(SSDL) network [1], possesses a unique SSDL in Vietnam on

ionizing radiation dosimetry and calibration. This paper pre-

sents the establishment of a neutron detector calibration

laboratory at the INST and the characterization of the bare
252Cf spontaneous fission neutron source of low source

strength, which was installed at the center of the calibration

room.

In general, the total neutron spectrum of the 252Cf source

measured by the neutron measuring devices consists of two

components: a direct component of neutrons coming to the

devices directly from the source without any interaction and a
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scattered component coming to the devices after interactions

with surrounding objects in the calibration room, such as the

air and concrete walls. These two components can be sepa-

rated from the total spectrum using a well-known shadow

cone technique. The total neutron component is obtained in

measurement without a shadow cone between the source and

the detector. The scattered component can be measured by

placing the shadow cone of 10% borated polyethylene be-

tween the source and the detector to shield the direct

component. Then, the direct component of the neutron field is

deduced by subtracting the scattered component from the

total one. In this work, the total, the scattered, and the direct

neutron flux spectra at three reference points of 75, 125, and

150 cm apart from the source were simulated using the

MCNP5 code [2]. The corresponding neutron ambient dose

equivalent (nDE) rates at the three distances were then

calculated by applying the International Commission on

Radiological Protection (ICRP) 74 conversion factors [3]. The

calculated nDE rates were compared with those measured by

Aloka TPS-451C neutron survey meters. In the practical cali-

bration process, the conventional true values of the interested

quantities are obtained using a proposed fitting approach. The

shielding efficiency of the shadow cone and the anisotropy of

the 252Cf neutron source were also estimated.

2. Materials and methods

2.1. 252Cf neutron source and calibration room

A bare 252Cf neutron fission source supplied by Frontier

Technology Corporation, Xenia, Ohio, USAwas installed at the

center of the calibration room. The initial neutron source

strength on August 29, 2003 is 1.1 � 107 second�1, as indicated

in the supplier's certificate. The source is encapsulated by a

cylindrical 304L stainless steel layer with a length of 1.194 cm

and an outer diameter of 0.552 cm. The detailed dimensions of

the source are shown in Fig. 1. The top view and the side view

of the neutron calibration room are displayed in Fig. 2 with the
252Cf neutron source located at the room center. The calibra-

tion roomhas the inner dimensions of 700� 700� 700 cm. The

concrete wall thicknesses, the position of the source, and the

reference point are illustrated in Fig. 2. An aluminum mid-

floor, consisting of intermittent parallelepiped bars, with a

thickness of about 0.2 cm, is installed at a height of 230 cm

from the floor base for the detector installation process. This

aluminummidfloor does not significantly affect the scattering

of neutron because of its low neutron scattering cross section.

In constructing the calibration room and manufacturing

the experimental facilities, we followed the international

standard guided in the PNNL-15870 Rev. 1 report of Pacific

Northwest National Laboratory (PNNL) [4]. However, because

the precise qualification of construction and manufacturing

Fig. 1 e The 252Cf neutron source encapsulated by a

cylindrical 304L stainless steel cover.

Fig. 2 e Top view (left) and side view (right) of the neutron calibration room.
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could not be evaluated, in the numerical simulations using

MCNP5, we used the material compositions taken from the

PNNL-15870 Rev. 1 report as listed in Table 1 [4]. The

discrepancy between the actual material compositions and

the data used in the simulation could contribute to the source

of uncertainty between the measurements and simulation

results, but the uncertainty is expected to be sufficiently

small. The interaction cross section data of neutrons were

taken from the Evaluated Nuclear Data Files (ENDF/B-VI li-

brary) [5]. The 252Cf source was located at the center of the

calibration room (120 cm higher than the aluminummidfloor)

so that the cylindrical symmetric axis was perpendicular to

the floor.

In the simulations, the source was considered as a uniform

source with a half-life of 2.65 years. The shielding effect of the

source capsulation layer was negligibly small because of the

small stainless steel thickness (0.150e0.394 cm). For simplifi-

cation of the simulation model, it is assumed that the source

has a Maxwellian distribution spectrum defined as follows [6]:

BE ¼ 2ffiffiffi
p

p
T3=2

$
ffiffiffi
E

p
e�E=TB; (1)

where B and BE are the total source strength and the source

strength at the energy E, respectively. T ¼ 1.42 is the spectrum

parameter.

The simulated results of the scattered neutron flux spectra

at the three reference distances were obtained using MCNP5

when the shadow cone was located between the source and

the reference points. The shadow cone was placed so that its

symmetric axis traversing through the reference point was

perpendicular to the source central axis at its central point.

The smaller base of the shadow cone was placed at 15, 40, and

50 cm from the source center corresponding to the three

reference distances, respectively. The F4 tally option of

MCNP5 allows scoring average neutron flux in a geometry

based on track length estimation [7]. In the simulation, the F4

tally was used to score the total and scattered components in

a spherical cell with a radius of 10 cm with the 1�s standard

uncertainties of the integral neutron fluxes within 3% and 1%,

respectively. The size of the cell was chosen by considering

the common size of neutron detectors. The “Fmesh4” tally

was used to calculate the space dependence of the total

neutron fluxes in superimposed mesh cells [7]. Cubic finer

meshes with a volume of 1 cm3 were defined to determine the

space dependence of the total neutron fluxes (all related ob-

jects, except the shadow cone, in the calibration room were

included in the input file) with the 1es standard uncertainty

within 5%. The F5 tally [7] was applied to investigate the

shielding efficiency of the shadow cone through the estima-

tion of neutron flux contributions by each cell. In MCNP5

simulations, the numbers of running histories were chosen to

assure that the 1es standard uncertainties of the integral

neutron fluxes as low as acceptable (within 0.5%).

2.2. Instrumentations

Two portable neutron survey meters (Aloka-TPS-451C) were

used to measure the nDE rates in the experiments. The

neutron survey meter consists of a cylindrical proportional

counter 15.5 cm in length and 2.5 cm in diameter filled with

5 atm 3He gas at 20�C, which is covered by a cylindrical

moderator of high-density polyethylene (r¼ 0.95 g/cm3) with a

length of 23.0 cm and a diameter of 21.0 cm. The counter has

cylindrical effective dimensions of 7.0 cm in length and 2.4 cm

in diameter. The meters can be used to measure the neutrons

in the energy range from 25� 10�9 to 15 MeVwith the neutron

ambient dose equivalent rate up to 10 mSv/h. In general, the

meter is not sensitive to photons.

Table 1 e Material compositions and weight fractions of the main objects used in the simulations.

Nuclide Object/material

Source case/304L stainless
Steel

Wall/
concrete

Calibration room/
air

Shadow cone/borated
polyethylene

Midfloor/
aluminum

8.00a 2.35a 0.001205a 1.00a 2.6989a

1H e 0.008485 e 0.125355 e

B e e e 0.100000 e

C 0.000150 0.050064 0.000124 0.774645 e
14N e e 0.755268 e e
16O e 0.473483 0.231781 e e

Ar e e 0.012827 e e

Mg e 0.024183 e e e
27Al e 0.036063 e e 1.000000

Si 0.005000 0.145100 e e e
31P 0.000230 e e e e

S 0.000150 0.002970 e e e

K e 0.001697 e e e

Cr 0.190000 e e e e
55Mn 0.010000 e e e e

Ca e 0.246924 e e e

Fe 0.694480 0.011031 e e e

Ni 0.100000 e e e e

Note. From Compendium of Material Composition Data for Radiation Transport Modeling, by J. McConn Jr., C.J. Gesh, R.T. Pagh, R.A. Rucker, R.G.

Williams III, 2011, PNNL-15870 Rev. 1, Pacific North West National Laboratory, Washington.
a Density (g/cm3).
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In the experiments, the neutron survey meters were

alternatively placed at the three reference distances, respec-

tively, so that the central axes of themeters were parallel with

the floor base and perpendicular to the central beam line at

the effective points. The total nDE rates were then measured

at three distances without the shadow cone between the

source and the meters. The scattered nDE rates were

measured by placing the shadowcone between the source and

the meters.

In general, an ISO (International Organization for

Standardization)-recommended shadow cone consists of two

parts: a front end (with a length of 20 cm, made of iron or

copper) and a rear section (with a length of 30 cm, made of

polyethylene with 5% or more boron) [8]. Because such ISO

shadow cone was not available, in this measurement we used

an in-house shadow cone consisting of only the polyethylene

part with 10% boron. The boron content of 10% is consistent

with that suggested for an ISO shadow cone [8]. The iron or

copper component is neglected because it is considered that

the neutron-induced photon spectra of the 252Cf neutron

source were negligibly smalldless than 5% during the first 20

years [6]. The shadow cone has a length of 30 cm, with a

smaller diameter of 9.0 cm and a larger diameter of 15 cm.

Similar shadow cones have also been used effectively in other

laboratories to calibrate the ambient dose equivalent meters

[9]. In the measurements of the scattered nDE rates at the

three reference distances of 75, 125, and 150 cm, the shadow

cone was placed such a way that its smaller base was at dis-

tances of 15, 40, and 50 cm from the source center, respec-

tively. The geometry of the shadow cone was chosen taking

Table 2 e Total (Fn�tot) and scattered (Fn�sct) neutron flux spectra (cm¡2/fission/unit lethargy) at the three reference
distances.

Energy (MeV) Neutron flux spectra (cm�2/fission/unit lethargy)

75 cm 125 cm 150 cm

Fn�tot Fn�sct Fn�tot Fn�sct Fn�tot Fn�sct

1.00 � 10�8 5.70 � 10�8 5.15 � 10�8 5.63 � 10�8 5.50 � 10�8 5.75 � 10�8 5.55 � 10�8

2.53 � 10�8 2.03 � 10�7 1.87 � 10�7 2.12 � 10�7 1.99 � 10�7 2.11 � 10�7 2.02 � 10�7

1.00 � 10�7 7.06 � 10�7 6.39 � 10�7 7.05 � 10�7 6.83 � 10�7 7.06 � 10�7 6.89 � 10�7

2.00 � 10�7 1.48 � 10�7 1.33 � 10�7 1.44 � 10�7 1.42 � 10�7 1.50 � 10�7 1.44 � 10�7

5.00 � 10�7 6.63 � 10�8 5.89 � 10�8 6.57 � 10�8 6.28 � 10�8 6.73 � 10�8 6.48 � 10�8

1.00 � 10�6 4.44 � 10�8 4.02 � 10�8 4.51 � 10�8 4.33 � 10�8 4.30 � 10�8 4.28 � 10�8

2.00 � 10�6 4.38 � 10�8 4.02 � 10�8 4.54 � 10�8 4.28 � 10�8 4.51 � 10�8 4.38 � 10�8

5.00 � 10�6 5.89 � 10�8 5.39 � 10�8 5.59 � 10�8 5.78 � 10�8 6.01 � 10�8 5.80 � 10�8

1.00 � 10�5 4.64 � 10�8 4.20 � 10�8 4.53 � 10�8 4.46 � 10�8 4.69 � 10�8 4.50 � 10�8

2.00 � 10�5 4.69 � 10�8 4.28 � 10�8 4.64 � 10�8 4.50 � 10�8 4.41 � 10�8 4.55 � 10�8

5.00 � 10�5 6.53 � 10�8 5.82 � 10�8 6.06 � 10�8 6.18 � 10�8 6.39 � 10�8 6.20 � 10�8

1.00 � 10�4 4.82 � 10�8 4.54 � 10�8 4.83 � 10�8 4.78 � 10�8 4.70 � 10�8 4.84 � 10�8

2.00 � 10�4 4.98 � 10�8 4.67 � 10�8 5.24 � 10�8 4.86 � 10�8 5.23 � 10�8 4.96 � 10�8

5.00 � 10�4 6.80 � 10�8 6.34 � 10�8 6.84 � 10�8 6.62 � 10�8 6.98 � 10�8 6.71 � 10�8

1.00 � 10�3 5.36 � 10�8 4.94 � 10�8 5.32 � 10�8 5.14 � 10�8 5.49 � 10�8 5.27 � 10�8

2.00 � 10�3 5.67 � 10�8 5.12 � 10�8 5.39 � 10�8 5.33 � 10�8 5.33 � 10�8 5.33 � 10�8

5.00 � 10�3 7.62 � 10�8 6.99 � 10�8 7.52 � 10�8 7.34 � 10�8 7.90 � 10�8 7.43 � 10�8

1.00 � 10�2 6.45 � 10�8 5.53 � 10�8 6.11 � 10�8 5.82 � 10�8 6.16 � 10�8 5.92 � 10�8

2.00 � 10�2 8.15 � 10�8 5.97 � 10�8 6.78 � 10�8 6.22 � 10�8 6.64 � 10�8 6.33 � 10�8

3.00 � 10�2 5.74 � 10�8 3.83 � 10�8 4.52 � 10�8 4.02 � 10�8 4.41 � 10�8 4.07 � 10�8

5.00 � 10�2 9.82 � 10�8 5.25 � 10�8 7.09 � 10�8 5.51 � 10�8 6.81 � 10�8 5.54 � 10�8

7.00 � 10�2 9.15 � 10�8 3.95 � 10�8 6.07 � 10�8 4.14 � 10�8 5.53 � 10�8 4.13 � 10�8

1.00 � 10�1 1.46 � 10�7 4.69 � 10�8 8.25 � 10�8 4.93 � 10�8 7.31 � 10�8 4.93 � 10�8

1.50 � 10�1 2.55 � 10�7 6.57 � 10�8 1.36 � 10�7 6.87 � 10�8 1.17 � 10�7 6.89 � 10�8

2.00 � 10�1 2.62 � 10�7 5.50 � 10�8 1.31 � 10�7 5.85 � 10�8 1.11 � 10�7 5.89 � 10�8

3.00 � 10�1 5.40 � 10�7 9.12 � 10�8 2.55 � 10�7 9.60 � 10�8 2.04 � 10�7 9.61 � 10�8

5.00 � 10�1 1.12 � 10�6 1.15 � 10�7 4.76 � 10�7 1.19 � 10�7 3.68 � 10�7 1.20 � 10�7

7.00 � 10�1 1.16 � 10�6 1.03 � 10�7 4.84 � 10�7 1.08 � 10�7 3.69 � 10�7 1.08 � 10�7

9.00 � 10�1 1.16 � 10�6 1.13 � 10�7 4.94 � 10�7 1.18 � 10�7 3.78 � 10�7 1.17 � 10�7

1.00 � 100 5.41 � 10�7 3.17 � 10�8 2.13 � 10�7 3.20 � 10�8 1.60 � 10�7 3.22 � 10�8

1.20 � 100 1.04 � 10�6 4.92 � 10�8 4.02 � 10�7 5.02 � 10�8 2.97 � 10�7 5.04 � 10�8

2.00 � 100 3.43 � 10�6 1.45 � 10�7 1.33 � 10�6 1.47 � 10�7 9.68 � 10�7 1.47 � 10�7

3.00 � 100 2.83 � 10�6 1.11 � 10�7 1.08 � 10�6 1.08 � 10�7 7.83 � 10�7 1.07 � 10�7

4.00 � 100 1.60 � 10�6 3.28 � 10�8 5.87 � 10�7 2.73 � 10�8 4.13 � 10�7 2.64 � 10�8

5.00 � 100 8.92 � 10�7 1.93 � 10�8 3.31 � 10�7 1.21 � 10�8 2.31 � 10�7 1.14 � 10�8

6.00 � 100 4.89 � 10�7 1.26 � 10�8 1.78 � 10�7 5.79 � 10�9 1.25 � 10�7 5.02 � 10�9

7.00 � 100 2.63 � 10�7 7.89 � 10�9 9.66 � 10�8 3.03 � 10�9 6.74 � 10�8 2.56 � 10�9

8.00 � 100 1.42 � 10�7 4.31 � 10�9 5.08 � 10�8 1.38 � 10�9 3.54 � 10�8 1.13 � 10�9

9.00 � 100 7.27 � 10�8 2.95 � 10�9 2.60 � 10�8 1.05 � 10�9 1.81 � 10�8 8.43 � 10�10

1.00 � 101 3.92 � 10�8 1.70 � 10�9 1.38 � 10�8 5.49 � 10�10 9.33 � 10�9 3.89 � 10�10

1.20 � 101 3.14 � 10�8 1.61 � 10�9 1.18 � 10�8 4.86 � 10�10 8.10 � 10�9 3.48 � 10�10

1.40 � 101 9.01 � 10�9 5.11 � 10�10 3.35 � 10�9 1.40 � 10�10 2.27 � 10�9 4.58 � 10�11
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into account the ISO recommendations [8]. The shielding ef-

ficiency of this shadow cone will also be evaluated and dis-

cussed in the next section.

3. Results and discussion

3.1. Neutron flux spectra and calculation of neutron
dose equivalent rate

Characterization of the neutron flux spectra was based on

MCNP5 simulations with existing ICRP 74 energy bins [3].

Table 2 shows the total (denoted as Fn�tot) and the scattered

(denoted as Fn�sct) components of the neutron flux spectra as

a function of energy bins at the three reference distances

obtained from MCNP5 calculations. The 1es statistical un-

certainties of the integral simulated results for Fn�tot and

Fn�sct were within 3% and 1%, respectively, which were

considerably negligible. The direct component of the neutron

flux spectra (denoted as Fn�dir) at the three reference

distances are then deduced ð¼ Fn�tot �Fn�sctÞ with the

assumption that the Fn�dir of the bare 252Cf neutron fission

source are at the energy greater than 2.0� 10�3 MeV [10]. Fig. 3

shows the direct and scattered neutron flux spectra at the

three reference distances. It can be seen that the scattered

neutron flux spectra in the range of investigated distances

are almost unchanged. This gives a certain convenience

for the practical calibration to extract the scattered compo-

nents. Once the neutron flux spectra were obtained, the

neutron dose equivalent rates of component p, denoted as

nDEp (mSv/h), were calculated as:

nDEp ¼
Xn

i¼1

��
Fn�p

�
i
� ðhFÞi

��As; (2)

where p ¼ (tot, sct, dir) refers to the total, scattered, or direct

component of the neutron spectrum; As is the total neutron

source strength (s�1); Fn�p is the neutron flux of component p;

and (hF)i is the conversion factor from unit neutron flux to

neutron ambient dose equivalent in the ith energy bin [3,11].

Taking into account the total neutron source strength on the

date of measurement (December 22, 2014) of 568,997 second�1

and the calculated neutron fluxes given in Table 2 accompa-

nied with the appropriate conversion factors, the nDEp rates

were calculated as shown in Table 3. Themeasured nDEp rates

at the three distances using the two neutron survey meters

are also summarized in Table 3 together with the corre-

sponding statistical uncertainties. In the present work, each

measurement was repeated 10 times at each point with each

survey meter to obtain the mean values of the neutron dose

equivalent rates and the statistical uncertainties.

3.2. Fitting of the measured total neutron dose
equivalent rates and the simulated total neutron flux

According to the ISO recommendation [8], the nDEtot rates

obtained by experiments can be expressed as follows:

ðnDEtot � nDEsctÞ � FAðdÞ ¼ k� d�2; (3)

where FAðdÞ is the appropriate air attenuation (air out-scatter)

factor, k is the characteristic constant, and d is the distance

from the source to the reference point. The nDEsct rate is

considered constant in the range of the investigated distances

Fig. 3 e Scattered (sct) and direct (dir) neutron flux spectra

obtained by MCNP5 simulations at the reference distances

of 75, 125, and 150 cm from the source.

Table 3 e Neutron ambient dose equivalent rates at the three reference distances obtained from simulation, fitting and
measurement by the AlokaTPS-451C meter.

Distance (cm) Method Neutron ambient dose equivalent rate (mSv/hr)

Total Scattered Directa Directb

75 Simulated 12.8 0.75 12.1 12.6

Meter 1 11.85 ± 1.03 0.82 ± 0.10 11.03 ± 1.03 11.40

Meter 2 12.17 ± 1.00 0.85 ± 0.09 11.32 ± 1.00

125 Simulated 5.04 0.74 4.30 4.54

Meter 1 4.61 ± 0.36 0.78 ± 0.11 3.83 ± 0.37 4.10

Meter 2 4.79 ± 0.33 0.82 ± 0.06 3.97 ± 0.33

150 Simulated 3.73 0.74 2.99 3.15

Meter 1 3.49 ± 0.23 0.68 ± 0.05 2.81 ± 0.23 2.85

Meter 2 3.44 ± 0.19 0.70 ± 0.07 2.74 ± 0.20

a Totaldscattered.
b Calculated according to Eqs. (5) and (7) for the measured and simulated neutron dose equivalent rates, respectively.
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as shown in Fig. 3. If the air attenuation factor,

FAðdÞ ¼ exp½�d$
P� (where

P
is the average linear attenuation

coefficient, which is equal to 1,055 � 10�7 cm�1 for the bare
252Cf neutron source [8]), is negligible compared to the room

scattering factor (in most practical cases), then Eq. (3) can be

rewritten as:

nDEtot � nDEsct ¼ k� d�2 (4)

The nDEtot rates measured by neutron survey meters were

then fitted as a function of the inverse of square distances

from the source according to Eq. (4), and the result is

illustrated in Fig. 4. Combining the fitting equation in Fig. 4

and Eq. (4), one can see that the nDEsct rate is constant at

0.61 (mSv/h), and the direct component nDEdir can be

expressed as:

nDEdir ¼ 6:41� 10�4 � d�2 (5)

Fig. 5 displays the contour plot of the total neutron fluxes

obtained from the MCNP5 simulation on the plane perpen-

dicular to the source axis at its central point. This figure can be

useful for checking the neutron flux measured by the devices

and for understanding the distribution of the neutron fluxes in

the calibration room. The total component Fn�tot can also be

fitted according to Eq. (4), and the correlation is displayed in

Fig. 6. As a result, the Fn�dir (cm�2/fission/unit lethargy) and

the nDEdir rate can be expressed by Eqs. (6) and (7), respec-

tively, where hF is 385 pSv cm2 for the 252Cf source. The

calculated nDEdir at three different reference distances

through Eq. (7) are also shown in Table 3.

Fn�dir ¼ 0:09� d�2 (6)

nDEdir ¼ Fn�dir � hF �As (7)

The results in this section illustrate that the proposed

fitting approach can be practically applied to calculate the

conventional true value of the ambient dose equivalent rate

for the purpose of calibrating neutron survey meters.

3.3. Anisotropy of the source

The anisotropy of the 252Cf neutron source was calculated

using MCNP5 with the “Fmesh4” tally [7]. The cylinder with a

radius of 150 cm and a height equal to the source diameter,

which has the central point at the source center and its central

axis is perpendicular to that of the source, was divided into

equal sectorial mesheswith a solid angle of p/19. MCNP5 input

files with “Fmesh4” tally were compiled to calculate the

angular neutron source strength (i.e., neutron flux in each

mesh lattice). Then, the angular source strength at the angle

of p/2 was normalized to the average source strength to

calculate the anisotropy of the source. The anisotropic

correction factor of 1.013 at the angle of p/2 was observed,

which is negligible for the 252Cf neutron source used in the

experiments.

3.4. Shielding efficiency of the shadow cone

As the neutron-induced photon flux spectra of the 252Cf source

were negligibly small [6], the shadow cone of a polyethylene

component of 10% boron was used in the measurements of

the scattering component. The shielding efficiency of this

shadow cone was investigated by comparing the penetrating

neutron flux (the contribution of the source) to the overall

scattered neutron flux obtained fromMCNP5 simulation at the

reference distance of 75 cm. Fig. 7 shows the detailed contri-

butions of the main objects in the calibration room to the

overall scattered neuron flux. One can see that the contribu-

tion of the source and the source cover to the overall scattered

neutron flux is about 0.43%, which is considered negligibly

small. This means that the cone shielding efficiency is

Fig. 4 e The total neutron dose equivalent ðnDEtotÞ rate
measured by neutron survey meters as a function of the

inverse square of the distance from the source.

Fig. 5 e Contour plot of the total neutron flux (cm¡2/fission/

unit lethargy) on the central plane of the calibration room.
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sufficient for the purpose of shielding the direct neutron

component. In other words, the use of this shadow cone is

practically acceptable.

3.5. Comparison of simulation and measurement

Comparing the nDEdir rates obtained from the MCNP5 simu-

lations (in Eq. (7)) to the measured values and the values ob-

tained from the fitting curves, the discrepancy of about 10%

between the simulation and measurement results is achieved

as shown in Table 3, which is considerably acceptable. The

discrepancy is ascribed to the following sources of un-

certainties: from theMCNP5 simulations, the fitting approach,

and the experiments.

The standard uncertainties of the simulated nDE rates are

affected by all factors in Eq. (2) (i.e., uncertainties of the total

source strength, the simulated neutron flux, and the conver-

sion factor), which are, unfortunately, not fully available;

thus, these standard uncertainties are difficult to evaluate.

However, the statistical uncertainties of the simulated nDE

rates are mainly affected by the uncertainties of the integral

simulated neutron fluxes, which are reasonably assumed to

be as low as negligible. According to Eqs. (5) and (7), the un-

certainties of fitting curves are affected by the uncertainties of

the slope factors of the fitting curves, but the uncertainties of

the fitting curves are acceptable in this case because the

square of the correlation factor R is close to unity. In the

measurement, the statistical uncertainties of the measured

nDE rates are normally reduced by repeating the measure-

ment a number of times. Although this condition was per-

formed in the experiments, the statistical uncertainties of the

measured nDE rates was about 10% (see Table 3).

The discrepancy of about 10% among the nDE rates, as

shown in Table 3, is considerably acceptable for the purpose of

radiation protection at low levels of neuron ambient dose

equivalent rates. The agreement between the simulated and

measured nDE rates implies that the neutron energy response

function of Aloka TPS-451C neutron survey meter complies

with the ICRP 74 conversion factor function. The characteris-

tics are consistent with the meter manufacturer's statement

[12].

4. Conclusion

The first neutron calibration field of a bare 252Cf source was

established in Vietnam. The characterization of the neutron

calibration field in terms of neutron flux spectra was based on

the Monte Carlo simulations using the MCNP5 code. Neutron

ambient dose equivalent rates at the three reference distances

of 75, 125, and 150 cm from the source were calculated and

compared with the measured values. The results show that

the discrepancy between the calculated and measured values

is about 10%.

A shadow cone of 10% borated polyethylene was success-

fully applied to shield the direct component of the neutron

flux spectra for the low photon contaminated 252Cf neutron

source. The simulated results show that the cone shielding

efficiency meets the ISO 8529-2:2000 criteria. The anisotropy

correction factor of the 252Cf neutron sourcewas negligible. As

the scattered neutron flux spectra in the investigated dis-

tances from the source to the reference points are almost

constant, a fitting approach is proposed and applied for pre-

dicting the conventional true value of quantities of interest for

the purpose of neutron survey meter calibration.
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