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This is anOpe
Abstract – This paper presents the technical parame
ters of neutron calibration fields available in Viet Nam
for calibrations of neutron measuring meters (i.e., neutron ambient dose equivalent/rate meters and/or
neutron personal dose equivalent/rate meters � referred to neutron meters). The technical parameters of
neutron calibration fields, in this work, consist of physical quantity (i.e., the integrated neutron fluence rate
over a neutron spectrum, f); operational dosimetric quantities (i.e., ambient dose equivalent rate, _H�ð10ÞÞ
and radiation quantities (i.e., fluence-spectrum-averaged energies, E; fluence-to-ambient dose equivalent
conversion coefficient, h*). The technical parameters of neutron reference fields were reported for different
radiation beam qualities following the ISO-8529 and the ISO-12789 series (i.e., for direct neutron
component from a neutron reference fields of a bare 241Am-Be, complied with the ISO-8529 series criteria;
and for total neutron component from simulated workplace neutron reference fields of a 241Am-Be source
moderated by different polyethylene spheres and from a neutron reference field of a bare 239Pu-Be source,
complied with the ISO-12789 series criteria). The technical parameters of the ISO-8529 neutron reference
field of the bare 241Am-Be source were theoretically calculated based on the total neutron source strength
and presented for direct neutron component. In addition, the technical parameters of the ISO-12789
simulated workplace neutron reference fields of the 241Am-Be source moderated by different polyethylene
spheres as well as of the 239Pu-Be source were characterized using the Bonner sphere spectrometer system
accompanying with the FRUIT neutron spectrum unfolding code for the total neutron component. The
technical parameters as well as their combined standard uncertainties of neutron fields were also presented
in conjunction with different distances from the sources’ centers.
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1 Introduction

There are various types of neutron measuring devices
(referred to neutron meters) to be used for measuring neutron
physical quantity (i.e., integrated neutron fluence rate, f) and/
or neutron operational dosimetric quantities (i.e., ambient dose
equivalent rate, _H�ð10Þ; personal dose equivalent rate,
_Hpð10Þ) for the purposes of radiation protection and safety
assessment. For different purposes of measurements, neutron
meters are maybe in active (Fuji Electric; Model 12-4-Ludlum;
VF Nuclear) and/or in passive (The Thermo Fisher Scientific)
types.

For ensuring the proper operations of neutron meters,
calibrations must be done prior to, and periodically after their
first use (IAEA, 2000). In a calibration certificate, in term of
physical quantity (i.e., f) and/or operational dosimetric
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quantities (i.e., _H�ð10Þ; _Hpð10Þ), radiation quantities (i.e.,
neutron fluence-spectrum-averaged energies,E and/or fluence-
to-ambient dose equivalent conversion coefficient, h*) must be
mentioned since indicators of neutron meters are dependent on
those quantities. Recent years, neutron reference fields have
been established for calibrations of neutron meters, in world-
wide (Mazrou et al., 2008; Guzman-Garcia et al., 2015;
Vykydal et al., 2015; Vega-Carrillo and Martinez-Ovalle,
2016) as well as in Viet Nam (Le et al., 2016, 2017, 2018,
2019, 2024 ; Nguyen et al., 2024).

In this work, technical parameters (including physical,
operational dosimetric, and radiation quantities) were pre-
sented at different distances from the sources’ centers. The
technical parameters were respectively presented in manners
of theoretical calculations (i.e., for the ISO-8529 neutron
reference field of a bare 241Am-Be source) and of experimental
data using the Bonner sphere spectrometer (BSS) system (i.e.,
for the ISO-12789 simulated workplace neutron reference
fields of the 241Am-Be source moderated by different
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Fig. 1. Top view and side view of neutron calibration room at the Institute for Nuclear Science and Technology.
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polyethylene spheres and for the ISO-12789 simulated
workplace neutron reference field of the 239Pu-Be source).
The combined standard uncertainties of technical parameters
of neutron reference fields were also investigated.

2 Material and method

2.1 Neutron reference field in Viet Nam

The neutron room at the Institute for Nuclear Science and
Technology (INST) has inner dimensions of 700 cm� 700 cm
� 700 cm, satisfied the ISO-8529 recommendation (ISO8529-2,
2000).The layout of theneutroncalibration roomcanbe found in
Figure 1. In recent years, a X14-type 241Am-Be neutron source
has been installed at the room’s center for calibration purposes.
The neutron emission rate of the X14-type 241Am-Be source
(supplied byHopewellDesigns, Inc.,USA)was1.299� 107 s�1

on23January2015with the expandeduncertaintyof2.9%(k= 2,
shown in a certificate), it is traceable to the USA National
Institute of Standards and Technology. The source anisotropy
correction factor at the angle of 90 degrees (perpendicular to the
cylindrical neutron source’s central axis at the source center),
F1(90)was investigated as 1.030using theMCNP5MonteCarlo
simulation code, with the standard uncertainty of 0.1% (k= 1).
The half-life of 241Am-Be source is 432 yr, considered as an
economyadvantage point for routine calibrations.More detailed
information about the source can be found in Ref. (Le et al.,
2018).

Based on this neutron source, several neutron reference
fields were established at the INST (Hanoi, Viet Nam),
following the international criteria: i.e., ISO-8529 series (Le
et al., 2018) and ISO-12789 series (Le et al., 2019). These
neutron reference fields are routinely used for calibrations of
neutron meters at the INST (Le et al., 2019; Nguyen et al.,
2020) as well as for delivering standard neutron dose
equivalents (Nguyen et al., 2024).

The neutron room at theMilitary Institute for Chemical and
Environmental Engineering (MICEE, Hanoi, Viet Nam) is a
cubic onewith inner dimensions of 700 cm� 700 cm� 700 cm.
The roomwasconstructed at anunoccupiedarea andat basement
floor. The values of _H�ð10Þ outside the room were measured
before putting the room into operation and yearly investigated to
ensure the safety working conditions for radiation workers and
public, complied with Vietnamese legal requirements. The
MICEEneutron source of 239Pu-Bewas granted byRussia some
decades ago. It hadbeen stored as a disused source till beingused
for establishing the neutron reference field at MICEE by 2020.
The neutron source strength of the 239Pu-Be source was
4.6� 106 s�1 in 1981 with the standard uncertainty re-assessed
within 5.0% (k= 1). This neutron emission rate is considered as
constant during usage process since the source’s half-life is as
long as 2.41�104 yr. The cylindrical shape of the 239Pu-Be
sourcehasaheightof3.3 cmandadiameter of2.9 cm,whichwas
installed at thefloor’s center and pumped to the height of 150 cm
for irradiation. The source anisotropy correction factor, F1(90)
was investigated as 1.029 using the MCNP6 Monte Carlo
simulation code, with the standard uncertainty of 0.3% (k= 1)
(Nguyen et al., 2024).The layout of the neutron calibration room
can be found in Figure 2.

This neutron reference field was established and being used
for calibration purposes at the MICEE.
2.2 Bonner sphere spectrometer system

In this work, the Bonner sphere spectrometer (BSS) system
was used with different spherical moderators to measure the
count rate,Mi (unit in count per second, cps; and “i” stands for
the BSS sphere diameter in inches) caused by neutrons from
the moderated 241Am-Be, and 239Pu-Be sources. The BSS
system has a 6LiI(Eu) thermal neutron sensitive detector and
6 different high density (r = 0.95 g.cm�3) polyethylene Bonner
spheres with respective different diameters of 2, 3, 5, 8, 10, and
12 inches (i.e., i= 0, without a moderator; 2; 3; 5; 8; 10; and
12). The cylindrical thermal neutron detector of the 6LiI(Eu)
scintillation crystal has 96% purity of 6Li with a height of
0.4 cm and a diameter of 0.4 cm. The BSS system was used to
detect neutrons from thermal energy up to 20 MeV.



Fig. 2. Top view of neutron calibration room at the Military Institute
for Chemical and Environmental Engineering.
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The different diameters of the BSS system have different
neutron fluence-response functions, Rib(Eb). A neutron
fluence-response function of a BSS is considered as the
distribution of the BSS count rate, Rib(Eb) in the energy bin Eb,
as a function of neutron fluence in that energy bin). The values
of Rib(Eb) of different Bonner spheres were investigated using
both of MCNP5 and MCNP6 Monte Carlo simulation codes.
More detailed information about the values of Rib(Eb) can be
found in previous works (Nguyen et al., 2024; Le, 2020).
2.3 Neutron spectrum unfolding

In order to find a neutron fluence spectrum (understood as
the distribution of spectral neutron fluence rate, fb(Eb) as a
function of neutron bin energies, Eb), a neutron spectrum
unfolding code is needed to solve a series of equation (1).

Mi ¼
Xn
b¼1

MibðEbÞ

¼
Xn
b¼1

RibðEbÞfbðEbÞ;
ð1Þ

where, the values of Mi and Rib(Eb) are the input data for the
unfolding code.More information about the unfolding codes can
be found in Refs. (Le et al., 2018, 2019; Nguyen et al., 2024).

In this work, the FRUIT unfolding code (Bedogni et al.,
2007) was used to unfold neutron fluence spectra. As results,
neutron fluence spectra at the points of interest were derived
(i.e., the values of fb(Eb) are available with the unit can be
converted to cm�2.s�1).
2.4 Calculation of neutron reference field parameter

For the direct component of neutrons from the 241Am-Be
source following the ISO-8529 criteria, it was confirmed in
previous work (Le et al., 2018) that: there was good
consistence (within 3.0%) in the physical quantity (i.e., f)
and operational dosimetric quantity (i.e., _H�ð10Þ) between
Monte Carlo simulation, theoretical calculation, and BSS
experimental data. Therefore, in this work, the conventional
true values of f and _H�ð10Þ for the direct component of
neutrons from the 241Am-Be source (following the ISO-8529
criteria) were calculated using equations (2) and (3). Where,
Bb(Eb) is neutron source strength in the individual Eb energy
bin (unit in s�1) at the time of calculation; FA(l) is the air
attenuation correction factor (calculated based on guidance
from Ref. (ISO 8529-2, 2000); F1(90) is the anisotropy
correction factor of the source; l is the distance (unit in cm)
from the source’s center to the detector’s center; h*(Eb) can be
taken from international published data, i.e., ICRU-57
(ICRU, 1998).

f ¼
Xn
b¼1

fbðEbÞ

¼
Pn

b¼1 BbðEbÞ � FAðlÞ � F1ð90Þ
4pl2

;

ð2Þ

_H�ð10Þ ¼
Xn
b¼1

fbðEbÞ∙h�ðEbÞ; ð3Þ

In the other hand, for the total component of neutrons
from reference fields of the moderated 241Am-Be source and
of 239Pu-Be source, the field characterization process
(following the ISO-12789 criteria) was performed in such
sequent steps: (i) the BSS count rates (Mi) were measured for
all BSS sphere at the point of interest during a suitable period
so that the statistical uncertainty of Mi less than 1.0%; (ii) the
values of Mi and Rib(Eb) were prepared as input data for the
FRUIT unfolding code; (iii) neutron fluence spectrum was
unfolded using the FRUIT code with some constrain
conditions (i.e., the standard deviation between unfolded
and input BSS count rates must be less than 3.0%; calibration
factor of BSS as 1.0). As results, the unfolded spectral
neutron fluence rates, fb(Eb), were achieved, the conventional
true values of f; _H�ð10Þ, as well as the radiation quantities
(i.e., E and h*) were then respectively calculated using
equations (4)–(7).

f ¼
Xn
b¼1

fbðEbÞ; ð4Þ

_H � ð10Þ ¼
Xn
b¼1

fbðEbÞ � h � ðEbÞ; ð5Þ

E ¼
Pn

b¼1 Eb � fbðEbÞ
f

; ð6Þ

h � ¼
_H � ð10Þ

f
ð7Þ.



Table 1. Physical (f), operational dosimetric ( _H�ð10Þ), and radiation (E, h*) quantities of different neutron reference fields available in Vietnam
for calibrations of neutron meters.

Source Quantity Source-to-detector distance (cm)

100 150 200 250

241Am-Be f(cm�2.s�1) 104.4 46.4 26.1 16.7
241Am-Be (15PE) 120.5 67.4 49.6 42.2
241Am-Be (20PE) 101.7 57.1 43.4 37.0
241Am-Be (25PE) 90.7 53.6 37.2 30.0
241Am-Be (30PE) 69.0 40.0 29.4 25.3
241Am-Be (35PE) 56.5 33.0 23.3 19.7
239Pu-Be 41.3 23.7 18.0 15.0
241Am-Be _H�ð10Þ(mSv.h-1) 147.0 65.3 36.7 23.5
241Am-Be (15PE) 99.6 52.5 33.3 25.4
241Am-Be (20PE) 82.8 40.5 26.8 20.4
241Am-Be (25PE) 68.1 34.1 21.0 15.8
241Am-Be (30PE) 51.8 25.8 17.4 12.6
241Am-Be (35PE) 38.9 20.4 13.0 9.5
239Pu-Be 44.9 21.8 15.1 11.2
241Am-Be E(MeV) 4.16 4.16 4.16 4.16
241Am-Be (15PE) 1.67 1.57 1.36 1.13
241Am-Be (20PE) 1.59 1.21 1.08 0.96
241Am-Be (25PE) 1.74 1.41 1.01 0.90
241Am-Be (30PE) 1.63 1.18 1.14 0.92
241Am-Be (35PE) 1.30 1.28 1.06 0.83
239Pu-Be 2.94 1.97 1.70 1.27
241Am-Be h*(pSv.cm2) 391 391 391 391
241Am-Be (15PE) 230 216 187 167
241Am-Be (20PE) 226 197 171 153
241Am-Be (25PE) 209 176 157 147
241Am-Be (30PE) 208 179 164 138
241Am-Be (35PE) 191 172 155 134
239Pu-Be 302 256 233 207
Notation:
241Am-Be: the ISO-8529 neutron reference field of the direct component;
241Am-Be (15PE): understood as the ISO-12789 simulated workplace neutron field, moderated by a polyethylene sphere
with a diameter of 15 cm;
239Pu-Be: ISO-12789 neutron reference field of the total component
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2.5 Assessment of combined standard uncertainty of
technical parameter

Based on the uncertainty propagation principle, one can
figure out that the combined standard uncertainties of all
quantities (i.e., physical, operational dosimetric, and radiation
quantitites� calculation models in equations (2)–(7)) have the
same uncertainty propagation rule. In other words, the
combined standard uncertainty of an individual quantity
(uQ) is equal to square root of summed squares of its all
uncertainty budgets (ub). In general, the value of uQ can be
calculated using equation (8).

uQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
Xall
b¼1

u2b

vuut ð8Þ
3 Result

3.1 Technical parameter of neutron calibration field

Table 1 shows the technical parameters (including of
physical � f, operational dosimetric � _H�ð10Þ, and radiation
� E, h*, quantities) at different distances from the sources’
centers for different neutron reference fields.

3.2 Combined standard uncertainty of technical
parameter

Table 2 shows the combined standard uncertainties of
conventional true values of technical parameters of different
neutron reference fields in conjunction with the uncertainty
budgets.



Table 2. Combined standard uncertainties of technical parameters of neutron reference fields available in Vietnam.

Neutron reference field Quantity Combined standard uncertainty, k = 1 (%)
241Am-Be f 2.1

_H�ð10Þ 4.5

E 3.0
h* 5.0

241Am-Be (15PE) F 3.2
241Am-Be (20PE) _H�ð10Þ 5.1
241Am-Be (25PE)
241Am-Be (30PE) E 4.5
241Am-Be (35PE) h* 6.0
239Pu-Be
Notation: Value of uncertainty budget, ub (%):
Bb(Eb): 1.5% (stated in a certificate);
l: 1.0% (maximum estimated);
FA(l): 1.0% (based on influenced factors in calculation dependent on different total cross section uncertainty);
F1(90): 0.3% (maximum investigated);
h*(Eb): 4.0% (stated in (ICRU, 1998));
Mi: 1.0% (targeted in measurements);
Rib(Eb): 3.0% (estimated).
For direct component of neutrons from a bare 241Am-Be source (ISO-8529 criteria):
Uncertainty budgets taken into account for standard uncertainty of f: fb(Eb), l, FA(l), F1(90) ;
Uncertainty budgets taken into account for standard uncertainty of _H�ð10Þ: fb, h*(Eb);
Uncertainty budgets taken into account for standard uncertainty of E: fb
Uncertainty budgets taken into account for standard uncertainty of h*: f; _H�ð10Þ
For total component of neutrons from other sources (ISO-12789 criteria):
Uncertainty budgets taken into account for standard uncertainty of f: Mi, Rib(Eb)
Uncertainty budgets taken into account for standard uncertainty of _H�ð10Þ: f, h*(Eb);
Uncertainty budgets taken into account for standard uncertainty of E:f
Uncertainty budgets taken into account for standard uncertainty of h*: f; _H�ð10Þ
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4 Discussion

4.1 Feasible range for calibration

From Table 1, ones can figure out that the feasible range of
_H�ð10Þ, for calibrations of neutron meters, is from 10 to
150mSv/h (for the calibration distance from 100 to 250 cm).
This range is limited for calibrations of neutron meters at
higher measuring range of _H�ð10Þ. However, it is acceptable
for calibrations of neutron meters with preferred measuring
range at radiation protection level.

In the investigated distances, the feasible delivery range of
f is from 15 to 105 cm�2.s�1 while the fluence-spectrum-
averaged energies (E) of the neutron fields vary from 0.83 to
4.16 MeV (corresponding to the values of h* from 134 to 391
pSv.cm2).

For calibration of neutron meters following the ISO-8529
criteria, the contribution of scattered neutrons to the reading of
meter to be calibrated must be less than 40% that of the direct
component. It was found that it corresponds to the distance less
than 250 cm from the source’s center.

For calibration of neutron meters following the ISO-12789
criteria, the total component of neutrons can be used.
Therefore, the calibrations can be done since the statistical
uncertainty of neutron meters whose readings have a statistical
uncertainty less than 10%. It was found that the distance from
the source’s center less than 250 cm is acceptable.
4.2 Accuracy in neutron field parameter

From Table 2, ones can see that the combined standard
uncertainties of technical parameters of the neutron reference
fields are acceptable in conjunction with those stated in
international publications, i.e., acceptable standard uncertain-
ties in determination of f as 5.0-10%; in determination of h* as
15% (ISO 12789-2, 2008). That means the acceptable
combined standard uncertainty (k= 1) in determination of
_H�ð10Þ can be even higher than 15% (based on uncertainty
propagation principle of equation (7)). Even, the acceptable
standard uncertainty in determination of E is not yet
mentioned in Ref. (ISO 12789-2, 2008) but it could be
understood that the uncertainty of E can be acceptable if it does
not cause the change in _H�ð10Þ over 15%.

5 Conclusions

Various neutron reference fields were established in Viet
Nam for calibrations of neutron meters. The technical
parameters of neutron reference fields were characterized
and presented in this work, such as: physical quantity
(integrated neutron fluence rate, f), operational dosimetric
quantity (neutron ambient dose equivalent rate, _H

�ð10ÞÞ as
well as radiation quantities (neutron fluence-spectrum-aver-
aged energy, E; fluence-to-ambient dose equivalent conversion
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coefficient, h*). The combined standard uncertainties of
technical parameters were also investigated and presented in
this work. The conventional true values of technical parameters
of the neutron fields indicate that the determination of those
conventional true values are reliable with the acceptable
combined standard uncertainties. That means the neutron fields
canbefeasiblyused incalibrationsofneutronmeters inVietNam
following the ISO-8529 (direct component of neutrons) and the
ISO-12789 (total component of neutrons) criteria.
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