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Abstract
The neutron energy spectrum was measured using a Bonner sphere spectrometer at six locations inside the containment ves-
sel of a nuclear reactor at the Qinshan nuclear power plant. The structures of the neutron spectra obtained by the maximum 
entropy, iteration, and genetic algorithm methods were consistent with one another and could be interpreted as the spectral 
superposition of different energy regions. The characteristic parameters of the neutron spectrum, including the fluence rate, 
average energy, and neutron ambient dose equivalent rate Ḣ∗(10), were in good agreement among the three methods. In 
addition, an LB6411 neutron ambient dose equivalent meter was employed to obtain the Ḣ∗(10) directly for comparison. 
These findings indicate that neutron spectrum unfolding methods can be used to overcome the problems associated with 
the response functions of dosimeters to provide more accurate Ḣ∗(10) values. In this study, the following three evaluation 
criteria were systematically addressed to ensure the accuracy of the unfolded spectra: count rates of the inverse solutions, 
neutron spectrum structures, and comparison of key parameters.
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1  Introduction

The neutron spectrum, which is the neutron fluence rate or 
neutron density versus neutron energy, is one of the most 
critical parameters for describing the neutron irradiation 
field of a radiation source [1]. Obtaining the on-site energy 
spectrum of a neutron field is a relatively complicated issue 
in neutron measurements [2, 3], which has motivated studies 

to not only determine more exact measurement methods, 
unfolding algorithms, and simulation methods [4] but also 
the application of rational criteria to ensure the accurate 
unfolding of the neutron spectrum. Furthermore, although 
the neutron ambient dose equivalent rate Ḣ∗(10) can be con-
veniently obtained using an ambient dose equivalent meter, 
owing to the diversity and complexity of the neutron spec-
trum, the response function and fluence-dose equivalent con-
version coefficients are rarely consistent over a wide energy 
range [5]. Most neutron ambient dose equivalent meters are 
calibrated in a reference neutron irradiation field with a spe-
cific spectrum structure, such as 241Am–Be, 252Cf, or 252Cf 
moderated by D2O, as recommended by the International 
Organization for Standardization (ISO) ISO 8529-2:2000 
[6]. These requirements are difficult to satisfy with the cali-
bration results of on-site measurements in complex envi-
ronments. According to the International Commission on 
Radiological Protection (ICRP) 74 report, accurate Ḣ∗(10) 
values can be derived from the fluence–dose equivalent con-
version coefficient and neutron spectrum [7, 8]. Therefore, 
the neutron spectrum tends to be an important part of the 
neutron protection dosimetry.
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To obtain the neutron spectra and Ḣ∗(10) at six locations 
in three plant areas of the Qinshan Nuclear Power Plant, the 
Neutron Laboratory of the National Institute of Metrology, 
China (NIM) performed energy spectrum measurements 
using a set of Bonner sphere spectrometer (BSS), which is 
widely used for the on-site measurement of the neutron spec-
trum [9], and unfolded the neutron spectra using the maxi-
mum entropy, iteration, and genetic algorithm (GA) methods 
[10, 11]. A neutron ambient dose equivalent meter (LB6411) 
was employed to compare with the Ḣ∗(10) values given by 
the energy spectrum methods. The response functions of the 
BSS containing a 3He core detector and the calibration factor 
of the LB6411 were calibrated at Physikalisch-Technische 
Bundesanstalt (PTB) and NIM, respectively. Moreover, an 
analysis was conducted to further validate the rationality 
and effectiveness of the three following evaluation criteria 
applied during the unfolding of the spectra: count rates of 
the inverse solutions, neutron spectrum structures, and com-
parison of key parameters.

2 � Methods and measurement

As shown in Fig. 1, the neutron spectrum measurement 
includes the following four main parts: (1) calculation of 
the BSS response function, (2) on-site measurement, (3) 
unfolding of the spectrum based on the response function 
and measurement data, and (4) rationality evaluation of the 
neutron spectrum using various criteria.

2.1 � BSS and spectral unfolding methods

The BSS, manufactured by Centronic Ltd., UK, consists 
of an SP9 3He thermal neutron detector and a set of high-
density polyethylene spheres (0.938 ± 0.009 g/m3) with the 
following 12 different diameters: 3, 3.5, 4, 4.5, 5, 6, 7, 8, 
9, 9.5, 10, and 12 inches (1 inch = 2.54 cm). The internal 
diameter of SP9 was 3.2 cm, the stainless-steel shell was 
1 mm thick, and the nominal pressures were 230 kPa 3He 
and 120 kPa Kr at 20 °C. The incident neutrons moderated 
by polyethylene spheres were detected by SP9 at the center 
of each sphere and a coupled series of suitable electronic 
equipment [12, 13].

The neutron spectrum unfolding method of the BSS is 
based on the theory of the development of few channel data, 
which is an underdetermined system of equations [2, 14] that 
has infinite solutions. When the response function Ri(E) and 
each detector count rate Ci are known, the neutron fluence 
rate �(E) can be determined using Eq. (1):

where i denotes the ith sphere. Equation (1) is discretized in 
the unfolding procedure, and can be transformed into Eq. (2) 
as follows:

(1)Ci = ∫ Ri(E)�(E)dE, i = 1, 2,… ,m,

(2)Ci =

n
∑

j=1

Rij�j, i = 1, 2, 3,… ,m,

Fig. 1   (Color online) Flowchart of neutron spectrum measurements
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where Rij is the response of the ith sphere in the jth energy 
interval, which can be calculated by a simulation and vali-
dated by a sufficient monoenergetic neutron field, and �j is 
the fluence rate in the jth energy interval.

The maximum entropy, iteration, and GA methods were 
used to unfold the neutron energy spectra and provide 
mutual verification. The maximum entropy and iteration 
methods achieved by FORTRAN integrated into UMG, 
called MAXED and GRAVEL, respectively, were employed 
to obtain the neutron energy spectrum. A priori default spec-
trum for the preliminary determination of the structure of 
the neutron energy spectrum was required when using the 
maximum entropy and iteration methods. The two methods 
aim to change the default spectrum into one that fits the data 
but remains “as close as possible” to the default spectrum. 
Therefore, the a priori default spectrum significantly affects 
the final results of the spectral unfolding process. Detailed 
descriptions and analyses of these two methods are available 
in previous studies [15, 16]. For MAXED, the chi-squared 
per degree of freedom was 1.8, and the highest energy, tem-
perature, and temp reductions were set to 20, 1, and 0.85, 
respectively. For GRAVEL, the chi-square per degree of 
freedom was 1.8, and the highest energy and maximum 
number of iterations were set to 20 and 2000, respectively. 
The selection of the default spectrum used in this study is 
described in Sect. 2.3.

The GA, which imitates the Darwinian evolution para-
digm, also known as the “survival of the fittest” strategy, 
was applied to solve the problem of unfolding the neutron 
energy spectrum [17]. It is a new type of unfolding method 
that has recently emerged and can eliminate the limitation 
of requiring a default energy spectrum during calculations. 
In this study, the GA code was achieved using C++ within 

the ROOT framework. The main parameters used in the 
code were as follows: the upper and lower boundaries of the 
spectral unfolding zone were 20 MeV and 0, respectively, 
genetic algebra was 500, population size was 30,000, crosso-
ver probability was 0.3, mutation probability was 0.001, and 
genetic probability was 0.2.

2.2 � Model of response functions calculation

The response functions, which are the key parameters of 
a BSS, were calculated using Geant4, a Monte Carlo code 
library used for simulating particle transport, coupled with 
ENDF/B-VII [18]. Figure 2 shows the geometry of a 4.5 
inches polyethylene sphere with SP9. The incident neu-
trons were assumed to be a monoenergetic parallel beam 
emitted from a circular plane with a diameter equal to that 
of the simulated sphere, and the circular plane was placed 
at a distance of 20 cm from the SP9 center. The structure, 
dimensions, material, and material density of the SP9 and 
polyethylene spheres were the same as the actual parameters 
described above. S(α, β) was applied to the neutron transport 
calculation in polyethylene to solve the problem of neutron 
thermalization [19]. Excluding the polyethylene sphere and 
SP9, all the spaces were set to a vacuum. A neutron was con-
sidered to escape, and the trace was stopped once it occurred 
in the vacuum zone during the simulation. The calculated 
response energy ranged from 10–9 eV to 20 MeV, consider-
ing 20 energy blocks per order of magnitude from 10–9 eV to 
10 MeV, and five energy blocks from 10 to 20 MeV. In addi-
tion, the responses of six experimental energies, 144 keV, 
250 keV, 565 keV, 1.2 MeV, 2.5 MeV, and 14.8 MeV, which 
were determined from an accelerator-driven neutron source 
were also calculated.

Fig. 2   (Color online) Sketch of 
a Bonner sphere with incident 
neutrons
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To validate the simulated BSS energy response values, 
the six aforementioned energy responses were calibrated in a 
monoenergetic neutron field using the shadow cone method, 
and the thermal neutron response of SP9 was calibrated in a 
thermal neutron reference irradiation field formed by a neu-
tron source and graphite moderator [20] at PTB. We should 
also consider that the air gap between the SP9 holder and 
sphere is a key factor for BSS [21].

2.3 � Neutron spectral analysis of reactor building

Neutron energy spectra have different structures for incident 
neutrons with various energies because the absorption cross 
section of the moderator varies with the neutron energy. 
Neutrons above 20 MeV are produced by a proton-induced 
reaction on a lithium target in the laboratory; its character-
istics can be described by a quantum molecular dynamics 
model [22]. However, in fission reactors or other common 
neutron fields, the neutron energy is lower than 20 MeV and 
the energy spectra can be expressed by the following three 
equations:

In the thermal region (< 0.5 eV), the energy spectrum 
follows the Maxwellian distribution as follows (Eq. (3)) [23]:

where �1 is the thermal neutron fluence rate in cm–2·s–1, 
E is the neutron energy in eV, k is Boltzmann’s constant 
(8.617 × 10 − 5 eV/K), T is the temperature, and m is the 
neutron mass.

In the intermediate energy region (0.5 eV–0.1 MeV), the 
classical 1/E distribution was abandoned because the func-
tion diverges for E → 0 and decreases very slowly for an 
energy of ~ 1 keV; the distribution was replaced by Eq. (4) 
as follows [24]:

where �2 is the intermediate neutron f luence rate, 
Ed = 0.0707 eV limits the function at a lower energy, and α1 
(–0.5 < α1 < 0.5) and β1 (0 < β1 < 1) are the parameters in the 
intermediate energy region.

Moreover, for the fission energy spectrum of U-235 (fast 
neutrons, 1–20 MeV), the distribution is approximated 
by the Watt distribution (Eq.  (5)) [3, 25], which can be 
explained by the nuclear evaporation model as follows [26]:

(3)�1 =
2�

(�kT)3∕2

√

2

m
Ee

−
E

kT ,

(4)�2 = A

(

1 − e
−

E2

E2
d

)

E�1−1e
−

E

�1 ,

(5)�3 = BE�2e−E∕�2 ,

where �3 is the fission neutron fluence rate and α2 (0 < α2 < 1) 
and β2 (1 < β2 < 2) are the parameters of the fast component 
of the spectrum.

Normally, fission neutrons emitted from U-235 are mod-
erated by both the coolant and moderator, such as light water 
and heavy water, and then become thermal neutrons and a 
small number of intermediate energy neutrons, epithermal 
neutrons, and fission neutrons [27].

According to the physical process, a hypothesis indicating 
that the spectrum of a reactor building can be explained as a 
superposition of these energy spectra with different param-
eters and weight factors can be proposed as follows (Eq. (6)):

where C1, C2, and C3 are different weight factors that are 
positive or null.

Neutrons in the thermal energy region account for a high 
proportion of the final spectra, and the most probable energy 
of a fast neutron may move to a lower energy (< 1 MeV) 
owing to the surrounding moderators. In addition, the neu-
tron-absorbing material also affects the final superposition 
energy spectrum around the measurement locations. In addi-
tion, moderators with a high resonance absorption cross-
sectional distort the energy spectrum in the intermediate 
energy region, although this effect can be neglected owing 
to the low energy resolution of the BSS in the intermediate 
energy region.

According to the analysis of the neutron energy spec-
trum of reactor buildings, a previously published [28] neu-
tron spectrum at the workplace of a nuclear power plant 
(Fig. 3), with a covering thermal, intermediate energy, and 

(6)� = C1�1 + C2�3 + C3�3,

Fig. 3   Default neutron energy spectrum of reactor buildings
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fast neutrons, was chosen as the default spectrum for the 
MAXED and GRAVEL methods.

2.4 � On‑site measurement

The neutron energy spectra were measured at the follow-
ing six locations: F1-A (305), F1-B (access route), F2-C 
(1R326), F2-D (1R511), F3-E (position between pumps 
1 and 3 in 501), and F3-F (501 ladder). F1-A and F1-B 
are located in factory 1, F2-C and F2-D in factory 2, and 
F3-E and F3-F in factory 3. Table 1 summarizes the meas-
urement devices used. Extra polyethylene holders should 
fill the holes of the Bonner spheres as much as possible 
(Fig.  4a) because the air gap between the holder and 
sphere has a significant influence on the response func-
tion. The direction of SP9 was parallel to the floor dur-
ing the measurement (Fig. 4b). The height of each sphere 
support varied to make the geometric center of SP9 with 
different moderators 35 cm above the ground. According 
to the uncertainty formula of the linear model (Eq. 7), the 
time and total count of a single measurement should be 

greater than 200 s and 13,000, respectively, to ensure that 
the relative uncertainty of the count rate is less than 1%.

Here uc and ut are the relative uncertainties of the count 
rate and measurement time, respectively, and N is statistical 
fluctuation.

In addition, a neutron dose equivalent ratemeter, 
LB6411, a 3He detector located at the center of a 25 cm 
diameter polyethylene moderator, was employed to directly 
measure the neutron dose equivalent rate Ḣ∗(10). The 
LB6411 is one of the best-known neutron dose equivalent 
ratemeters, and its measurement results were representa-
tive [29]. The calibration factor was 0.998, which was 
calibrated in a neutron reference radiation field based on 
a neutron reference with a 241Am–Be source. The final 
results are the average of 10 measurement values.

The on-site process of measurement relied on the fol-
lowing three assumptions: (1) The fluence rate of the 
neutron radiation field is homogeneous in the local area 
of measurement, and the minor positional changes when 
replacing different spheres are negligible. (2) The flu-
ence rate of the neutron radiation field was stable and 
unchanged during the measurement. (3) The disturbance 
induced by BSS can be ignored in the measurement area 
of the neutron radiation field.

(7)u2
c
=

�

1
√

N

�2

+ u2
t

Table 1   Measurement devices

Device Model

Detector SP9 and 12 polyethylene spheres (Centronic, 
UK)

Preamplifier 142PC (Ortec, USA)
Main amplifier 570 (Ortec, USA)
High voltage 556 (Ortec, USA)
Multichannel analyzer USB—MCA4 CH (TechnoAP, Japan)
Neutron ambient dose 

equivalent meter
LB6411 (Berthold, Germany)

Fig. 4   (Color online) a Photo-
graph of an 8 inches polyeth-
ylene sphere and one holder 
of SP9. b Photograph of the 
on-site measurement setup
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3 � Results and discussion

3.1 � Response functions and uncertainty

The response functions that were simulated using Geant4 are 
shown in Fig. 5. The thermal neutron response of SP9 was 
3.2 cm2 based on the calibration results in PTB, and the real 
gas pressure of 3He in SP9 was 248.7 kPa, which is 7.5% 
higher than the nominal value. Therefore, in subsequent sim-
ulations, the actual value of the gas pressure was used. Fig-
ure 6 shows the deviation of the simulation compared to the 
experiment, which indicates the D-values between the ratio 
of the simulation to the experimental value and 1; exclud-
ing the 3 inches and 3.5 inches spheres at a neutron energy 
of 14.8 MeV, all the results were within 0.9–1.1 at each 
energy point, indicating that they sufficiently coincided with 
one another. The largest relative deviation was observed at 
a high neutron energy (14.8 MeV) for the smallest sphere (3 
inches), and the maximum was 14%. Table 2 lists the com-
bined uncertainty (k = 1) and components, including the 3He 
pressure, density of the polyethylene sphere, air gap, isotropy 
of the sphere, statistic of uncertainty by simulation, maxi-
mum deviation, and experimental uncertainty. The uncer-
tainty of the 3He pressure was fixed at 1% for all the spheres 
and was mainly due to the absorption of the thermal energy 
by stainless steel. The uncertainty of the density of polyeth-
ylene caused by the polyethylene nonuniformity and meas-
urement error ranged from 5 to 13%, which increased as the 
diameter of the sphere increased. A constant air gap between 
the SP9 holder and the sphere of 0.4 mm was used in the 
response function simulations, and the estimations of the 
deduced uncertainties caused by this factor were based on 
a 0.4 mm variation. The largest uncertainty (approximately 

12%) occurred for the 3 inches sphere responses. The isot-
ropy of the sphere uncertainty and statistical uncertainty 
of the simulation changed monotonically, decreasing from 
3 to 1% and increasing from 1 to 4%, respectively, when 
the sphere diameter varied from 3 to 12 inches. The largest 
experimental uncertainty of each sphere was relatively sta-
ble, which was approximately 4–5% during the calibration 
based on a monoenergetic neutron field. For each sphere, the 
maximum deviation between the experimental and simula-
tion results was also selected among the six energy points as 
an uncertainty component of the response function, which 
are representative because they cover the thermal neutrons, 
intermediate energy neutrons, and fast neutrons. Finally, the 
maximum combined uncertainty, namely 20% (k = 1), was 
considered as the final response function uncertainty owing 
to the inability to obtain the experimental values of all the 
energy points.

3.2 � Normalization

Figure 7 displays the normalized measurement results of 
the BSS relative to the average count rate with polyethyl-
ene spheres and a bare detector at the six locations. The 
normalization constants at the six locations were 3616, 
729, 979, 343, 1354, and 1871 cps, respectively, which 
were the average count rates of each location. The peak 
package of F1-A was approximately 3 inches, which was 
lower than the other locations, indicating that F1-A would 
have the lowest neutron energy among these positions 
according to the response function shown in Fig. 5. The 
peak locations of F1-B and F3-E corresponded to a larger 

Fig. 5   (Color online) Response functions of the Bonner sphere spec-
trophotometer simulated by Geant4

Fig. 6   (Color online) Plot of the deviation of the simulation from the 
experimental results versus sphere diameter at different neutron ener-
gies (the two red dashed lines represent the region with a deviation of 
less than 10%)
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sphere, approximately 4–5 in, thus the neutron energy 
could be higher than that of the other locations. The peak 
locations were essentially the same and were located at 
3.5 inches or 4 inches for F2-C, F2-D, and F3-F. There-
fore, a preliminary conclusion indicates that the neutron 
energy at each location would be in the following order: 
F1-B and F3-E > F2-C, F2-D, and F3-F > F1-A.

3.3 � Unfolding of energy spectra

Figure 8 shows the neutron energy spectra at six posi-
tions obtained by MAXED and GRAVEL; the two meth-
ods had nearly the same distribution. The thermal and fast 
neutron peak positions occurred at approximately 0.01 eV 
and 100 keV, respectively. Although the peak height of the 
GA unfolded spectrum was different from that of the other 
methods at certain locations, their corresponding peak posi-
tions were essentially in unity in the entire energy region, 
and the most probable energies of the fast neutrons were 
also near 10–100 keV. We also observed that the spectrum 
given by GA at F1-B and F3-E did not have a small ther-
mal neutron peak compared to MAXED and GRAVEL at 
the same position. This may be caused by the constraint 
of the default spectrum required when using MAXED and 
GRAVEL, which presents an apparent peak for thermal neu-
trons. In addition, Fig. 9 shows the proportion of neutrons 
with different energy regions over the total neutrons at the 
six locations. Compared to MAXED and GRAVEL, there 
were larger proportions of intermediate-energy neutrons and 
smaller proportions of thermal neutrons and fast neutrons 
given by GA. This may be due to the influence of the default 
spectrum when using MAXED and GRAVEL.

According to the shapes and structures of the unfolded 
energy spectra (Figs. 8, 9), three groups were identified; 
this grouping was consistent with the pre-analysis by the 
count rate. For group 1, including the spectra obtained 
at F2-C, F2-D, and F3-F, which was in good agreement 
with the aforementioned analysis in Sect. 2.3, most of the 

Table 2   Uncertainty list and combined uncertainty of response function (k = 1)

All values indicate percent uncertainty
PE polyethylene
*1Maximum experimental uncertainty of each sphere
*2Absolute value of the maximum deviation for each sphere among the six experimental energy points

Sphere 
diameter 
(inch)

3He pres-
sure uncer-
tainty (%)

Density uncer-
tainty of PE 
sphere (%)

Air gap 
uncer-
tainty (%)

Isotropy 
uncertainty of 
sphere (%)

Statistical 
uncertainty of 
simulation (%)

Experiment 
uncertainty*1 (%)

Maximum 
deviation*2 (%)

Combined 
uncer-
tainty (%)

3 1 5 12 3 1 5 14 20
3.5 1 5 10 3 1 5 13 18
4 1 5 8 2 1 4 9 14
4.5 1 6 6 2 1 5 7 12
5 1 6 5 2 1 5 7 12
6 1 7 5 1 1 5 5 11
7 1 8 5 1 1 4 5 12
8 1 9 4 1 1 5 5 12
9 1 10 4 1 2 5 4 13
9.5 1 11 4 1 2 5 4 14
10 1 12 4 1 2 5 4 14
12 1 13 4 1 4 4 4 15

Fig. 7   (Color online) Normalization of count rate versus sphere diam-
eter at different measurement locations
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Fig. 8   (Color online) Comparison of spectra given by the MAXED, GRAVEL, and GA unfolding methods at a F1-A, b F1-B, c F2-C, d F2-D, e F3-E, and f F3-F
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neutrons were concentrated in the thermal region, and 
there was an apparent spike in the fast neutron energy 
region. For F2-D, the energy of the thermal neutron peak 
given by GA (1 eV) was higher than that of MAXED 
and GRAVEL (0.1 eV). Thermal, intermediate energy, 
and fast neutrons accounted for approximately 40%, 50%, 
and 10% of the total, respectively. For group 2, includ-
ing the spectra obtained at F1-A, nearly all the neutrons 
were located in the thermal (approximately 50%) and 
intermediate energy (approximately 50%) regions, and 
the proportion of fast neutrons was near 0%, as shown in 
Fig. 9. The mean energy given by the three methods was 
0.3 eV, indicating that a thicker material with a higher 
neutron moderation efficiency may be present in the 
environment. For group 3, including the neutron spectra 
obtained at F1-B and F3-E, the intermediate energy and 
fast neutrons were the vast majority (> 80%), whereas 
the thermal neutron proportions were only 10–20%. 
Their corresponding average energies were 49.8 keV and 
91.6 keV, respectively, which was significantly higher 
than those of the other locations in the same buildings, 
0.3 keV of F1-A (Fig. 8a) and 42.9 keV of F3-F (Fig. 8f). 
However, considering the high mean fluence rates at F1-A 
(3167 cm–2·s–1) and F3-F (1474 cm–2·s–1), the mean flu-
ence rates at F1-B and F3-E were relatively low at 513 
and 967 cm–2·s–1, respectively, as shown in Fig. 10. A 
higher neutron energy and lower fluence rate indicates 
that there should be an extra absorption material of ther-
mal neutrons nearby; intermediate and fast neutrons that 
were not totally moderated were detected by the BSS.

3.4 � Neutron ambient dose equivalent rate

It is easy to derive the neutron ambient dose equivalent rate 
Ḣ∗(10) based on the neutron energy spectra and conversion 
coefficients that relate the neutron fluence rate to the dose 
equivalent rate. Considering that the results obtained by the 
three unfolding spectrum methods provide only an approxi-
mate value, the average value per location was considered 
as the reference value for a better comparison (Fig. 11). 
The maximum appeared at F3-E, which was approximately 
209.3 μSv/h, owing to a higher average energy and fluence 
rate. Moreover, F1-A only had 1.7 times the Ḣ∗(10) of the 
access route, although the total fluence rate of F1-A was far 
higher than that of F1-B in Factory 1. Neutrons above the 
keV range are prone to the reaction of recoil protons. The 
human body contains a large amount of water, thus the con-
version coefficients rapidly rise when the neutron energy is 
above ~ 1 keV. Therefore, neutrons with a higher energy have 
a greater influence on Ḣ∗(10) and the human body.

The Ḣ∗(10) ratios of the direct measurement results 
(LB6411) to the energy spectrum methods exhibit large 
variations at different positions (Fig. 11, red point-and-
line curve). The Ḣ∗(10) measured by LB6411 was signifi-
cantly greater than that derived from the spectrum meth-
ods at F1-A (more than 60%), whereas at F3-F, the Ḣ∗(10) 
measured by LB6411 was lower than that derived from the 
spectrum methods. At F1-B and F3-E, the values obtained 
by the direct measurement and spectrum methods were 
not significantly different. These disparities resulted from 
the differences in the survey instrument responses in the 

Fig. 9   (Color online) Bar 
plot of the proportion of fast, 
intermediate, and thermal 
neutrons over the total neutrons 
at six measurement positions 
(MX, GV, and GA represent 
MAXED, GRAVEL, and the 
genetic algorithm, respectively, 
and the red arrows indicate the 
borderlines of the measurement 
positions)
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various energy regions; the neutron spectra structure of the 
calibration laboratory was not the same as in practice. The 
Ḣ∗(10) of the direct measurement was significantly higher 
than that of the spectrum methods, which may be due to 
the over-response of LB6411 for the thermal neutrons at 
F1-A. For F1-B and F3-E, the survey instrument responded 
properly with more intermediate-energy neutrons. How-
ever, for the neutron spectrum structures at F2-C, F2-D, 
and F3-F, the direct measurement results demonstrated a 
significant fluctuation, overresponse in certain locations, and 
under-response in others. In addition, according to the rela-
tive deviation, the calibration factors were 0.62, 0.94, 0.87, 

0.78, 1.07, and 1.12, respectively, at the six locations and 
were different from 0.998 based on the 241Am–Be neutron 
source. Considering a practical protection, these factors are 
more promising. Therefore, energy spectrum methods can 
effectively avoid the problems of over- or under-responses 
and help obtain a more accurate Ḣ∗(10) in a complex field 
environment.

3.5 � Evaluation of neutron spectra

There is no determined and unique spectrum; owing to the 
few-channel data of the BSS, certain criteria and conditions 
are required to verify the results of the unfolding spectra 
and ensure that they approximate the true values. However, 
all criteria are necessary and insufficient for the true spec-
trum. Three criteria, including the count rates of the inverse 
solutions, neutron spectrum structures, and key parameter 
comparison among the three methods, were used to evaluate 
the quality of the spectrum unfolding results.

3.5.1 � Count rates of the inverse solutions and experiment

The count rate of the inverse solution of the neutron spec-
trum is one of the most important constraints. Although 
the spectra may not indicate the correct results despite the 
inverse solution values sufficiently matching the experi-
mental results, poor results of the unfolding spectra can be 
excluded if they are inconsistent with one another. Figure 12 
shows the absolute experimental count rate, inverse solution 
count rate, and their ratios for the three unfolding meth-
ods applied in this study. The inverse count rate of the GA 

Fig. 10   (Color online) Bar plot of the a total fluence rate, and b the average energy comparison given by MAXED, GRAVEL, and the genetic 
algorithm at different locations

Fig. 11   (Color online) Bar plot of Ḣ∗(10) given by the energy spec-
trum methods and LB6411 at different measurement locations
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Fig. 12   (Color online) Plot of measurement and inverse solution neu-
tron count rate against the sphere diameter at a F1-A, b F1-B, c F2-C, 
d F2-D, e F3-E, and f F3-F. The count rate ratio of the experimental 

results to the results derived by each of the three methods is plotted 
on the second y axis. The two red lines represent the region of devia-
tion of the ratio that is less than 20%
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approximated the measurement results more closely than 
MAXED and GRAVEL at most locations, and the maxi-
mum relative deviation was 18% for the 9 inches sphere at 
F1-A. It is difficult to quantify the uncertainty of the neu-
tron spectrum involving a response function, measurement, 
experiment (temperature, scattering, etc.), unfolding spec-
trum, and other unknown factors, especially in an on-site 
complex environment. Therefore, a ± 20% relative deviation 
between the measurement and inverse solution values may 
be considered satisfactory owing to the 20% response func-
tion uncertainty and 1% measurement uncertainty.

3.5.2 � Neutron spectrum structures

Generally, an approximation of the spectrum can be obtained 
for the measurement spot. First, according to the peak pack-
age of the measurement count rate and the response function 
of the BSS, we qualitatively evaluated the neutron energy. 
In particular, this can provide a comparison of the neutron 
energy for the measurement of multiple locations. In this 
study, the grouping based on neutron spectrum structures 
was consistent with the grouping based on the count rate 
analysis. The order of the spectra average energy in the three 
groups was as follows: group 3 > group 1 > group 2. Second, 
according to the hypothesis of the energy spectrum super-
position of reactor buildings, the spectra of group 1 were in 
good agreement with the hypothesis. The neutron energy 
spectra in groups 2 and 3 can also be expressed by Eq. (7) 
with different weight factors. In group 3, C3 of the spectra 
had the greatest value compared to C1 and C2, whereas in 
group 2, C3 was close to 0. Therefore, the six spectra met 
the theoretical hypothesis considering that they had different 
parameters and weight factors, indicating that the unfolding 
spectrum results were credible.

3.5.3 � Key parameter comparisons of three methods

The key parameters of a neutron spectrum include the total 
fluence rate, average energy, and Ḣ∗(10), as well as the neu-
tron proportion of different energy regions, which provides 
a better representation of the energy spectrum characteristics 

and structures. The two parameters, the ambient dose equiv-
alent average energy EH and the average fluence to the ambi-
ent dose equivalent conversion factor h∗

�
 , were not applied 

in this third criterion because they were only the derived 
parameters in terms of the neutron energy, neutron fluence 
rate, and fluence-dose equivalent conversion coefficient. 
Comparing the aforementioned parameters from various 
methods is helpful in improving the accuracy of the unfold-
ing results, given the unavailability of the true neutron spec-
trum. Table 3 and Fig. 9 demonstrate that the normalization 
relative deviations of the parameters above were 0–2.5%, 
0–33%, 0.8%–7.2%, and 0–9%, respectively, which were 
normalized by the parameter average of the three methods. 
Excluding the average energy deviation of MAXED (33%) 
and GRAVEL (33%) at F1-A, the parameters derived from 
the different methods were within the uncertainty of the BSS 
response function. Although 33% appeared to be relatively 
high, the absolute average energies were within 0.2–0.4 keV 
in F1-A, which was significantly lower than that of other 
locations. Moreover, most of the neutrons were concentrated 
in the thermal and intermediate energy regions; the 33% 
deviation may be caused by the poor resolution of the BSS 
in the intermediate energy region. Therefore, the average 
energy calculated by each method was acceptable for F1-A.

4 � Conclusion

Neutron spectra measurements were conducted by NIM 
using a BSS at six on-site locations in the complex environ-
ment of the Qinshan Nuclear Power Plant, and the maximum 
entropy, iteration, and GA unfolding methods were applied 
to obtain more precise spectra and parameters. The follow-
ing three conclusions were drawn from the analysis.

1.	 The neutron spectrum shape, total fluence rate Ḣ∗(10), 
and average energy obtained by unfolding using the 
three methods were consistent. These neutron spectra 
can be described by the linear superposition of the Max-
wellian, intermediate energy, and fast neutron spectrum 
functions with different parameters and weight factors. 

Table 3   Normalization relative 
deviations of the total fluence 
rate, average energy, and Ḣ∗(10) 
using three unfolding methods

MXD, MAXED; GRV, GRAVEL; GA, genetic algorithm

Total fluence rate (cm–2·s–1) Average energy (keV) Ḣ
∗(10) (μSv·h–1)

MXD GRV GA MXD GRV GA MXD GRV GA

F1-A 1.6% 1.0% 2.5% 33% 33% 0 2.6% 1.7% 4.3%
F1-B 0.1% 0.3% 0.4% 0 10% 10% 2.2% 5.0% 7.2%
F2-C 0.2% 1.2% 1.0% 3.7% 13% 9.3% 1.5% 4.1% 2.6%
F2-D 0.7% 1.0% 1.7% 3.7% 1.2% 4.8% 0.8% 1.1% 1.9%
F3-E 0.3% 0.1% 0.4% 2.9% 9.4% 12% 1.4% 0.8% 2.1%
F3-F 0 0.5% 0.5% 0.7% 6.1% 5.4% 2.5% 0.2% 2.6%
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The spectral superposition idea can be applied to gener-
ate a large number of random energy spectra containing 
the real or close-to-real neutron spectrum of a work-
place, and can be used for other unfolding methods, such 
as training spectra in a generalized regression neural net-
work (GRNN).

2.	 For the measurement of the neutron ambient dose equiv-
alent rate Ḣ∗(10), the neutron spectrum of a realistic 
calibration field, compared to a conventional calibra-
tion field based on a radionuclide neutron source, more 
closely matched the actual workplace fields, and the cali-
bration factors at the six locations were 0.62, 0.94, 0.87, 
0.78, 1.07, and 1.12, respectively. Therefore, neutron 
spectrum methods can overcome the problems associ-
ated with neutron structures and response functions of 
dosimeters and provide a more accurate Ḣ∗(10). The 
BSS is unable to identify the neutron direction; there-
fore, further research including the measurement of the 
neutron angular distribution, personal dose equivalent 
rate Ḣp(10), and the calibration of personal dosimeters 
in the relative workplace fields is needed.

3.	 The results of the unfolding energy spectra obtained by 
the three methods were relatively reliable based on the 
following three criteria: count rates of the inverse solu-
tions, neutron spectrum structures, and comparison of 
the key parameters derived from the spectra. More cri-
teria need to be identified for a better evaluation of the 
neutron spectra and unfolding methods in the future.
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