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a b s t r a c t

Photoneutron background spectroscopy observations at linac are essential for directing accelerator
shielding and subtracting background signals. Therefore, we constructed a Bonner Sphere Spectrometer
(BSS) system based on an array of BF3 gas proportional counter tubes. Initially, the response of the BSS
system was simulated using the MCNP5 code. Next, the response of the system was calibrated by using
neutrons with energies of 2.86 MeV and 14.84 MeV. Then, the system was employed to measure the
spectrum of the 241AmeBe neutron source, and the results were unfolded by using the Gravel and EM
algorithms. Using the validated system, the undesirable neutron spectrum of the 120 MeV electron linac
was finally measured and acquired. In addition, it is demonstrated that the equivalent undesirable
neutron dose at a distance of 3.2 m from the linac is 19.7 mSv/h. The results measured by the above
methods could provide guidance for linac-related research.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The neutron background spectrum is important for designing
the shielding of an electron linear accelerator (linac), the radiation
protection protocols, andmaking the background corrections. Since
the completion of the Xi'an 120 MeV electron linac [1], many
related application experiments have been carried out based on it,
such as cross-section measurement [2], fast neutron resonance
transmission analysis (FNRTA) [3], crystal luminescence properties
analysis [4], single event effect [5,6] and other experimental
studies. However, in the research process, it was found that when
power was applied to the accelerator, due to field emission, the
electrons were accelerated in the accelerating tube and produced a
bremsstrahlung effect with the accelerating tube or surrounding
materials, and then photoneutrons were generated by X-rays in (X,
n) reactions. Around linear accelerators, where electrons are
accelerated and reach their maximum energy, electrons collide
with a high-Z target to produce direct (characteristic) and brems-
strahlung (continuously distributed) X-rays that induce (X, n)
), huasi_hu@mail.xjtu.edu.cn

by Elsevier Korea LLC. This is an
reactions. Additionally, neutrons are produced by electrons in (e,
e'n) or (e, n) nuclear reactions [7,8]. The neutrons became an un-
desirable part of the accelerator and affected the correctness of the
measurement results in the experiments. In the measurement of
neutron cross-sections [2], for instance, photoneutrons will in-
crease the measurement uncertainty, and in scintillator perfor-
mance analysis experiments [4], photoneutrons are considered the
background to influence the measurement of the scintillator
luminescence process. This component of the photoneutrons as the
accelerator backdrop will have an effect on the measurement work
described in Refs. [2e6] and the subsequent experimental work. At
the same time, there are few studies on the influence of this part of
the neutrons, and the specific influence of this part of the unde-
sirable neutrons on the experimental data cannot be known.
Therefore, in order to carry out effective background shielding for
the physical system in the accelerator application experiment and
remove the influence of the background signal, it is necessary to
figure out the characteristics of the operating undesirable neutrons
and to conduct their energy spectrum and intensity measurements.

The measurement of the neutron spectrum has been refined for
a considerable amount of time, such as the measurement of the
neutron spectrum by activation foils [9,10], themeasurement of fast
neutrons by liquid scintillators [11,12], the measurement of fast
neutrons by proportional counters with moderators [13e17], and
the measurement of the neutron spectrum by the BSS that uses a
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gold activation foil as a thermal neutron detector [18], etc. The X-
ray fluence produced in the linear accelerator is orders of magni-
tude larger than the neutron fluence. The radiation field is mixed
(neutrons and photons), intense, and pulsed. Radiation measure-
ments with active detectors have the problem of longer dead times
and pulse pileup. In order to overcome these drawbacks, a neutron
detector having low sensitivity to X-rays and greater efficiency to
detect neutrons must be selected. The Bonner sphere spectrometer
with moderator added has the advantages of high neutron sensi-
tivity, low g-ray sensitivity, and isotropic response [19e23]. As a
result, the Bonner sphere spectrometer was chosen as the detector
for measuring the neutron spectrum in the experiment. Despite the
fact that X-rays deposited less energy in the sensitive area during
the experiment, the high intensity of X-rays caused the stacking of
measurement signals, which led to inaccurate measurement re-
sults. In order to ensure that the X-rays deposited in the multi-
channel middle and low channel regions could be separated from
neutrons, we lowered the voltage of the accelerating tube during
the experiment. The X-rays were then deducted as the test back-
ground. Due to the escalating price of 3He gas around the world,
more and more neutron detectors are opting for BF3 gas, which has
a low price and a high detection response to slow and thermal
neutrons. Therefore, we chose BF3 as the sensitive element of the
proportional counter to detect neutrons.

In this study, a ten-sphere BSS system was assembled by using
BF3 proportional counter tubes as detectors, and the tubes were
wrapped with or without polyethylene spherical shells of different
thicknesses. By simulating, calculating, and calibrating the energy
response of the BSS system, and using the system to measure the
spectrum of the 241AmeBe neutron source, we evaluated the reli-
ability and accuracy of the system in measuring the fast neutron
spectrum. Finally, we employed the system and, for the first time,
measured the neutron spectrum when the Xi'an 120 MeV electron
linac was applied with power.

2. Methods and materials

Through simulation and calibration of the detection response of
the BSS system, the actual detection response was obtained. The
system was also used to measure the spectrum of the 241AmeBe
neutron source for the verification experiment. Then, the verified
systemwas applied to themeasurement of the undesirable neutron
spectrum of the linac with power applied. Themeasurement results
can be used to conduct effective neutron background shielding for
physical systems in other experiments and, at the same time, to
provide guidance for radiation protection and other related work.
Fig. 1 is the BSS system test flow chart.

2.1. The BSS system response calculation and calibration

The BSS system consists of 10 polyethylene spheres and a cen-
trally placed BF3 proportional counter tube. However, due to
Fig. 1. BSS system t
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limited conditions, we only used one BF3 detector for multiple
measurements in subsequent calibration experiments and neutron
spectrum measurements. The central spherical tube makes the
detection response of the BSS isotropic. In the experiment, neu-
trons with different energies were moderated into thermal neu-
trons after passing through the polyethylene spherical shells of
different thicknesses and reacting with 10B (n, a) in the sensitive
volume of the detectors. Under the action of the electric field, the
7Li and a particles produced by the nuclear reactions ionized in the
sensitive volume to generate a large number of positive and
negative ion pairs, thereby sending signals to the collector. By
recording the signals, the nuclear reactions were counted. The BF3
spherical gas detectors produced by Beijing Nuclear Instrument
Factory were selected after investigation. The diameter of the
spherical tube is 54 mm, the pressure inside the tube is 0.66 atm,
and the plateau is 1600e1900 V. Its structure is shown in Fig. 2, and
the numbers noted in the figure are also explained below the figure.

To obtain the neutron spectrum in the required energy range,
the polyethylene spherical shell thicknesses of the BSS need to be
selected. The neutrons of different energies are moderated by the
shells of different thicknesses, so as to realize the wide-range
measurement of the system in the detected energy range.
Through research and calculation, polyethylene spherical shells
with diameters of 0 cm (without polyethylene spherical shell),
9.78 cm,11.75 cm,14.29 cm,17.31 cm, 20.91 cm, 24.97 cm, 26.25 cm,
30.25 cm, and 38.05 cm were selected as moderators to construct
the system to measure the neutron spectrum [24e26]. Before the
experiment, the MCNP5 code [27] and the ENDF/B-VII [28] were
used to simulate and calculate the detection response of the sys-
tem. During the simulation, the F4 card and the FM card were used
to count the nuclear reactions that occurred under specific reaction
conditions in the sensitive volume. We simulated the 10B(n,a)7Li
reaction using the FM card in the Bonner sphere with reaction ID
107. The S(a,b) treatment is included in the calculations. This
treatment takes into account the impact of polyethylene's chemical
bonding and crystalline structure on thermal neutron scattering
[18,29,30].

During the simulation process, MCNP was used to model the
above-mentioned detectors. The model is shown in Fig. 3 below. In
this figure, the detector is located in the center of the sphere, and
BF3 gas at a pressure of 0.66 atm filled the interior of the stainless
steel shell. The modeling procedure utilized a flat source, and the
neutron beamwas a parallel beam hitting the sphere's surface. Each
time, a total of 107 particles were emitted. The uncertainty of a
single simulation was guaranteed to be less than one percent, and
the findings could be trusted.

The material settings of the simulation process are shown in
Table 1.

The detection response of the Bonner sphere i is defined as the
ratio of the neutron counts N detected in the sensitive volume to
the neutron fluence rate of energy Ej [18], as shown in Eqn. (1) [31]:
est flow chart.



Fig. 2. Structure diagram of the BF3 proportional counter tube.

Fig. 3. Schematic diagram of the MCNP5 simulation structure.

Table 1
MCNP5 simulation settings.

Simulation setting Type

BF3 gas pressure 0.66 atm
10B:11B ratio 1:4
Polyethylene density 0.95 g/cm3

Stainless steel density 7.92 g/cm3

Al2O3 ceramic 3.70 g/cm3
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Rij ¼
N
Fj

(1)

The detection response obtained from this is a relative value,
and the detection response of the system needs to be calibrated
before the spectrum is measured. The calibration experiment was
carried out at the Cockcroft-Walton accelerator of the China Insti-
tute of Atomic Energy. The Cockcroft-Walton accelerator acceler-
ates the deuterium ions to bombard the solid deuterium target and
tritium target, and the D-D and D-T reactions occur, respectively, to
produce 2.45 MeV and 14.1 MeV neutrons. It is outstanding with its
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high neutron yield, close-to-point-source beam spot shape, and
satisfactory mono-energetic neutron beam. Moreover, its inclined
channel hall (33� to the beam direction) has less gamma back-
ground and less influence from neutron scattering, so the calibra-
tion experiment was conducted in the hall.

Prior to the calibration experiment, the neutron energy at the
inclined channel was determined using the Q equation. The
Cockcroft-Walton accelerator's incidence deuterium ion energy is
150 keV, and the Q equation is shown below:

Q ¼
�
Mb

MB
þ1

�
Eb þ

�
Ma

MB
�1

�
Ea � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EaEbMaMb

p
MB

cos ql (2)

whereQ is the reaction energy (MeV),Mb is themass of neutron (u),
MB is the mass of 3He or 4He (u),Ma is the mass of deuterium (u), Ea
is the energy of deuterium (MeV), Eb is the energy of neutron
(MeV), and ql is the angle of deflection.

After calculation, it can be seen that the neutron energy pro-
duced by the D-D and D-T reactions in the inclined channel hall is
2.86 MeV and 14.84 MeV, respectively. Due to the limitations of
experimental conditions, the calibration was only conducted based
on a limited number of Bonner spheres. The experimental cali-
bration layout is shown in Fig. 4. The left side of the figure shows
the direction of the deuterium ion beam. The deuterium ions pro-
duce neutrons after D-D and D-T reactions with the target on the
inclined pipe. The spectrometer system in the inclined pipe hall can
be calibrated through the collimation hole.

The detector and the beam exit were centered by the laser, and
the position at which the largest diameter detector could be
completely covered by neutrons was determined by calculation.
Due to the different sizes of spheres, centering was required for
experiments on Bonner spheres with different diameters. During
the experiment, a voltage of 1800 V was applied to the detector
through a high-voltage power supply, ±24 V was applied to the
preamplifier through a DC power supply. Both supplies were
regulated by UPS. The main amplifier and the multi-channel pulse
amplitude analyzer used 572 and 927 plug-ins made by ORTEC,
respectively. The MAESTRO software was used with the multi-
channel pulse amplitude analyzer to count nuclear reactions on
the computer.

The neutron flux on the BSS was obtained by the associated
particle method. The particle measurements were obtained by the
State Key Laboratory of the China Institute of Atomic Energy. The
detector used in the measurement is a GM8IRA(NA) detector which
is a semiconductor detector (silicon) with a volume of 8 mm, a low
resistivity of 200~500 U/cm, and a bias voltage of 5e20 V. This



Fig. 4. Experimental site layout.
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smaller detector was chosen because its background count is pro-
portional to the detector volume, and it has a low stopping power,
which can easily separate protons from a particles. Then, the
neutron flux on the BSS surface can be obtained by using the
following equation:

F¼ kUNa

S
(3)

where F is the neutron flux density (cm�2�s�1), k is the conversion
coefficient of the a particle and neutron flux density given by the
laboratory, U is the solid angle of the Bonner sphere (sr), Na is the a

particle count rate (s�1), and S is the cross-sectional area of the
Bonner sphere (cm2). According to the statistics published by the
China Institute of Atomic Energy, the conversion coefficients k of
the D-D and D-T neutron sources are 1.135 � 106 and 1.003 � 106,
respectively. The BSS count was measured simultaneously with
neutron flux, and the detection response of the BSS system was
then calibrated by Eqn. (1) to Eqn. (3).
2.2. Unfolding algorithms

Since the number of BSS spheres is far less than the number of
energy points required to measure the spectrum, an algorithm is
needed to unfold the spectrum of this undetermined equation to
find the best solution. The principle of the algorithm is shown in
Eqn. (4):

Ni ¼
ð∞

0

RiðEÞFðEÞdE ði¼1;2;/;nÞ (4)

where Ni is the count rate recorded by the Bonner sphere i (s�1), i is
no more than n, Ri(E) is the energy response of detector i to neu-
trons with energy E (cm2), and F(E) is the flux density of neutrons
with energy E (cm�2�s�1).

Eqn. (4) is an undetermined equation that needs to be unfolded
using the algorithm. There are many unfolding algorithms for
solving underdetermined equations, such as unfolding programs
based on the least-square method, maximum entropy and Bayesian
theory, the genetic algorithm, and the neural network algorithm.
After research, Gravel and EM algorithms were selected to unfold
the neutron spectrum.

Gravel is an iterative algorithm that evolved from the SAND-II
algorithm. It was initially proposed by the PTB, i.e., the German
National Metrology Institute, for solving the pulse amplitude
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spectrum of the particles, and the iterative equation is as follows
[32]:

FKþ1
j ¼FK

j exp

0
BBBB@

P
iW

K
ij ln

�
NiP

j0Rij0F
K
j0

�
P

iW
K
ij

1
CCCCA (5)

WK
ij ¼

RijF
K
jP

j0Rij0F
K
j0
� N2

i

s2i
(6)

where FKþ1
j is the flux density of j energy neutrons in the Kþ1

iteration (cm�2�s�1), FK
j is the flux density of j energy neutrons in

the K iteration (cm�2�s�1), WK
ij is the weighting factor under j

neutron energy at sphere i, Ni is the count rate recorded by the
Bonner sphere i (s�1), and si is the measurement error character-
izing the measured value Ni when sphere i is measured.

The EM algorithm, proposed by Sidky [33], is a commonly used
iterative approach to unfold the neutron spectrum. It has the ad-
vantages of less interference from noise, faster convergence, and
better spectral solution, so it is widely used in industrial computed
tomography and medical imaging. The iterative equation of the EM
algorithm is [33]:

FKþ1
j ¼FK

j

X
i

Rij

�
NiP

sRisF
K
s

�
(7)

2.3. The BSS system verification and experimental measurements

In order to obtain the neutron spectrum of the accelerator, it is
necessary to carry out spectrum verification on the BSS system. The
spectrum of the 241AmeBe neutron source was measured at the
Northwest Institute of Nuclear Technology. The 241AmeBe neutron
source is a cylindrical sourcewith dimensions of 4 cm in height and
2 cm in diameter, and an activity of 2 � 105 n/s (measured in 2012).
The layout of the experimental system is shown in Fig. 5.

The 241AmeBe neutron source used in the experiment was
housed in a cylindrical polyethylene shielding device with a
diameter of 1.2 m, and the source was raised by a remote-control
transmission device to irradiate the detector. The detector was
placed 35 cm away from the transmission rod, and tested 10 times.



Fig. 5. 241AmeBe neutron source measurement layout.

Fig. 7. BSS system energy response.
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The 241AmeBe neutron spectrum was unfolded from the mean
count rates of the spectrometer spheres, and it was compared with
the standard 241AmeBe spectrum provided by the International
Organization for Standardization (ISO) [34]. As a result, the BSS
system was used in this experiment to measure the neutron
spectrum of the 120 MeV electron linac with power applied. This
linac is from the Northwest Institute of Nuclear Technology [1]. The
photocathode of the linac can produce electron beams of about
4e5 MeV into the accelerating tube, and one tube can accelerate
electrons up to about 60 MeV.

The verified systemwas located 3.2 m from the first accelerating
tube to measure the spectrum of the linac. The experimental layout
is shown in Fig. 6.

As shown in the figure, the spectrum at the center of the first
accelerating tube was measured by the BSS system. During the
experiment, the first accelerating tube produced the most unde-
sirable neutron, hence the neutron spectrum was measured using
only the first accelerating tube. In this process, neutrons are mostly
made by free electrons in the electron gun, free electrons in the
accelerator tube, and X-rays made by electron bremsstrahlung. By
applying various high voltages to the accelerating tube, it is found
that when the tube is applied with 36.5 kV, the number of neutrons
remained stable. Thus, the voltage of the accelerating tube is
36.5 kV in the experiment.

3. Results and discussion

3.1. The BSS energy response simulation and calibration

The MCNP Code was used to establish the same physical model
as the actual detector. A series of simulation results for the BSS
response are achieved as shown in Fig. 7.

As the thickness of the polyethylene spherical shell increases,
the peak of the BSS neutron reaction shifts from the thermal
neutron energy region to the high-energy neutron energy region.
Furthermore, the energy response of the detector decreases rapidly
Fig. 6. Experime
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as the neutron energy exceeds 20 MeV, resulting in extremely low
sensitivity for neutrons beyond 20 MeV.

The simulation results above were calibrated by using neutrons
with energies of 2.86 MeV and 14.84 MeV produced by the
Cockcroft-Walton accelerator. We calculated the detection
response using Eqn. (1), and fit the detection efficiencies of these
two energy points to the simulated detection response curves with
a least-square fitting to obtain the calibration coefficients for
spheres of different shell thicknesses. Eqn. (8) illustrates the least-
square fitting:

L¼ argmin
a1;a2…an

XN
i¼1

½f ðxi; a1; a2…anÞ � yi�2 (8)

f ðxi; a1; a2…anÞ in the formula is the response curve calculated
by using the MCNP simulation, and yi is the response of the
spherical spectrometer at two neutron energies measured experi-
mentally. By fitting the response curve calculated by simulation
with the actual response value measured by experiment, the cali-
bration coefficient between the simulated response and the actual
response of each spectrometer can be obtained, so as to obtain the
spherical spectrometer system under the condition of the all en-
ergy range real response.

The calibration coefficients obtained through the above process
are shown in Table 2.

Since the true value of the measured data could not be obtained
due to the influence of various factors during the experiment, un-
certainty is used to describe its dispersion (see Table 3). The
ntal layout.



Table 2
Least-squares fitting coefficient.

Diameter (cm) 0 9.78 11.75 14.29 17.31 20.91 24.97 26.25 30.25 38.05

Fitting coefficient 0.9023 1.438 1.419 1.308 1.211 1.134 1.089 0.9450 1.055 1.133

Table 3
Uncertainty of the calibration experimental process.

Sources of uncertainty Type Uncertainty/%

Neutron count rate A 1
a count rate A 2
BF3 gas density B 8
Density change of polyethylene spherical shell B 7
Gamma-ray influence B 0.5
Location influence B 1
Neutron scattering B 1
Total uncertainty 10.97

Y. Yan, X. Tan, X. Weng et al. Nuclear Engineering and Technology 55 (2023) 3591e3598
uncertainty of the calibration experiment mainly came from the
detector counting and flux detection. The analysis of uncertainty
gives the following table, which indicates that the total uncertainty
is 10.97%.
Fig. 8. Unfolded results of the 241AmeBe neutron source.
3.2. Experimental results of the 241AmeBe neutron source

The spectrum of the 241AmeBe neutron sourcewasmeasured by
the calibrated BSS. Since the experimental hall was spacious and
empty, the influence of neutron scattering could be neglected.
Meanwhile, the detector presented very low sensitivity to gamma
rays, which deposited little energy and were mainly concentrated
in the low energy region of the counting spectrum. Therefore, by
increasing the threshold, it is possible to remove the gamma ray
count in the low energy region to obtain the neutron count spec-
trum. Table 4 summarizes the results of the measurement. The
neutron spectrum of the 241AmeBe source presented in Fig. 8 was
obtained by feeding the measured count rate data into the pre-
compiled Gravel and EM algorithms.

As shown in Fig. 8, after normalization, the spectrum unfolded
by the Gravel algorithm is consistent with the spectrum of the
241AmeBe neutron source provided by the ISO [34]. Several flux
density peaks shown in the unfolded spectrum are generally in line
with those in the ISO spectrum of the 241AmeBe neutron source as
well. On the other hand, the spectrum unfolded by the EM algo-
rithm is consistent with the ISO spectrum from the perspective of
peaks, while such two spectrums display different flux densities. At
the same time, both algorithms have problems in that the flux
density obtained by the solution is too high in the high energy
section and the decrease is faster in the low energy section. It can
also be seen from the figure that there are problems of oscillation
and a high peak value in the spectrum solution results of the EM
algorithm.
Table 4
Experimental data of241AmeBe neutron source.

Diameter (cm) Live time (s) Total counts (104 counts) Count rate (s�1)

0 52200 15.67 3.002
9.78 50400 60.53 12.01
11.75 72000 175.3 24.35
14.29 50400 151.7 30.10
17.31 3760 12.95 34.44
20.91 7200 26.04 36.16
24.97 6342 24.54 38.70
26.25 5351 20.55 38.40
30.25 10800 38.50 35.65
38.05 57600 168.4 29.23
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The processes of detector calibration and simulation also influ-
ence the unfolding of the spectrum to some extent. As seen from
the above analysis, the Gravel algorithm is effective in unfolding the
spectrum of the 241AmeBe neutron source, while the EM algorithm
shows a mediocre effect in unfolding the multi-peak spectrum.

The uncertainty in the measurement results for the unfolding of
the 241AmeBe neutron source spectrum is shown in Table 5, which
indicates a total uncertainty of less than 22% [35].

3.3. Experimental results of the spectrum of the linac neutron
source

The reliability and accuracy of the BSS system was proven by
calibrating the spectrum of the 241AmeBe neutron source. There-
fore, this system was utilized to measure the linac's neutron spec-
trum. The results are shown in Table 6.

According to the data shown in Table 6, the neutron spectrum at
a distance of 3.2 m from the linac can be unfolded by Gravel and EM
algorithms, with results shown in Fig. 9.

Fig. 9 illustrates the good conformity of spectrums unfolded by
the Gravel and EM algorithms, which indicates that the majority of
Table 5
Uncertainty of the experimental process.

Sources of uncertainty Type Uncertainty/%

Detector energy response A 10.97
Detector count rate A 4
BF3 gas density B 8
Density change of polyethylene spherical shell B 7
Gamma-ray influence B 0.5
Location influence B 2
Exposure time and decay effects B 0.3
Source intensity B 1.5
Unfolded process B 15
Total uncertainty 21.93



Table 6
Experimental results of linac undesirable neutrons.

Diameter (cm) Live time (s) Total counts (104 counts) Count rate (s�1)

0 64800 3.765 0.5810
9.78 115200 20.42 1.172
11.75 54000 13.15 2.436
14.29 64800 15.95 2.462
17.31 31200 9.849 3.157
20.91 40359 10.95 2.713
24.97 43200 7.917 1.832
26.25 39600 6.739 1.702
30.25 28743 2.982 1.038
38.05 32400 2.067 0.6381

Fig. 9. Neutron spectrum of linac.
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the neutrons produced by the accelerator are concentrated be-
tween 0.1 and 2 MeV for the single peak. It is worth mentioning
that the 9.78 cm Bonner sphere presents a broad detection
response curve and lower energy resolution during the unfolding
process, so it is necessary to subtract it during the unfolding process
to produce a more accurate spectrum.

To determine the neutron dose equivalent at the measurement
point, we referred to the International Commission on Radiological
Protection (ICRP) [36] flux-dose conversion coefficient, which can
be calculated by the following equation:

Hp;slabð10;0+Þ¼
Xn
i¼1

F1ðEiÞ
FðEiÞ

hp;slabð10;0+Þ (9)

The undesirable neutron dose equivalent at a distance of 3.2 m
from the linac, calculated by using Eqn. (9), is 1.978 � 10�2 mSv/h.
Table 7
Uncertainty of the experimental process.

Sources of uncertainty Type Uncertainty/%

Detector energy response A 10.97
Recording time A 7
BF3 gas density B 8
Density change of polyethylene spherical shell B 7
Gamma-ray influence B 0.5
Location influence B 1
Unfolded process B 15
Total uncertainty 22.55
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The uncertainty of the experimental process is summarized in
Table 7, and the total uncertainty is less than 23%.

3.4. Discussion

To obtain the neutron spectrum in the linac hall, we set up a
spectrometer system consisting of 10 Bonner sphereswith different
diameters and a proportional counter tube. The response of each
sphere was simulated using MCNP, and calibration experiments
were performed on a Cockcroft-Walton accelerator using neutrons
at 2.86 MeV and 14.84 MeV. Then we used the calibrated spec-
trometer system to measure the spectrum of the 241AmeBe
neutron source. During the experiment, each spherical spectrom-
eter was equipped with a proportional counter tube for a single
measurement, and the measurement position was consistent for
each measurement. During the experiment, it was ensured that the
peak counts recorded by the software exceeded 103 to reduce the
impact of statistical fluctuations. By comparing the spectral analysis
results with the standard spectrum of the 241AmeBe neutron
source given by ISO, the results showed that the spectrometer
system has high reliability in measuring the neutron spectrum.
Finally, we measured the neutron spectrum in the linac hall, and
obtained the spectrum and dose equivalent of 1.978 � 10-2 mSv/h
at a distance of 3.2 m from the accelerating tube while keeping the
statistical fluctuation low.

4. Conclusions

The measurement of the undesirable neutron spectrum of linac
has always been a preoccupation of researchers. To obtain the un-
desirable neutron spectrum of the linac and to quantitatively study
the photoneutron impacts during the experiment, we used existing
equipment to construct a BSS system based on BF3 gas proportional
counter tubes. The actual energy response of the BSS system was
obtained through simulation and calibration experiments. The
spectrum of the 241AmeBe neutron source was then measured to
verify that the measurement results of the BSS systemwere reliable
under the unfolding algorithms and were in good compliance with
the standard spectrum. Finally, the undesirable neutron spectrum
of the linac was measured using the verified BSS system to obtain
the spectrum at a distance of 3.2 m from the accelerator and the
neutron dose equivalent.

It can be concluded that the entire measurement system for the
fast neutron spectrum developed in this paper can measure the
spectrum in the accelerator neutron field accurately; therefore, it
can be used to measure the fast neutron spectrum in environments
with low neutron yield, thus to laying solid foundation for future
neutron flux measurement and dose detection.
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