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Abstract

Recoil fast neutron spectroscopy with organic scintillators is hampered by the difficulty of its spectrum unfolding, which is
caused by a flat response of the detectors to monoenergetic neutrons. Capture-gated (CG) fast neutron spectroscopy using
composite scintillators is a promising method for addressing this problem as the CG events produce a characteristic peak in
the detector response. Nevertheless, the realization of CG fast neutron spectroscopy has been hindered by the poor discrimina-
tion performance of currently available composite scintillators and difficulty in eliminating the effect of chance coincidence
events. In this study, CG fast neutron spectroscopy was realized for the first time based on a composite scintillator proposed
in our previous work. The results of this study show that this spectroscopy technique has a suitable energy range of approxi-
mately 0.4-20 MeV. For the 2*! Am-Be source, the number of iterations of the recoil and CG spectrum unfolding using a flat
default spectrum were 10,000 and 380, respectively. Using the simulated spectrum as a reference, the R? values of the recoil
and CG unfolded spectra were found to be 0.939 and 0.975, respectively, above 1 MeV. These results indicate that CG fast
neutron spectroscopy significantly alleviates the difficulty of spectrum unfolding and exhibits better energy resolution and
precision. The technique presented in this work can be applied in neutron metrology laboratories and other nuclear facilities.

Keywords Fast neutron spectroscopy - Composite scintillator - Capture-gated event - Response matrix - Spectrum
unfolding

1 Introduction for monitoring the operation of neutron facilities such as

nuclear power plants [2], fusion tokamaks [3], spallation

Neutron monitoring is necessary in nuclear science and
industry as nuclear fission, fusion, and spallation reactions
release a large number of neutrons. The neutron fluence
energy spectrum reveals their energy distribution and can be
used to calculate quantities such as the fluence rate, average
energy, and radiation dose. Therefore, neutron spectroscopy
is an important component of neutron monitoring. Nuclear
fission, fusion, and spallation reactions mainly release fast
neutrons, whose fluence-to-dose conversion coefficients
are much higher than those of slow neutrons [1]. Conse-
quently, fast neutrons usually dominate the neutron dose,
and thus, fast neutron spectroscopy becomes significant
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neutron sources [4], space stations [5], and neutron metrol-
ogy laboratories [6].

Other than the time-of-flight information, the fast neutron
energy spectrum is typically measured using spectrometers
or detectors via neutron moderation, reaction, and scatter-
ing [7]. The first category mainly refers to the Bonner sphere
spectrometer (BSS) [8], which is characterized by a broad
applicable energy range from 0.025 to 10 GeV [9]. However,
multiple moderation spheres make the BSS bulky, and its
energy resolution is poor owing to few-channel unfolding.
Similar to the BSS, the multifoil activation technique [10]
and superheated drop detectors [11] also require few-channel
unfolding. The multifoil activation technique is typically
used to monitor neutrons in nuclear reactors [12], which
can also be calculated theoretically [13]. Detectors of the
second category include *He proportional counters [14],
CLYC scintillators [15], and diamond detectors [16].
These detectors have better energy resolutions than BSS as
their response spectra to monoenergetic neutrons contain
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characteristic peaks. Nevertheless, the small cross section
of fast neutrons hinder their usage. Detectors of the last cat-
egory, such as hydrogen-filled proportional counters [17],
proton-recoil telescopes [18], and organic scintillators [19],
usually rely on hydrogen to scatter fast neutrons and release
recoil protons. Compared to other neutron detectors, organic
scintillators are characterized by a high sensitivity to fast
neutrons, excellent n/y discrimination performance, short
decay time, and low cost. These advantages contribute to
the wide use of organic scintillators in recoil fast neutron
spectroscopy [20-24] , which refers to fast neutron spec-
trum measurements that rely on recoil-charged secondary
particles.

Since the quenching effect depends on the energy loss
density of the charged particles resulting from the interaction
of the incident neutrons with the scintillator material [25],
organic scintillators have nonlinear light output for protons.
In addition, isotropic scattering from hydrogen below 10
MeV [7] results in a flat response to monoenergetic neu-
trons, which makes spectrum unfolding difficult. The first
issue can be resolved by calibrating the light output in a
neutron field with a broad energy distribution using the time-
of-flight information [26]. To address the second issue, 1og
(or ®Li) is doped into liquid and plastic scintillators [27,
28]. As a result, the incident fast neutrons will first create a
recoil pulse on scattering from hydrogen and then give rise
to a capture pulse after the thermalized neutron is captured
by “B (or ®Li). The correlated recoil and capture pulses
constitute a capture-gated event (CGE) [29], which can be
recognized through time coincidence. As the kinetic ener-
gies of the captured neutrons are usually negligible, CGEs
exhibit a unique signature that can be used to single out only
those neutrons that transfer all their energy to the recoil pro-
tons. Therefore, a characteristic peak emerges in the capture-
gated (CG) spectrum formed by the recoil pulses of CGEs of
monoenergetic neutrons. CG fast neutron spectroscopy takes
advantage of this feature and can alleviate the difficulty of
spectrum unfolding.

Doping '°B (or °Li) aggravates the quenching effect [30]
and degrades the light output as well as the n/y discrimina-
tion performance [27], thus making it difficult to identify
the capture pulses and coincidence events. To avoid this
problem, segmented spectrometers [31, 32] and composite
scintillators [33, 34], which combine organic scintillators
with *He proportional tubes and '°B- (or ®Li)-loaded inor-
ganic scintillators, respectively, have been developed. As
the organic and inorganic scintillators use the same pho-
tomultiplier tube (PMT) and electronic circuit, composite
scintillators are usually more compact than segmented spec-
trometers. Capture pulses generated in inorganic scintillators
have a shape that is distinct from that of the recoil pulses
generated in organic scintillators. Therefore, capture pulses
and coincidence events can be easily recognized. Based on
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composite scintillators, coincidence events consisting of
CGE:s and chance coincidence events (CCEs) have been
identified [35] and the characteristic peaks in the coinci-
dence spectrum of monoenergetic neutrons have been veri-
fied in previous studies [35, 36]. However, the currently
available composite scintillators have been mainly based
on plastic scintillators, which make distinguishing between
neutrons and y rays difficult. In addition, the effect of CCEs
on the coincidence spectrum has not been eliminated and the
response matrix formed by CGEs has not been established
yet [37]. These issues inhibit the realization of CG fast neu-
tron spectroscopy.

In our previous work [38], a stilbene-lithium glass com-
posite scintillator was proposed. This detector exhibited
a much superior triple-discrimination performance than
composite scintillators based on plastic scintillators [34,
35, 39-41]. The coincident events were identified from
the pulses generated by this detector. The CG spectrum
was calculated by subtracting the chance coincidence (CC)
spectrum formed by the CCEs from the coincidence spec-
trum [42]. The subtraction was necessary because CCEs
usually dominated the coincidence events. Triple discrimi-
nation was employed to identify the CCEs caused by y rays
and capture pulses. In this study, CG fast neutron spectros-
copy was fully realized to obtain the energy spectrum of
the fast neutron fluence based on the proposed detector and
acquisition method of the CG spectrum. Energy spectra
obtained from recoil fast neutron spectroscopy, which uti-
lized recoil pulses without coincidence, were also consid-
ered for comparison.

2 Principle of fast neutron spectroscopy

The proposed composite scintillator was based on a ¢
4 cm X 4 cm stilbene crystal, with each of its end surface
covered with a piece of ¢4 cm X 1 mm lithium glass. One
piece of lithium glass was coupled with a ¢5.08 cm ETL
9266 PMT. As shown in Fig. 1, the recoil, y-ray, and capture
pulses were generated by the neutrons and y rays entering the
end surface of the detector vertically were digitized. Recoil
and y-ray pulses were generated in stilbene, whereas capture
pulses were generated in the lithium glass. Due to its small
thickness, the y-ray pulses generated in the lithium glass
were below the threshold and thus were not recorded.
The measured spectrum was expressed as

N =R, ey

where R is the convolution of the response matrix and @
is the energy spectrum of fluence. R consists of a series of
response spectra corresponding to monoenergetic neutrons
of different energies. The goal of fast neutron spectroscopy
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Fig.1 (Color online) Schematic showing the generation and processing of signals generated in the composite scintillator used for fast neutron

spectroscopy

is to obtain the energy spectrum of the fluence of the fast
neutrons through spectrum unfolding, which involves decon-
volution using the measured spectrum and response matrix.
For the composite scintillator, there are two types of fast
neutron spectroscopy techniques. Recoil fast neutron spec-
troscopy is the conventional method employing common
organic scintillators. It involves recoil spectrum unfolding
using the measured recoil spectrum and recoil response
matrix. As a specific method for composite scintillators, CG
fast neutron spectroscopy requires CG spectrum unfolding
using the measured CG spectrum and CG response matrix.

From the digitized pulses, the measured recoil spectrum
was formed by the recoil pulses that were identified by per-
forming triple discrimination. Coincident events were recog-
nized via time coincidence. Coincident recoil events consist-
ing of CGEs and recoil CCEs survived triple discrimination.
As the two pulses of each CCE were uncorrelated, the recoil
CC spectrum had the same distribution as the recoil spec-
trum measured without a time coincidence. Its strength was
calculated using the counts of the capture CCEs and capture
events collected without a time coincidence. The measured
CG spectrum was obtained by subtracting the recoil CC
spectrum from the coincidence recoil spectrum, which was
formed by coincident recoil events. The detector response
matrix was typically established using Monte Carlo (MC)
simulation.

3 Spectrum measurement
The recoil and CG spectra corresponding to monoenergetic

neutrons and neutrons with broad energy distributions were
measured. The measured monoenergetic neutron spectra

were used for verifying the MC simulation and the feasibility
of recoil and CG fast neutron spectroscopy. The measured
spectra for neutrons with broad energy distributions were
used for recoil and CG spectrum unfolding. Pulses were col-
lected and processed offline to implement triple discrimina-
tion and spectrum recording.

3.1 Pulse collection

The detector was operated at a bias voltage of —810 V and
was powered by an Iseg SHR4060 desktop power supply.
Pulses were collected using a CAEN DT5730 digitizer con-
trolled using the CoMPASS software. The digitizer had a
resolution of 14 bits and a sampling rate of 500 MS/s. Each
pulse consisted of 200 samples. The trigger threshold was set
to 30 LSB, which is equivalent to approximately 50 keVee.
Energy calibration was done using a '>?Eu y source via the
Compton coincidence measurement [43] reported in our pre-
vious work [38]. The long gate used for calculating the pulse
amplitude was set to 300 ns.

To obtain the measured monoenergetic neutron spectra,
pulse collection measurements were performed in the refer-
ence monoenergetic neutron radiation fields at the China
Institute of Atomic Energy. Neutron fields with energies of
1.2,2.5,5, and 14.84 MeV were generated using a tandem
accelerator. A detector was placed 123.5 cm away from the
target at the same level. Pulses generated by room-scattered
neutrons were recorded by placing a shadow cone 10 cm
away from the target along the detector-target axis. The
shadow cone was composed of 20 cm iron and 30 cm boron-
loaded polyethylene.

For measuring the spectra of neutrons with broad energy
distributions, neutron fields were generated separately by
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an ' Am-Be and %2Cf sources at the State Key Laboratory
of NBC Protection for Civilians. The current neutron emis-
sion rates of the two sources were 4.19 x 107 s and 9.86
x 108 571, respectively, after decay correction. As shown in
Fig. 2, a 5.2-cm-thick lead brick was placed near the source
tube for absorbing the y rays and increase the probability of
CGEs. The source—detector distance was 1.2 m when the
241 Am-Be source was used. This distance was increased to
2 m when using the 232Cf source due to its higher neutron
emission rate. Shadow cones consisting of 20 cm iron and
30 cm boron-loaded polyethene were used for collecting the
pulses generated by room-scattered neutrons.

3.2 Spectrum recording

Each pulse was discriminated using the linear separation
method [44]. Pulse-height spectra, formed by the recoil
pulses without time coincidence, were recorded and further
converted into measured recoil spectra by applying energy
calibration to them. The effect of room scattering was elim-
inated by subtracting the spectrum corresponding to the
room-scattered neutrons from the measured recoil spectrum.

To obtain the measured CG spectra, the timing gate
of the time coincidence was set to 20 ps, according to
our previous work [42]. For each capture pulse, its pre-
vious pulse was checked. If the time difference between
two adjacent pulses was less than the timing gate, these
two pulses were recognized as a coincident event, which
could be a CGE or CCE. The previous pulse of a CCE was
randomly generated by the recoil protons, y rays, or neu-
tron capture. Therefore, coincidence events were divided
into y-ray CCEs, capture CCEs, recoil CCEs, and CGEs.
y-ray CCEs and capture CCEs were easily identified by
performing triple discrimination. However, recoil CCEs

Detector

Source tube

and CGEs were mixed together since their previous pulses
were intrinsically identical. Consequently, CGEs could not
be recognized individually. Since the recoil CC and CG
spectra had different distributions, the effect of the recoil
CCEs was eliminated by performing spectrum subtraction.
The recoil CC spectrum was calculated as follows:

SCCE,rec = Srec CCCE,cap/ Ccap? (2)

where S, is the recoil spectrum obtained without time coin-
cidence, and Cicg c,p and C,, are the counts of capture CCEs
and capture events without time coincidence, respectively.
The requirement of coincidence and subtraction of the recoil

CC spectrum significantly reduced the CGE efficiency.

4 Establishment of the response matrix

The recoil and CG response matrices were simulated using
the Geant4 [45] MC toolkit. The amplitudes of the meas-
ured pulses are affected by fluctuations in the light output,
amount of light transmission, light-electron conversion,
and electronic noise. These factors can smear the spectrum
and their effect is seen in the degraded energy resolution
of the detector. To keep the simulated spectra consistent
with the measured ones, energy calibration of the detec-
tor was done. In addition, a light output function was used
for calculating the light output according to the energies
of the secondary charged particles. The light output was
expressed in MeVee, the unit of electron equivalent energy.
The MC simulations were verified by comparing the meas-
ured recoil and CG spectra of the monoenergetic neutrons
with the simulated ones. Details of the establishment of
the recoil and CG response matrices are presented below.

Source tube

e

Fig.2 (Color online) Experimental setup for measuring the spectra of the neutron sources a without and b with the shadow cone
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4.1 Energy resolution

For the total light output, L, the energy resolution was cal-
culated as

3

where AL is the full width at half maximum (FWHM) of L,
and a,, a,, and a; are the fitting parameters to be determined.
Four y sources, namely, 137¢s, 9Co, 192Ey, and 22Na, were
used for the energy calibration of the detector because the
response of organic scintillators to electrons is linear for
particle energies above approximately 125 keV [7]. For other
detectors, such as Nal(Tl), the energy calibration is generally
done using full energy peaks. However, a composite scintil-
lator has a low atomic number, and full-energy peaks cannot
be recognized in its y spectra. Thus, Compton coincidence
measurement was implemented to generate the characteristic
peaks at the Compton edges. The energy of the Compton
edge was calculated as
2FE?
14

E,=— 1 4
¢ m?+2E, @

where E, is the energy of the incident y rays and myc?
is the remaining energy of the electron. A ¢5.08 cm X
5.08 cm BaF, detector was placed 32 cm against the com-
posite scintillator to detect y rays scattered from stilbene.
The measurements were carried out using the abovemen-
tioned four y sources fixed successively at 2 cm in front of
the composite scintillator. These two distances were opti-
mized to balance the count rate and solid angle of the com-
posite scintillator.

Similar to the measurement of CGEs, the Compton coin-
cidence measurement is also time-coincident. Therefore, the
coincidence events generated by the composite scintillator
included true coincidence events (TCEs) and CCEs. For y
rays with a certain energy, the TCEs shared approximately
the same amplitude and constituted a characteristic peak at
the Compton edge in the true coincidence (TC) spectrum.
The CCEs followed the same distribution as the spectrum
obtained without coincidence. Consequently, the continuum
in the coincidence spectrum was caused by CCEs. Using
Eq. (2), the CC spectrum was calculated using the spectrum
measured without coincidence and the counts over the con-
tinuum region with and without coincidence. This CC spec-
trum was further subtracted from the coincidence spectrum
to obtain the TC spectrum.

22Na has a 90.20 % probability of undergoing g+ decay,
and the resultant positron emission and its subsequent anni-
hilation will release two 511 keV y rays that are 180° apart.
If one 511 keV y ray enters the composite scintillator, the
other will probably enter the BaF, detector. This triggers an
annihilation coincidence (AC) event. The AC spectrum has
the same distribution as the spectrum corresponding to the
511 keV y rays without coincidence. Thus, after subtracting
the CC spectrum for 22Na, the AC spectrum should also be
removed.

The upper row of Fig. 3 shows that after subtracting the
CC and AC spectra from the Compton coincidence spec-
tra (labeled as “Total”), the TC spectra exhibited clear
characteristic peaks at the Compton edges for all four y
sources. The proportion of the CC spectrum depends on
the number and emission probabilities of the y rays. '*’Cs
requires at least two decays to form a CCE since it releases a
661.66 keV photon in each decay. Therefore, the proportion
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Fig.3 (Color online) Decomposition of the Compton coincidence spectra (upper row) and comparison of the measured and simulated y spectra

without coincidence (lower row).
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of the CC spectrum for '¥’Cs was significantly lower than L (E) = 0.18075E3/2, E <5MeV
that for the other three sources. p(E) = —1.16861 + 0.63789E, E > 5 MeV D

Due to the nonzero dimensions of the two detectors,
Compton scattering at an angle slightly below 180° can trig-
ger a coincidence event. Therefore, the deposited energy
spectrum of the TCEs (Spgg) was actually a peak rather than
a line. The true coincidence peaks in the upper spectra of
Fig. 3 were affected by Spg and energy resolution. Spgg was
simulated using Geant4 in order to obtain its width. The
FWHM corresponding to the energy resolution was com-
puted as follows:

- FWHM; ®)

— 2
AL= \/ FWHM,,

where FWHM ¢ is the FWHM of Sy and FWHMyep is
the FWHM of the true coincidence peak. To determine a,,
a,, and as, Eq. (3) is used for fitting the FWHMs that were
calculated based on the true coincidence peaks. Then, Spgq
without coincidence was broadened by the energy resolu-
tion, and a simulated spectrum was obtained. The lower row
of Fig. 3 shows that all the simulated spectra agreed well
with the measured ones. This indicates that the energy reso-
lution parameters were correct.

4.2 Light output function for protons

As the scintillation light in organic scintillators is mainly
induced by recoil protons, the light output function for pro-
tons, L, (E), where E represents the energy of the protons, is
crucial for obtaining the correct simulated spectra. Since the
L,(E) reported in the literature [46] resulted in a discrepancy
between the simulated and measured spectra below 5 MeV,
anew L,(E) was established using the measured recoil spec-
tra of monoenergetic neutrons.

As is typical of many organic scintillators, L(E) is pro-
portional to E3/2 for energies below approximately 5 MeV
and becomes approximately linear for higher energies [7].
For the measured recoil spectrum of neutrons with energy
E,, L,(E,) and M(E,), where M(E,,) refers to the light output
corresponding to the local maximum in the multi-scattering
region, can be obtained by taking the first derivative of the
spectrum [47]. Simulations showed that incident neutrons
tended to transfer all their energy to the recoil protons via
multiple scattering. Therefore, M(E,) represents the mini-
mum total light output of the recoil protons, whose total
kinetic energy is E,. As Lp(E) is a convex function, M(E,)
is calculated as

M(E,) = 2L,(E,/2) (6)

Using L,(E,) and M(E,), the new L,(E) is established as
follows:

@ Springer

4.3 Monte Carlo simulation

The composite scintillation detector was modeled using the
Geant4-10.7.2 toolkit. Each end surface of the ¢p4 cm x4 cm
stilbene crystal was connected to a piece of ¢4 cm X1 mm
lithium glass. The front and surrounding surfaces of the com-
posite scintillator were covered by 0.4 mm aluminum. The
PMT was neglected since it had little effect on the neutron
transportation in stilbene and lithium glass. Monoenergetic
neutrons entered the detector perpendicularly. Their positions
were randomly sampled from a ¢»4.08 cm disk, which was kept
5 cm away from the end surface. The recommended Physic-
sList FTFP_BERT_ HP was used for neutron transportation
below 20 MeV. The CENDL-3.1 [48] library was used to
provide the neutron cross sections since the built-in G4NDL
library did not have the cross sections for the 2C(n,n’) 3a reac-
tion [26]. For each run, in order to keep the statistical error of
the total count below 3 %, the number of primary neutrons
was taken as [E, | x 103, where [E, ] is the Ceil of the integer
value E, (in MeV).

In the SteppingAction class, the kinetic ener-
gies of each proton track before and after a step created
in stilbene were read as E,,. and E,. Using Eq. (7), the
light output generated during step L., was represented by
L,(Eye) — Ly(E o). The light outputs for the other charged
particles were calculated in a similar manner and their light
output functions were identical to those in our previous
work [38]. The initial time, ¢, corresponding to the light out-
put generated in stilbene, was labeled as the first gate of the
CGE. In the StackingAction class, the a track created
in the two pieces of lithium glass represented the °Li (n,a)
H reaction. The corresponding time, #,, was labeled as the
second gate of the CGE. Ly, #;, and 7, were written into the
EventAction class after their values were determined.
At the end of each event, the standard deviation, gma, was
computed using Eq. (3), with the total light output as L,
The light output broadened by the energy resolution, L.,
was sampled from a Gaussian distribution with a mean value
of L, and a standard deviation of 6. L., was written into
the histogram H, to record the simulated recoil spectrum. If
t, and 1, were both set, L., was also written into the histo-
gram H, to record the simulated CG spectrum. At the end
of each run, H, and H, were saved into files.

reso

4.4 Comparison between the measured
and simulated spectra

The upper row of Fig. 4 shows the measured and simulated
recoil spectra of neutrons of four different energies. Each
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spectrum was normalized by the counts at M(E,)). The good
agreement between the simulated and measured spectra
validates the MC simulations and energy-resolution param-
eters. All recoil spectra exhibited a continuum owing to the
energy variation of the recoil protons at different scattering
angles. Because L,,(E) is proportional to E3/2 below 5 MeV,
the recoil spectrum was approximately proportional to L~'/3.
Thus, the counts increased as L decreased.

As can be seen from the figure, each recoil spectrum has
two edges. The right edge represents L,,(E,) and is smeared
by the energy resolution. The left edge represents M(E),),
which is caused by multiple scattering from hydrogen. If
the recoil protons have a fixed total kinetic energy, E,, the
total light output of multi-scattering L, is affected by the
distribution of kinetic energy. L, reaches its maximum,
L,..c» Wwhen E, is transferred to one proton. This means that
multiple scattering becomes single scattering. L, reaches
its minimum L,_;, when all the recoil protons have equal
kinetic energy. Therefore, L, is a distribution ranging
from L_;, to L. The recoil spectrum caused by multi-
ple scattering is the convolution of the energy distribution
and L. Above M(E,), the energy range contributing to
the recoil spectrum gradually decreases. Consequently, the
recoil spectrum exhibits an evident decline after M(E,) and
a local maximum appears at M(E,)).

The lower row of Fig. 4 shows the measured and simu-
lated CG spectra of 1.2, 2.5 and 5 MeV neutrons. The spec-
tra for 14.84 MeV neutrons were discarded since the meas-
ured CG spectrum had low counts and failed to show an
explicit distribution. Each spectrum was normalized by the
counts at L, (E,).

Compared to the recoil spectrum, the most significant
distinction in the CG spectrum is that a characteristic peak
appears at L(E,). This verifies the selection effect of the

CGE:s on the amplitude of the recoil pulses. The good agree-
ment between the simulated and measured spectra indicate
that CG spectra were correctly simulated. The local maxi-
mum at M(E,), caused by multiple scattering, in CG spec-
trum is more apparent than that in the recoil spectrum. As
the number of CCEs was remarkably higher than that of
CGEzs, subtraction of the CC spectrum resulted in fluctua-
tions on the left side of the characteristic peak. This phenom-
enon became more evident for the latter two energies since
the probability of CGEs decreased as the neutron energy
increased. In addition, a few y rays could be mislabeled as
neutrons because the n/y discrimination became ambiguous
when L was small.

4.5 Response matrices

The recoil and CG spectra were simulated using Geant4.
The light outputs of these spectra ranged from 50 keVee to
11.95 MeVee, with an interval of 50 keVee. The lower limit
of the light output was set to discard noise and ambiguous
pulses. The energy of the incident neutrons increased from
400 keV to 20 MeV in intervals of 100 keV. The lower
limit of the neutron energy corresponded approximately
to the lower limit of the light output. All the spectra were
normalized by the incident neutron fluence. The response
matrix was constructed with the simulated spectra ranked in
the ascending order of neutron energy. Each column in the
matrix represented a spectrum. Figure 5 illustrates the two
response matrices, in which the neutron energy ranges from
1 to 20 MeV with an interval of 1 MeV.

In the recoil-response matrix, each recoil spectrum could
be separated into three stages as the light output increased.
In the first stage, the recoil spectrum was mainly composed
of recoil carbons and low-energy protons. This stage was
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Fig.4 (Color online) Comparison between the measured and simulated spectra of monoenergetic neutrons of different energies. The upper row

presents the recoil spectra and the lower row presents the CG spectra
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Fig.5 (Color online) Recoil and CG response matrices

characterized by high counts and a fast descent. In the sec-
ond stage, the recoil spectrum was dominated by recoil
protons of various total energies transferred by the incident
neutrons. The recoil spectrum was flat at this stage due to
the isotropic cross section for neutron elastic scattering
from hydrogen. As the incident neutron energy increased,
the maximum light output increased, and the counts in each
bin decreased. The last stage began with L,(E,)), in which the
incident neutron transferred almost all of its energy to the
recoil protons. Subsequently, the thermalized neutron was
captured by a hydrogen nucleus and a deuterium nucleus was
created. A 2.22 MeV y ray was released during the deexcita-
tion of the deuterium nucleus. Scintillation light induced by
recoil protons and 2.22 MeV y rays generated a mixed pulse.
Recoil protons stimulated a fixed light intensity. However,
the scintillation light stimulated by the 2.22 MeV y rays
depended on the Compton scattering angle. This resulted in
the amplitude variation of the mixed pulses. The probability
of a mixed pulse was very low as the counts in the last stage
were much lower than those in the second stage. Therefore,
the last stage had little effect on spectrum unfolding.

In the CG response matrix, each CG spectrum contained
characteristic peaks at L (E,). A ridge line was converged
by the characteristic peaks of the different CG spectra. This
ridge line was a clear distinction between the two matrices
and was helpful for alleviating the difficulty of spectrum
unfolding. The probability of CGEs and the characteristic
peak decreased as the incident neutron energy increased.
CGEs discarded the events in which an incident neutron
escaped without losing all of its energy. Therefore, the
counts in the first stage were relatively low, whereas those
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in the second stage were concentrated in the peak area. The
2.22 MeV y ray would not occur because CGEs require
thermalized neutrons to be captured by °Li. Thus, the counts
in the last stage were zero. Owing to the low probability of
CGEs, the counts in the CG response matrix were smaller

than those in the recoil response matrix by approximately
three orders of magnitude.

5 Spectrum unfolding

Using the measured spectrum and response matrix, spectrum
unfolding was realized. Spectrum unfolding of the measured
recoil and CG spectra of monoenergetic neutrons was per-
formed to verify the feasibility of spectrum unfolding. As
neutrons in practical workplaces usually have various ener-
gies, the recoil and CG spectrum unfolding was performed
using the measured recoil and CG spectra of neutrons with
a broad energy distribution.

5.1 Implementation of spectrum unfolding

In this study, spectrum unfolding was performed using the
MAXED [49] code from the UMG3.3 toolkit, which was
developed by Physikalisch-Technische Bundesanstalt. This
code applies the principle of maximum entropy. It uses a
default spectrum as the initial estimate and enters an iterative
loop to optimize the solution based on the measured spec-
trum and response matrix. The code was terminated when

the chi-square or iteration number reached their respective
preset limits.
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The iteration limit was set to 10,000, which was suffi-
ciently large for convergence. The light output for the meas-
ured spectrum and columns of the response matrix ranged
from 0.05 to 11.95 MeVee. The neutron energy for the
default spectrum and rows of the response matrix ranged
from 0.4 to 20 MeV.

(1) Default spectrum

As the initial solution, the default spectrum contains prior
information. The enrichment of prior information contrib-
utes to the probability of spectrum unfolding converging
to the global optimal solution. Simulated [49] and uniform
spectrum [50] are the two commonly used default spectra.
They represent the maximum and minimum prior informa-
tion about the distribution of neutron fluence spectrum,
respectively.

For fast neutron spectroscopy performed in a labora-
tory, the neutron fluence spectrum at the test position can
be simulated with the entire laboratory modeled using the
MC code. An unfolded spectrum close to the simulated one
can be expected if the simulated default spectrum is used.
However, if there is a difference between the unfolded and
simulated spectra, it is difficult to determine whether the
deviation originates from the distortion of the simulated
spectrum or the inaccuracy of spectrum unfolding. In addi-
tion, it is difficult to simulate the fluence spectrum for in-
situ fast neutron spectroscopy. On the other hand, a uniform
spectrum has the same constant value for all counts. It only
exerts nonnegative constraints on the solution. Therefore, a
uniform default spectrum has better applicability in spec-
trum unfolding and improves the reliability of the unfolded
spectrum.

Both simulated and uniform spectra were used as the
default spectra in the spectrum unfolding for neutrons with
broad energy distributions. Their influence on the recoil

and CG spectrum unfolding was analyzed. Only a uniform
default spectrum was used in the spectrum unfolding for
monoenergetic neutrons since it was difficult to build a pre-
cise MC model of the accelerator laboratory.

(2) Chi-square

It is important to set an appropriate limit for chi-square. If
this limit is too large, the number of iterations will be insuf-
ficient and spectrum unfolding will not reach the optimal
resolution. This means that the unfolded spectrum will be
“underfitted” and show deviation. If this limit is too small,
the number of iterations will be excessive, and the spectrum
unfolding will lose its physical signature. This means that
the unfolded spectrum will be “overfitted” and oscillations
will appear [51]. In this study, the chi-square limits were
determined based on the initial chi-square of the default
spectra. For the recoil and CG spectrum unfolding, the chi-
square limits were set to 1 and 0.001, respectively.

5.2 Unfolded spectra

The recoil and CG unfolded spectra of the monoenergetic
neutrons are illustrated in the upper row of Fig. 6. Since the
fluence of the incident neutron beam was absent, each of
these spectra was normalized to its total count to examine
its distribution. For 14.84 MeV neutrons, there was no CG
unfolded spectrum owing to the absence of the measured
CG spectrum. The lower row of Fig. 6 shows the recoil and
CG unfolded spectra for neutrons with broad energy dis-
tributions generated by **! Am-Be and 2°Cf, respectively.
The simulated spectra at the test points are shown for com-
parison. Details of the spectrum simulation performed
using the SuperMC software [52] can be found in our previ-
ous work [53]. The two subfigures on the left in the lower
row were obtained using simulated guess spectra, and the
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Fig.6 (Color online) Recoil and CG unfolded spectra for monoenergetic neutrons (upper row) and neutrons with broad energy distributions

(lower row)
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two subfigures on the right were obtained using flat guess
spectra.

(1) Monoenergetic neutrons

A distinct peak emerges at E, in each of the recoil and
CG unfolded spectra, indicating that both types of spectrum
unfolding are practicable. The narrower peaks in the CG
unfolded spectra indicate that CG spectrum unfolding pro-
vides better energy resolution than recoil spectrum unfold-
ing. As the neutron energy increases, the information entro-
pies of the three CG unfolded spectra are 2.13, 2.47, and
2.97, respectively. Nonzero counts discretely appear on the
left side of the peaks in the CG unfolded spectra of 2.5 MeV
and 5 MeV neutrons. These counts are induced by multiple
factors, such as deviations between the simulated and real
response spectra, misclassification of neutrons and y rays, as
well as background and electronic noise.

Since the measured recoil spectra do not have character-
istic peaks, it is difficult to determine the energy and fluence
of the incident neutrons based on the measured recoil spec-
trum via unfolding. Therefore, the unfolded recoil spectrum
tends to be dispersed. This trend becomes more obvious as
the neutron energy increases. Consequently, as the neutron
energy increases, the information entropies of the four recoil
unfolded spectra are 2.62, 3.11, 4.73, and 4.82, whereas the
peak at E, gradually decreases. Each of the first three infor-
mation entropies is higher than that of CG unfolded spec-
trum, indicating that the recoil unfolded spectra are more
dispersed. Recoil spectrum unfolding is also sensitive to the
errors in the measured spectrum and response matrix. This
leads to abnormally high counts in the low-energy region of
the four recoil unfolded spectra.

(2) Neutrons with broad energy distributions

Table 1 shows the iterations of the recoil and CG spec-
trum unfolding for the >*' Am-Be and *>’Cf sources using
the simulated and flat default spectra, respectively. Benefit-
ing from prior information, the simulated default spectra
result in much fewer iterations than the flat default spectra.
CG spectrum unfolding requires fewer iterations than recoil
spectrum unfolding. This verifies that CGEs are helpful in
reducing the complexity of the spectrum-unfolding process.

The recoil and CG unfolded spectra in the lower row of
Fig. 6 are consistent with the simulated spectra. This proves
that for neutrons with broad energy distributions, the two
types of spectrum unfolding are feasible with simulated or

Table 1 Iterations of spectrum unfolding for the two neutron sources

Spectrum Simulated default spectra  Flat default spectra
unfolding

241Am_Be 252cf 241Am_Be 252cf
Recoil 1263 311 10,000 10,000
CG 5 13 380 78

@ Springer

flat default spectra. According to Eq. (7), the lower limit of
0.05 MeVee corresponds to a threshold value of approxi-
mately 0.4 MeV. Therefore, the unfolded spectrum obtained
using the flat-guess spectrum has approximately zero fluence
rates below this threshold. The unfolded spectrum obtained
with the simulated default spectrum could have nonzero flu-
ence rates below this threshold because the default spectrum
is close to the global optimal solution, and its energy distri-
bution in this region probably undergoes only a slight change
after spectrum unfolding iterations.

Owing to sufficient prior information of the simulated
default spectra, the recoil and CG unfolded spectra for the
241 Am-Be source revive the high fluence rates in the vicini-
ties of 3, 5, 7.8, and 10 MeV, which are produced by the
energy structure of '3C. Consequently, the recoil and CG
unfolded spectra agree well with the simulated spectrum,
and above 0.4 MeV, their R? values were 0.951 and 0.988,
respectively. For the 252Cf source, above 0.4 MeV, the R?
values of the recoil and CG unfolded spectra were 0.969 and
0.879, respectively. The CG unfolded spectrum exhibits a
smaller R? due to the lower fluence rate in the low-energy
region. When the energy limit was increased to 1 MeV, R?
values of the two unfolded spectra were 0.953 and 0.986,
respectively. Multiple parameters can be calculated using
the unfolded spectra. For instance, the total fluence rates of
the recoil and CG unfolded spectra for the 2*! Am-Be source
were 149.01 cm™2s~!and 191.76 cm™2 s~!, respectively. The
deviations from the total fluence rate of the simulated spec-
trum were approximately — 17.48 % and 6.20%, respectively.

The discrepancy between the unfolded and simulated
spectra could be due to multiple factors such as insufficient
precision of the MC model, fluctuation of the measured
spectrum, and distortion of the response matrix. Fluence
rates of the recoil-unfolded spectrum are lower than those
of the simulated spectrum for the >*' Am-Be source. This
relationship is reversed for the >>2Cf source. However, CG
unfolded spectrum does not encounter this reversal for either
of the two sources. This indicates that compared to CG spec-
trum unfolding, recoil spectrum unfolding is accompanied
by a larger uncertainty owing to the higher sensitivity to
errors in the measured spectrum and response matrix.

The recoil and CG unfolded spectra undergo remarkable
changes after the flat default spectra are used. The R? val-
ues for the 2*' Am-Be source above 0.4 MeV decreased to
0.775 and 0.831, respectively because the unfolded spectra
had nearly zero fluence rates below this threshold. If the
energy limit was increased to 1 MeV, R? became 0.939 and
0.975. The recoil unfolded spectrum was smooth around the
vicinity of 3, 5, 7.8, and 10 MeV. Further, the CG unfolded
spectrum successfully restored the high fluence rates in these
regions. This indicates that CG spectrum unfolding has a
better energy resolution and less reliance on prior infor-
mation. For the 2°2Cf source, R? values of the recoil and
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CG unfolded spectra were 0.963 and 0.986, respectively,
above 1 MeV. After exchanging the default spectrum, the
CG unfolded spectrum remained unchanged. However, the
fluence rates of the recoil unfolded spectrum between 0.4
and 1 MeV increased dramatically as the fluence rates below
0.4 MeV fell to zero.

6 Summary

Organic scintillators have been widely used to realize recoil
fast neutron spectroscopy. However, unfolding the spectra
obtained by organic scintillators is difficult because they
have a flat response to monoenergetic neutrons. To address
this issue, composite scintillators consisting of organic as
well as inorganic scintillators have been proposed. These
detectors can generate CGEs that form characteristic peaks
in the response. Taking advantage of this feature, CG fast
neutron spectroscopy was proposed to alleviate the difficulty
of spectrum unfolding. Currently available composite scin-
tillators are based on plastic scintillators and exhibit poor
triple-discrimination performance. In addition, the effect of
CCEs must be eliminated. Limited by these two factors, CG
fast neutron spectroscopy has not been fully realized to date.

In this study, CG fast neutron spectroscopy was fully
realized for the first time based on a composite scintilla-
tor proposed in our previous work. This detector exhibited
excellent triple-discrimination performance. The measured
CG spectrum was obtained by subtracting the CC spectrum
from the coincidence spectrum. The total count of the meas-
ured CG spectrum was smaller than that of the measured
recoil spectrum by approximately three orders of magni-
tude. Recoil and CG response matrices were established
through MC simulations. The good agreement between the
measured and simulated spectra for monoenergetic neutrons
verified these simulations. In the CG response matrix, the
characteristic peaks generated by neutrons with different
energies converged into a ridge line. Using the MAXED
code, recoil and CG spectrum unfolding were performed
for monoenergetic neutrons and neutrons with broad energy
distributions. The results thus obtained showed that recoil
and CG spectrum unfolding are both practicable for com-
posite scintillators. Parameters such as the total fluence rate
could be calculated based on the unfolded spectrum. The CG
unfolded spectra corresponding to monoenergetic neutrons
possessed narrower peaks and lower information entropies.
Compared to recoil fast neutron spectroscopy, CG fast neu-
tron spectroscopy was able to reduce the number of itera-
tions by at least one order of magnitude. The CG unfolded
spectra were more consistent with the simulated ones than
the recoil unfolded spectra. When a flat default spectrum was
used for the ?*' Am-Be source, R? values of the recoil and

CG unfolded spectra were 0.939 and 0.975, respectively. In
addition, the CG unfolded spectrum successfully restored the
high fluence rates in the vicinity of 3, 5, 7.8, and 10 MeV,
whereas the recoil unfolded spectrum was smooth in these
regions. This indicates that CG fast neutron spectroscopy
can significantly alleviate the difficulty of spectrum unfold-
ing and has better energy resolution and precision compared
to recoil fast neutron spectroscopy. In a future work, the
CGE efficiency will be improved by optimizing the com-
posite scintillator and pulse collection.
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