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Abstract

We present, for the first time, our recent advancements in time-resolved fusion
neutron spectra measurements and analyses within the HL-3 tokamak. The
measurements are executed using a liquid scintillation detector, which has the
capacity to discriminate neutrons and v-rays. Notably, the liquid scintillation
detector directly acquires the pulse height spectra of recoil protons in the lig-
uid scintillator, rather than the neutron spectra themselves. To convert the
pulse height spectra of recoil protons into neutron spectra, Geant4 simulations
are performed to compute the detector response matrix. Subsequently, the
GRAVEL method is employed in the neutron spectrum unfolding process. As
a result, the time-resolved neutron energy spectra can be obtained through
time-resolved pulse amplitude spectra measurements. In this study, the opti-
mal time-resolution for the neutron spectra is 100 ms. This indicates that the
HL-3 tokamak is equipped with the ability to conduct research on the temporal
evolution of neutron spectra and fast ion velocity distributions.
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We present, for the first time, our recent advancements in time-resolved fusion
neutron spectra measurements and analyses within the HL-3 tokamak. The
measurements are executed using a liquid scintillation detector, which has the
capacity to discriminate neutrons and 7-rays. Notably, the liquid scintillation
detector directly acquires the pulse height spectra of recoil protons in the lig-
uid scintillator, rather than the neutron spectra themselves. To convert the
pulse height spectra of recoil protons into neutron spectra, Geant4 simulations
are performed to compute the detector response matrix. Subsequently, the
GRAVEL method is employed in the neutron spectrum unfolding process. As
a result, the time-resolved neutron energy spectra can be obtained through
time-resolved pulse amplitude spectra measurements. In this study, the opti-
mal time-resolution for the neutron spectra is 100 ms. This indicates that the
HL-3 tokamak is equipped with the ability to conduct research on the temporal
evolution of neutron spectra and fast ion velocity distributions.
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INTRODUCTION

One of the fundamental prerequisites for attaining a self-sustained D-T burning
plasma is to confine the energetic ions within the fusion plasma for a sufficiently
long period to heat the fuel ions [?]. Among the fast fusion ions present in a
D-T burning plasma, the fusion-born « particles are of special significance be-
cause they play a crucial and indispensable role in fusion ignition. In addition,
in D-D fusion plasmas, fast ions generated through auxiliary heating are also of
great importance as they enable in-depth studies of fast particle interactions [?].
Hence, achieving outstanding confinement quality for fast ions is an inevitable
and essential requirement for future fusion reactors. Considerable research ef-
forts have revealed that fast ions are subject to redistribution or expulsion by
magnetohydrodynamic (MHD) modes [?, 7, ?]. Additionally, experimental ob-
servations and theoretical analyses [?] have demonstrated that these ions, in
turn, can exert a non-negligible impact on the stability characteristics of MHD
modes. Therefore, investigating the behavior of fast ions and their interaction
with MHD modes in existing fusion devices holds substantial significance, with
the temporal evolution of fast ion velocity distribution functions representing a
crucial parameter.

An important method for diagnosing fast ions in fusion plasmas is by analyzing
the neutrons produced in fusion reactions [?]. The energies of these neutrons
depend on both the energy released during the reactions and the velocities of the
fast-reacting ions. Neutron emission spectrometers (NESs), which measure neu-
tron energy spectra, are thereby sensitive to the velocity distribution functions
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of these ions. To study the temporal evolution of the fast ion velocity distri-
bution function, it is highly necessary to develop an NES with a sufficiently
high time resolution (e.g., on the order of 100 ms). Worldwide, the NESs used
for fusion neutron energy spectrum diagnosis mainly include neutron time-of-
flight spectrometers [?, ?, 7], diamond neutron spectrometers [?, ?], and scin-
tillation neutron spectrometers [?, ?, ?]. Among them, neutron time-of-flight
spectrometers and diamond neutron spectrometers possess a sufficiently high
energy resolution in neutron energy spectrum measurements, yet their time res-
olution is relatively low (usually > 10 s). Although the energy resolution of the
scintillation neutron spectrometer in neutron energy spectrum measurements is
inferior to that of the neutron time-of-flight spectrometer and the diamond neu-
tron spectrometer, it can achieve neutron energy spectrum measurements with
a sufficiently high time resolution. Therefore, the HL-3 tokamak [?] has recently
developed a liquid scintillation neutron spectrometer [?], which is mainly used
for measuring the temporal evolution of the neutron energy spectrum.

This paper aims to be the first to achieve time-resolved neutron spectrum mea-
surement in the HL-3 tokamak by using a liquid scintillation detector in combi-
nation with an accurate neutron spectrum-unfolding method. This will provide
a powerful diagnostic tool for research on fast-ion confinement behavior. This
paper is structured as follows: Initially, a liquid scintillation detector is em-
ployed to directly measure the pulse amplitude spectrum of recoil protons with
a specific time resolution (detailed in Section II). Subsequently, an accurate
spectrum-unfolding method is utilized to transform the pulse amplitude spec-
trum of recoil protons into the incident neutron energy spectrum (as presented
in Section IIT). Through these steps, the measurement and analysis of the time
evolution of the neutron energy spectrum are successfully carried out (covered
in Section IV). Finally, a comprehensive summary of this paper is provided in
Section V.

II. EXPERIMENTAL MEASUREMENTS

In this section, a detailed introduction is provided regarding the experimental
setup, the properties of the liquid scintillation neutron spectrometer, as well as
the experimental determination of the pulse amplitude spectrum.

A. Experimental Setup

The liquid scintillation neutron spectrometer is positioned on the east side of
the HL-3 tokamak and is employed to measure the neutron spectrum during
neutral beam injection (NBI). The experimental layout is depicted in Fig. 1
[Figure 1: see original paper]. In the figure, ‘NBI’ denotes the neutral beam
injection system, while ‘LSD’ represents the liquid scintillation detector.

Fig. 1. (Color online) The layout of experimental devices (NOT TO SCALE).

The design parameters of HL-3 are presented as follows [?]: the plasma current
I, ranges from 2.5 to 3 MA, the toroidal field B, varies between 2.2 and 3 T,
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the major radius R is 1.78 m, the minor radius a is 0.65 m, the elongation &
is less than or equal to 1.8, and the triangularity ¢ is less than or equal to 0.5.
The research program of HL-3 centers on crucial issues in the development of
advanced divertor concepts and high-heat-flux components, while also focusing
on high-performance operation scenarios to support ITER and subsequent fusion
reactors, as stated in references [?, 7).

The HL-3 tokamak is planned to be equipped with three NBI beamlines. Among
them, the No.1 and No.2 NBI beamlines are in the same direction as the plasma
current, while the No.3 NBI beamline is in the opposite direction to the plasma
current. During the occurrence of this experiment in 2024, only the No.1 NBI
beamline [?] was in operation, and its injection angle was 38.6°.

The liquid scintillation neutron spectrometer employs an EJ-309 liquid scin-
tillation detector, which is paired with a 500-Msps, 12-bit digitizer [?]. The
measured neutron and v/X-ray spectra are directly processed through program-
ming on a Field Programmable Gate Array (FPGA). In an attempt to elevate
the neutron count rate and, in turn, improve the time resolution of the neutron
spectrum, the EJ-309 liquid scintillation detector is shielded against both ~/X-
rays and magnetic fields. A 3-cm-thick Pb layer is used for v/X-ray shielding,
and a 3-mm-thick permalloy layer is applied for magnetic shielding. Notably, it
is deliberately left without any shielding components or collimators specifically
designed for neutrons, ensuring that neutrons can reach the detector unimpeded
and be detected with high efficiency. The detector is approximately 8 m away
from the central axis of the HL-3 tokamak and has an angular separation of
about 15° with respect to its radial direction.

B. Verification of n/y Discrimination

A high-performance thermonuclear plasma serves as a powerful source of nu-
clear radiation encompassing neutron emission resulting from the main fusion
reactions and v-rays generated by the interaction of supra-thermal ions with
plasma impurities [?]. In fact, aside from neutron emissions and 7-rays, the
radiation field of a nuclear fusion device also contains a large amount of hard
X-rays originating from the interaction between the runaway electron beam and
the wall materials. During neutral beam injection, not only is the measurement
of the v/X-ray spectrum affected by neutron radiation [?], but the measurement
of neutrons is also influenced by v/X-rays [?].

Previous experimental results have indicated that the EJ-309 liquid scintillation
detector demonstrates excellent n/v discrimination capabilities [?]. However,
with the increase in NBI power, the neutron yield will increase accordingly. As
a result, both the neutron count rate and the /X count rate of the detector
will increase significantly, and under such circumstances, the n/~ discrimination
ability will decline. Since this paper focuses on measuring the time-evolution
of the fusion neutron spectrum, it is necessary for us to confirm the n/vy dis-
crimination ability under conditions of high neutron yield. The confirmation
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method is to compare it with the neutron flux monitor (NFM) based on the fis-
sion chamber detector [?]. The reason for choosing the fission chamber detector
as a reference is that it has almost no response to v/X-rays, and its signal can
be considered as a purely neutron signal.

The experimental measurement data are presented in Fig. 2 [Figure 2: see
original paper]. In Fig. 2, two adjacent discharges, namely shot #6002 and
shot #6003, are selected. These two shots have similar plasma currents (about
300 kA) and the maximum NBI power (1.3 - 1.4 MW). The difference between
them lies in the different durations of NBI. In shot #6002, the NBI lasts from
1100 ms to 1600 ms, with a duration of 500 ms, while in shot #6003, the NBI
lasts from 1510 ms to 1780 ms, with a duration of 270 ms. The reason is that
a plasma disruption occurred at about 1780 ms in shot #6003, which led to an
abrupt drop of both the plasma current and the NBI power to 0. In terms of
neutron flux measurement, except for the absolute count, the variation trends
of the measurement data from the liquid scintillation detector and the fission
chamber detector almost completely coincide. Therefore, the experimental data
demonstrate that the liquid scintillation detector still exhibits excellent n/~y
discrimination performance under the corresponding count rate conditions.

For shot #6002, at the end of the NBI, the neutron flux data still remain at
a relatively high level, and then the neutron flux decays exponentially. This
process reflects the slowing-down behavior of fast ions in the plasma [?]. Based
on the data, the fast-ion confinement time corresponding to the plasma param-
eters is roughly estimated to be on the order of tens of milliseconds. For shot
#6003, at the moment of the disruption, the neutron flux drops abruptly to
0, indicating that after the plasma disruption occurs, there is no time for the
fast-ion slowing-down process to take place.

Excellent n/v discrimination performance indicates that the liquid scintillation
neutron spectrometer is capable of identifying neutron signals from a large num-
ber of pulses, thereby obtaining the correct pulse amplitude spectrum of neutron
signals. The PSD parameter is defined as the pulse-shape discrimination factor,
which can be expressed by the following formula:

PSD=1— Qslow
Qtotal
where Qg ow and Qoa represent the charge in the slow components and the

total charge of the current pulse [?], respectively. The n/~ discrimination effect
of the liquid scintillation neutron spectrometer is shown in Fig. 3 [Figure 3: see
original paper].

Fig. 3. (Color online) The n/v discrimination effect of the liquid scintillation
neutron spectrometer. The light-yellow area represents the ~/X-ray signals,
while the light-green area represents the neutron signals.

As can be seen from Fig. 3, although the neutron signals and ~/X-ray signals
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overlap near the PSD value of 0.3, both types of signals can form distinct peaks.
This indicates that the liquid scintillation neutron spectrometer indeed has an
excellent ability to distinguish between neutrons and v/X-rays. In the figure,
the height of the v/X-ray peak is lower and the width is narrower than that
of the neutron peak, suggesting that more neutron signals are measured by
the liquid scintillation neutron spectrometer. This is due to the presence of a
~v/X-ray shield around the liquid scintillation neutron detector while there is no
neutron shield at all.

In fact, the overlapping part is mainly caused by the superposition of low-
amplitude pulse signals under high-count-rate conditions. There are two pri-
mary reasons: First, the pulse amplitude spectrum measured in the experiment
is a continuous spectrum, and the number of low-amplitude pulse signals is much
larger than that of high-amplitude pulse signals. Therefore, it is mainly the low-
amplitude pulses that are superimposed. Second, even if a low-amplitude pulse
is superimposed with a high-amplitude pulse, the low-amplitude pulse is not
likely to affect the discrimination result of the high-amplitude pulse. Compared
with low-amplitude pulse signals, high-amplitude pulse signals are the key re-
search objects in neutron spectrum measurements. Therefore, the overlapping
part has a very limited impact on the measurement of fusion neutron spectra.

C. Pulse Amplitude Spectrum Measurements

Having verified the n/v discrimination performance of the liquid scintillation
neutron spectrometer, we can derive the so-called neutron pulse amplitude spec-
trum by conducting a statistical analysis of the amplitude distribution of neu-
tron pulses. In Fig. 2, the time resolution of the neutron count evolution curve
is 1 ms. Nevertheless, it is quite clear that the time resolution achievable in
neutron pulse amplitude spectrum measurement cannot reach 1 ms. The reason
lies in the fact that a few hundred counts simply cannot constitute a pulse am-
plitude spectrum with statistical significance. Empirically, to ensure that the
measured pulse amplitude spectrum has statistical significance, the total count
across the full spectrum must reach the order of 10*. By making an estimate
based on the data presented in Fig. 2, we find that the neutron count rate is
roughly on the order of several hundred kcps. As a result, the time resolution of
the neutron pulse amplitude spectrum measurement is on the order of 100 ms.

Indeed, the measurement of the neutron pulse amplitude spectrum with this
time resolution is fully capable of fulfilling the prerequisites for the investiga-
tion into the evolution of the fast ion velocity distribution within the HL-3
tokamak. As previously declared in the introduction, these requirements have
been precisely defined to guide the relevant research. Under this background, we
measured the neutron pulse amplitude spectra of shot #6002 and shot #6003
with a time resolution on the order of 100 ms, as depicted in Fig. 4 [Figure 4:
see original paper].

Fig. 4. (Color online) The measured neutron pulse amplitude spectra for (a)
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shot #6002 and (b) shot #6003.

As depicted in Fig. 4, the neutron pulse amplitude spectrum in Fig. 4(a) has a
time resolution of 300 ms, whereas the one in Fig. 4(b) features a time resolution
of 100 ms. Both spectra demonstrate good statistical properties. Evidently, Fig.
4 shows that we have successfully accomplished the measurement of the neutron
pulse amplitude spectrum with a time resolution of 100 ms.

Nevertheless, simply measuring the evolution of the pulse amplitude spectrum
is insufficient for analyzing the evolution behavior of the fast ion velocity dis-
tribution. The reason lies in the fact that the various neutron pulse amplitude
spectra presented in the figure share similar shapes. This similarity poses a sig-
nificant challenge in detecting subtle differences among them. Additionally, it
is extremely difficult, if not impossible, to clarify the corresponding relationship
between the pulse amplitude spectrum and the fast ion velocity distribution. In
order to fulfill the purpose of this study, that is, to acquire the measurement of
fusion neutron spectra with a time resolution of 100 ms, it is essential to carry
out in-depth research on the neutron spectrum unfolding, whose ultimate goal
is to enable the conversion from neutron pulse amplitude spectra to neutron
spectra. In this paper, ‘neutron spectrum’ refers to the ‘energy spectrum of
neutrons’ .

IIT. NEUTRON SPECTRUM UNFOLDING

In this section, the GRAVEL method is adopted to conduct neutron spectrum
unfolding. This process encompasses several crucial aspects: the energy cali-
bration of the liquid scintillation neutron spectrometer, which is fundamental
for accurate energy determination; the meticulous calculation of the detector re-
sponse matrix for neutrons, enabling a proper understanding of how the detector
responds to neutrons of different energies; and iterative spectrum unfolding, a
step-by-step refinement process to obtain the most accurate neutron spectrum.
This systematic approach ensures the precision and reliability of the neutron
spectrum unfolding.

A. The GRAVEL Method

The GRAVEL method represents an iterative unfolding algorithm that makes
a minor modification to the SAND-II algorithm. The iterative process of the
GRAVEL method for deriving the neutron spectrum is illustrated by the follow-
ing equations [?, ?]:

k N,
> Wiiln (zj, R,; 9%, )
%
Zi Wij

Pt = ¢ exp

where
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In these equations, N, denotes the measured count of the ith channel in the
neutron pulse amplitude spectrum, where ¢ is the channel address index. (;5;?
represents the neutron count in the jth energy interval of the neutron energy
spectrum after the kth iteration, with j and j' being the energy interval indices.
k stands for the iteration number. R,; is the response matrix coupling the ith
pulse height interval to the jth energy interval, and WZE is a weight factor.

For the iterative algorithm adopted in this paper, the stopping conditions are
set as follows. The iterative index J* needs to be made small enough (for
instance, less than 0.1 or 0.01; the actual value is related to the experimental
data). Meanwhile, the number of iterations k is required to be no more than
300, since a large k can easily result in over-fitting. The iterative index J* is
expressed by the equation below [?]:

b 2
Jk — 2 <Ni — Zj Rij‘bj)
Zi Zj R”QS?

where qbé? denotes the full neutron energy spectrum after the kth iteration.

It is quite apparent that, based on Equations (2) to (4), provided that the
response matrix and the pulse amplitude spectrum are known, the neutron
energy spectrum ¢ can be retrieved via spectrum unfolding. Nevertheless, up to
the present moment, only the pulse amplitude spectrum has been experimentally
determined. Consequently, the acquisition of the response matrix stands as an
essential condition for the successful unfolding of the neutron energy spectrum.

B. Energy Calibration

The response matrix of a liquid scintillation detector to neutrons can generally
be obtained through calculation. However, prior to calculating the response
matrix, energy calibration of the detector is essential. Unlike the energy cali-
bration of commonly used gamma detectors, that of liquid scintillation detec-
tors is more intricate. This is primarily because neither full-energy peaks are
detectable when measuring neutrons and 7/X-rays with a liquid scintillation
detector. Given the impracticality of obtaining an absolutely mono-energetic
neutron beam, this paper employs 37Cs and %°Co gamma sources for the en-
ergy calibration of the liquid scintillation detector. Although full energy peaks
still do not appear in the measured gamma pulse amplitude spectrum, the Comp-
ton edges can assist us in determining the correspondence between energy and
the channel addresses of the multi-channel analyzer (MCA), thereby achieving
energy calibration, as illustrated in Fig. 5 [Figure 5: see original paper].
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Fig. 5. (Color online) The measured gamma pulse amplitude spectra for (a)
137Cs and (b) °Co gamma sources. The Compton edges can help to determine
the correspondence between energy and MCA channel.

In Fig. 5(a), the Compton edge of the 0.662 MeV gamma rays emitted by
the 137Cs gamma source can be observed. In Fig. 5(b), two Compton edges
are visible. From the low-energy to the high-energy side, these Compton edges
correspond to the 1.171 MeV and 1.332 MeV gamma rays emitted by the °Co
gamma source, respectively. The Compton edge corresponds to the maximum
energy of recoil electrons generated by Compton scattering, and its energy can
be expressed by the following equation [?]:

B = o
c m2
L4352

N

where E denotes the energy corresponding to the Compton edge, E., represents
the initial energy of the gamma rays emitted by the radioactive source, m,
stands for the rest mass of the electron, and ¢ signifies the speed of light.

After determining the energy corresponding to the Compton edge, it is also
necessary to determine the MCA channel corresponding to the Compton edge.
According to previous studies [?], the MCA channel corresponding to the Comp-
ton edge can be expressed by the following equation:

n,=n-+ 11770

where n, denotes the MCA channel corresponding to the Compton edge. If the
Compton edge is fitted using a Gaussian function, the expected value n and the
standard deviation o can be obtained (see Fig. 5).

Based on Equations (5) and (6), the energy and the corresponding MCA channel
of the Compton edge can be obtained. Subsequently, an energy calibration
curve can be plotted (as shown in Fig. 6 [Figure 6: see original paper]), thereby
accomplishing the energy calibration of the liquid scintillation detector. As can
be observed from the figure, there is an excellent linear relationship between
the energy and the MCA channel. It should be noted that the ordinate in
the figure represents the light output, measured in electron equivalent energy
(keVee), which essentially refers to the electron deposited energy.

Fig. 6. (Color online) The energy calibration curve.

C. Response Matrix Calculations

The response function of a detector is defined as the differential pulse height
distribution for incident mono-energetic radiations and is determined by the
cross-sections of photon interactions within the detector [?]. This initial re-
sponse function is broadened by multiple factors including variations in light
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generation and light collection efficiency, the statistical nature of photon pro-
duction in a scintillator, fluctuations in the number of generated electrons in
the detector, inherent detector variations, and electronic noise. Together, these
elements broaden the initial response function [?].

To accurately describe the response function in relation to the measured spec-
tra, individual and collective calculations of the physical effects that each factor
has on broadening are necessary. However, this process is highly intricate. In-
stead of computing each physical phenomenon separately, the Gaussian Energy
Broadening (GEB) treatment in MCNP offers a virtual peak broadening mech-
anism [?]. This mechanism encompasses all the broadening effects, simplifying
the complex calculation process. The peaks of the initial spectrum must be
broadened into Gaussian peak shapes with distinct full widths at half maximum
(FWHM) based on their respective energies. The FWHM can be expressed by
the following equation:

FWHM = a + bVE + cE?

where E represents the energy, with the unit of keVee. The GEB coefficients
a, b, and c are fitting parameters, the values of which need to be determined
through experiments.

Since the full-energy peak of gamma rays cannot be measured using a liquid scin-
tillation detector, and the peak corresponding to the measured Compton edge
does not follow a Gaussian distribution, the GEB parameters cannot be fitted
by obtaining the FWHM. In this paper, an alternative method is adopted to
obtain the GEB parameters. First, the gamma energy spectra of 137Cs and %°Co
before broadening are calculated based on the Geant4 code [?]. Then, the GEB
parameters are scanned within a certain range. For each set of GEB param-
eters, the broadened gamma energy spectrum is calculated, and the standard
deviation between the calculated spectrum and the normalized experimental
spectrum is determined. Finally, the set of GEB parameters that yields the
minimum standard deviation between the calculated and experimental spectra
is selected. The method determines the GEB parameters as follows: a = 21.6,
b =0.114, ¢ = 0.36. Fig. 7 [Figure 7: see original paper| presents the compar-
ison diagrams between the experimental y-ray spectra of '37Cs and %°Co and
the corresponding v-ray spectra simulated by Geant4.

Fig. 7. (Color online) Comparison diagrams of the experimental -ray spectra
of 137Cs and %°Co with the ~-ray spectra simulated by Geant4.

As can be observed from Fig. 7, apart from a slight deviation between the
Geant4 simulated ~-ray spectrum and the experimental y-ray spectrum at the
low energy part, the two spectra exhibit a high degree of overall agreement. This
indicates that the Geant4 simulated 7-ray spectrum broadened using the GEB
parameters provided in this paper can accurately represent the response function
of the liquid scintillation detector to «-rays. At the low energy part of the y-ray
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spectrum, the deviation between the Geant4 simulated «-ray spectrum and the
experimental y-ray spectrum is presumably due to the fact that electronic noise
and background +y radiation were not taken into account in the simulation.

Although the calculation of the response function of the liquid scintillation detec-
tor to v-rays has been achieved, the response of the liquid scintillation detector
to neutrons is not entirely the same as that to y-rays. Therefore, it is necessary
for us to conduct research on the detector’ s response to neutrons. The main
difference between the responses of the liquid scintillation detector to neutrons
and ~-rays lies in the fact that neutrons generate fluorescence in the scintillator
through recoil protons, while y-rays emit fluorescence via recoil electrons. More-
over, recoil protons and recoil electrons of the same energy induce different light
outputs. The semi-empirical formula for calculating the light output of recoil
protons in the scintillator is presented as follows [?]:

L(E,) = AE, — B[1— e °F/]

where the light output L(Ep) is expressed in electron equivalent units. E,
represents the proton energy, and A, B, C, and D are the fitted parameters.
For the 2-inch EJ-309 liquid scintillation detector, A = 0.62, B = 1.3, C = 0.39,

D =0.97 [2].

After incorporating Equation (8) into the Geant4 simulation, it becomes possible
to calculate the response function of the liquid scintillator to neutrons. To verify
the accuracy of the response function calculations, we measured the energy
spectrum of the Am-Be neutron source in Sichuan University [?] using the liquid
scintillation detector. Subsequently, we carried out calculations with Geant4
code based on the experimental conditions, thereby obtaining the simulated
energy spectrum of the Am-Be neutron source. The comparison between the
experimental and simulated spectra is presented in Fig. 8 [Figure 8: see original
paper].

Fig. 8. (Color online) Comparison diagrams of the experimental neutron
spectrum of the Am-Be neutron source with the neutron spectrum simulated by
Geant4.

As shown in Fig. 8, there is a good agreement between the experimental neutron
spectrum and the simulated neutron spectrum. The experimental data are only
capable of measuring the energy range presented in the figure. This result
validates the feasibility of using Geant4 code to accurately calculate the response
matrix of the liquid scintillation detector to neutrons.

To obtain the response matrix of the liquid scintillation neutron spectrometer
for fusion neutrons on the HL-3 tokamak, a simplified model was developed
using Geant4 for the application scenario of this spectrometer. Since the liquid
scintillation neutron spectrometer developed for HL-3 is primarily used to mea-
sure the energy spectrum of D-D fusion neutrons (about 2.45 MeV), in principle,
it is only necessary to cover neutrons within the energy range of 2 - 3 MeV. The
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neutron emission profile is regarded as an elliptical profile, and Gaussian distri-
bution sampling is required in both the radial and vertical directions [?]. The
geometric dimensions considered in the Geant4 simulation are similar to those
of HL-3, but the model only includes a simplified vacuum vessel and the first
wall. The response matrix of the liquid scintillation neutron spectrometer to
neutrons calculated by Geant4 is shown in Fig. 9 [Figure 9: see original paper].

Fig. 9. (Color online) The response matrix of the liquid scintillation neutron
spectrometer to neutrons calculated by Geant4.

D. Spectrum Unfolding and Verification

Currently, the response matrix and the neutron pulse amplitude spectrum have
been obtained, so the spectrum can be unfolded using the GRAVEL method
described in Section IIT A. To verify the correctness of the spectrum unfolding
method, we define three cases of D-D neutron spectra here.

Case 1: The peak energy p; = 2.3 MeV and the ion temperature T;; = 4 keV.
Case 2: The peak energy o = 2.45 MeV and the ion temperature 7T}, = 2 keV.
Case 3: The peak energy p; = 2.6 MeV and the ion temperature 7,3 = 1 keV.

In a plasma, the Doppler shift phenomenon may occur in the neutron energy
spectrum, and this phenomenon has been observed in magnetically confined
fusion devices [?]. Therefore, setting different peak energies here is to consider
whether the Doppler-shifted neutron energy spectra can be unfolded correctly.
Different ion temperatures in the plasma will lead to different broadenings of the
neutron energy spectrum. Different ion temperatures are set to verify whether
neutron energy spectra with different broadenings can be correctly unfolded.

In a thermonuclear fusion plasma in thermal equilibrium, the ion velocities
follow a Maxwellian distribution, and the neutron energy spectrum generated
by the fusion of fuel ions follows a Gaussian distribution, and its FWHM in keV
is shown in the following equations [?]:

FWHM ,, = 82.541/T; (keV)

FWHM ;= 177.3v/T, (keV)

where FWHM 5 refers to the full width at half maximum of the D-D fusion
neutron energy spectrum, FWHM - refers to the full width at half maximum
of the D-T fusion neutron energy spectrum, and 7;(keV) represents the ion
temperature with the unit of keV.

According to Equation (9), the FWHM of the D-D neutron energy spectrum
for each case can be obtained. For case 1, the FWHM of its neutron energy
spectrum is 165 keV. For case 2, the FWHM of its neutron energy spectrum is
117 keV. For case 3, the FWHM of its neutron energy spectrum is 85 keV.
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In the Geant4 simulation, initial neutron energy spectra with Gaussian dis-
tributions are respectively set for the above three cases. Then, the response
functions of the liquid scintillation neutron spectrometer to neutrons under the
three cases are calculated separately, which are the simulated neutron pulse
amplitude spectra. Combining with the response matrix (as shown in Fig. 9),
the GRAVEL method can be used to unfold the neutron energy spectrum. The
unfolding neutron energy spectra are compared with the initially set simulation
neutron energy spectra in the three cases, and the results are presented in Fig.
10 [Figure 10: see original paper].

Fig. 10. (Color online) Comparisons between unfolding neutron energy spectra
and simulation neutron energy spectra.

Fig. 10 illustrates three neutron peaks conforming to Gaussian distributions.
In the order from left to right, they respectively correspond to case 1, case 2,
and case 3. Each of these neutron peaks demonstrates unique peak energies
and peak widths. Notably, for each individual neutron peak, a remarkable
agreement can be observed between the simulation neutron spectrum and the
spectrum retrieved via the unfolding procedure.

To further evaluate the performance of the spectrum unfolding, we conducted a
comparison between the simulation pulse amplitude spectra and the unfolding
pulse amplitude spectra for the three cases. The results are presented in Fig.
11 [Figure 11: see original paper].

Fig. 11. (Color online) Comparisons between unfolding neutron pulse ampli-
tude spectra and simulation neutron pulse amplitude spectra.

It can be clearly observed from Fig. 11 that the pulse amplitude spectra under
the three cases have distinct maximum MCA channels. This indicates that the
neutron energy spectra in the three cases possess different energy levels. Specif-
ically, the maximum energy of case 1 is the lowest among the three, followed
by that of case 2, and the maximum energy of case 3 is the highest, which is in
accordance with the peak energies of the three cases. Moreover, it is visually ev-
ident that the unfolding pulse amplitude spectra are in good overall agreement
with the simulation pulse amplitude spectra.

IV. EXPERIMENTAL DATA ANALYSES

Since Fig. 10 and 11 have validated the correctness of the spectrum unfolding
method from the perspectives of the neutron energy spectrum and the neutron
pulse amplitude spectrum respectively, the next step is to apply this spectrum
unfolding method to conduct a spectrum unfolding study on the neutron pulse
amplitude spectra measured in the experiment shown in Section II C. For the
very first time, this section is set to reveal the measurement findings of the time-
dependent evolution of the neutron energy spectrum obtained from the HL-3
tokamak.

Fig. 12 presents the results of unfolding the neutron pulse amplitude spectra
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measured by the liquid scintillation neutron spectrometer for shots #6002 and
#6003 in the HL-3 tokamak using the GRAVEL method. Moreover, it visually
demonstrates the unfolding effect from the perspective of the pulse amplitude
spectra. Specifically, Fig. 12(a) depicts the neutron energy spectra obtained
by unfolding the neutron pulse amplitude spectra of shot #6002. Fig. 12(b),
corresponding to Fig. 12(a), shows the neutron pulse amplitude spectra, which
clearly reveal the unfolding effect. Similarly, Fig. 12(c) shows the neutron
energy spectra derived from the neutron pulse amplitude spectra of shot #6003.
Fig. 12(d), corresponding to Fig. 12(c), presents the neutron pulse amplitude
spectra, effectively demonstrating the unfolding outcome. As can be seen from
Fig. 12(b) and (d), the spectrum unfolding effects in Fig. 12(a) and (c) are quite
good. This is because the pulse amplitude spectra obtained through unfolding
are highly consistent with the experimentally measured pulse amplitude spectra.
The relatively obvious discrepancies only occur at the low energy end (see the
yellow area in the figures). This discrepancy is predominantly attributed to
electronic noise, low energy scattered neutrons, and inaccurately identified
signals.

Fig. 12. (Color online) Time evolution of the unfolding neutron spectrum
normalized to the same NBI power for (a) shot #6002 and (c) shot #6003, and
the actual unfolding effect for (b) shot #6002 and (d) shot #6003 from the
perspective of neutron pulse amplitude spectra.

From the shape of the neutron spectrum in Fig. 12(a), the neutron energy spec-
tra in two different time periods both exhibit a peaked distribution. However,
the shape of the spectra, especially the blue neutron spectrum, deviates from
the Gaussian distribution. This phenomenon is quite understandable because
in the NBI plasma, the ion velocity distribution has already deviated from the
Maxwellian distribution. The low energy ends of the two neutron spectra are
significantly elevated compared to the high energy ends. The reasons for this re-
sult mainly include two aspects: The environment where the detector is located
is filled with a large number of scattered neutrons with relatively low energy;
Under high count rate conditions, the liquid scintillation neutron spectrometer
cannot completely distinguish the low amplitude n/+ pulse signals (see Fig. 3).

In addition, the peak energy of the blue neutron spectrum is approximately 2.35
MeV, which deviates by 0.1 MeV from the typical energy of D-D fusion neutrons,
2.45 MeV. The likely reason for this result is that the anisotropy of the fast ion
velocity distribution becomes prominent, leading to a significant increase in the
Doppler-shift component. In terms of the measurement time, the measurement
time for both neutron spectra is 300 ms, which means that the time resolution
of the liquid scintillation neutron spectrometer can reach 300 ms. Moreover, the
neutron flux during the time corresponding to the red neutron spectrum in Fig.
12(a) is higher than that during the time corresponding to the blue neutron
spectrum (see Fig. 2). And during the time corresponding to the blue neutron
spectrum, the anisotropic component of fast ions increases. This phenomenon
may indicate that the anisotropy of fast ions is detrimental to the confinement
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characteristics of fast ions.

As depicted in Fig. 12(c), three neutron energy spectra, each measured within
a 100 ms time span, are presented. This vividly demonstrates that the liquid
scintillation neutron spectrometer installed on the HL-3 tokamak has success-
fully accomplished neutron energy spectrum measurements with a remarkable
time resolution of 100 ms. In the realm of plasma physics, plasma disruption
represents a crucial research frontier. The successful realization of 100 ms time-
resolved neutron energy spectrum measurements has opened up new possibilities
for the HL-3 tokamak to explore plasma disruption from the vantage point of
the evolution of the ion velocity distribution. A close examination of the three
spectra in Fig. 12(c) reveals that they bear a strong resemblance in terms of
shape. Despite a subtle tendency of the peak energy to shift towards the lower
energy range, this trend is rather inconspicuous. This implies that the fast ion
velocity distribution within this NBI plasma remains relatively stable without
any distinct alterations. Nevertheless, it should be noted that to comprehen-
sively investigate the changes in the fast ion velocity distribution prior to the
moment that plasma disruption occurs, a more extensive dataset regarding the
evolution of the neutron energy spectrum is indispensable.

According to the measurement results of the charge exchange recombination
spectroscopy (CXRS) diagnostics, the core ion temperatures of shots #6002
and #6003 are approximately 1 keV. In a thermally equilibrated plasma, the
FWHM of the neutron energy spectrum is approximately 82 keV. The FWHM
of the neutron energy spectrum shown in Fig. 12(a) is approximately 0.4 MeV,
and that shown in Fig. 12(c) is approximately 0.35 MeV. This FWHM is signif-
icantly several times wider than that of the neutron energy spectrum generated
by a thermally equilibrated plasma. There are two possible reasons for this re-
sult: Firstly, a large number of fast ions exist in the NBI plasma, causing the ion
velocity distribution to deviate significantly from the Maxwellian distribution,
which leads to a larger width. Secondly, the liquid scintillation neutron spec-
trometer is not equipped with a neutron collimator, allowing neutrons generated
throughout the entire plasma to enter the detector and be counted in the energy
spectrum. Since the neutron energy spectra generated at different spatial posi-
tions have different degrees of Doppler shift, the width of the neutron spectrum
increases significantly. In addition, it can be seen that shot #6002 has a wider
neutron energy spectrum than shot #6003. This is due to the differences in the
fast ion velocity distributions between the two shots caused by different plasma
parameters (see n, and 7, in Fig. 2) and MHD activities (see Fig. 13 [Figure
13: see original paper]).

Fig. 13. (Color online) Frequency spectra of magnetic probe signals for shots
(a) #6002 and (b) #6003. The MHD activity in shot #6002 is dominated by
a sawtooth instability at approximately 40 Hz, whereas shot #6003 exhibits a
dominant 1/1 mode whose frequency increases over time.

From Fig. 13(a), it can be observed that the plasma in shot #6002 predom-
inantly exhibits significant sawtooth instability. Fig. 13(b) reveals that the
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plasma in shot #6003 is characterized by multiple MHD instabilities, among
which the 1/1 mode dominates with its frequency gradually increasing over
time.

V. SUMMARY

To study the time evolution of the fast ion velocity distribution in the plasma,
the HL-3 tokamak has recently developed a neutron spectrometer based on a
liquid scintillation detector. The liquid scintillation detector has excellent n/~
discrimination capabilities, enabling it to be used for measuring the neutron
pulse height spectrum with a certain time resolution in the fusion neutron field.

First, this paper verified the outstanding n/~ discrimination performance of the
liquid scintillation neutron spectrometer by comparing it with the neutron flux
measurement system based on a fission chamber in measuring the neutron flux
evolution curve. Then, the liquid scintillation neutron spectrometer was used
to measure the neutron pulse height spectrum with a certain time resolution
(on the order of hundreds of milliseconds) on the HL-3 tokamak. Next, a com-
plete GRAVEL spectrum unfolding method (including the spectrum unfolding
algorithm, energy calibration of the liquid scintillation detector, Geant4 simula-
tions of the response matrix, and verification of the spectrum unfolding results,
etc.) was studied. Finally, the measured neutron pulse height spectra were
successfully converted into neutron energy spectra, and the time evolution of
the neutron energy spectrum obtained was analyzed.

The best time resolution of the neutron energy spectrum obtained is 100 ms.
This time resolution means that the HL-3 tokamak has, for the first time, the
ability to experimentally study the time evolution of the fast ion velocity dis-
tribution. The successful realization of 100 ms time-resolved neutron energy
spectrum measurements has opened up new possibilities for the HL-3 tokamak
to explore plasma disruption from the vantage point of the evolution of the ion
velocity distribution.
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