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Abstract A real-time double-ring neutron time-of-flight

(TOFII) spectrometer system has been proposed to achieve

plasma diagnosis on HL-2M tokamak with a relatively high

count rate and sufficient energy resolution. The TOFII

system is in its development stage, and this work describes

its characteristics in terms of design principle, system

structure, electronic system design, preliminary tests, and

neutron transport simulation. The preliminary test results

illustrate that the TOFII system can demonstrate the real-

time dynamic spectrum every 10 ms. The results also show

that based on the support vector machine method, the n–c
discrimination algorithm achieves the discrimination

accuracy of 99.1% with a figure of merit of 1.30, and the

intrinsic timing resolution of the system is within 0.3%.

The simulated flight time spectrums from 1 to 5 MeV are

obtained through the Monte Carlo tool Geant4, which also

provide the reasonable results. The TOFII system will then

be calibrated on mono-energetic neutron sources for further

verification.

Keywords Time-of-light � Neutron spectrometer �
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1 Introduction

The neutron measurements and diagnostics are essential

and reliable around many fusion devices, for their capa-

bility of carrying parameters about the condition of plasma

in the deuterium–deuterium (D–D) and deuterium–tritium

(D–T) fusion reactions. The detailed information regarding

the intensity and motional state of the fuel ions, tritons, and

deuterons could be obtained from the neutron emission

spectroscopy (NES) [1]. The time-of-flight (TOF) tech-

nique has been utilized for years in many tokamak facilities

worldwide, such as JT-60U [2], JET [3], and CERN [4], as

a means to achieve the high count rate and sufficient energy

resolution of NES diagnosis of D–D reaction [5, 6]. The

HL-2M [7–9], which is the modification of the first large

controlled fusion experimental device in China (HL-2A)

[10–12], is expected to be stable and flexible in experi-

ments of high-performance plasma physics, techniques,

and engineering toward ITER and fusion reactor [7].

Therefore, a novel TOFII spectrometer is proposed to

achieve advanced 2.45 MeV NES diagnostics at HL-2M.

The TOF spectrometer [13, 14] is based on the neutron

elastic scattering inside the plastic scintillators, and Fig. 1

illustrates the principle of the TOF technique. A fraction of

the collimated incident neutrons (n) is scattered in the S1

plastic scintillator detector. As a result of this, recoil pro-

tons (pr) and scattered neutrons (ns) are produced from the

elastic scattering between the incident neutrons and the

hydrogen nuclei (pH) in S1: n ? pH ? ns ? pr. After the

flight path of L, a fraction of the scattered neutrons is
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recorded in the S2 plastic scintillator detector similar to the

scattering in S1. Consequently, an incident neutron is

successively recorded by a pair of signals produced in S1

and S2 detectors. The middle points in the mid-planes of

S1 and S2 detectors are placed tangentially on a constant

TOF sphere with a radius of R, and the scattering angle of

neutrons reacted in S1 is h. Based on the neutron elastic

scattering in S1 and the geometrical structure of the TOF

sphere in Fig. 1, the scattered neutron energy ES, the flight

path of L, and the flight time tf of the scattered neutrons are

specified in Eqs. (1)–(3) [14, 15]:

ES¼En � cos2 h; ð1Þ
L ¼ 2R � cos h; ð2Þ

tf ¼ 2R
m

2En

� �1=2

; ð3Þ

where En is the energy of incident neutrons and m is the

neutron mass. As shown in Eq. (3), for a constant TOF

sphere, the flight time tf is independent of the scattering

angle h and is only influenced by the incident neutron

energy En. Therefore, with the precise measurement of tf,

the incident neutron energy spectrum can be derived from

the measured tf spectrum. As long as the neutron is single

scattered by hydrogen in S1 and is recorded in S2 by its

first scattering [5], the relationship between En and tf
remains the same.

In this work, a novel real-time TOFII spectrometer is

proposed and described to achieve NES diagnosis of D–D

reaction on HL-2M with a high count rate and sufficient

energy resolution. The overall design of the TOFII, the

implementation, and the preliminary test results of the

spectrometer are all introduced. The neutron transportation

simulation of the TOFII spectrometer has been performed

with Geant4 [16], and the simulation provides positive

results to the design of the TOFII system.

2 Overall design of the TOFII spectrometer
system

The traditional design of the TOF spectrometer as

shown in Fig. 1 has been performed on fusion devices for

years [1, 2]. However, increasing the length of S2 to

improve the number of detected neutrons can degrade the

resolution of the tf spectrum. As a result, the requirements

on efficiency and energy resolution of the TOF spectrom-

eter conflict against each other [1]. In order to balance the

contradictory requirements of the efficiency and energy

resolution, the TOFII spectrometer is proposed for NES

diagnosis of the D–D reaction on HL-2M. Figure 2

demonstrates the structure of the TOFII techniques. Com-

pared with the traditional TOF design in Fig. 1, distinct

improvements of the S2 detectors can be found in TOFII.

Instead of utilizing a long S2 detector for high efficiency,

the S2 in the TOFII spectrometer is split into two rings of

shorter plastic scintillators (S2a and S2b in Fig. 2) tan-

gential to the TOF sphere (radius R = 1000 mm). This

change of S2 decreases the deviation between the S2 and

the sphere, which leads to higher resolution. Then, the S2a
and S2b detectors are both tilted away from the TOF sphere

(angle a in Fig. 2) to improve the time uncertainty caused

Fig. 1 Schematics of the TOF technique. The S1 and S2 scintillators

are placed tangentially on a constant TOF sphere with center O

Fig. 2 The structure of the TOFII techniques. The h, ha, and hb are

the scattering angles of the incident neutron; a is the tilting angle to

middle points of the S2a and S2b detectors
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by the different light propagation time in S2a and S2b
[1, 3].

The detailed information of TOFII is described here.

The S1 consists of five layers of thin plastic scintillators,

and each is equipped with two photomultiplier (PM) tubes.

The above structure of S1 has considered the following

three main reasons. Firstly, the S1 needs to be thick enough

to ensure high neutron scattering rates [3]. Secondly, the

PM tubes must be prevented from running into saturation

with high event rates [1]. Thirdly, the time resolution of the

photon signals in single plastic scintillator tends to perform

poorly with the increase in the scintillator thickness [17].

Each layer of the S1 detector is a circular cylinder scin-

tillator (model EJ-299-33, Eljen Technology) with a

diameter of 50 mm and thickness of 6 mm. The scintillator

is bonded to a polymethyl methacrylate (PMMA) light

guide via silicone optical grease (model EJ-550, Eljen

Technology), and it is then connected to two PM tubes

(model R1828-01, Hamamatsu Photonics). The S2a and

S2b consist of two rings of eighty trapezoidal scintillators

(model EJ-200, Eljen Technology). Each scintillator is

attached with a fish tail shape PMMA light guide and a PM

tube. Table 1 summarizes the dimensions of the S2 scin-

tillators in Fig. 2. Based on the dimensions of the S1 and

S2 scintillator array, the scattering angle range for single

S2 ring is ± 4� in TOFII, and this range is ± 7� in the

traditional single ring TOFOR [5]. Consequently, the

TOFII not only provides a higher geometrical energy res-

olution of 3.3% (2.45 MeV) than the single ring TOF

design [1], but also has 1.19 times S2 detection area [1].

Each PM tube in the TOFII is fixed in a magnetically

shielded soft-iron pipe, and the surfaces of all the scintil-

lators and light guides are wrapped in aluminum foil and

black vinyl for light tightness [1]. Figure 3 demonstrates

the 3D representation of the scintillator array of the TOFII

spectrometer.

The TOFII spectrometer system consists of several dif-

ferent parts, including the S1 and S2 scintillator array and

four front-end electronics signal conditioning modules. It

also has a data acquisition and processing (DAQ) board

based on field-programmable gate array (FPGA) and PXI

bus [18], as well as the software system on a host com-

puter. Figure 4 illustrates the structure of the TOFII sys-

tem. The collimated neutrons are first detected by the S1

and S2 scintillator array; the S1 and S2 signals from the

PM tubes are sent to the ten-channel (S1) and thirty-

channel (S2) front-end electronics signal conditioning

modules for preprocessing. Then, the processed signals are

collected by the DAQ board to achieve the neutron–gamma

(n–c) discrimination and the tf spectrum and pulse height

spectrum calculation. Finally, the calculated spectra are

uploaded to the software system for real-time display. After

laboratory tests utilizing the programmable pulse generator

(model AFG3251, Tektronix) and 241Am–Be source, the

TOFII system can refresh the dynamic spectrum every

10 ms, and its count rate limit is 1 MHz. The scintillator

array and its support frame are located inside a shield of

polyethylene and lead. The shield also includes a cylin-

drical collimator with a length of 1.8 m and diameter of

50 mm. This is done as a means to avoid background

neutrons in the experiment hall having influences on the tf
spectrum and provide collimated incident neutrons to the

S1 scintillators.

3 System implementation

3.1 Front-end electronics signal conditioning

modules

Considering the finite area of the DAQ board, the front-

end electronics signal conditioning modules are proposed

Table 1 Dimensions of S2 trapezoidal scintillators in TOFII given as top width (w1), base width (w2), length, thickness, range of scattering

angles (ha and hb), and tilting angle (a)

w1 (mm) w2 (mm) Length (mm) Thickness (mm) ha hb a

70 100 280 17 22�–30� 30�–38� 3�

Fig. 3 (Color online) 3D model of the S1 and S2 scintillator array of

TOFII spectrometer at HL-2M. The S1 and S2 scintillators are placed

on the same constant TOF sphere based on Fig. 2
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to preprocess the analog signals from the PM tubes of the

S1 and S2 scintillator array. The signal preprocessing

includes impedance matching, analog-to-digital converter

(ADC) driving, and amplitude discrimination. Figure 5

demonstrates the structure of the conditioning modules,

meanwhile the S1 and S2 signal preprocessing procedures

are described here. First, the output signal of each PM tube

attached to the five layers of S1 requires a 50 X resistance

for impedance matching in order to avoid signal reflection.

Then, the ten-channel S1 signals are summed [1] and split

into two, one is sent to the ADC driving circuit to satisfy

the differential input requirement of ADC in the DAQ

board, the other is sent to the high-speed comparator to

accomplish signal amplitude discrimination. Moreover, the

low-voltage differential signaling (LVDS) output of the

comparator is sent to the high-performance time-to-digital

converter (HPTDC) in the DAQ board for time measure-

ment. In the meantime, the eighty S2 output signals are fed

into three, thirty-channel S2 conditioning modules, and

each channel signal is processed separately. Similar to the

S1 conditioning module, the signal in each S2 channel is

conditioned through impedance matching and amplitude

adjustment. This is achieved by using a 50 X resistance and

an amplifier, respectively. The output of the amplifier is fed

into the high-speed comparator for amplitude discrimina-

tion and further time measurement. The threshold values

used in the comparators are determined by the software and

sent to the front-end modules through the DAQ board.

Notably, the output signals of the conditioning modules are

sent to the DAQ board through 68-pin SCSI cables, to

minimize crosstalk during the signal transmission.

3.2 Data acquisition and processing board

The DAQ board is designed as a standard PXI-6U

peripheral equipment, consisting of the waveform digiti-

zation module, the time measurement module, the clock

distribution module, the FPGA core processing unit, the

Fig. 4 Schematic diagram of the TOFII system structure

Fig. 5 Structure of the front-end signal conditioning modules and the DAQ board for TOFII. The dashed frames on the left side illustrate the S1

and S2 front-end signal conditioning modules. The dashed frame on the right side describes the DAQ board
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bus interface module, and the threshold control module.

Figure 5 illustrates the structure of the DAQ board. The S1

signal from the ADC driver in the front-end conditioning

module is fed into the ADC for sampling to obtain the

digital pulse information. Meanwhile, the S1 and S2 sig-

nals from the comparators are fed into three high HPTDC

[19] to obtain the digital flight time information. Then, the

digital information of pulse and flight time is sent to the

FPGA to achieve the n–c discrimination, pulse height

spectrum measurement, and tf spectrum measurement. In

order to provide the analog threshold value to the com-

parators, the threshold signal from the FPGA is converted

by the digital-to-analog converter (DAC) and sent to the

front-end modules. The clock distribution for ADC is

accomplished by using the AD9520 clock generator, and

the clock for three HPTDC is provided by the SY89847

fan-out chip. All of the data communication between the

DAQ board and the host computer is achieved through the

PXI bus.

3.3 FPGA processing

In terms of the core processing unit, we choose the high-

performance FPGA (Xilinx Kintex-7) to fulfill the real-

time algorithm, the system control, and the data commu-

nication with the host computer [20] due to its flexible

programming, real-time parallel, and pipeline process

capabilities [6, 20]. Figure 6 depicts the data flow and the

data processing procedure in the FPGA. The measured

result of HPTDC is read out to obtain the tf value, and the

ADC output is fed into the n–c discrimination algorithm to

distinguish the particle. Then, the tf value will be used to

construct the spectrum if it is the flight time of neutron.

Meanwhile, the n–c discrimination algorithm also provides

the neutron counts in the selected time. Based on the ADC

output data, the pulse height spectrum is calculated to

illustrate the recoil energy and to ensure the wanted events

are detected during the measurement process [1]. For the

convenience of testing and operation, the scope mode is

designed to display the real-time pulse waveform using the

ADC sampling data. The results of neutron counts, tf
spectrum, pulse height spectrum, and scope mode wave-

form are collected and uploaded to the host computer

through the PXI bus. Taking the time cost of the algorithm

into account, the host computer is able to update the real-

time spectrum every 10 ms, which has real-time charac-

teristics compared with reconstructing the spectrum post-

discharge [21]. The entire system is controlled by the

external trigger pulse uploaded through the PXI bus.

Considering the intense gamma background in the HL-

2M experiment hall [6], the EJ-299-33 plastic scintillator

with excellent pulse-shape discrimination (PSD) capability

Fig. 6 Schematic diagram of the data flow and data processing procedure in the FPGA and host computer

Fig. 7 Setup for the cable delay test to determine the intrinsic timing error
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[22, 23] is chosen for the TOFII system for n–c discrimi-

nation. Instead of implementing the discrimination in

software for post-processing or using the common pulse

gradient analysis (PGA) algorithm [24, 25], we proposed

the novel n–c discriminate algorithm based on the SVM

method [26–28]. This is utilized as a means to achieve the

ultra-low delay and high accuracy of the real-time dis-

crimination. Our previous experiment results of the SVM

algorithm obtained by using the 241Am–Be source [6]

demonstrates that the SVM method achieves discrimina-

tion accuracy of 99.1% with a FOM of 1.30, while the

accuracy of the traditional PGA method is 92.1%. Mean-

while, the real-time pipeline process feature of the FPGA

assures 250 million classifications per second, which is

faster than most existing classifiers [6].

Fig. 8 Timing error measured by using input pulse signals with the

different heights from 1 to 2 V in step of 100 mV

Table 2 Physical models

selected for neutron

transportation in Geant4

simulation for TOFII

Physical process Energy range Physical model

Elastic scattering \ 4 eV G4NeutronHPThermalScattering

4 eV–20 MeV G4NeutronHPElastic

[ 20 MeV G4HadronElasticCHIPS

Inelastic scattering \ 20 MeV G4NeutronHPInelastic

[ 20 MeV G4BinaryCascade

Neutron capture \ 20 MeV G4NeutronHPCapture

[ 20 MeV G4NeutronRedCapture

Neutron fission \ 20 MeV G4NeutronHPFission

[ 20 MeV G4LFission

Fig. 9 (Color online)

Simulated TOFII tf spectrum

responses. The tf spectrum is

considered as a function of the

neutron energy in the range

1–5 MeV
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The intrinsic timing error is a significant indicator of the

TOFII spectrometer, which directly influences the resolu-

tion of the tf spectrum. Therefore, the cable delay test has

been used to determine the timing error [29]. As demon-

strated in Fig. 7, the signal source is fanned into two

channels of the S1 and S2 front-end signal conditioning

modules, and the fixed delay line between these two

channels is 5 m. As for the fixed time delay caused by the

delay line, the standard deviation of the distribution of the

measured time provides the intrinsic timing error of the

system. By adjusting the input pulse signal height from 1 to

2 V in step of 100 mV (which is the pulse height range of

the PM tubes), the measured timing error (RMS) [30]

ranges from 135 ps to 122 ps, which results in a contri-

bution of 0.3% to the resolution of the tf spectrum. Figure 8

illustrates the timing error of the different input signal

heights.

4 Simulation of the flight time spectrum

As the HL-2M is still under construction in the South-

western Institution of Physics [9], the Monte Carlo tool

Geant4 is utilized to simulate and evaluate the TOFII

performance. The Geant4 version 10.00.p01 provides a

flexible combination of various physics models to assigned

particles. The models and particles are defined by the user

to describe the physical processes of the particle in the

interested material. Table 2 lists the physical models cho-

sen in this work [31]. The neutron transport models change

distinctly at 20 MeV, and the G4NeutronHP package pro-

vides high-precision models based on ENDF/B-VI library

for neutrons below 20 MeV [32]. The TOFII geometrical

structure is established according to Fig. 3, and the

dimensions of S1 and S2 scintillator array are implemented

within the simulation according to the description in

Sect. 2. The density and H/C atomic ratio of S1 scintillator

are 1.096 g/cm3 and 0.927:1, respectively, and S2 scintil-

lator results are 1.023 g/cm3 and 1.102:1. Finally, we allow

a mono-energetic uniform parallel neutron beam to collide

with the S1 scintillator along its central axis in the energy

range 1–5 MeV in step length of 50 keV, and Fig. 9 pro-

vides the tf spectrum responses.

Asobserved inFig. 9, the tf spectrumpeakvalues gradually

decrease as the incident neutron energy increases, which

agrees with Eq. (3). This pure geometrical response of TOFII

to incident neutrons of different energies in Fig. 9 provides us

with important information about the future tf spectrum. In

order to describe the spectrum information clearly, Fig. 10

shows the simulated tf spectrum of 2.45 MeV neutrons in

Fig. 9. Firstly, the broadening of the tf peak is caused by the

deviation between the S2 scintillators and the sphere of the

TOFII spectrometer. Secondly, the spectrums have tails on

both sides of the tf peak [5], because of the neutron multiple

scattering in the scintillators [21]. Thirdly, the neutron counts

of the tf spectrums in Fig. 9 tend to decline with the incident

Fig. 10 Simulated TOFII tf
spectrum for 2.45 MeV

neutrons. The dashed line shows

the peak value
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neutron energy increases. This is due to the higher interaction

cross section in the scintillators at lower neutron energies [1].

It is observed from Fig. 10 that the tf peak value of 2.45 MeV

neutron is around 92 ns, which is in accordancewith the 65 ns

flight time of the D–D neutron at JET after taking the differ-

ence of the TOF sphere radius into account (the radius of the

TOF sphere at JET is 705 mm) [5]. The distribution of the tf
spectrums and the structure of the 2.45 MeV tf spectrum are

both similar to that of other TOF spectrometer in the published

literature [1, 5]. The preliminary simulation results prove the

practicability of the TOFII design, and the performance of

TOFII should be further validated onmono-energetic neutron

sources and the future built HL-2M.

5 Conclusion

The TOFII spectrometer system is designed to achieve

NES diagnosis of the 2.45 MeV D–D reaction at HL-2M

and has been described in terms of its system structure,

electronic system design, and Monte Carlo simulation

results. By using the double-ring scintillator array, the

TOFII is able to concurrently balance the requirements of

energy resolution and efficiency, which leads to a geo-

metrical energy resolution of 3.3%. The electronic system

of the TOFII realizes real-time data acquisition and pro-

cessing within 10 ms. Notably, the algorithm that was

implemented based on FPGA not only provides the n–c
discrimination accuracy of 99.1% with a FOM of 1.30, but

also gives an intrinsic timing error of less than 135 ps. The

neutron transport simulation conducted by using Geant4

shows the reasonable distribution of the flight time spec-

trums and presents the flight time spectrum for 2.45 MeV

neutrons with the peak value of 92 ns. The obtained results

prove that the TOFII spectrometer will be able to provide

neutron information at HL-2M, and the future work mainly

includes the calibration experiment of the TOFII by using

mono-energetic neutron sources. After the system calibra-

tion and the completion of HL-2M construction, the TOFII

spectrometer system will be used to achieve NES diagnosis

at HL-2M.
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