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Abstract

In the currently performed neutral beam (NB) -heated deuterium plasma experiments, neutrons are

mainly produced by a beam-plasma reaction. Therefore, time-resolved measurement of the neutron

emission profile can enhance the understanding of the classical and/or anomalous transport of beam

ions. To measure radial neutron emission profiles as a function of time, the vertical neutron camera

(VNC) capable of operation with a counting rate in the MHz range was newly installed on the Large

Helical Device (LHD). This is the world’s first neutron camera for stellarator/heliotron devices. The

VNC consists of a multichannel collimator, eleven fast-neutron detectors, and the digital-signal-

processing-based data acquisition system (DAQ). The multichannel collimator having little crosstalk
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was made from hematite-doped heavy concrete, which has a high shielding performance against both

neutrons and gamma-rays. A stilbene crystal coupled with a photomultiplier having high-gain-stability

in the high-count rate regime was utilized as a fast-neutron scintillation detector because it has a high

neutron-gamma discrimination capability at high count rates. The DAQ system equipped with a field

programmable logic controller was developed to obtain the waveform acquired with a 1 GHz sampling

rate and the shaping parameter of each pulse simultaneously at up to 10° cps (counts per second).

Neutron emission profiles were successfully obtained in the first deuterium campaign of LHD in 2017.

The neutron emission profile was measured in tangentially co-injected NB-heated plasma with

different magnetic axies (Rax). The neutron counts became larger in the inward-shifted configuration,

which was consistent with the total neutron rate measured by the neutron flux monitor. The radial peak

position of the line-integrated neutron profile which changed according to Rax showed that the VNC

worked successfully as designed. The VNC demonstrated the expected performance conducive to

extending energetic-particle physics studies in LHD.

Keywords: Large Helical Device, Neutron Camera, Fast-neutron Detection

I. Introduction

Neutron diagnostics have been developed because neutron measurement is one of the key methods in
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order to obtain the fusion output power directly from a fusion burning plasma.' In deuterium plasmas,

2.45 MeV neutrons are produced as a result of the d(d,n)’He reactions. The spatially-resolved

measurement of fusion neutron emission from the currently performed plasma experiment supports

the theoretical modeling of the plasma, which preindicates the plasma behavior in a fusion reactor. In

most of the currently performed neutral beam (NB) heated plasma experiments, neutrons are mainly

created by the reactions between thermal plasma and beam ions. Therefore, neutron diagnostics have

mainly been utilized to study the energetic ion behavior. The measurement of the neutron emission

profile was reported for the first time in Princeton Large Torus (PLT) using nuclear emulsions in 1978.2

The shot integrated neutron emission profile matched the theoretical model based on the Fokker-

Planck equation under the total neutron emission rate of 10'% n/s. In the 1980s, the measurement of

the time evolution of the neutron emission profile was possible using neutron cameras mainly

composed of a multichannel collimator and fast-neutron detectors because the total neutron emission

rate increased by more than a factor of four with the increase of the plasma performance.

Neutron cameras were installed and have been working since the late 1980s in large tokamaks. The

vertical neutron camera (VNC) having the right cylinder type collimator was installed in the basement

of the Tokamak Fusion Test Reactor (TFTR).>* The multichannel collimator was made of brick and

lead block stacked above the fast-neutron detectors. They used a zinc sulfide phosphor embedded in a

hydrogenous polymer matrix scintillator (NE451) operated in the current mode. The neutron camera
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indicates that the peak of the line-integrated neutron emission profile agrees with the plasma axis as

expected by transport code TRANSP.?> Horizontal and vertical neutron cameras were installed in the

Joint European Torus (JET).>® Two multichannel collimators, made from barite-doped heavy concrete

with a mass density of around 3.5 g/cm?, are placed on the upper side and the outboard side of the

plasma. The liquid scintillator (NE213) with the analogue-circuit-based pulse shape discrimination

circuit was used and recently upgraded to the FPGA-based pulse shape discrimination circuit.’

8

Tomography of the neutron emission profile is performed using both horizontal and vertical cameras.

Neutron cameras with six sight lines were installed on the outboard side of the JAERI Tokamak 60

Upgrade (JT-60U).° They used multichannel collimators made from polyethylene and lead. The

stilbene scintillator with the analogue-circuit-based pulse shape discrimination circuit was previously

used. The circuit was upgraded to the flash ADC modules.'® The energetic ion transport due to the

energetic particle mode is observed with the neutron camera'!. In middle size tokamaks, the neutron

cameras are installed in FTU'2, MAST!?, KSTAR'* !5, EAST!®, HL-2A!7, and MST'?, and are used to

understand the energetic particle transport and losses.!” In ITER, the installation of vertical and

horizontal neutron cameras is planned.?*! In helical devices and stellarators, no neutron cameras have

been installed because the neutron emission rate in previous experimental devices was too low to

measure the neutron emission profile. The deuterium operation of the LHD makes it feasible to obtain

time-resolved measurements of the neutron emission profile from the plasma because the expected
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neutron emission rate from the NB-heated deuterium LHD plasma is 10'® n/s order which is equivalent

to the neutron emission rate of the deuterium operation of large tokamaks. The plan for installation of

the VNC was initiated during the construction phase of the LHD.?? The height of the multichannel

collimator composed of polyethylene was studied by the MCNPS5 code.?® It was reported that a sharp

peak of DD neutrons can be recognized when the collimator length is set to be 1.5 m. Through the

study of the multichannel collimator design, progress was made in fast-neutron detection systems.?* A

multichannel collimator made of heavy concrete and a Stilbene scintillation detector were suggested,

however the design of a fast-neutron detection system operating with 10 cps was not completed.?

This paper describes the design and performance of the VNC stably operated with 10° cps, which is

now used regularly to measure the time evolution of the neutron emission profile during LHD

discharges.

II. Design of the vertical neutron camera

II-1 General outline

The VNC installed in the basement of the LHD torus hall sees the plasma from the lower side (Fig. 1).

The VNC mainly consists of three parts: a multichannel collimator, fast-neutron scintillation detectors,

and the digital-signal-processing-based data acquisition system. The VNC has a right cylinder

collimator type, similar to the neutron camera installed in TFTR and views the radial profile of neutron
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emission with eleven sight lines. The geometry ensures that each individual collimator channel has the

same viewing efficiency. The distance from the plasma center to the multichannel collimator front and

the fast-neutron detector are 5.5 m and 8.5 m, respectively. Eleven ICF70 ports aligned to the axis of

the collimator were installed on the lower port of LHD. The thickness of the central part of the ICF70

flange is reduced to 2 mm in order to reduce the neutron scattering.

II-2 Multichannel collimator

The multichannel collimator is installed in the LHD torus hall concrete floor with a thickness of 2000

mm (Fig. 2). The hole created in the concrete floor has a rectangular shape. The size of the bottom

opening is 1400 mm in depth (major radial direction) and 800 mm in width. The height of the

multichannel collimator was determined to be 1500 mm in order to implement sufficient shielding

ability as evaluated using the neutron transport calculation.?*>* The collimator support was made using

angle bars made of SUS304A having a height of 250 mm, a width of 100 mm and a thickness of 10

mm for fixing the vertical rib plate. The structure of the collimator support was designed based on a

structural calculation. The collimator support is fixed with an M20 adhesive anchor and the gap

between the angle bars and the floor concrete is filled by shrinkage-compensating mortar in order to

avoid water and concrete falling to the understructure. The multichannel collimator is made using the

hematite (Fe»O3)-doped heavy concrete. The mass density of heavy concrete is 3.5 g/cm?®, which is
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almost the same as the mass density of the heavy concrete used for the multichannel collimator of the

JET neutron camera. We used 210 kg of water, 380 kg of cement, 2100 kg of hematite with a particle

size of 2 mm, and 3700 kg of hematite with a particle size of 20 mm. The composition of heavy

concrete is shown in Table 1. Note that the reason for using the heavy concrete is that the heavy

concrete collimator has better performance in reducing unwanted gamma-rays compared with

collimators made of polyethylene and lead according to the Monte Carlo neutron and gamma-ray

transport calculation.?*

The collimator consists of 3 sub-sections of 500 mm high stainless steel (SUS304A) pipes embedded

in heavy concrete. The three collimator units are stacked on the collimator support, and then the gap

between collimator units and the floor concrete is filled with heavy concrete. Here, we caulked the

small gap between collimator unit and collimator support to avoid water leakage. The reason for

making three collimator units is in order to avoid the bending of relatively long stainless steel pipes

due to the high pressure from the heavy concrete. Here, the size of the collimator unit placed on the

top is slightly smaller than that of the others in order to obtain easier access to the lower region during

the concrete placing work. The total weight of the heavy concrete used for the multichannel collimator

is approximately seven tons. In addition to the heavy concrete collimator, lead with a thickness of 150

mm (30 sheets of t of 5 mm lead plate) is placed under the heavy concrete collimator in order to reduce

the unwanted gamma-ray. Note that holes with a diameter of 30 mm are made in the lead sheets along
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the sight lines to avoid the neutron scattering. The VNC has eleven sight lines whose inner diameter

is 30 mm aligned radially. A sight line is placed at each R of 3.36 m, 3.45 m, 3.54 m, 3.63 m, 3.72 m,

3.81 m, 3.90 m, 3.99 m, 4.08 m, 4.17 m, and 4.26 m. The distance between the centers of two sight

lines is 90 mm. Note that the inner diameter of the sight line can be changed to 10 mm or 20 mm using

an additional stainless steel pipe with the length of 500 mm. It should be pointed out that the relatively

short length of the additional stainless pipe is to avoid having a smaller pipe become stuck inside a

larger pipe. Fast-neutron detectors are placed at the bottom of the multichannel collimator. The support

of neutron detectors is designed to accept a supporting a weight of 500 kg. The crosstalk of the

multichannel collimator is experimentally obtained by using an intensive 2Cf neutron source. The

experimental results indicate that the crosstalk of the multichannel collimator is approximately 1 %.%¢

Figure 3 shows the sight line of the VNC together with the poloidal cross section of the plasmas having

the magnetic axis positions (Rax) of 3.60 m and 3.90 m. The figure shows that the VNC is designed to

cover of the entire plasma region and obtain the information about the plasma axis position. Here, the

sight line with R 0f 4.26 m is designed in order to obtain the background counts. The plasma visible

region through sight line is approximately a cylinder with a 88 mm diameter at the bottom of the

plasma and a 110 mm diameter at the top of the plasma for the central cord (R of 3.63 m) and the

volume of the visible region is 0.05 m®.
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II-3 Fast-neutron detection system

The block diagram of the fast-neutron detection system is illustrated in Fig. 4 (a). We choose a stilbene

scintillator directly coupled with the PMT (H11934-100-10MOD?” with a 3 m cable) having high gain

stability as a fast-neutron detector. The typical rise and transit time of the PMT are 1.3 ns and 5.8 ns,

respectively. The signal from the fast-neutron detector is directly fed into the data acquisition system.

The length of the co-axial cable (3D-FB?®) from the detector to the data acquisition system is 18 m.

The length of the cable is decided by the possible locations for installing the Fast-neutron detection

system and the effect of the cable length on signal. We evaluated the effect of the cable length on the

pulse height and width using an LED emitting green light. Here, the pulse width of the LED light is

20 ns. The data acquisition system should be placed away from the machine to prevent radiation

damage of the data acquisition system. However, the long cable causes a reduction of the signal height

and the broad signal. Therefore, the effect of the cable length on the pulse signal was investigated.

Figure 4 (b) shows the pulse height and width measured by an Oscilloscope (DPO 7104C%°, Tektronix)

as a function of the cable length. The pulse height gradually decreases and the pulse width gradually

expended with the increase of the capacitance of the cable, as expected. The pulse height decreases by

25 % at the cable length of around 50 m and the pulse width becomes 30 % wider at the cable length

of around 40 m compared with a 3 m cable (no cable extension). It is found that on the VNC the pulse

height decreases by 10 % and the pulse width becomes wider by 11 % with an 18 m cable compared
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with a 3 m cable. On the other hand, the pulse height decreases by 40 % and the pulse width becomes

wider by 50 % with a 100 m cable. The data acquisition system for the VNC is placed on the basement

level of the torus hall (cable length of 18 m) rather than in the data acquisition room located outside

of the torus hall (100 m) because 40 % smaller means that the signal to noise ratio becomes a 40 %

less and a 50 % wider signal induces a 50 % higher pile up rate. The data acquisition system

(APV8102-14MWPSAGbH?°, Techno AP) composed of the fast digitizer, a leading edge technology

field programmable logic circuit, and synchronous dynamic random access memory (SDRAM), is

developed for the LHD VNC. High voltage is applied using an externally controllable high voltage

power supply with logging function (APV33043!, Techno AP). We can obtain the information of both

applied voltage and supplied current every 1 ms to monitor the gain variation of the PMT. The

maximum voltage and current of APV3304 is 1 kV and 4 mA, respectively. In addition to the primary

high voltage module, external DC power supplies (P4K80H2, Matsusada Precision) are additionally

prepared in order to suppress the gain shift of the PMT in the high counting rate regime. The maximum

voltage, current, and power of PAK8OH are 320V, 0.5 A, and 80 W, respectively. The Ethernet outputs

of these modules are gathered to the high-speed Ethernet hub (XS712%}, NETGEAR Corp.) equipped

with an SFP+ port. The SFP+ port is connected to the data acquisition PC through a 10 Gbps network.

Because the minimum operation interval of the LHD is approximately three minutes and the maximum

stored data of the DAQ is 11 GB, the required average transfer rate of the data acquisition system is

10
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more than 500 Mbps. Therefore, we choose the 10 Gbps network for the data transfer. To acquire such

large data with high speed, we choose a relatively high performance data acquisition server equipped

with Xeon E5-2603v3 x2 CPUs, 32 GB DDR4 ECC Registered memory, Intel Ethernet SFP+, and

SSD (SSDSC2KW240H6X1) %3 RAIDO. The specification of each component in detail will be

described in the next section.

IIT Experimental system

ITI-1 Magnetic shield for fast-neutron detector

The neutron detector must work under a relatively strong magnetic field environment, however the

effect of neutron scattering due to the magnetic shield should be reduced. The goal was to design the

magnetic shield surrounding the PMT without front and back sides in order to reduce the neutron

scattering. The fast-neutron detector shown in Fig. 5 is composed of the magnetic shield, the stilbene

scintillator, and the photomultiplier. Because the photomultiplier (PMT) is sensitive to the magnetic

field, we need the magnetic shield in order to reduce the magnetic field strength to an acceptable value.

The acceptable magnetic field for the PMT used for the LHD VNC is approx. 0.05 mT. Figure 6 (a)

shows the profile of the magnetic field strength at the standard configuration of the LHD experiment

at R of 3.60 m. Here, the toroidal magnetic field strength (B;) is 3 T and Rax is 3.60 m and Z =0

corresponds to the plasma axis position. The figure shows that the magnetic field strength of the fast-

11
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neutron detector position at Z = 8 m is around 12 mT in the radial direction and 6 mT in the vertical

direction. It is notable that the toroidal magnetic field component is negligibly small compared with

the radial magnetic field component. We designed the magnetic shield with a 1 mm thickness of

Permalloy C surrounded by a 10 mm thickness of SS400 using the finite element method. The length

of the magnetic shield is 300 mm and the photomultiplier tube is located at the center of the magnetic

shield. We designed a relatively long magnetic shield so that no magnetic shield component is located

on the front and the back of the fast-neutron detector in order to avoid the scattering of fast-neutron

due to the magnetic shield. We should keep in mind that the weight of the magnetic shield is

approximately 10 kg. The performance of the magnetic shield was checked by an experiment using a

light emitted diode (LED) in the magnetic field produced by HYPER-1.>* HYPER-I is the linear high-

density plasma device which can produce a linear magnetic field up to 250 mT. The PMT surrounded

by magnetic shield was placed parallel /perpendicular to the axis of HYPER-I. An LED fixed in front

of the PMT emits a light using a function generator (WF1946, NF Corporation) with a pulse rate of

100 Hz and pulse width of 30 ns. We changed the magnetic field strength and recorded the pulse height

of the PMT signal measured by an Oscilloscope (DPO 7104C, Tektronix). The pulse height as a

function of the magnetic field strength is shown in Fig. 6 (b). Here, z is defined along the central axis

of the PMT and x and y are perpendicular to the z axis. The dependence of the pulse height as a

function of the magnetic field strength shows that the pulse height stays constant in the By and By cases,

12
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whereas the pulse height decreases from B of 0.04 T in the B, case. The design of a magnetic shield

having minimal neutron scattering effect and working in the VNC position (Br of around 12 mT and

Bz of 6 mT) was completed.

I1I-2 Gain stability of PMT in high-counting rate region

The understanding on the characteristics of the PMT in the high counting rate regime is one issue for

stable operation of the neutron measurement, especially in the neutron and gamma-ray discrimination.

In JT60-U, the gain shift of the PMT caused a disturbance on the neutron and gamma-ray

discrimination plot.*® The goal of the PMT development is no gain shift in MHz pulse rate region. The

PMT used for the fast-neutron detector of the LHD VNC has a metal channel dynode structure and

consists of twelve stages. The maximum applied high voltage and typical gain are -1000 V and 4.8x10°,

respectively. High voltage cables and 0.01 F capacitors are connected to the last three dynodes of the

PMT. Each high voltage cable is connected to an external voltage module. In the high counting rate

region, these external DC power supplies supply the current in order to sustain the high voltage in the

latter phase of the dynodes for suppressing gain variation in the high counting rate condition. The gain

stability of the PMT was checked by using two LED lights emitting green light. The experimental

setup is shown in Fig. 7(a). Two LEDs were fixed in front of the PMT placed in a dark room. One

LED called LED1 emitted a light with 100 Hz, whereas the frequency of the other LED called LED2

13
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was changed from 300 Hz to 10° Hz. We measured the pulse height of the PMT signal created by

LEDI1 light by an Oscilloscope (DPO 7104C, Tektronix). Here, the pulse height and width created by

LEDs are around 200 mV and 30 ns, respectively in the case of a high voltage of 700 V, which is

similar to the pulse height of a 2.45 MeV neutron signal of the fast-neutron detector. Figure 7 (b)

shows the pulse height created by LEDI1 as a function of the pulse rate of LED2. The pulse heights in

the case of the high voltages of 700 V and 800 V are 200 mV and 600 mV, respectively. The gain of

the PMT at 700 V and at 800 V are 4.0 X 10* and 1.5x10°, respectively. It is worth noting that the gain

shift occurred at a different pulse rate in each case. The gain shift of the PMT occurred depending on

the ratio of the signal current on the dynode current. When the signal current becomes not negligible

with respect to the dynode current, a gain shift occurred due to the decrease of the voltage between

dynodes of the PMT. The signal current of the PMT increases nonlinearly with high voltage, whereas

the dynode current increases linearly with the high voltage. Therefore, the saturation level becomes

lower in the 800 V case compared with the 700 V case because the ratio of the signal current on the

dynode current is higher. In the case of a high voltage of 700 V, without external DC power supplies,

the pulse height increases from around the pulse rate of 10° Hz and then decreases starting from 3x10°

Hz, whereas the pulse height is almost constant regardless of the pulse rate of LED2 with external DC

power supplies. In the case of a high voltage of 800 V, without external DC power supplies, the pulse

height increases at a pulse rate of LED2 of 10° Hz and then decreases monotonically with respect to

14
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the pulse rate of LED2, whereas the pulse height is almost constant irrespective of the pulse rate of

LED2 with external DC power supplies. The experimental results show that the external DC power

supplies works successfully to suppress the gain variation and the gain of the fast-neutron detector is

stable under the pulse rate of 10® Hz. The PMT suitable for the Stilbene fast-neutron detector stably

operated at a 10° pulse rate without gain variation was developed.

I11-3 Digital signal processing unit

The DAQ system (APV8102-14MWPSAGD) for the VNC is newly developed by combining a high-

speed sampling rate analog to digital converter (1 GHz sampling, 14 bits and 2 or 6 V) and a field

programmable logic circuit (Fig. 8a) in order to accept the superior performance of fast-neutron

detector operating in the 10° pulse rate regime. Figure 8 (b) is a block diagram of the DAQ board. The

signal acquired by the high speed ADC is transferred to the FPGA. The FPGA judges whether the

signal is above the threshold value. If the signal exceeds the threshold value, the time stamp is recorded

by using the constant fraction discriminator (CFD) function. Then, signal integrations Qotat and Qiong

are calculated. At the same time, the raw waveform consisting of 64 points is stored in the 1 GB

SDRAM. After the discharge, all the data is transferred to a PC through the Ethernet. Here, the data

size of each pulse is 144 Bytes. Therefore, the expected data transfer rate at the 10° cps counting rate

is ~ 1.2 Gbps per channel. Then we choose DDR2 SDRAM because of its high data transfer rate of

15
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more than 3 Gbps. The DAQ only stored meaningful pulses. The acquisition time is not limited by the

duration of the acquisition but by the number of pulses. The maximum number of pulses stored in the

board is designed to be 3x10° per channel, because of the maximum expected neutron counts on an

LHD discharge (10° cps x 3 seconds).

IV Characteristics of Fast-neutron detection system

I'V-1 Optimal t for pulse shape discrimination

Pulse shape discrimination (PSD) is performed using the expression PSD=Qiong/Qiotal. Here, Qiotal

represents integration of the signal from the beginning to the end of the stored waveform of 64 ns

length, whereas Qiong represents the integration of the signal from an arbitrary time in the middle of

the signal, tss, to the end. As shown in Fig. 9(a), neutron induced signal has a longer decay time, and

then the PSD becomes larger compared with the PSD of gamma-ray induced signal. We evaluated the

pulse shape discrimination ability using a 2>Cf neutron source in order to obtain the optimal tr..

Figure 9(a) shows the typical waveform acquired by APV8102-14MWPSAGb. Figure 9 (b) shows the

pulse shape discrimination result of stilbene detectors at trs of 20 ns. We surveyed the pulse shape

discrimination ability as a function of ts. Here, we used the Figure of Merit (FOM) as an index of the

pulse shape discrimination ability. The FOM is defined as FOM= (PSD_peak (neutron) —

PSD_peak(gamma-ray))/(FWHM(neutron)+FWHM(gamma-ray)), where FWHM indicates the full

16
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width at half maximum. A non-zero FOM appears from g of 17 ns, has a peak around 20 ns, and

decreases from tgs of 22 ns. It should be pointed out that no FOM was obtained when trs was less

than 17 ns because only one peak appeared. Therefore, it is found that the optimal tzg for this fast-

neutron detector is around 20 ns.

IV-2 PSD capability in high counting rate

The DD neutron measurement using the fast-neutron detector is performed using an accelerator-based

neutron generator on the Fast Neutron Source (FNS) in the Japan Atomic Energy Agency®’. The DD

neutrons are generated due to the deuteron beam and the deuterium target reaction. The typical neutron

emission rate from the target is 10° neutrons per second. We used an x-axis stage (KXL06300%, Suruga

Seiki CO.,LTD.) in order to change the neutron flux at the detector position by changing the distance

from the target to the detector. Note that the neutron flux at the detector position is from 2.5x10° cm®

257110 2.2x107 cm?s™!. The fast-neutron detector is placed in front of the DD neutron target. The energy

of the DD neutron is around 3 MeV. Figure 10 shows the two dimensional pulse shape discrimination

plot at the pulse counting rate of 108 kcps to 911 kcps. Here, the total number of pulses of each run

are 3x10°. Two peaks corresponding to the neutron and gamma-ray are clearly separated. It is

important to note that the pulse shape discrimination map does not change as expected from the

characteristics of the PMT gain stability reported in Sec II-2. Here, we can see several points on the

17
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left and the right hand side of the two dimensional plot; this is due to the pile-up of pulses. The number

of these plots increases with the increase of the counting rate as expected by the simple pile up

calculation (n/(1-ntyuise)): N and touse represent the counting rate of the pulse measured by the ADC and

the total width of the pulse, respectively. The larger PSD is obtained when the second pulse comes

after trs, whereas when the second pulse is coming before trs:, the smaller PSD is obtained. The

number of pulses acquired by the DAQ as a function of the expected pulse counting rate evaluated by

the neutron flux is shown in Fig. 11. Here, we compared three different digitizers: DT5751% CAEN,

NI5772%+PXIe-7962R*' National Instruments, and APV8102-14MWPSAGb Techno AP. DT5751

has 10 bits, 1 GHz, and 1 V,, and only online analysis based on Qione and Qsnort is possible.

NI5772+PXIe-7962R reported in Ref. 23 has 12 bits, 1.6 GHz, equipped with 512 DDR2 SDRAM

memory and either online analysis or offline analysis (stored waveforms) is possible. It is should be

emphasized that those three DAQs acquire the periodic pulses with 10° pulses per second without any

loss of pulses. The loss of pulses occurred when the expected counting rate was around 8x10° cps.

Here, the counting rate of the ADC compensates with simple pile-up theory. The pulse loss ratio of

DT5751, NI5772+PXIe-7962R, and APV8102-14MWPSAGDb at 10° cps are around 12 %, 16 %, and

8 %, respectively. It is found that the highest counting resistance among these three DAQs APV8102-

14MWPSAGD.
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I'V-3 Detection efficiency and detector response

The detection efficiency and the detector response of the fast-neutron detector are obtained at the Fast

Neutron Laboratory (FNL)*? of Tohoku University, at FNS, and at the Intense 14 MeV Neutron Source

Facility (OKTAVIAN)* of Osaka University. We used the p-Li reaction in order to produce neutrons

having an energy of 1.3 MeV in FNL, d-D reaction for 3 MeV neutrons in FNS, d-D reaction for 4.5

MeV to 5.7 MeV neutrons in FNL, and d-T reaction for 14 MeV neutrons in OKTAVIAN. Figure 12(a)

shows the pulse height spectra of the fast-neutron detector. Note that the threshold value in the case of

a neutron energy of 1.3 MeV and the threshold value in the other case are 10 mV and 30 mV,

respectively. The lower threshold value in the case of the neutron energy of 1.3 MeV is for observing

the response of the lower energy neutrons. Here, pulse height is evaluated by the waveform data. The

pulse height becomes larger with the increase of the neutron energy, as expected. Figure 12(b) shows

the maximum pulse height as a function of neutron energy. The plot shows that we can measure fast

neutrons having an energy of around 2 MeV if the threshold value is set to be 30 mV. We evaluated

the counting efficiency using an In foil in the FNS experiment. In this experiment, the In foil was

placed in front of the Stilbene detector and the time evolution of the neutron emission rate was

evaluated by a beam current monitor. Here, the distance between the deuterium target and the Stilbene

detector was 10 cm. It was found that the counting efficiency of the Stilbene detector is 0.06

counts/neutron/cm™, for 3 MeV neutrons with high voltage of 700 V and threshold setting of 30 mV.
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V Typical data of the LHD experiment

Measurement of the time evolution of the neutron emission profile is performed in the LHD deuterium

operation (Fig. 13). In this discharge, B is 2.75 T and Rax is 3.60 m. Electron cyclotron heating and a

negative-ion-based NB injection are started at the time t = 3.3 s. Thomson scattering diagnostics**

measure the central electron temperature and the line-averaged electron density is measured by an

interferometer®. The total neutron emission rate (S,) measured by the absolutely calibrated neutron

flux monitor*® gradually increases due to NB injections. Figure 14(a) shows the pulse shape

discrimination result of channel 4 (R of 3.63 m). The two peaks are clearly separated at a PSD of 0.175.

In this discharge, the number of neutron counts is 3500, whereas the number of gamma-ray counts is

17000. The time evolution of the line-integrated neutron profile shows almost a similar trend with S,

as shown in Fig. 14(b). The neutron emission profiles are obtained in different R, configurations (Fig.

14 (c)). As Rux shifts outward, neutron counts decrease due to the decrease of S,.. In addition, the peak

of the line-integrated neutron emission profile shifts outward with Ray, as expected. We showed that

the VNC is installed with the desired performance. The VNC will be a powerful tool to measure the

neutron emission profile in LHD.

VI Summary
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The vertical neutron camera characterized by high-counting rate capability is developed for LHD

deuterium operation in order to understand the beam ion behavior. A multichannel collimator was

constructed with hematite-doped heavy concrete. The magnetic shield is designed based on a finite

element method by considering the magnetic field strength at the VNC position. We experimentally

showed that the magnetic shield is manufactured according to the design requirements. The fast-

neutron detector composed of a stilbene scintillator characterized by high pulse shape discrimination

ability coupled with the PMT characterized by high gain stability equipped with external DC power

supplies for further improved gain stability were installed. The test of the high gain stability of the

PMT using an LED shows that external DC power supplies are effective for suppressing the gain

variation and the gain of the PMT is constant up to the pulse rate of 10° Hz. The DAQ composed of

the fast ADC and the novel logic circuit realized in the FPGA enable us to obtain data needed for

online and offline analysis simultaneously. The neutron measurement was performed on accelerators

using p-Li, d-D, and d-T reactions. It is found that the two dimensional pulse shape discrimination

map does not change even in the 10° cps region. The counting loss of the pulse under the 10° cps is

8 %, which is the smallest value compared with other digitizers like DT5751 and NI5772+PXIe-7962R.

The response of the fast-neutron detector shows that the detector can measure the neutron energy from

around 2 MeV when the discrimination level is set to be 30 mV. Initial measurement of the line-

integrated neutron emission profile was performed in LHD deuterium operation in order to check the
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expected performance of the VNC. The time-resolved neutron emission profile has a time trend similar

to the total neutron emission rate. The typical neutron, gamma-ray ratio is 1:5 for the central channel.

The measurement of the neutron emission profile at R.x of 3.60 m and of 3.90 m shows that the peak

of the line-integrated neutron emission profile shifts according to the R, position as expected.
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Table 1 Weight ratio of heavy concrete material

Chemical composition Weight ratio (%)
H,O 33
Si0; 1.2

AlLOs 0.28
Fe 03 91
CaO 3.8
MgO 0.084
SO3 0.17
NaO 0.015
K>O 0.022
Cl 0.00029
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491  Fig.1 Schematic drawing of LHD vertical neutron camera
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495  Fig.2 Schematic of the ports, the multichannel collimator, and the detector support of LHD VNC.
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502  Fig.4 (a) Electronic schematic of VNC. All the electrical components are externally controllable. (b)

503  Pulse height and pulse width as a function of cable length.
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Sampling Freq. : 1 GHz

Number of channels : 2 ch

No. of bits : 14

Vpp:2VoreV

Bandwidth : 500 MHz

Transfer rate : ~120 MB/s (1 Gbps)
DRAM :1GB x 2

FPGA
SlgnaI( ADC (Threshold ( ) Et
1 Gsps discrimin > SiTCP thernet
lnput 14 bits ator Event 1000Base-T ]
control
- J
Histogr
Wave am
Dump control
control | \ y

1
1GB
DDR2
SDRAM

Fig.8 (a) Specification of DAQ for LHD VNC. (b) Electronic schematic of the DAQ. The data is

stored in the internal memory and transferred after the discharge.
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537  Fig. 12 (a) Pulse height spectra obtained at the neutron energy of 1.3 MeV, 3.0 MeV, 4.5 MeV, 5.7

538  MeV, and 14 MeV. (b) The maximum pulse height as a function of neutron energy. The pulse height

539  monotonically increases with neutron energy as expected.
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Fig. 13 Typical time trace of electron cyclotron heated (ECH) and negative-ion-based neutral beam

(N-NB) injected plasma discharge.
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547  Fig. 14 (a) Typical two-dimensional pulse shape discrimination plot obtained in the LHD

548 experiment. (b) Typical time traces of the line-integrated neutron emission profile. (c) Typical line-

549  integrated neutron emission profile obtained at Rax of 3.60 m and 3.90 m. Number of neutron count

550 decreases with the outward shift of R.x which is consistent with the total neutron emission rate

551  measurement. The peak position of the profile shifted outward with Rux as expected.

552
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553  Appendix1

554

555 Fig. 15 (a) Three multichannel collimator units. (b) The multichannel collimator made in the LHD

556 torus hall.
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