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The large helical device vertical neutron camera operating
in the MHz counting rate range

K. Ogawa,'?? M. Isobe,'? T. Nishitani," and T. Kobuchi'
I National Institute for Fusion Science, National Institutes of Natural Sciences, Toki, Japan
2SOKENDAI (The Graduate University for Advanced Studies), Toki, Japan

(Received 4 September 2018; accepted 2 November 2018; published online 21 November 2018)

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 cam-
era (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 cross talk
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 axes (R,x). The neutron counts became larger in the inward-shifted
configuration, which was consistent with the total neutron rate measured by the neutron flux mon-
itor. The radial peak position of the line-integrated neutron profile which changed according to Rux
showed that the VNC worked successfully as designed. The VNC demonstrated the expected perfor-
mance conducive to extending energetic-particle physics studies in LHD. Published by AIP Publishing.
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I. INTRODUCTION

Neutron diagnostics have been developed because neutron
measurement is one of the key methods in 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 measure-
ment 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. There-
fore, neutron diagnostics have mainly been utilized to study the
energetic ion behavior. The measurement of the neutron emis-
sion profile was reported for the first time in Princeton Large
Torus (PLT) using nuclear emulsions in 1978.> The shot inte-
grated neutron emission profile matched the theoretical model
based on the Fokker-Planck equation under the total neutron
emission rate of 10'2 n/s. In the 1980s, the measurement of
the time evolution of the neutron emission profile was possi-
ble using neutron cameras mainly composed of a multichannel
collimator and fast-neutron detectors because the total neutron

HEmail: kogawa@nifs.ac.jp

0034-6748/2018/89(11)/113509/11/$30.00

89, 113509-1

emission rate increased by more than a factor of four with the
increase in 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 Reac-
tor (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 indicates that the peak of the line-
integrated neutron emission profile agrees with the plasma axis
as expected by transport code TRANSP.? Horizontal and verti-
cal 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 discrimina-
tion circuit.” Tomography of the neutron emission profile is
performed using both horizontal and vertical cameras.® Neu-
tron 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.

Published by AIP Publishing.
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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 neu-
tron cameras are installed in FTU,'> MAST,!® KSTAR,*!5
EAST, !0 HL-2A,'7 and MST!8 and are used to understand the
energetic particle transport and losses.!” In ITER, the installa-
tion 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 emis-
sion profile. The deuterium operation of the large helical device
(LHD) makes it feasible to obtain time-resolved measurements
of the neutron emission profile from the plasma because the
expected neutron emission rate from the NB-heated deuterium
LHD plasmais 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 multi-
channel collimator composed of polyethylene was studied by
the MCNP5 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 stil-
bene scintillation detector was suggested; however, the design
of a fast-neutron detection system operating with 10° cps was
not completed.” This paper describes the design and perfor-
mance 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.

Il. DESIGN OF THE VERTICAL NEUTRON CAMERA
A. 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 colli-
mator type similar to the neutron camera installed in TFTR and
views the radial profile of neutron 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.

B. 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
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FIG. 1. Schematic drawing of LHD vertical neutron camera.

collimator was determined to be 1500 mm in order to imple-
ment sufficient shielding ability as evaluated using the neutron
transport calculation.>>?* The collimator support was made
using angle bars made of SUS304 A 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 sup-
portis 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/lcm?, which is 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 I. 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 sup-
port, 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 collima-
tor units is in order to avoid the bending of relatively long
stainless steel pipes due to the high pressure from the heavy
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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 plac-
ing work. The total weight of the heavy concrete used for the
multichannel collimator is approximately seven tons. In addi-
tion to the heavy concrete collimator, lead with a thickness of
150 mm (30 sheets of # 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

TABLE I. Weight ratio of heavy concrete material.

Chemical composition Weight ratio (%)

H,O 33
SiO; 1.2
ALO; 0.28
F6203 91
CaO 3.8
MgO 0.084
SO; 0.17
Na,O 0.015
K,O 0.022
Cl 0.00029

|\ Collimator units filled
with heavy concrete

(h of 150 mm) *ﬁ.—

Scintillation detectors
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FIG. 2. Schematic of the ports, the multichannel colli-
mator, and the detector support of LHD VNC.

made in the lead sheets along the sight lines to avoid the neu-
tron 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 colli-
mator. The support of neutron detectors is designed to accept
a supporting weight of 500 kg. The cross talk of the mul-
tichannel collimator is experimentally obtained by using an
intensive 2>2Cf neutron source. The experimental results indi-
cate that the cross talk of the multichannel collimator is
approximately 1%.2°

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 of 4.26 m is designed in order to obtain the
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FIG. 3. Sight lines of VNC and poloidal cross section of plasma with Ry of
3.60 m and 3.90 m with zero beta. The diameter of each sight line is 88 mm
at Z of —0.9 mand 110 mm at Z of 0.9 m.

background counts. The plasma visible region through sight
line is approximately a cylinder with an 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?.

C. 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 detec-
tor. The typical rise and transit time of the PMT are 1.3 ns and
5.8 ns, respectively. The signal from the fast-neutron detec-
tor is directly fed into the data acquisition system. The length
of the co-axial cable (3D-FB23) 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 detec-
tion system and the effect of the cable length on the 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 radia-
tion damage of the data acquisition system. However, the long
cable causes a reduction in 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
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FIG. 4. (a) Electronic schematic of VNC. All the electrical components are
externally controllable. (b) Pulse height and pulse width as a function of cable
length.

decreases and the pulse width gradually expended with the
increase in 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 exten-
sion). 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 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 (APV8102-14MWPSAGb,*® 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.
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High voltage is applied using an externally controllable high
voltage power supply with a logging function (APV3304,3!
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 are 1 kV and 4 mA, respectively. In addition to
the primary high voltage module, external DC power supplies
(P4K80H,*> Matsusada Precision) are additionally prepared in
order to suppress the gain shift of the PMT in the high count-
ing rate regime. The maximum voltage, current, and power of
P4K80H are 320V, 0.5 A, and 80 W, respectively. The Ethernet
outputs of these modules are gathered to the high-speed Eth-
ernet hub (XS712,3 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 3 min and the maximum
stored data of the data acquisition system (DAQ) is 11 GB, the
required average transfer rate of the data acquisition system
is 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 x 2 CPUs,
32 GB DDR4 ECC Registered memory, Intel Ethernet SFP+,
and SSD (SSDSC2KW240H6X1) x 3 RAIDO. The speci-
fication of each component in detail will be described in
Sec. 111

lll. EXPERIMENTAL SYSTEM
A. 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 com-
posed 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 accept-
able value. The acceptable magnetic field for the PMT used
for the LHD VNC is approximately 0.05 mT. Figure 6(a)
shows the profile of the magnetic field strength at the stan-
dard configuration of the LHD experiment at R of 3.60 m.
Here, the toroidal magnetic field strength (By) is 3 T and R,
is 3.60 m, and Z = 0 corresponds to the plasma axis posi-
tion. The figure shows that the magnetic field strength of the
fast-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 negligi-
bly 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
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i

FIG. 5. Schematic drawing of the fast-neutron detector.

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
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FIG. 6. (a) Typical profile of magnetic field strength at the vertically elongated
cross section in LHD where By, R,x, Z, and R represent the toroidal magnetic
field strength, the plasma major radius, the height from the plasma plane, the
major radius from the machine center, respectively. The dashed line shows the
location of fast-neutron detectors. (b) Test of the magnetic shield in HYPER-1.
The dashed line shows the magnetic field strength at the fast-neutron detector
position. The magnetic shield has sufficient performance as designed.
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was checked by an experiment using a light emitted diode
(LED) in the magnetic field produced by HYPER-I.3* 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 (WF1946,3> 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, Tek-
tronix). The pulse height as a function of the magnetic field
strength is shown in Fig. 6(b). Here, z is defined along the cen-
tral 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 mag-
netic field strength shows that the pulse height stays constant
in the By and By cases, 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 (B of around 12 mT and Bz of 6 mT) was
completed.

B. 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 opera-
tion 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 dis-
crimination plot.*® The goal of the PMT development is no
gain shift in the 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 maxi-
mum applied high voltage and typical gain are —1000 V and
4.8 x 107, respectively. High voltage cables and 0.01 F capac-
itors 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 sup-
plies 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 was changed from
300 Hz to 10° Hz. We measured the pulse height of the PMT
signal created by LED1 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 func-
tion 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 is
4.0 x 10* and 1.5 x 10°, 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
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FIG. 7. Result of gain stability. The gain of PMT is not changed even at
106 cps with external DC power supplies.

current becomes not negligible with respect to the dynode cur-
rent, a gain shift occurred due to the decrease in 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 volt-
age of 700 V, without external DC power supplies, the pulse
height increases from around the pulse rate of 103 Hz and then
decreases starting from 3 x 10° 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 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 work suc-
cessfully 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 sta-
bly operated at a 10° pulse rate without gain variation was
developed.

C. Digital signal processing unit

The DAQ system (APV8102-14MWPSAGDb) 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 Vpp) and a field programmable logic circuit [Fig. 8(a)]
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.
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Manufactory: Techno AP Corp.
Model: APV8102-14MWPSAGb
Input impedance: 50 Ohm
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

(b)

FPGA

Signal ADC

h 1Gsps
input 14 bits

Threshold
discrimin
ator

SiTCP
[ 10008ase.t [ Ethernet

apc

Wave
Dump
control

Histogr
am
control

FIG. 8. (a) Specification of DAQ for LHD VNC. (b) Electronic schematic of
the DAQ. The data are stored in the internal memory and transferred after the
discharge.

1GB
DDR2
SDRAM

If the signal exceeds the threshold value, the time stamp is
recorded by using the constant fraction discriminator (CFD)
function. Then, signal integrations Qa1 and Qiong are cal-
culated. At the same time, the raw waveform consisting of
64 points is stored in the | GB SDRAM. After the discharge,
all the data are 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 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 3 x 10° per channel because of
the maximum expected neutron counts on an LHD discharge
(10° cps x 3 s).

IV. CHARACTERISTICS OF FAST-NEUTRON
DETECTION SYSTEM

A. Optimal t;,; for pulse shape discrimination

Pulse shape discrimination (PSD) is performed using the
expression PSD = Qiong/Ototal- Here, Qioral represents integra-
tion of the signal from the beginning to the end of the stored
waveform of 64 ns length, whereas Qjong represents the inte-
gration of the signal from an arbitrary time in the middle of
the signal, tf,, to the end. As shown in Fig. 9(a), the neu-
tron induced signal has a longer decay time, and then the
PSD becomes larger compared with the PSD of the gamma-
ray induced signal. We evaluated the pulse shape discrimina-
tion ability using a 2>Cf neutron source in order to obtain
the optimal #4,. Figure 9(a) shows the typical waveform
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FIG. 9. (a) Typical signal of the fast-neutron detector induced by fast-neutron
and gamma-ray. The decay time of the signal is longer in the fast-neutron
case compared with gamma-rays. (b) Typical one-dimensional histogram of
pulse shape discrimination for stilbene detector. (c) Pulse shape discrimination
ability as a function of tg,s. The highest FoM is obtained at a #¢, of around
20 ns.

acquired by APV8102-14MWPSAGb. Figure 9(b) shows
the pulse shape discrimination result of stilbene detectors
at g of 20 ns. We surveyed the pulse shape discrimina-
tion ability as a function of fg,. Here, we used the Figure
of Merit (FOM) as an index of the pulse shape discrimi-
nation ability. The FOM is defined as FOM = [PSD_peak
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FIG. 10. Two dimensional pulse shape discrimination
plots in different counting rates obtained in the FNS.
Here, PSD = Qjong/Qtota- The map appears to be stable
regardless of the counting rate.
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(neutron) — PSD_peak(gamma-ray)]/[FWHM(neutron) +
FWHM(gamma-ray)], where FWHM indicates the full width
at half maximum. A non-zero FOM appears from #¢,5 of 17 ns,
has a peak around 20 ns, and decreases from 7, of 22 ns. It
should be pointed out that no FOM was obtained when ¢, was
less than 17 ns because only one peak appeared. Therefore, it
is found that the optimal #4, for this fast-neutron detector is
around 20 ns.

B. 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 2.5 x 10 ecm™2 57! t0 2.2 x 10" cm™2 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—911 kcps. Here, the total number of
pulses of each run is 3 x 10°. 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 B. Here, we can see several points on the 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 in the counting rate as expected by the simple
pile up calculation [1/(1 — ntpyise)]: n and #pyise 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 7,5, whereas when the sec-
ond pulse is coming before f,, 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 differ-
ent digitizers: DT5751%° CAEN, NI5772% + PXlIe-7962R*!
National Instruments, and APV8102-14MWPSAGb Techno
AP. DT5751 has 10 bits, 1 GHz, and 1 V,;,, and only online
analysis based on Qjong and Qsnort is possible. N15772 + PXle-
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
8 x 10° cps. Here, the counting rate of the ADC compensates
with simple pile-up theory. The pulse loss ratio of DT5751,
NI5772 + PXle-7962R, and APV8102-14MWPSAGbD at
100 cps are around 12%, 16%, and 8%, respectively. It is found
that the highest counting resistance among these three DAQs
APV8102-14MWPSAGb.
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FIG. 11. Pulse counting rate obtained with DAQ as a function of expected
counting rate evaluated by the neutron flux at the detector position in the FNS.
The counting loss ratio of APV8102-14MWPSAGD is minimum among three
DAQs.
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C. 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-Lireaction in order to produce
neutrons having an energy of 1.3 MeV in FNL, d-D reaction for
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FIG. 12. (a) Pulse height spectra obtained at the neutron energy of 1.3 MeV,
3.0 MeV, 4.5 MeV, 5.7 MeV, and 14 MeV. (b) The maximum pulse height as
a function of neutron energy. The pulse height 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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3 MeV neutrons in FNS, d-D reaction for 4.5 MeV-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

_—
Q
'
~
1

6 3 [#137435 0 ] |
—~ 3 40
«:o 5 :!—; g -
< = 30 E |
8 E
e 0| |
10 B

0.2 0.4 0.6
|:"SD=QIongIQtotal

|#137345 B=2.75 T (CCW), R,,=3.60 m

e —

R=
400 :
—3.36m
P HV:700V —345m
S 2300 3.54m
3= 3.63m
£2 3.72m
£ 5200 3.81m
3
2 £ —3.90m
—3.99m
100 —4.08 m
—41Tm
0 —4.26m

Time (s)

@#137435 B=2.75 T (CCW), R,,=3.60 m, t=3.75~4.25 s
@#137464 B=2.54 T (CCW), R,,=3.90 m, t=3.75~4.25 s

(c) 2500 ' ' ' '

2000

1500

1000

Neutron counts

T

®
)
®

o
()
1

500F ¢ o o °-

0 " 1 " 1 " 1 " 1 "
3.3 3.5 3.7 3.9 4.1 4.3

R (m)

FIG. 14. (a) Typical two-dimensional pulse shape discrimination plot
obtained in the LHD experiment. (b) Typical time traces of the line-integrated
neutron emission profile. (c) Typical line-integrated neutron emission profile
obtained at Ryx of 3.60 m and 3.90 m. Number of neutron count decreases with
the outward shift of R,x which is consistent with the total neutron emission
rate measurement. The peak position of the profile shifted outward with Ry
as expected.
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height becomes larger with the increase in 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
fastneutrons having an energy of around 2 MeV if the threshold
value is set to be 30 mV. We evaluated the counting efficiency
using an indium foil in the FNS experiment. In this experiment,
the indium foil was placed in front of the stilbene detector and
the time evolution of the neutron emission rate was evalu-
ated 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 detec-
tor is 0.06 counts/neutron/cm™2, for 3 MeV neutrons with high
voltage of 700 V and threshold setting of 30 mV.

V. TYPICAL DATA OF THE LHD EXPERIMENT

Measurement of the time evolution of the neutron emis-
sion profile is performed in the LHD deuterium operation
(Fig. 13). In this discharge, B is 2.75 T and R, is 3.60 m. Elec-
tron cyclotron heating and a negative-ion-based NB injection
are started at the time ¢ = 3.3 s. Thomson scattering diagnos-
tics** measure the central electron temperature, and the line-
averaged electron density is measured by an interferometer.*’
The total neutron emission rate (Sy,) measured by the absolutely
calibrated neutron flux monitor*® gradually increases due to
NB injections. Figure 14(a) shows the pulse shape discrimina-
tion 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 17 000. The time evolution of the line-integrated neu-
tron profile shows almost a similar trend with S;,, as shown in
Fig. 14(b). The neutron emission profiles are obtained in dif-
ferent R,x configurations [Fig. 14(c)]. As R, shifts outward,
neutron counts decrease due to the decrease in S,. In addi-
tion, the peak of the line-integrated neutron emission profile
shifts outward with Ry, 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

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 sta-
bility equipped with external DC power supplies for further
improved gain stability was 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 varia-
tion, 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

Rev. Sci. Instrum. 89, 113509 (2018)

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 dimen-
sional 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 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
Ryx 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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APPENDIX: MULTICHANNEL COLLIMATOR
FOR LHD VNC

Three multichannel collimator units used for LHD VNC
are shown in Fig. 15(a). The weight of each unit is approxi-
mately 2 tons. Figure 15(b) shows the multichannel collimator
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(a)

(b) 4

FIG. 15. (a) Three multichannel collimator units. (b) The multichannel
collimator made in the LHD torus hall.

installed in the LHD torus hall. Total weight of multichannel
collimator is approximately 7 tons.
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