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In situ calibration of the neutron activation system on the Large Helical Device (LHD) was performed
by using an intense 2>Cf neutron source. To simulate a ring-shaped neutron source, we installed a
railway inside the LHD vacuum vessel and made a train loaded with the 22Cf source run along a typical
magnetic axis position. Three activation capsules loaded with thirty pieces of indium foils stacked with
total mass of approximately 18 g were prepared. Each capsule was irradiated over 15 h while the train
was circulating. The activation response coefficient (9.4 + 1.2) x 1078 of '>In(n, n’)!>™In reaction
obtained from the experiment is in good agreement with results from three-dimensional neutron
transport calculations using the Monte Carlo neutron transport simulation code 6. The activation
response coefficients of 2.45 MeV birth neutron and secondary 14.1 MeV neutron from deuterium
plasma were evaluated from the activation response coefficient obtained in this calibration experiment
with results from three-dimensional neutron calculations using the Monte Carlo neutron transport

@ CrossMark
eclinkte

simulation code 6. Published by AIP Publishing. https://doi.org/10.1063/1.5009475

. INTRODUCTION

The Large Helical Device (LHD) is a large superconduct-
ing heliotron device in Japan, having a major radius of 3.9 m
and averaged plasma minor radius of ~0.6 m.! In the LHD, the
deuterium plasma operation was conducted from March 2017
to explore further high-performance deuterium plasmas. Neu-
tron yield measurement is essential for the LHD deuterium
project in terms of radiation safety, the evaluation of fusion
output, and the study of energetic-particle confinement. To
evaluate the total neutron yield from LHD deuterium plasmas,
a wide dynamic range neutron flux monitor (NFM)? and a
neutron activation system (NAS) are employed in the LHD.?
The NFM in the LHD consists of three 233U fission cham-
bers and three highly sensitive thermal neutron detectors. The
NFM plays the primary role in evaluating the total neutron
yield. Although the NAS does not provide time evolution of
the neutron emission rate, it is completely insensitive to the
gamma ray and is of great value for performing cross check
of the neutron yield evaluated by the NFM.*> The triton bur-
nup study is one of the important physics subjects in the LHD
deuterium project to demonstrate alpha particle confinement
in the LHD-type magnetic field configuration. The NAS also
performs an important role in the triton burnup study through
measurements of the secondary 14.1 MeV neutron yield.

In tokamaks such as TFTR,® JET,” ASDEX-U,® and JT-
60U,” neutron activation techniques have been applied to
measure the neutron yield from deuterium plasmas. The acti-
vation response coefficients of NASs were evaluated from the
results of the Monte Carlo neutron transport simulation code
(MCNP)'? in those devices. Limited points of in situ cali-
bration experiments for NASs were performed in TFTR,!!
JET,'? and FTU"3 by using neutron sources, but not by toroidal
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shape sources. The machine structure of the LHD is extremely
complicated in comparison with tokamaks, and the activation
response coefficients of the NAS should be obtained from the
experiment in addition to the simulation. The LHD has enough
space to install a railway, support structures, and a train loaded
with the neutron source running along the magnetic axis posi-
tion inside the vacuum vessel to simulate a ring-shaped neutron
source. In November 2016, the in situ absolute calibration of
the NFM and NAS was carried out in the LHD by using an
approximately 800 MBq 2>2Cf neutron source. This in situ
calibration of the NAS was performed for the first time in the
world on a fusion device.

In this paper, the introduction of NAS on the LHD, the
calibration neutron source, and the detection efficiencies of
the high-purity germanium (HPGe) detector are described in
Sec. II. The principle of measurement is described in Sec. III.
The in situ calibration experiment is shown in Sec. IV. Activa-
tion response coefficients of the NAS for 2.45 MeV neutrons
and secondary 14.1 MeV neutrons from real deuterium plasma
were calculated by the MCNP code. Those results based on
the MCNP simulation are discussed in Sec. V. Finally, the
conclusions are given in Sec. VL.

Il. EXPERIMENTAL SETUP
A. Neutron activation system on the LHD

The NAS on the LHD is a so-called rabbit system, con-
sisting of the activation foils, the capsule, pneumatic control
systems, two irradiation ends, pneumatic tubes, air compres-
sor, launching/collecting station, and two HPGe gamma-ray
detectors as shown in Fig. 1. The system design of the NAS is
based on that used in JT-60U.° The activation foil is mounted

Published by AIP Publishing.
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FIG. 1. (a) Overview of neutron activation system on the LHD, (b) two irradiation ends of neutron activation system at two poloidal cross sections of 8-O and
2.5-L ports, (c) the left photograph is of the capsule, and the right photograph is of the indium foil pieces on the surface of the HPGe detector.

on a capsule made of polyethylene. The capsule loaded with
the activation foils is transferred through a pneumatic tube
from the station to the irradiation end. There are two irradia-
tion ends: one is at the 8-O horizontal port, which is located at
the outboard side of the horizontally elongated poloidal cross
section of the plasma, and the other is located at the 2.5-L
lower port, which is under the vertically elongated cross sec-
tion of the plasma as shown in Fig. 1(b). Each irradiation end
is made of stainless steel with a coaxial structure. Outside the
port flange, the inner tube of the irradiation end is connected to
a capsule transfer tube made of acrylonitrile-butadiene-styrene
resin and the outer tube is connected to a vinyl chloride resin
tube for compressed air supply and exhaust. The length of the
pneumatic tubes in the 8-O port line and the 2.5-L port line is
93 m and 80 m, respectively.

During the LHD experiment, the capsule will be trans-
ferred to the irradiation end before discharge initiation by
receiving a trigger pulse before the discharge. After the dis-
charge, the capsule will be transferred to the station for the
measurement of gamma-ray spectroscopy within the specified
time. In the automatic control mode, this specified time can
be set in the pneumatic control system by hand according to
the discharge duration. In the manual control mode, a capsule
can be launched and transferred back at any time. The trans-
fer time from the irradiation end to the station is about 20 s,
which depends on the pressure of compressed air. Each tube
has a manometer to monitor the air pressure.

The HPGe detector is essentially required to identify
nuclides of our interest through gamma-ray spectroscopy
with high energy resolution. The HPGe detector used in this
work is manufactured by Canberra Industries, Inc. (Model:

GX3018/CP5-PLUS-U). The detector has a very thin window
made of carbon composites on the front surface, which reduces
the gamma-ray shielding effect of the window and extends the
useful energy range down to 3 keV. The effective diameter
and thickness of the germanium crystal of the HPGe detectors
are 61.80 mm and 39.80 mm, respectively. The distance from
the window to the surface of the HPGe detectors is 5.00 mm.
Because the detector is in a lead shield having the thickness
of 100 mm, the background pulse counting rate due to exter-
nal sources is low enough for our purpose. Output pulses from
the preamplifier are fed into the multichannel analyzer, the
DSA-LX produced by Canberra Industries, Inc., based on
advanced digital signal processing techniques, and data are
analyzed on a personal computer.

The foil size is 10 mm in diameter and 1 mm in thickness.
The indium foil is employed for the 2.45 MeV measurements
by utilizing '>In(n, n")!'>™In reaction, because the reaction
has a threshold of 336 keV, a half-life of 4.486 h, and a rather
large cross section. For the secondary 14.1 MeV neutron yield
measurement, silicon foil and aluminum foil are used with
28Si(n, p)22Al, 27 Al(n, p)*’Mg, and >’ Al(n, a)**Na reactions.
The triton burnup ratio can be evaluated by the measurements
of indium, silicon, and aluminum. In this calibration experi-
ment, a foil stack with thirty pieces of indium foils, as shown
in Fig. 1(c), is used to obtain the sufficient statistical error
for a much weaker neutron yield compared with that in real
plasmas.

B. Calibration neutron source

To simulate the toroidal plasma neutron source, the ring-
shaped source must be created. Figure 2(a) shows the source
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FIG. 2. (a) Horizontal layout diagram of in sifu calibration experiment by using 22Cf neutron source; (b) the photograph of the railway inside the LHD vacuum

vessel.

transport system by using a toy train rail with 36 mm rail
width, the so-called O-gauge rail. The train is loaded with a
neutron source to circulate on the magnetic axis position at the
major radius of 3.744 m inside the LHD vacuum chamber for
generating a ring-shaped neutron source. The rail is fixed on
the Bakelite plate which is installed on the maintenance stage
made of aluminum frames as shown in Fig. 2(b).

An approximately 800 MBq 232>Cf neutron source by
spontaneous fission was chosen for the in situ calibration
because the mean neutron energy of neutrons emitted from
232Cf is approximately 2.1 MeV, which is close to that of neu-
trons produced by D-D reaction. The >3>Cf neutron source
releases 3.7 neutrons on average per spontaneous fission event,
which is almost 3.1% of the decay. The half-life is approxi-
mately 2.646 years. The precise birth neutron emission rate
was (1.34 + 0.014) x 10® n/s at 12:00 GMT on April 27,
2015, which was calibrated at National Physics Laboratory,
United Kingdom. Therefore, the birth neutron emission rate is
8.93 x 107 n/s on November 9, 2016.

C. Efficiencies of the HPGe detector

Before the in situ calibration, the detection efficiencies
of the HPGe detector were calibrated by using the standard
gamma-ray sources placed on the surface of the HPGe detector.
The standard sources are the volumetric gamma-ray sources
made by mixed powder gamma-ray sources of different types
of nuclides in the U-8 container. The detection efficiencies
obtained by using the standard sources are shown in Fig. 3.
In the in situ calibration experiment, thirty pieces of acti-
vated foils ware placed on the surface of the HPGe detec-
tor. The geometry of the standard gamma-ray sources and
the activated foil source are significantly different. Therefore,
the efficiencies of the HPGe detector for 336 keV (}1>™In),
843 keV (*’Mg), 1368 keV (**Na), and 1779 keV (*®Al)
gamma rays of the activated foils were evaluated with the

assistance of the simulation calculation using the Particle and
Heavy Ton Transport code System (PHITS)!# as shown in
Fig. 3. The thirty pieces of foil stack was uniformly distributed
on the surface of the HPGe detector in the model of the PHITS
code. At first, we calculated efficiencies of the thirty pieces of
indium foil, silicon foil, and aluminum foil without the self-
absorbed effect, which is the absorption of gamma rays by
the foil material itself, where the foil density is assumed to
be the same as the air density. Next, we calculated detection
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FIG. 3. Detection efficiencies of the HPGe detector. Red, blue, and green dots
stand for the efficiencies of the HPGe detector for 336 keV (11™In), 843 keV
(*’Mg), 1368 keV (>*Na), and 1779 keV (33 Al) gamma-rays of the activated
foils calculated by the PHITS code. “PHITS 1” represents calculation results
of the case of thirty pieces of foil with self-absorbed effect. “PHITS 2” stands
for the calculation results of the case of thirty pieces of foil without self-
absorbed effect. “PHITS 3” is the calculation results for the case of one piece
of foil with self-absorbed effect. Black dots stand for the detection efficiencies
of the HPGe detector calibrated by the volume standard gamma-ray source.
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efficiencies of thirty pieces of indium foil, silicon foil, and alu-
minum foil with the self-absorbed effect by using the actual
density of the foil, where self-absorbed effect on the detec-
tion efficiency is clearly observed. In the results of the model
with the self-absorbed effect, the self-absorbed effect of thirty
pieces of indium foils for 336 keV is larger than the self-
absorbed effect of thirty pieces of silicon foils and aluminum
foils for high-energy gamma rays. Thus, we used the detection
efficiency with the self-absorbed effect. In addition, the effi-
ciencies of one piece of indium foil, silicon foil, and aluminum
foil on the center of the surface of the HPGe detector with
self-absorbed effect also were evaluated by the PHITS code
for plasma experiments. In the one piece case model, the actual
sizes of the HPGe detector and foil were also considered.

lll. PRINCIPLE OF MEASUREMENT

The averaged neutron emission rate S, [s~!] can be calcu-
lated by the expression
3 A-C
CN-ay-g (e —e2). (1 —e ). Y o (E)- ®E)

Sn

In addition, the total neutron yield can be obtained as
Y,=8,t.

Here, the activation response coefficients can be defined as
reaction rate for unit source neutron and unit sample nuclei
number. Thus the activation response coefficients of the NAS
per unit source neutron and unit target nuclei can be expressed
as follows:

A-C
N'Sn'a’y‘&" (e—/ltl _ e—/ltz) . (1 _ e—/lto) :

ZE o (E) ®(E) =

In those expressions, o (E) is the cross section of the
reaction [b], ®(E) is neutron spectrum in the irradiation end
for unit source neutron [cm~2-s”!], E is the neutron energy,
N = a@;;m-N4/M is the number of sample nuclei, a;; is the
isotopic fraction of the sample nuclide, m is the mass of the
sample [g], N4 is the Avogadro’s constant [mol~!], M is the
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FIG. 4. The gamma-ray spectrum for thirty pieces of indium foils was
obtained from 10000 s measurement by the HPGe detector. Here, red font
stands for 1>In(n, n)!15™In reaction, black font stands for !'>In(n, v)!1®In
reactions, and gray font is not a gamma ray from indium.

molar mass of the nuclide [g/mol], @, is the gamma ray abun-
dance, 1 is the end of irradiation time [s], 71 is the start time of
the gamma-ray measurement from the start of the irradiation
[s], t2 is the end time of the gamma-ray measurement from the
start of the irradiation [s], 4 is the decay constant of activated
nuclide in the sample, C is the gamma-ray count under the
specific gamma-ray peak measured during #; to #,, and € is
the efficiency of the HPGe detector in the specific gamma-ray
peak."

IV. EXPERIMENTAL RESULTS

In the in situ calibration experiment, three capsules were
irradiated over 15 h at the 8-O port. Each capsule has thirty
pieces of indium foils inside and the total mass of indium
is approximately 18 g. The capsule cannot be transferred by
using the NAS pneumatic tube due to insufficient air pressure.
The neutron flux of irradiation end in the 2.5-L port is lower

TABLE I. Activation response coefficients (ARC) of the 2>2Cf ring-shaped neutron source.

Capsule #1 Capsule #2 Capsule #3
Mass (g) 17.785 17.717 17.678
Irradiation time (h) 15.217 15.583 46.283

Run number Counting time (s)  Counts ARC Counting time (s)  Counts ARC Counting time (s)  Counts ARC

Ist 3000 208 92x1078 3000 85.6 1.1 x 1077 3000 71.1 8.5x 1078
2nd 3000 562 8.8x 1078 10000 1649  87x 1078 3000 63.7 8.7x 1078
3rd 10000 162 9.8x 1078 10000 85 71%x10°8 10 000 1712 92x1078
4th 10000 111 1.0 x 1077 3000 22375 83x 1078 10000 121 1.1x 1077
5th 10000 645  9.1x10°8
6th 40000 115 1.1x 1077

#Note that in the run number 1 measurement for the capsule #1, the gamma-ray was measured for thirty pieces of indium foils with the capsule. In the run number 2 measurement for
the capsule #2, the gamma-ray was measured for twenty-nine pieces of indium foils without the capsule. In the other measurements, gamma-ray measurements were performed for the

thirty pieces of indium foils without the capsule.
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FIG. 5. Activation response coefficients of the 2>2Cf ring-shaped neutron
source for run number of each capsule were obtained from the in situ
calibration experiment.

than that in the 8-O port because the irradiation end in the
2.5-L port is far from the plasma compared with the distance
from the irradiation end in the 8-O port to the plasma. In addi-
tion to this, it is not easy to support the capsule inside the
irradiation end in the 2.5-L port. Therefore, the capsule was
placed inside the 8-O port and removed by hand. Immediately
after the irradiation, the capsule was removed for gamma-ray
measurement. The irradiation times of capsule #1, capsule #2,
and capsule #3 are 15.217 h, 15.583 h, and 46.283 h, respec-
tively. Multiple measurements were performed to improve the
statistical error and to eliminate the effect of the gamma rays
from '3In(n, y)!'®In reactions. Each measurement time of the
gamma rays ranged from 3000 s to 10 000 s in order to ensure
that there are sufficient statistics of the photoelectric peak
counts for the gamma ray of interest. The integrated photo-
electric peak pulse counts of 336 keV gamma ray are evaluated
by Gaussian fitting as shown in Fig. 4. The thirty pieces
of irradiated indium foils were uniformly distributed on the
surface of the HPGe detector and were measured simultane-
ously. The detection efficiencies of the HPGe detector for thirty

Poloidal coil

Helical coil
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pieces of indium foil measurement are evaluated by the PHITS
code.

In Table I, the activation response coefficients obtained
by multiple gamma-ray measurements of each capsule are
listed and those are plotted for each run number in Fig. 5.
The standard deviation of each counting is 13%. The error of
the detection efficiencies of the HPGe detector from the PHITS
calculation is 0.98%. Also, there is an error in irradiation time
because it took approximately 2 min to place the capsule and
to remove the capsule at the irradiation end. This error is con-
sidered to be 0.22% for total irradiation time of each capsule.
The error of 22Cf neutron source neutron emission rate is
1%. The total error of the calibration experiment is estimated
to be approximately 13%. Thus the mean activation response
coefficients of 'In(n, n’)!'"™In reaction is evaluated to be
(9.4 +12)x 1078,

V. DISCUSSION BASED ON MCNP SIMULATION

The neutron spectrum ®(E) in the irradiation end nor-
malized for the unit source neutron is obtained from MCNP
simulation. Activation response coefficients Y 6(E)-®(E) also
can be obtained from MCNP simulation. Here, MCNP6 code!©
and nuclear data library FENDL 3.0'® are used for the ®(E)
calculation, and JENDL 99 Dosimetry file!” is used for the
reactivity calculation. The rotation time, about 40 s, of the
calibration neutron source on the magnetic axis is sufficiently
shorter than the half-life of 1>™In. Therefore, this source can
be regarded as a toroidal ring-shaped source by averaging a
long-time effect. Actually, the neutron source in the plasma
has poloidal distribution. The 232Cf neutron source is a point
source and is nearly isotropic in neutron emission. The model
for the 2>>Cf ring-shaped source is shown in Fig. 6(a), where
detailed components are considered carefully, such as the irra-
diation end [enlarged part of Fig. 6(b)], the train, the railway,
the maintenance support, and the model of superconducting
coils without liquid helium. In the 23>Cf ring-shaped source
case, the source neutron energy has a fission neutron spectrum

represented by the Watt formula'” % o e(_E/ o) . sinh(bE )1/ 2,
where a = 1.18 and b = 1.034 19. Meanwhile, the foil stack
of thirty pieces inside the capsule is modeled to estimate the

\

\

Capsule

/ Pneumatic tube
= T

Irradiation end

aryostat vessel

(a)

(b)

FIG. 6. (a) MCNP model for 252Cf source; (b) MCNP model for plasma source and enlarged irradiation end.
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FIG. 7. (a) The neutron spectra normalized by unit source in the capsule without the foil in the 2>2Cf neutron case and two plasma source cases; (b) the neutron
spectra normalized by unit source in the capsule with thirty pieces of indium foils in the 2>2Cf neutron case and one piece of foil in two plasma source cases.

self-shielding effect of the foil stack. The activation response
coefficients of '>In(n, n’)!">™In reaction for the 2>>Cf ring-
shaped source case was evaluated to be 8.8 x 1078 (statistical
error 4.2%) by the MCNP calculation. It is in good agreement
with the result of the calibration experiment within 7% differ-
ence. This indicates that the MCNP calculation taking account
of the self-shielding effect of the foil stack is sufficiently
accurate.

In order to obtain the activation response coefficients for
the plasma source, differences between the plasma source
and the 22Cf ring-shaped source have been evaluated by the
MCNP. In the model for the plasma, the neutron source is a
volumetrically monoenergetic neutron with a neutron emis-
sion density profile which is the structure of five coaxial
torus geometry, as shown in Fig. 6(b). The neutron emission
probability of five coaxial torus regions is determined to fit
the typical neutron emission profile estimated in the LHD
deuterium plasma. Meanwhile, only one piece of activation
foil is modeled to simulate the measurement at the plasma
experiment. The model of superconducting coils has liquid
helium. Other main structures of the LHD are the same. The
neutron spectra normalized by the unit source in the cap-
sule without and with foil for the neutron from 2>2Cf neu-
tron, 2.45 MeV neutron, and 14.1 MeV neutron are shown in
Figs. 7(a) and 7(b), respectively. In the incoming neutron spec-
tra for the capsule without foil case shown in Fig. 7(a), there
are significant differences in three spectra above 1 MeV. The
252Cf fission neutron spectrum has high-energy component,

while the neutron is mono-energetic in the plasma case. The
low energy parts of the spectra are almost the same. This means
that scattered neutrons from the LHD models for the >Cf
ring-shaped source and plasma of volume neutron emission
are almost the same. By comparing with Figs. 7(a) and 7(b),
there are several differences in the neutron spectra of 2>2Cf
neutron, 2.45 MeV neutron, and 14.1 MeV neutron for the
capsules without and with foil cases, respectively. Here, thirty
pieces of the indium foil inside the capsule were modeled in
the MCNP calculation for the >>>Cf ring-shaped source in the
case of capsule with foil. Meanwhile, one piece of indium foil,
silicon foil, and aluminum foil in the capsule was modeled for
2.45MeV and 14.1 MeV plasma neutron source in the case of
capsule with foil. In the case of capsule without a foil, there
is only air in the capsule. Thus, the self-shielding effect of the
foil for neutron was calculated by the MCNP in the case of
capsule with foil. Those reasons would lead to the differences
in the activation response coefficients for each reaction in the
232Cf ring-shaped source case and the plasma case.

We consider that the difference of 7% between the in situ
calibration and the MCNP calculation in the 2>Cf ring-shaped
source case is mainly due to the modeling error in the MCNP
calculation. Therefore, 7% is assumed to be a modeling error in
the MCNP calculation not only for '>In(n, n’)!>™In reaction
but also for other reactions in plasma case to be used in the
NAS measurement on the LHD. Here, we assumed that the
error from cross section is less than 5%. By using those errors
and the statistical error from the MCNP calculation for other

TABLE II. Activation response coefficients for plasma case calculated by the MCNP code for all reactions.

Reaction Activation response MCNP statistical Total
(neutron source) coefficients errors (%) error (%)
5Tn(n, n’)!15™In (2.45 MeV neutron) 1.5x 1077 34 9.3
28Si(n, p)*8 Al (14.1 MeV neutron) 8.4x 1078 5.7 10

27 Al(n, p)>’Mg (14.1 MeV neutron) 24 %1078 5.6 10

27 Al(n, 0)**Na (14.1 MeV neutron) 3.6x 1078 5.8 10
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reactions, we can evaluate the total error for each reaction
in the plasma case. The activation response coefficients for
the 2.45 MeV neutron from the D-D plasma case and for the
secondary 14.1 MeV neutron are evaluated by using the MCNP
calculation in Table II.

VI. CONCLUSION

The activation response coefficients were obtained for
the 22Cf neutron source by using detection efficiency of the
HPGe detector, which was evaluated by the PHITS code. The
activation response coefficients were in good agreement with
the MCNP result. The activation response coefficients for the
2.45 MeV neutron from the D-D plasma and secondary
14.1 MeV neutron were evaluated by the assistance of the
MCNP 6 calculation. The difference of 7% from in situ
calibration and MCNP calculation for 23>Cf neutron case was
utilized to estimate the error from MCNP model for the plasma
case. This in situ calibration will be a good reference for future
calibration experiments of fusion devices such as ITER.
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