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The evaluation of activities from radionuclides inside a vacuum vessel is required for the safe maintenance and estimation of the
activation level of fusion devices. The Large Helical Device (LHD), Toki, Japan, has been performing deuterium plasma
experiments since 2017, and radionuclides have accumulated in components such as vacuum vessels. In this work, the gamma-
ray spectrum and activity of each detected radionuclide in an LHD vacuum vessel were evaluated using portable high-purity
germanium (P-HPGe) and numerical calculations of photon transport for comparison with the removed armor tiles to
evaluate the occupational exposure in the maintenance of LHD experiments. Measurements using the P-HPGe detector were
performed at 20 positions along the toroidal direction of the LHD, at each O port, and between each pair of adjacent O ports.
Using the estimated efficiency of the photoelectronic effects inside the P-HPGe detector calculated by Monte Carlo N-particle
code version 6.1, the activities of the radionuclides in the armor tiles attached to the vacuum vessel were evaluated. The
estimated activity concentrations were compared with the measured activities of the armor tiles removed from the vacuum
vessel. Gamma rays from %8Co, **Mn, and °°Co were detected, and the measured activities of *®Co and **Mn generated by fast
neutrons in the armor tile were almost consistent with those obtained from the removed armor tiles. The radioactivity of *°Co
in the armor tile was underestimated compared with the activity obtained from the removed armor tiles. The measurement of
activation by fast neutrons is feasible, whereas activation by thermal neutrons requires more accurate calculations and surveys
to be measured using this method.

1. Introduction

Radiation analysis is required for the safe operation of
plasma devices and fusion reactors in which deuterium and
tritium plasma operations are performed. The vacuum ves-
sels, plasma-facing walls, and components of such systems
are activated, and specific radionuclides accumulate inside
them. The accumulation of radionuclides is a problem
related to the maintenance, replacement cycle, performance
degradation of components, and decommissioning of

devices. Simulations and analyses of activation by fusion
neutrons have been reported, which have focused on the
prediction of radioactive waste and its regulation [1, 2]; esti-
mation and experiments of hydrogen isotopes inside the
whole system of fusion devices or their plasma-facing walls,
divertors, and components [3, 4]; and comparison between
fission and fusion power plants [5]. In particular, predictions
at the decommissioning step are essential because specific
radionuclides with long half-lives (several years) accumulate
inside the components. However, the geometry of the
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components in simulations is usually simplified and has
uncertainties, which may result in discrepancies between the
simulation results and the actual accumulation. Therefore,
the radioactivity obtained from simulations and actual envi-
ronments should be compared as a benchmark test to improve
the accuracy and reliability of the simulation results.

The Large Helical Device (LHD), an experimental fusion
plasma device located in Toki, Japan, started deuterium-deu-
terium (DD) plasma experiments in 2017. The LHD is a
helical-type plasma device and is equipped with a negative-
ion-based neutral beam injector (N-NBI) to sufficiently
increase the ion and electron temperatures for DD fusion reac-
tions. The DD plasma experiments contribute to analyzing the
hydrogen isotope effect in plasma confinement and the
upgraded heating device of NBIs, investigating the confine-
ment property of energetic particles in helical plasmas, and
extending the plasma-material interaction using the steady-
state operability of the LHD [6]. Each DD plasma experiment
generated neutrons at a rate of 10°-10'® neutrons/s, which
were monitored by fission chambers with U,O;. To ensure
safety, such as the replacement of components and mainte-
nance of devices, the accumulation of radionuclides must be
predicted. For safe maintenance, occupational radiation expo-
sure inside a vacuum vessel was monitored in a previous study
[7]. To evaluate the neutron flux distribution of the fusion
devices, neutron activation analysis was conducted using
material foils and a two-dimensional radiation dosimeter in
the torus hall in which the LHD was installed [8]. According
to this report, fusion neutrons spread around the LHD; neu-
trons were detected using material foils inside the torus hall
during deuterium operations in 2017, and the successful mea-
surement of the distribution of thermal and epithermal neu-
trons was reported. Differences existed in the thermal
neutron fluxes with the component layout in the torus hall,
and a uniform distribution of fast neutrons was observed near
the LHD. In contrast, the distribution of thermal neutrons was
nonuniform because of the thermal neutron absorber under-
neath the specific port of the vacuum vessel. Based on this
result, the difference in the neutron flux distribution may
make the activation of a fusion device disproportionate, which
is an important issue for maintenance.

For safety management, gamma-ray spectrometric mea-
surements and dose rate evaluations were conducted using
an Nal(TI) survey meter aimed at the activated armor tiles
removed from the LHD vacuum vessel [9]. This method is
highly effective for low-level activation components. How-
ever, highly activated and dust-polluted components are dif-
ficult to measure by extraction and require estimation prior
to extraction. Hence, a technique to measure the radiation of
the device remotely needs to be developed for a fusion reac-
tor in such an inaccessible environment, and it must be
applicable to inspection robotics inside a vacuum vessel.

Based on previous research, the gamma rays emitted
from the radionuclides generated by neutrons in an LHD
vacuum vessel were measured in this study and compared
with the measured activity of the removed armor tiles. To
calculate the activities from the in situ measurements, a pho-
ton transport simulation was conducted to obtain the effi-
ciency of the photoelectric effect.
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F1GURE 1: Toroidal configuration of LHD and measurement positions.
Blue circles indicate U/L ports, and red triangles indicate O ports.

TaBLE 1: Detected radionuclides, gamma-ray energies, emission
possibilities, and activities A, of removed armor tiles [9].

Nuclide Energy (keV) r A, (at U/L port) (Bq/g)
*Co 811 0.995 2.13+0.06
**Mn 835 1 1.56 +0.06
“Co 1173 0.999 1.06 +0.06
1332 1 1.12+0.06
2. Methods

A portable high-purity germanium (P-HPGe)-based radio-
nuclide identifier (Falcon 5000, Mirion Technologies, Can-
berra) was employed to measure the gamma rays inside
the vacuum vessel of the LHD. The P-HPGe detector was
composed of single-crystal germanium (60.8 mm in diame-
ter and 31 mm in thickness) covered with an aluminum
holder and equipped with an electromechanical cooling
system.

The in situ measurements using the P-HPGe detector
were performed at 20 positions along the toroidal direction
of the LHD for every O port and between each pair of adja-
cent O ports, called the upper/lower (U/L) ports, as shown in
Figure 1. There are horizontal spaces for O ports and vertical
spaces for U/L ports for diagnostics, heating devices, mainte-
nance, or vacuum systems. The P-HPGe detector was
mounted on the equatorial plane of the maintenance rail,
which was 5.5m above the ground level of the torus hall,
and the P-HPGe detection port was directed toward the
toroidal direction at every position. The measurement dura-
tion at each position was set to 240 s as the live time at port 1
and 180s at the other positions. The measurements were
performed on June 17, 2020, 132 days after the last plasma
experiment in the 21st cycle.
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FIGURE 2: Sectional views in a-a’ and b-b’ from Figure 1 drawn by Visual Editor based on the LHD geometry for MCNP calculation.

The activity concentration of radionuclide A, (Bg/g),
measured using the P-HPGe detector inside the vacuum ves-
sel, was calculated using the following equation:

c
A= "yMP’ (1)

where ¢ (/s) is the count rate of each photoelectric peak by
the specific gamma rays from the radionuclide measured
by the P-HPGe detector, r, is the radionuclide emission

probability of each gamma-ray, M (g) is the mass of armor
tiles inside the vacuum vessel, and p is the photopeak effi-
ciency obtained by photon transport calculation. The typical
weight of each armor tile was 1500-1600 g, and 7200 armor
tiles were attached to the inner surface of the vacuum vessel.
The thickness of the armor tiles was 0.5 cm. In this study, the
weight of each armor tile was set to 1600 g. The coincidence
summing effect should be considered for specific radionu-
clides, particularly ®°Co. Because the distance between the
detector and the inner surface of the vacuum vessel was
approximately 1 m, such effects were negligible in this study.

The radioactivity obtained by an armor tile removed
from the vacuum vessel at the 1-2 U/L port was also evalu-
ated using the same P-HPGe detector [9]. One armor tile
leaned on the wall of the torus hall, approximately 30 m
away from the LHD cryostat, and the P-HPGe detection port
was attached to one side of the tile. At this time, the collima-
tor (8 mm-thick tungsten polymer) was used to reduce the
environmental gamma rays. Table 1 shows the measured
gamma-ray energy, emission probabilities r,, and activity
concentrations of A, for each radioactive nuclide whose
values were already reported by Kobayashi et al. [9].

To evaluate the photoelectric effect, photon transport
calculations were performed using Monte Carlo N-particle
(MCNP) code version 6.1 [10]. The simulated geometry
was based on the model of Nishitani et al. [11], and the cells
for the armor tiles were attached to the inner surface of each
segment of the vacuum vessel. The LHD geometry was com-
posed of two types of repeating units corresponding to the O
port and U/L port by 18°. As shown in Figure 2, for each sec-
tional view in a-a’ and b-b’ drawn using Visual Editor, the
cell of the germanium detection port was located at the cen-
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FIGURE 3: Gamma-ray energy spectrum counted by P-HPGe. The
red line indicates the measured data at the 1 O port, and the blue
dotted line indicates the measured data at the 1-2 U/L port.

ter of each port. In the vacuum vessel of the calculation
geometry, the maintenance rail was not defined, and the P-
HPGe detector was defined only as a germanium crystal,
excluding the device housing. The source was defined as an
isotropic and monochromatic photon in the cells of the
armor tiles. The MCPLIB04 library was used for the photoa-
tomic reaction calculations [12]. The photopeak efficiency
inside the germanium crystal was calculated using the F8
pulse height tally option, which is an estimator used to score
the particles entering the cell with the source weight of its
energy. The number of simulation histories was set to 5 x
107 to avoid exceeding a relative error of 0.20. The material
of the cells for the armor tiles was set as SUS316L in the sim-
ulation, although some of the actual armor tiles were
replaced with graphite, molybdenum, and tungsten near
the neutral beam injection ports or divertor [13, 14].

3. Results

Figure 3 shows the gamma-ray energy spectra measured at
the 1 O and 1-2U/L ports inside the vacuum vessel. Peaks
at 811, 835, 1173, and 1332keV are evident, corresponding
to the radionuclides **Co, **Mn, and *’Co, respectively.
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FiIGUrRe 4: Toroidal distribution of gamma-ray count rates
measured by the P-HPGe detector.

The peak at 511 keV was generated by pair annihilation inside
or outside the Ge crystal. These radionuclides were mainly
generated by transmutations of >*Ni(n,p)**Co, **Fe(n,p)”*Mn,
and 59Co(n,y)GOCo. The detected radionuclides shown in
Figure 3 are the same as those listed in Table 1, and these
transmutations are predominantly from the materials of the
armor tiles, vacuum vessels, and components. Armor tiles
and vacuum vessels are composed of SUS316L, which mainly
contains 16-18 wt.% of Cr, 12-15wt.% of Ni, 2-3 wt.% of Mo,
and 2wt.% of Mn, which was activated by neutrons during
deuterium operation. A weak peak was detected between 73
and 75 keV. However, radionuclides were not identified in this
peak because many candidates corresponded to this energy
region in the database.

Figure 4 shows the toroidal distribution of the count
rates of each radionuclide, **Co, >*Mn, and ®°Co, measured
using the P-HPGe detector. The count rate tends to increase
at each U/L port, in contrast to each O port. The count rate
of **Co is the highest among the radionuclides at every posi-
tion, whereas the count rates of **Mn and **Co are similar.
The count rates of **Co at the 4-5 and 10-1U/L ports are
slightly higher than those at the other positions. The count
rates of all radionuclides, particularly >*Mn, at ports 5 and
9 are slightly lower than those at the other positions.
Figure 5 shows the activity of each detected nuclide, whose
values were calculated using Eq. (1), and Table 2 lists the
activation reactions, energy of each gamma-ray, count rate
measured inside the vacuum vessel, activities A, and ratio
of A, and A, with the respective errors. The measured
results for the count rate are only shown for the 1 O and
1-2U/L ports because of the symmetry of the calculation
geometry. The activities were calculated by applying Eq.
(1) with the count rate, gamma-ray emission possibility,
and photopeak efficiency calculated by using the MCNP
code. The obtained values of A, at 811 and 835keV are
approximately equivalent to the values of A,, and the values
of A, at 1173 and 1332keV are 1.78-3.36 times higher than
those of A,.
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FIGURE 5: Measured activity of detected radionuclides calculated by
Eq. (1) at every port position.

4. Discussion

As shown in Figure 4, the radionuclides **Co, >*Mn, and
Co were detected. Both the 58Ni(n,p)58C0 and
>*Fe(n,p)**Mn transmutations are threshold reactions from
the neutrons of approximately 1 and 1.25MeV shown in
Figure 6 [15]. Based on these reaction cross-sections, the
(n,p) reactions mainly occurred with fast neutrons originat-
ing from the deuterium-deuterium fusion reaction of
2.45MeV. The *Co(n,y)*Co reaction mainly occurs with
thermal neutrons through multiple scattering and attenua-
tion both inside and outside the LHD. In our cases, the
detected radionuclides **Co and **Mn were distributed
around the LHD vacuum vessel, and ®°Co was distributed
not only around the vacuum vessel but also around the com-
ponents of the divertors, maintenance ports, coils, diagnos-
tics, and supports.

The peak at approximately 122 keV reported in two pre-
vious papers [9, 16] is not evident in Figure 3. This peak
originated from the *8Ni(n,d)*’Co and 58Ni(n,np)57Co
transmutations, which emitted gamma rays of 122 keV with
a half-life of 271 d. The *®*Ni(n,d)*’Co and 58Ni(n,np)57Co
reactions are threshold reactions that occur with neutrons
above 8 and 9.5 MeV, respectively. A small number of deute-
rium-tritium (DT) fusion reactions has been reported to
occur during the DD operation in LHD [17], which results
in the activation of fast neutrons. This peak was clearly
detected in the DT fusion reactor, which is an important cri-
terion for evaluating activation by fast neutrons [18].
Another possible cause of this peak is the decayed gamma
ray of 122keV from '*’Eu, which contains impurities in
concrete [19, 20]. In these measurements, the measured
positions were distant from the concrete wall of the torus
hall, and the high radiation dose rate resulted in Compton
scattering, making it difficult to find a peak in the low-
energy region. The measured positions inside the LHD vac-
uum vessel were far from the concrete, and the DT fusion
reaction neutrons were so small that the transmutation of
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TABLE 2: Activities of radionuclides measured by the P-HPGe detector and ratio of A; and A,.

Port Primary reaction Energy (keV) c (/s) p (10-6) A, (Bq/g) Ratio (A4,/4,)
$Ni(n,p)**Co 811 30.3+0.6 1.34+0.16 1.97 £0.25 0.92+0.11
Lo >*Fe(n,p)**Mn 835 24.6+0.6 1.36 £0.16 1.57+0.19 1.00 £0.13
**Co(n,y)*°Co 1173 26.9+0.7 1.12+0.15 2.09 +£0.29 1.96 +0.29
*Co(n,y)*°Co 1332 24.9+0.7 1.08 +0.14 2.00 +0.28 1.78 £0.26
*$Ni(n,p)**Co 811 40.3+0.9 1.22+0.15 2.89+0.38 1.35+0.18
UL >*Fe(n,p)**Mn 835 32.9+0.8 1.18+0.15 1.42+0.32 1.55+0.21
*Co(n,y)*°Co 1173 34.8+1.0 0.92+0.13 3.25+0.49 3.10 +0.49
*Co(n,y)*°Co 1332 33.8+1.0 0.78 £0.12 3.82+0.62 3.36 £ 0.57

10* 5.271 years, which was longer than those of **Co and **Mn

Reaction cross section (barn)

1074 ey T oy B b T oy
107° 1076 1073 1
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FIGURE 6: Reaction cross-sections of **Ni(n,p)**Co, >*Fe(n,p)>*Mn,
and 59Co(n,y)60(30 drawn by JENDL-4.0 [15].

*®Ni(n,np)*’Co did not occur. Hence, no peaks were
detected in a channel equivalent to 122keV in this study.

As explained above, in Figure 4, the count rates of **Co
at the 4-5 and 10-1 U/L ports are slightly higher than those
of the others. However, the count rates of **Mn are not sig-
nificantly different between the O and U/L ports. The shield-
ing tiles covering the wall around the NBI ports were
composed of graphite, and some SUS316L tiles were
replaced during the maintenance periods. Because a precise
irradiation history was not considered in this study, we can-
not say that there are significant differences in the count
rates between the positions around the NBIs.

In Table 2, activities A, of 811 and 835keV are almost in
agreement with activities A,, whereas the A, values of 1173
and 1332 keV are 1.78-3.36 times higher than the A, values.
One of the reasons for these differences is the underestima-
tion of the photopeak efficiency values at 1173 and
1332keV. This underestimation primarily results from the
definition of the photon source in the calculation. We
defined only the cells of the armor tiles as photon sources
in the MCNP calculations; however, every component was
activated in the deuterium experiments and was not consid-
ered. In particular, the half-life of “®Co was approximately

(70.86 and 312.03 days, respectively). “°Co possibly lingered
around the devices, and discrepancies occurred between A,
and A,. Moreover, the replacement of armor tiles was not
considered in this study, which is one of the reasons for
these discrepancies.

5. Conclusion

Activation analysis was conducted using a P-HPGe detector
inside the LHD vacuum vessel, and the measured results
were compared with those of the removed armor tiles. The
following results were obtained.

(1) The radionuclides *®Co, **Mn, and ®°Co were mea-
sured, and the results were the same as the previous
findings obtained by removing the armor tiles

(2) The activities of >Co and **Mn measured inside the
LHD vacuum vessel were consistent with the results
for the removed armor tiles, whereas the activity of
%Co was higher than that obtained from the
removed armor tiles. This discrepancy was due to
the type of reaction, half-life, and frequency of
replacement of the armor tiles

Based on these observations, activation by fast neu-
trons can be measured using this method; however, the
reason for the activation by fast neutrons must be clarified.
Moreover, the discrepancy in the activities indicates that
gamma-ray transport from the outer region of the vacuum
vessel is important for the overall estimation of the radia-
tion dose.

Data Availability

The measured data and input file for the calculation used to
support the findings of this study are available from the cor-
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