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Neutrons are generated in a fusion plasma and induce various radionuclides via a nuclear reaction with fu-
sion reactor materials. Evaluating the kinds of nuclide and the amount of induced radioactivity is important for
decommissioning planning and regular maintenance. In this study, we verified a long-term prediction model of in-
duced radioactivity in the large helical device (LHD) model by comparing induced radioactivity generated during
deuterium plasma experiments in LHD with results calculated using a high-energy particle-induced radioactivity
code. The metals employed for activation were SUS316L, Co, Mo, and Ni. During the deuterium plasma ex-
periments, these materials were placed on an 8-O port of the LHD, and the induced radioactivity was measured
weekly. To computed induced radioactivity using DCHAIN-SP, the neutron energy spectrum was computed using
the LHD model with the Monte-Carlo simulation code PHITS. Although the calculated and measured radioac-
tivity of 58Co and 54Mo agreed well, the calculated values of 60Co and 99Mo were underestimated. However,
low-energy components could be improved by incorporating peripheral devices into the LHD model, resulting in
more accurate radioactivity predictions.
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1. Introduction
Fast neutrons with 2.45 MeV energy are generated in

deuterium plasma experiments performed in the Large He-
lical Device (LHD) by the d(d,n)3He reaction. Neutrons
generated during the deuterium plasma experiments acti-
vate the LHD and peripheral equipment, resulting in low-
level radioactivity. The assessment of the kind of nuclide
and the amount of induced radioactivity is important for
the LHD decommissioning planning and regular mainte-
nance.

To understand the behavior of neutrons in deuterium
plasma experiments, we created a LHD model using the
neutron transport Monte-Carlo simulation code PHITS
[1–3]. In a previous study, a neutron spectrum in a vac-
uum vessel of the LHD was obtained via activation experi-
ments using multiple activation foils [4]. The reaction rate
of each activation foil was generally consistent with the
LHD model calculation [5,6]. Additionally, the spatial dis-
tributions of thermal and epithermal neutrons in the LHD
torus hall were investigated using the LHD model.

In this study, we develop a prediction code for the
amount of activation in a vacuum vessel of the LHD and
peripheral equipment using the LHD model. However, ex-
perimental data on the amount of activation produced by
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the deuterium plasma experiment are insufficient. There-
fore, we performed an activation experiment of LHD struc-
tural materials during the deuterium plasma experiments
and compared it with the calculation results of the LHD
model to verify the effectiveness of the LHD model.

2. Experiments
The activation experiment was performed in the 22nd

campaign of the LHD experiment. For the activation ex-
periment, four metal materials—Cobalt (Co), Nickel (Ni),
Molybdenum (Mo), and SUS316L(SUS)—were prepare.
SUS was used mainly in the LHD body and peripherals.
We chose the 54Fe(n,p)54Mn reaction since Fe is the most
abundant element in SUS.

Three pure metals contributed significantly to the ac-
tivation of SUS316L and were used for evaluating the
amount of activation, excluding the influence of other ma-
terials. Table 1 shows the reaction, produced nuclides,
thresholds, and half-lives of each material [7]. Figure 1
shows the reaction cross-sections of 59Co and 98Mo.

These materials were placed on an 8-O port of LHD
during the deuterium plasma experiments. The materials
were removed once a week, and the gamma-rays shown
in Table 1 were measured using high-purity germanium
(HPGe) semiconductor detector (GX3018-7935 -7 RDC-
4-2002C, Canberra). After measurement, the materials
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Table 1 Metal materials used in the experiment and each radionuclide [7].

Material Reaction Size (mm) Threshold Half-life Gamma energy
Co 59Co (n, ) 60Co 16.7 16.7 0.4 5.27 year 1173 keV, 1333 keV
Mo 98Mo (n, ) 99Mo 33.3 33.3 0.1 65.9 hour 141 keV, 181 keV, 740 keV
Ni 58Ni (n, p) 58Co 20 20 0.8 0.5 MeV 70.9 day 811 keV

SUS316L 54Fe (n, p) 54Mn 50 50 0.3 1.0 MeV 312 day 835 keV

Fig. 1 The cross-sections of 59Co(n,γ)60Co and 98Mo(n,γ)99Mo
[8–10].

were placed again in the same position on the 8-O port.
During the 22nd campaign, the materials were measured a
total of eight times.

When the peak count rate measurement in the HPGe
detector is n, the source’s radioactivity A can be calculated
as follows:

A = n/lγε, (1)

where Iγ is the gamma-ray emission probability per decay
of the source nuclide and ε is the peak detection efficiency
of the peak detector. Additionally, the measurement time
was 300 s, which was sufficiently shorter than the half-life
of these nuclides; thus, the decay of radioactivity during
the measurement is not considered.

3. Calculation
The neutron energy spectrum of the 8-O port was cal-

culated using a Monte-Carlo simulation code PHITS ver.
3.26 [8] with the JENDL-4.0 nuclear data [9–11]. The ac-
tivation calculations were performed using a high-energy
particle-induced radioactivity calculation code DCHAIN-
SP [12].

Figure 2 shows the three-dimensional LHD model cre-
ated by PHITS. Although the LHD model reproduces the
LHD main unit, including NB injectors and a vacuum
pumping port, the walls, floor, and ceiling of the LHD
torus hall and other peripherals are exclude. The inner con-
struction of the LHD vacuum vessel is the same as in ref
(2). A disk-shaped cell was installed in the 8-O port of the

8-O port

Fig. 2 The three-dimensional LHD model for the neutron calcu-
lation.

Fig. 3 The neutron energy spectrum on the 8-O port.

LHD model, and the neutron energy spectrum inside the
cell was obtained. The arrows in Fig. 2 indicate the 8-O
port. Figure 3 shows the energy spectrum of the 8-O port
calculated using the LHD model. The black lines show the
energy spectra obtained in ref. 4 (original model). Also,
a neutron energy spectrum in a wide energy range, which
is evaluated by an unfolding technique using the SAND-
II code [13] with the measurements by multiple activa-
tion foils, is shown in ref. 4. The experimentally evalu-
ated spectrum roughly matched the calculated spectrum;
the calculated spectrum was smaller than the experimen-
tally evaluated spectra at energies of 10−2 MeV or lower.

The neuron capture of 59Co and 98Mo used in the
experiment occur in the low-energy region, as shown in
Fig. 1. To obtain an accurate energy spectrum, the flange
of the 8-O port was precisely modeled (detailed model) and
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calculated by narrowing the energy bin in the low-energy
region. Figure 4 shows the flange structure of the 8-O port
of the original and detailed models. The red line in Fig. 3
represents the energy spectrum obtained from the detailed
model. The use of the detailed model significantly reduced
the flux in the thermal neutron region. On the other hand,
the flux above 10 eV - 5 MeV increased.

The calculation method for the amount of activa-
tion using DCHAIN-SP is as follows. First, the PHITS-
modeled irradiation material is irradiated with neutrons in
the energy spectrum of the 8-O port to generate an input
file for DCHAIN-SP. After that, the induced radioactivity
at the measurement time was calculated by DCHAIN-SP
using the input file. The input file requires the neutron ir-
radiation time and cooling time. In the deuterium plasma
experiment, the LHD plasma is repeatedly turned on and

(a) Original model (b) Detailed model

Fig. 4 The flange structure of the 8-O port.

off and neutrons are generated only for a few seconds each
time the LHD is turned on. However, the half-lives of 60Co,
58Co and 54Mn are sufficiently lengthy and independent of
this detailed cycle. Therefore, in these induced radioactiv-
ity calculations, the experimental time per day is first set
from 10:00 to 20:00, and the sample is irradiated with the
cumulated neutron yield per day. After that, the cooling
time is set from 20:00 to 10:00 the next day. This irra-
diation cycle is repeated for one week, and the calculated
induced radioactivity is compared with the experimental
results. On the other hand, since 99Mo has a short half-life,
the induced radioactivity is calculated every hour using the
cumulative neutron yield for the hour.

4. Results and Discussions
4.1 Induced radioactivity

Figure 5 shows the residual radioactivity of each nu-
clide measured weekly by the HPGe detector. The black
circles and bars represent the induced radioactivity and cu-
mulative neutron yield, respectively. The neutron yield in-
dicates the total number of neutrons generated in the LHD.

Because 60Co has a sufficiently long half-life, its resid-
ual radioactivity does not decrease during the experiment;
rather, it increases as the total neutron yield increases. The
residual radioactivity of 99Mo with a short half-life fluc-
tuated following the influence of the neutron yield each
week. Since the half-life of 58Co and 54Mn is less than
one year, each of their residual radioactivity is gradually
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Fig. 5 Weekly induced radioactivity of each nuclide.
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Fig. 6 Ratio of the calculated value to the experimental value (C/E).

decaying.
The measurement results showed the relationship be-

tween the half-life and the neutron yield.

4.2 Comparison of measurement and
calculation values

Figure 6 shows the ratio of the calculated to experi-
mental value (C/E) or each nuclide. The black and white
circles represent the results calculated using energy spec-
tra obtained from the original and detailed models, respec-
tively (Fig. 3). The error bars represent the statistical error
in the calculations.

When using the results of the energy spectrum from
the original model the radioactivity of 60Co and 99Mo in
Figs. 6 (a) and 6 (b) are significantly smaller than the exper-
imental value. The C/E of 60Co and 99Mo are 0.6 and 0.4,
respectively. These nuclides are produced via a neutron
capture reaction that has a greater reaction cross-section
at low energy. The flux from 10−5 to 10−1 MeV was in-
creased by modeling the 8-O port in detail; therefore, the
calculated values are close to the experimental values. Al-
though the energy spectrum is improved by modeling the
flange of the 8-O port, the calculated values are still smaller
than the experimental values, possibly because the equip-
ment around the LHD was not incorporated into the de-
tailed model. Further improvement of the energy spectrum
can be expected by incorporating the equipment structures
into the model, and the precision of the induced radioac-
tivity calculations will be improved.

Figures 6 (c) and 6 (d) show the C/E of 58Co and 54Mn

respectively. The C/E of 58Co calculated using the energy
spectrum of the original model is approximately 0.9, in-
dicating that the calculated and experimental values are in
good agreement. Furthermore, the results obtained using
the original and detailed models were almost the same.
Consequently, we confirmed that the energy spectrum of
the detailed model accurately reproduces the neutron en-
ergy on the 8-O port.

The nuclide 54Mn is produced via an n-p reaction with
fast neutrons, as with the nuclide 58Co. However, the C/E
of 54Mn was lower than that of 58Co. A reason for the
discrepancy in C/E would be that the small radioactivity
of 54Mn in the activation experiment due to a small cross-
section led to uncertainty in the radioactivity measurement.

5. Conclusion
To evaluate the amount of activation of the LHD and

peripheral equipment in deuterium plasma experiments via
numerical simulation, induced radioactivity generated dur-
ing the experiments was compared with the induced ra-
dioactivity calculated using PHITS and DCHAIN-SP.

The calculated values of radioactivity approached the
measured value after recalculating the neutron energy
spectrum at a metal sample installation position by review-
ing the LHD model.

The reliability of the LHD model is proven by the cal-
culation of the amount of activation and by comparison of
experiments.

In the future, we will calculate the amount of ac-
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tivation for other materials. Additionally, we will esti-
mate medium and long-term induced radioactivity using
DCHAIN-SP.
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