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A database of the total neutron emission rate (S n) in the ion cyclotron range of frequency (ICRF) heated
deuterium plasma in the Large Helical Device (LHD) was developed with changing the ICRF injection power
and electron density. The S n measured in the experiment was compared with the neutron emission rate calculated
by the thermal reactivity of deuterium plasma to predict S n in long-pulse discharge and to understand the heating
scheme of ICRF. The ratio of S n evaluated by calculation and that by measurement in the electron cyclotron
heating (ECH) and ICRF heating case has almost the same tendency as that of the ECH only case in which
energetic deuterons are not expected. In the first campaign of deuterium ICRF plasma discharge with injection
power up to 1.5 MW, neutron emission with regard to the ICRF tail deuteron was thought to be negligible. We
expanded the S n database and started building an S n prediction code to perform a long-pulse deuterium discharge.
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Steady-state high-performance plasma is one of the
requirements for realizing a nuclear fusion reactor. In the
large helical device (LHD), long-pulse discharge has been
performed using the electron cyclotron resonance heating
(ECH) and the ion cyclotron range of frequency (ICRF)
heating. Long-pulse operation with deuterium (D) gas is
planned in the LHD project. The database of total neu-
tron emission rate (S n) in D plasma sustained by ECH
and ICRF heating is required to perform the long-pulse D
plasma discharge within the strict management of the neu-
tron budget.

From the FY 2019 campaign, one pair of ICRF an-
tennas was reinstalled to initiate the commissioning of the
long-pulse D experiment, which is regarded as the first
long-pulse D experiment performed in large-sized stellar-
tor/helical devices. To predict Sn in the long-pulse oper-
ation, we have created the Sn database in ICRF heated D
plasma in stellarator/helical devices for the first time.

In the ICRF heating experiment, neutrons are created
by reactions between thermal deuterons, thermal deuteron-
ICRF tail deuteron, and ICRF tail deuterons. Signifi-
cant ICRF tail deuterons are created by second harmonic
deuteron heating, whereas almost no ICRF tail deuterons
are expected with proton minority heating. Therefore,
the neutron emission from thermal deuterons-ICRF tail
deuterons will appear when the second harmonics deuteron
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heating is sufficient. In this study, we calculated a neutron
emission rate using the thermal D-D reactivity on the ba-
sis of the ion temperature measurement. By comparing
the calculated and measured neutron emission rates, the
neutron emission rate owing to second harmonics deuteron
heating is investigated, and we will create the Sn prediction
code to perform a long-pulse deuterium discharge.

Figure 1 shows time evolution of ECH and ICRF in-
jection powers, central electron temperature (Te0), line-

Fig. 1 Typical time evolution of ECH and ICRF heated deu-
terium discharge with hydrogen gas puffing.
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Fig. 2 Radial profiles of the (a) electron temperature and den-
sity, (b) ion temperature, and (c) neutron emission rate.

averaged electron density (ne_bar), ion temperature evalu-
ated by the Doppler width of the Ar XVII line (Ti_crystal)
[1], and S n measured by the 10B counter of the neutron flux
monitor [2, 3] in D plasmas. Here, the hydrogen concen-
tration H/(H+D) measured by Hα and Dα spectroscopic
measurement was less than 10%. The ICRF power absorp-
tion efficiency evaluated by power modulation is approxi-
mately 75%. Figure 1 shows that S n changes according to
the ICRF injection power, which is expected.

Neutron emission calculation based on the thermal fu-
sion reaction is performed to identify the neutron emission
rate due to the second harmonics deuteron heating. Fig-
ure 2 (a) shows the radial profiles of electron temperature
and electron density measured in a previously performed
He plasma experiment sustained by ECH and ICRF minor-
ity heating, where the ion temperature was measured by
charge exchange spectroscopy. In this experiment, ICRF
and ECH powers are 4 and 1 MW, respectively. The mi-
nority ratio is 30%. The ion temperature profile shown
in Fig. 2 (b) is given as Ti = (4/3)Ti_crystal(1 − (reff/a99))2

based on the charge exchange spectroscopy (Ti_CXS) mea-
surement. Here, the central ion temperature is assumed to
be (4/3) × Ti_crystal based on the comparison of Ti_CXS at
plasma center and Ti_cystal. Figure 2 (c) shows the neutron
emission rate evaluated from the ion temperature profile
and deuteron density profile, which is assumed to be the
same as the electron density profile. In this calculation, the
electron temperature profile is not used because the neu-
tron emission rate is independent of the electron tempera-
ture.

Fig. 3 Comparison of the neutron emission rate calculated using
the thermal D-D reactivity and measured neutron emis-
sion rate.

In this calculation, we only integrate neutron emission
up to reff = a99, where a99 denotes the effective minor ra-
dius in which 99% plasma stored energy is existed, because
the neutron emission at reff > a99 is much smaller than that
at the neutron emission peak because of the low-ion tem-
perature. The calculated neutron emission rate from the
thermal reaction (S n_calc) was evaluated by
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where 〈σDDv〉 is the thermal D-D reactivity described in
Ref. [4].

Figure 3 shows the comparison between the total neu-
tron emission rate measured in the experiment (S n_exp) and
S n_calc in D plasma sustained by ECH and ICRF heat-
ing. Here, the ICRF injection power range is from 0.2 to
1.5 MW and the electron density range is from 0.5 × 1019

to 1.4 × 1019 m−3. The deuteron density is evaluated by
spectroscopy. S n_calc was approximately two times higher
than S n_exp. This overestimation is seen because impurity
ions, such as carbon, were not considered in this calcula-
tion. The ratio of S n_calc to S n_exp in the D plasma sustained
by ECH and ICRF heating is almost the same as that sus-
tained by only ECH. This result implies that neutron emis-
sion from thermal-ICRF tail deuterons was not visible. In
the first ICRF D campaign, the ICRF wave was thought to
be mainly absorbed through minority proton heating in D
plasma.

We will further expand S n database in LHD D plasma
sustained by higher power ICRF heating for the precise
prediction of S n in long-pulse discharge and investigation
of the heating scheme of ICRF.
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