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A study of the resonant magnetic perturbation (RMP) effect on transit beam ion behavior is performed
using the total neutron emission rate (S n) measurement of the deuterium plasma in the Large Helical Device.
We conducted no RMP field, one-half RMP field, and full RMP field discharges and compared S n that reflects
the global beam ion confinement information. It is determined that owing to the RMP field, S n decreased by
approximately 15 - 30%. Numerical calculations based on the classical confinement of beam ions were performed
to investigate the bulk plasma parameter effect on S n. The calculated S n shows that the degradation of S n by
RMP is mainly caused by the degradation of the electron temperature owing to island formation which results in
a shorter slowing down time of beam ions.
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To realize a nuclear fusion reactor, it is essential to
produce high-performance plasma. However, the perfor-
mance is limited by magnetohydrodynamic modes. To
avoid these modes, the application of three-dimensional
resonant magnetic perturbation (RMP) has been widely
used [1]. However, RMP may induce the degradation of
fast ion confinement by breaking the symmetry of the mag-
netic field. In the Large Helical Device (LHD), the effect
of the RMP field on the beam ion losses has been studied in
hydrogen plasmas with a fast ion loss detector (FILD) [2].
It has been reported that the beam ion-loss rate to the FILD
increased in wide energy and wide pitch angle ranges. Al-
though FILD measurements shows the effect of RMP on
the beam ion loss, the RMP effect on confined beam ion
remains unclear because the FILD can only measure the lo-
cal beam ion loss. In the deuterium operation of LHD, ow-
ing to the intensive neutral beam (NB) injection, neutrons
from the NB-heated plasma primarily originate from the
fusion reaction between the bulk plasma and beam ions [3].
Therefore, we can obtain information on the global beam
ion behavior by the total neutron emission rate (S n) mea-
surement. This paper reports the RMP effect on the global
beam ion behavior by neutron diagnostics.

LHD is equipped with three negative-source-based
tangential NB injectors (i.e., NB1, NB2, and NB3) and
positive-source-based perpendicular neutral beam injec-
tions (i.e., NB4 and NB5). NB1, NB2, and NB3 primar-
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ily create passing transit beam ions with energies of up to
180 keV, whereas helically-trapped beam ions with ener-
gies of 60 - 80 keV are mainly created by NB4 and NB5.
To measure S n, an absolutely-calibrated neutron flux mon-
itor installed on the top of the LHD is used [4]. Here the
typical error bar originating from the absolute calibration
and pulse statistics in S n of ∼1014 n/s is approximately
10%. The RMP field is externally applied by a local island
divertor coil consisting of 10 pairs of copper coils installed
outside the vacuum vessel of the LHD [5].

The beam ion confinement study was performed with
a toroidal magnetic field strength Bt of 2.75 T (the direc-
tion of the toroidal field is counterclockwise from the top)
and a preset magnetic axis position Rax of 3.6 m. Here,
co-going transit beam ions are injected by NB1 and NB3,
whereas counter-going transit beam ions are injected by
NB2. We conducted plasma discharges with no RMP field,
one-half RMP field strength, and full RMP field strength.
Figure 1 shows the typical time evolution of the injection
power (Pinj) of ECRH and NBs, together with the time
evolution of the electron temperature at the plasma center
(Te0) and the line-averaged electron density (ne_avg) in each
shot. In this discharge, ECRH and NBs are sequentially in-
jected into the plasma. Here, NB4 is used as a diagnostic
beam for the ion temperature measurement. The accelera-
tion voltages of NB1, NB2, and NB3 are 180 keV, 150 keV,
and 170 keV, respectively. Here, in shot number 146408
and shot number 146409, RMP with a constant amplitude
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Fig. 1 Time trace of discharges with and without RMP. Each
NB is sequentially injected into the plasma with/without
the RMP field. Wp degrades by 20 - 30% owing to RMP
because of the magnetic island formation.

is applied throughout the discharge. Note that the ampli-
tudes of magnetic field perturbation in one-half RMP and
full RMP cases at the magnetic axis position are 1.2 mT
and 2.3 mT, respectively. In addition, there was almost no
difference in Te0 and ne_avg. However, diamagnetic energy
(Wp) decreased owing to RMP. This is attributed to the for-
mation of a magnetic island with a poloidal mode number
of 1 and a toroidal mode number of 1 at r/a ∼ 0.8 with an
island width of r/a ∼ 0.1. For example, Te at r/a = 0.8
(Te_r/a=0.8) is lower in RMP cases compared with the no
RMP case. Therefore, plasmas have a relatively narrow Te

profile in the r/a < 0.8 region with RMP.
The time evolution of S n measured by NFM is shown

in Fig. 2. The absolute value of S n is different in each NB
because of the difference in the acceleration voltage and
injection power. This experiment yields the degradation of
S n owing to RMP field application. In the one-half RMP
case, S n decreases by ∼15% for NB1, ∼30% for NB2, and
∼20% for NB3 compared with that of the no RMP case.
The absolute value of S n is comparable with S n for the
cases of one-half RMP and full RMP. The calculation of
S n by the FBURN code based on the classical confine-

Fig. 2 (a) Time evolution of S n measured in the experiments.
The pulsed increase in S n is due to the diagnostic beam
(NB4) injection. (b) Time evolution of S n calculated by
the FBURN code.

ment of the beam ion [6] using the experimental data is
performed to investigate the effect of the bulk plasma pa-
rameter change owing to RMP on S n. In the calculation,
beam ions are assumed to be slowed down at the deposited
position; effective charge of 2 is assumed, and no radial
diffusion is included. The absolute value of S n obtained
in the calculation is approximately 1.5 times higher than
that of the calculated S n, as reported in Ref. [6]. The cal-
culation results show that S n decreases by approximately
15% for NB1, ∼30% for NB2, and ∼20% for NB3 owing to
RMP. It should be pointed out that S n in the one-half RMP
amplitude is almost the same as S n in the full RMP ampli-
tude, as measured in the experiments. The result suggests
that the degradation of S n is mainly due to the degradation
of the electron temperature owing to the island formation
because lower electron temperature induces shorter slow-
ing down time of beam ions. The detailed analysis with a
focus on the effect of RMP on the beam ion orbit will be
performed.
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