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Systematic experiments were carried out in the 23rd Large Helical Device experiment campaign to explore
the interaction between fast ions and ion-scale turbulence focusing on the impact of varying the power of the neu-
tral beam (NB) injection. During the NB heating, two distinct phases of turbulence reduction were observed. The
first phase was a transient reduction of about 10 msec immediately following the initiation of the NB injection.
This reduction in turbulence was noticeable even while the electron density and temperature profiles remained
nearly unchanged. The second phase involved a continuous reduction that maintained a lower turbulence level
throughout the duration of the NB injection. The physics mechanisms underlying these phenomena are not fully
understood yet. However, it is likely that two distinct processes of turbulence stabilization, each corresponding
to the transient and continuous reduction phases, are at work due to the influence of the fast ions.
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1. Introduction
Comprehending the interaction between fast ions and

turbulence is crucial for predicting future fusion reac-
tor operations. Fast ions generate macroscopic magneto-
hydrodynamics (MHD) instabilities such as the toroidal
Alfvén eigenmodes (TAE), but their interaction with mi-
croscopic turbulence is not well understood. Recent find-
ings from the Joint European Torus (JET) suggest that fast
ions stabilize ion temperature gradient (ITG) turbulence
and relax the stiffness of the ion temperature profile due to
the fast ion pressure [1,2]. Moreover, JET findings also in-
dicated that the fast ion-driven TAE mode acted as a zonal
flow suppressing the ITG turbulence [3, 4]. However, ev-
idence directly supporting turbulence reduction has been
scarce and was only reported in [4].

This paper presents the results from a systematic study
of the interaction between fast ions and micro-turbulence.
The experiments were conducted on the Large Helical De-
vice (LHD) at the National Institute for Fusion Science.
In order to analyze the effects of fast ions on turbulence,
it was vital to distinguish between the direct effects of the
fast ions and the effects of changes in density and temper-
ature profiles due to heating. To ensure this, short pulses
(∼80 msec) of neutral beams (NBs) were injected to pre-
vent altering the plasma profile. As a result, two distinct
phases of turbulence reduction were identified: an ini-
tial, strong transient reduction following the NB injections,
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and a second, modest and continuous reduction maintained
throughout the NB injections.

2. Experimental Results
The LHD is a heliotron-type device [5]. It contains a

set of two superconducting helical winding coils and three
pairs of superconducting vertical coils, which generate a
helically shaped magnetic flux surface [5]. For NB heat-
ing, three parallel-injected negative ion-based NBs (NNBs;
NB#1, 2, 3) and two perpendicularly injected positive ion-
based NBs (PNBs; NB#4, 5) are used. The NNBs predom-
inantly heat electrons, while the PNBs predominantly heat
ions. The two PNBs (NB#4, 5) were utilized for this ex-
periment, with each possessing slightly different injection
power and energy. NB#4 and NB#5 had injection powers
of 8 MW and 7 MW, respectively, and injection energies
of 55 keV and 62 keV, respectively. Each PNB comprises
four ion sources, and the power can be adjusted by op-
erating two or four ion sources. Additionally, there are
five gyrotrons (three at 77 GHz and two at 154 GHz) for
electron cyclotron resonance heating (ECRH). The mag-
netic configuration employed in these experiments was the
inward-shifted configuration, with a magnetic axis posi-
tion at 3.6 m and a toroidal magnetic field of 2.75 T. This
configuration is most frequently used due to its efficient
performance [6].

In this study, we injected short pulses (80 msec wide)
of deuterium PNBs into a deuterium plasma sustained by
2 MW 154 GHz second harmonic ECRH. The short pulse
(∼80 msec) injection was chosen to maintain stable density

© 2023 The Japan Society of Plasma
Science and Nuclear Fusion Research

2402069-1



Plasma and Fusion Research: Regular Articles Volume 18, 2402069 (2023)

1.0

0.5

ρ

5.15 5.20 5.25 5.30 5.35

35

8

t [sec]
Fluc.Am

p. 
[a.u.]

0
1
2
3
4
5

0
5
10
15
20

n e [
10

19
 m

-3
] H

eating 
Pow

er [M
W

]PECH

PNB
ne
―

0
0.5

1
1.5

2

T e, 
T i [

ke
V]

Te

Ti

(d)

1011
1012
1013

1014

1015

S n
 [n

/s
]

(a)

(b)

(c)

Fig. 1 Time evolutions of (a) line-averaged electron density and
heating power, (b) electron temperature and ion tempera-
ture, (c) total neutron emission rate, and (d) spatial struc-
ture of turbulence amplitude (shot 173726).

and temperature profiles. Ion-scale turbulence was mea-
sured using two-dimensional phase contrast imaging (2D-
PCI) [7]. The 2D-PCI measures turbulence with a spa-
tial resolution of approximately 10 - 30% of the minor ra-
dius and turbulence values of k = 0.1 - 1 mm−1, f = 20 -
500 kHz. The injection power of the PNBs was varied by
using a combination of the two PNBs.

Figure 1 illustrates the time progression with two PNB
injections. Figure 1 (a) plots the line-averaged electron
density (ne), the total heating power of a NB (PNB) and
ECH (PECH). Figure 1 (b) shows the electron temperature
(Te), measured by electron cyclotron emission (ECE), and
ion temperature (Ti) ascertained through Doppler broaden-
ing using the Argon resonance line at 0.3949 nm of Ar16+,
i.e., Ar XVII 1 s2 1S0-1s2p 1P1 [8,9]. The electron temper-
ature data gathered at ρ = 0.6 was chosen for comparison
with the turbulence data gathered by 2D-PCI. Even though
the ion temperature determined through Argon Doppler
broadening was an integrated measurement, the radiation
intensity was primarily centered on the plasma center,
where the radiation intensity is strongest. These measure-
ments allowed us to capture the rapid changes following
PNB injections. In Fig. 1 (c), we estimated the total neu-
tron emission rate using a 235U fission chamber (FC) [10].
These neutrons were produced by the fusion reaction be-
tween the beam deuterium and bulk deuterium, thus their
total emission rate represents the generation of fast ions
from the deuterium beams. As depicted in Fig. 1 (c), the
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Fig. 2 Expanded view of turbulence amplitude in the core (ρ =
0.5 - 0.7) and edge (ρ = 0.9 - 1.1) regions and total neu-
tron emission rate.

total neutron emission rate spiked after the PNB injections,
remaining steady throughout the PNB pulses before de-
creasing gradually post-injection due to the slowing down
process of the beam fast ions. Figure 1 (d) represents the
time evolution of ion-scale turbulence as measured by 2D-
PCI. The turbulence signal was captured at 1 µsec sam-
pling, and spatial profiles were computed every 1 msec us-
ing the magnetic shear technique and the maximum en-
tropy method (MEM) [7, 11].

As evident in Fig. 1 (d), turbulence decreased imme-
diately after PNB injections at 5.2 sec, and lower turbu-
lence amplitude persisted until the PNBs were turned off
at 5.28 sec. Turbulence then increased during the slowing
down phase, returning to levels pre-PNB injections. The
recovery timeframe was consistent with the decay time of
the total neutron emission rate. It should be emphasized
that we observed two phases of turbulence reduction. The
first, a significant reduction immediately post-PNB injec-
tions, is termed “the first transient reduction” in this paper.
The second, a modest reduction sustained during the PNB
injections, is termed “the second continuous reduction” in
this paper. Figure 2 provides a more detailed view of these
two phases.

Figure 2 compares the temporal evolution of turbu-
lence amplitude in the core (ρ = 0.5 - 0.7) and edge (ρ =
0.9 - 1.1) regions with the variation in the total neutron
emission rate. As shown in Fig. 2, turbulence amplitude
began to decrease immediately after the PNB injections
at t = 5.2 sec, while neutron emission rates began to in-
crease. The turbulence amplitude reached a minimum at
t = 5.21 sec, when the increase in neutron emission rates
had saturated. This marked the first, strong reduction. Tur-
bulence did increase post this point but never returned to
its pre-PNB injection value, maintaining a lower level af-
ter t = 5.22 sec for the duration of the PNB injections. This
period represents the second, continuous reduction phase.
This response was observed in both core (ρ = 0.5 - 0.7) and
edge (ρ = 0.9 - 1.1) regions.

Figure 3 shows the ne, Te, and electron pressure (Pe)
profiles at three specific points in time:
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Fig. 3 Profiles of (a) electron density, (b) electron temperature, and (c) electron pressure. The red, blue, and green lines represent specific
points in time: just before NB injection (I, 5.17 s), the moment of minimum amplitude (II, 5.21 s), and the point when turbulence
amplitude increases but is lower before NB injection (III, 5.26 s). The density profiles were evaluated by the Abel inversion of a
FIR interferometer [12, 13], while the temperature profiles were derived from ECE.
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Fig. 4 NB heating power dependence of turbulence suppression ratio. The first transient reduction represents the ratio of turbulence
amplitudes at timing II to timing I, whereas the second mode reduction indicates the ratio of turbulence amplitudes at timing III to
timing I. NB power of 4.3 and 8.0 MW were produced by NB#4, NB power of 3.4 and 7.0 MW were generated by NB#5, and a
NB power of 15 MW was produced by both NB#4 and NB#5.

I. Before the NB injection at t = 5.17 sec
II. After the NB injection and when the turbulence am-

plitude is at its minimum at t = 5.21 sec
III. After the NB injection and after the turbulence am-

plitude increases and maintains a modest reduction of
turbulence at t = 5.26 sec.

As illustrated in Fig. 3, all profiles remained unchanged be-
tween timings I and II, indicating that the first transient re-
duction was not due to differences in profiles. Therefore,
this reduction was due to the fast ions produced by the PNB
injections. Furthermore, the timescale of turbulence reduc-
tion (t = 5.20 - 5.21 sec) aligns with the increase in total
neutron emission rate as depicted in Fig. 2. This strongly
suggests that the first transient reduction was caused by the
fast ions produced by PNB injections.

During the later phase from timing II to III, the ne, Te

and Pe increased slightly at ρ < 0.9. The changes in Te and
Pe were particularly significant. Consequently, we cannot
completely disregard the effect of profile variation. How-
ever, as depicted in Fig. 1 (b), the Te gradually increased
during the PNB injections, while the turbulence amplitude

remained virtually unchanged between timings II and III,
as shown in Fig. 2. Thus, there is still a possibility that fast
ions contributed to the second continuous reduction.

Finally, we investigated the PNB power dependence
of turbulence reductions. Here, we define the turbulence
reduction ratio as ñe ON/ñe OFF , where ñe ON is turbulence
amplitude with PNB injections and ñe OFF is that before
starting PNB injection. We define the first transient reduc-
tion ratio as the amplitude ratio at timings II to I, and the
second continuous reduction ratio as the turbulence ampli-
tude at timings III to I.

We estimated the ratios for both the core (ρ = 0.5 -
0.7) and edge (ρ = 0.9 - 1.1) regions over a 10 msec time
window at each timing. We derived the error bars from the
statistical distribution of amplitude for each analysis time
window. As the 2D-PCI measures both the upper and lower
sides of the equatorial plane [7], we performed evaluations
on both sides.

In this study, we scanned PNB power in five different
cases: 3.4, 4.3, 7.0, 8.0, and 15 MW. The result is depicted
in Fig. 4. We found differences in power dependence of re-
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duction ratios between the first transient reduction and the
second continuous reduction. The first transient reduction
was clearly enhanced from 3.4 to 8.0 MW. However, the
reduction did not change significantly from 8.0 to 15 MW.
Also, the difference in turbulence reduction between the
core and edge regions was not evident. On the other hand,
the second continuous reduction was enhanced with the in-
crease in NB power. The reduction in the core region was
higher than that in the edge region. The differing power de-
pendencies in the first transient and second continuous re-
ductions also suggested that different physical mechanisms
were at play in the two reduction phases.

3. Discussion and Summary
We experimentally investigated the interaction be-

tween fast ions and ion-scale turbulence in LHD. We found
two distinct reduction phases during the injection of the
PNBs. The first transient reduction occurred just after the
PNB injection began and lasted for 10 msec, with constant
ne and Te profiles. The global energy confinement time is
about 100 msec, which is significantly longer than the first
transient reduction. This finding supports the idea that the
first transient reduction is not due to changes in confine-
ment, but due to the injection of fast ions. The transient
reduction of turbulence was also observed due to the loss
of fast ions, which triggered energetic particle-driven in-
terchange (EIC) mode [14–16]. In EIC mode, the transient
reduction of turbulence lasted 1 msec, which was much
shorter than our results. Additionally, the reduction was
caused by the strong Er and/or shear formation [15, 16].
In contrast, during these experiments, the transient reduc-
tion of turbulence was caused by the injection of fast ions
rather than their loss. The underlying physical mechanisms
might differ. However, it is possible that strong Er and/or
Er shear was transiently formed just after the PNB injec-
tion. Further measurements of Er are needed to confirm
this hypothesis.

The first transient reduction does not significantly im-
pact total transport due to its inability to maintain reduced
turbulence. The second continuous reduction, which sus-
tains suppressed turbulence during the gradual increase of
ion and electron temperatures is more consequential for
transport. The difference in the timescales of turbulence
and temperature changes substantiates the idea that the sec-
ond continuous reduction is attributable to the impact of

fast ions.
In accordance with tokamak theory, ITG stabilization

can be attributed either to the electromagnetic effects of
fast ion pressure [1, 2], or the role of the TAE mode as a
zonal flow [3,4]. In these experiments, the TAE mode was
not observed in the magnetic probe signal, which points
to the electromagnetic effects of fast ion pressure as a
possible explanation. First principle theoretical gyroki-
netic studies have reported that the ratio of fast ion density
and temperature gradient determines stabilization. Specif-
ically, the ITG is stabilized for LnF/LT F < 1 and desta-
bilized for LnF/LT F > 1, where the LnF and LT F are the
density and temperature scale length of fast ions, respec-
tively [17]. Therefore, future investigations should include
a gyrokinetic study that takes into account the fast ion pres-
sure profile, along with further experimental research.
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