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Sustaining a detached plasma is important for the reduction of the heat load on a divertor. The externally
controlled methods such as gas puffing in the divertor region, etc. have been studied for maintaining detached
plasmas. In the recent LHD experiments, a resonant magnetic perturbation (RMP) is utilized to establish the
detached plasma, which is one of the candidates to reduce the divertor heat load. The finite plasma response field
has been detected when the RMP is imposed, and its behavior is investigated from the viewpoint of the magnetic
island dynamics. A parameter of the phase difference, Δθ (defined as the phase difference between the plasma
response field and the RMP), changes from antiphase to in-phase while the plasma transits from the attached to
the detached states. Finally, when the Δθ reaches at certain critical value, Δθcrit, the plasma enters the detached
state. Since this critical value does not have a dependency on plasma beta and collisionality, Δθcrit seems to be a
threshold to establish the detached plasma. From the viewpoint of magnetic island dynamics, the behavior of Δθ
approaching in-phase implies the “trend” of island growth. The detached plasma might be established in the case
of the tendency for the plasma response field to reinforce the island width.
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1. Introduction
Establishing a method for reducing the divertor heat

load is an important issue to realize a nuclear fusion reac-
tor. Although a lot of studies about externally controlled
methods have been done to maintain detached plasmas in
tokamaks [1, 2], a reliable method to obtain a detached
plasma has not been found. In recent LHD experiments,
a resonant magnetic perturbation (RMP) has been utilized
to establish a detached plasma [3], which is one of the can-
didates to reduce the divertor heat load. When the RMP is
imposed on the plasma, a significant plasma response field
is observed to modify the magnetic island [4]. The behav-
ior of the plasma response field has been investigated from
the viewpoint of magnetic island dynamics [5]. The pur-
pose of this study is to investigate the detailed behavior of
the plasma response field and its dependence on plasma
parameters for detached plasmas. This article is composed
as follows. In the following section, the experimental setup
of LHD, its equilibrium and magnetic diagnostics are de-
scribed. The behavior of the plasma response field in a
detached plasma is shown in Sec. 3. After a discussion in
Sec. 4, we will summarize in the Sec. 5.

2. Experiment Setup of LHD
The LHD is a heliotron-type plasma confinement de-

vice with the distinguishing feature being the presence of

author’s e-mail: narusima@LHD.nifs.ac.jp

a set of continuous helical coils with a poloidal/toroidal
winding number 2/10. The helical and poloidal coils used
to confine the plasma are superconducting. Major and av-
eraged minor radii of the plasmas studied here are R =
3.9 m and a = 0.5 m, respectively. The rotational transform
(ι/2π) profile is monotonically increasing with radius with
axis values near ι/2π = 0.4 and an edge value ι/2π ∼ 1 in
the vacuum configuration.

2.1 Resonant magnetic perturbation field
and rotational transform profile

The resonant magnetic perturbation is imposed by the
perturbation coil system which had been originally used
as a correction coil system to compensate the natural error
field [6]. 10 pairs of coils made of normal conductors set at
the top and bottom of LHD (Fig. 1) can produce a magnetic
field with m/n = 1/1 and/or 2/1 modes (here, m/n are the
poloidal/toroidal Fourier mode numbers). In this study, to
make the magnetic island with m/n = 1/1, the perturbation
field is imposed by RMP coils (shown by black in Fig. 1).
In addition, the other RMP coils (shown by gray in Fig. 1)
are also used to cancel the toroidal coupling component of
m/n = 2/1.

The ι/2π profile is modified by the RMP as shown in
Fig. 2. Figure 2 (a) shows the rotational profile in the vac-
uum configuration without an RMP, which shows a mono-
tonic increment from the magnetic axis (R = 3.9 m) to the
plasma boundary (R ∼3 m and ∼4.6 m). On the other hand,
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Fig. 1 Top view of vacuum vessel and resonant magnetic per-
turbation coil system of LHD. Coils for m/n = 1/1 are
colored black. Coils for m/n = 2/1 are colored gray.

Fig. 2 Major radial profile of rotational transform (a) without
and (b) with the RMP. Profile shows local flattening re-
gion at R ∼ 4.5 m in the case an RMP is imposed.

the RMP locally makes the ι/2π profile flat at the periph-
eral region at R ∼4.5 m in Fig. 2 (b), which produces the
magnetic island structure.

Fig. 3 Explanation drawing of (a) definition of the phase shift
Δθ, (b) case of in-phase (Δθ = 0) leads to island growth,
and (c) case of out of phase (Δθ = π) leads to island sup-
pression.

2.2 Measurement of plasma response field
In the LHD experiments in the presence of plasma,

both the growth of the m/n = 1/1 island beyond its vac-
uum value and disappearance are observed [4,5]. When the
island grows, the Te profile shows significant local flatten-
ing at the ι/2π = 1 surface. Correspondingly, the magnetic
diagnostics show an m/n = 1 signal that is in-phase with
the imposed vacuum magnetic field. Hence, the plasma
response produces a larger island-producing radial mag-
netic field. In the disappeared state, the Thomson profile
shows no flattening at the rational surfaces and the mag-
netic diagnostic shows an m/n = 1 signal of precisely the
same value as the island-inducing vacuum magnetic field
but with a π phase change. In the this case, the plasma re-
sponse produces a magnetic field that exactly cancels the
resonant vacuum field such that there is no radial compo-
nent of the resonant magnetic field at the rational surface.

Here, an important parameter, the phase difference
(Δθ), should be noted that the Δθ is defined as the
poloidal-angle difference between the phase of plasma re-
sponse field (δbpl) and the RMP field (δbRMP) as shown
in Fig. 3 (a). The δbpl and δbRMP indicate the magnetic
field amplitude with an m = 1 Fourier mode. The phase
difference, Δθ, can be an indicator of the structure of the
magnetic island. When the phase difference is in-phase
(Δθ = 0), as shown in Fig. 3 (b), the magnetic island grows
whereas the magnetic island is suppressed when it is out of
phase (Δθ = π) as shown in Fig. 3 (c).

3. Experimental Result
3.1 Detached plasmas

In the previous study in LHD, the 1/3∼1/10 reduction
of particle flux and heat load on the divertor plate has been
observed by means of the divertor-probe measurement [3],
which can be thought of as a detachment. While the de-
tached plasma is established in the LHD experiment, the
radiation region exists at the stochastic region which is up-
stream from the divertor leg. In particular, in the case that
the magnetic island is imposed, AXUVD and bolometer
diagnostics have shown that the radiation region is local-
ized around the X-point of the magnetic island [3, 7]. This
detachment in LHD can be thought to be a phenomenon
similar to an X-MARFE in a tokamak [8], which can be
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Fig. 4 Time evolution of (a) line averaged electron density, (b)
radiation, (c) divertor power load, (d) plasma stored en-
ergy, and (e) phase difference. Detached state is estab-
lished at t ∼2.9 s indicated by gray bold line.

sustained in the stochastic magnetic field at the X-point of
the magnetic island.

Figure 4 shows a typical discharge of a detached
plasma with an RMP. The plasma transits from an at-
tached to a detached state at t = 2.9 s. At the transi-
tion, although the radiation rapidly increases (Fig. 4 (b)),
the plasma does not experience a radiation collapse. Just
after the transition, the signal of the divertor power re-
mains almost zero (Fig. 4 (c)), which means that the diver-
tor heat load can be avoided by means of the establish-
ment of a detached state. A high line-averaged electron
density (ne ∼1020 [m−3]) is achieved during the detached
plasma (Fig. 4 (a)). The plasma stored energy increases
(Fig. 4 (d)). The phase difference, Δθ, gradually moves to
the positive direction corresponding to the ion-diamagnetic
direction, and the plasmas enter the detached state when Δθ
reaches a certain value at t = 2.9 s.

3.2 Behavior of plasma response field
Figure 5 summarizes the waveforms of the phase dif-

Fig. 5 Time evolution of phase difference Δθ (solid lines) for
the cases of (a) not detached, (b) always detached and (c)
transition from attached to detached state. Black circles
indicate the point when the detached plasmas are estab-
lished. Gray dashed lines indicate the threshold of Δθ for
detachment.

ference, Δθ, acquired from multiple discharges. It should
be noted that those plasmas have been obtained from the
configuration different from that of Fig. 4. The time traces
are shown by solid lines. The gray dashed line indicates the
critical phase difference (Δθcrit = −0.32 πrad) estimated
as the average of Δθ when plasmas are in the detached
state. In the cases where the plasmas are not detached
(Fig. 5 (a)), the Δθ remains less than Δθcrit whereas the Δθ
remains around Δθcrit when the detached plasma is sus-
tained through the whole term of the discharge (Fig. 5 (b)).
On the other hand, in the cases where the plasmas experi-
ence a transition to the detached state, Δθ shows dynamical
behavior in which the Δθ gradually moves to the positive
direction corresponding to ion-diamagnetic direction, and
plasmas enter the detached state when the Δθ reaches Δθcrit

as shown in Fig. 5 (c). The values of Δθ for detachment
seem to be the same whereas the timings for that are dif-
ferent.
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4. Discussion
The experimental fact is that the phase difference,

Δθ, reaches a critical value Δθcrit = −0.32 πrad when the
plasma transits to a detached state. From the viewpoint of
magnetic island dynamics, approaching Δθ = 0 implies the
“trend” of magnetic island growth. In the previous stud-
ies [4, 5], island growth and suppression can be clearly di-
vided into two regions in the plasma beta (β) vs. plasma
collisionality (ν) space, in which the growth of the mag-
netic island is realized in higher-β/lower-ν region. How-
ever, it should be noted that the previous result [4, 5] has
been obtained by a magnetic configuration different from
this study. Furthermore, the acquired data range is nar-
rower than in [4, 5]. Therefore, we cannot state that the
detachment plasma can be established in higher-β/lower-ν
region. Nevertheless, the parameter Δθ can show the clear
boundary for a detached plasma.

It is worthwhile to investigate the plasma response
field depending on β/ν from the viewpoint of island dy-
namics. To compare the dispersion of Δθ, β and ν, we
summarize them as shown in Fig. 6. Here, the β and ν are

Fig. 6 Relationship between phase difference Δθ and (a) beta
and (b) collisionality. Filled and open circles indicate de-
tached and attached state, respectively. Dashed gray line
indicates the threshold of Δθ for detachment.

calculated values at ρ = 0.9 (here, ρ is a normalized mi-
nor radius). The plasma discharges shown in Fig. 6 are the
same as those in Fig. 5 (c). The open and closed circles
indicate the data from attached and detached plasmas, re-
spectively. As shown in Fig. 6 (a), about the relationship
between Δθ and β, it seems that there is no correlation be-
tween the Δθ and β. In the cases the plasma is in a de-
tached state (see closed circles), the β is widely dispersed
in β = 0.08 – 0.17%. Attached plasmas also exist within
this β range. Namely, it cannot be judged by β whether the
plasma is in an attached or detached state. As for the colli-
sionality ν, the correlation between Δθ and ν is not weaker
than that of the case of Δθ and β as shown in Fig. 6 (b).
The Δθ approaches in-phase when the ν increases. The ν,
however, is also widely dispersed in ν = 0.2 – 0.34 when
the plasma is in the detached state. Noticing the case of de-
tachment (closed circles), the β and ν are widely dispersed
(β = 0.08 – 0.17%, ν = 0.2 – 0.34) whereas the phase dif-
ference Δθ is nearly-constant. These experimental obser-
vations show that the Δθcrit seems to be a threshold to es-
tablish the detached plasma.

These experimental facts mean that the plasma does
not get in the detached state until the magnetic configura-
tion at the peripheral region has a certain structure. That
is to say, the detached plasma is established in case of the
tendency for the plasma response field to reinforce the is-
land width. Kobayashi [7] has shown that the detachment
occurs when the cooling area by carbon radiation is local-
ized around the X-point of the island. For that, the well-
structured magnetic island is required. This statement is
consistent with the experimental observation shown in this
paper.

5. Summary
The behavior of the plasma response field in a de-

tached plasma is studied. In this study, we notice the phase
difference (Δθ) defined as the phase difference between the
plasma response field and the RMP. When the plasma tran-
sits from an attached to a detached state, the phase differ-
ence Δθ gradually moves towards in-phase (Δθ = 0) to
the certain critical value Δθcrit. In multiple discharges with
transition, the Δθcrit is almost the same whereas the plasma
beta and collisionality are dispersed. These experimental
observations can be interpreted such that the trend of island
growth leads to a detached state. That is consistent with the
previous study in which a well-structured magnetic island
is required to make a detached plasmas [7].
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