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A new type of self-sustained divertor oscillation is discovered in the Large Helical Device stellarator,
where the peripheral plasma is detached frommaterial diverters by means of externally applied perturbation
fields. The divertor oscillation is found to be a self-regulation of an isolated magnetic field structure (the
magnetic island) width induced by a drastic change in a poloidal inhomogeneity of the plasma radiation
across the detachment-attachment transitions. A predator-prey model between the magnetic island width
and a self-generated local plasma current (the bootstrap current) is introduced to describe the divertor
oscillation, which successfully reproduces the experimental observations.
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Isolation of magnetically confined high-temperature
plasmas from material walls by manipulating magnetic
topology, namely, the divertor plasma operation, is a
promising scenario for achieving the fusion relevant reactor
condition. In such plasmas, including tokamaks and stella-
rators, reconciling a high core plasma performance and
tolerable heat load onto a divertor target is a great challenge
for steady state reactor development. A divertor detachment
operation, in which a radiative boundary plasma in front of
the divertor target mitigates the direct heat flux, is a viable
solution for this issue, and establishment of a stable
detachment scenario is highly desirable [1–4]. However,
since the divertor detachment is a nonlinear phenomenon,
emerging bifurcation [5] or self-sustained oscillation [6,7]
is often observed. On the one hand, those are potential
obstacles for acquiring the steady state detachment oper-
ation. On the other hand, they provide an opportunity to
untangle the background nonlinear physics of the detach-
ment [8,9]. Specifically, a multivalued relation between
temperature and particle number in the divertor region is
suggested [8] to be essential for understanding the recy-
cling driven self-sustained divertor oscillation in tokamaks
[6,7]. Externally driven three-dimensional magnetic field
perturbation is an attractive control knob for the detachment
operation utilized both in tokamaks [10–12] and stellarators
[3]. How the plasma responds to the applied magnetic field

perturbation, often forming a magnetic island (an closed
magnetic flux topology embed into the main magnetic
surfaces) [13,14], altering the radiation structure, is an issue
to be resolved for obtaining a physics-based detachment
control manner.
In this Letter, a new type of self-sustained divertor

oscillation discovered in the Large Helical Device
(LHD) stellarator under a resonant magnetic perturbation
(RMP) application is reported. Since a bifurcative oscil-
lation of 40 Hz is observed among the divertor flux, the
radiation loss, and the magnetic island width, the oscillation
is regarded to be a sequential repetition of the detachment-
attachment transition and back transition. The oscillation
likely originates in the upstream plasma, unlike the
recycling driven divertor oscillation [6–8]. Nonlinear
mutual interaction between the magnetic island and the
bootstrap current (self-generated current due to collisions
between trapped and passing electrons) is modeled as a
predator-prey system. Linear analysis and direct simulation
support the validity of the model. Predator-prey models are
utilized in different science fields, not only in ecology [15],
but also in astronomy [16], dusty plasma physics [17], as
well as plasma turbulence physics [18], for describing the
competitive relationship among different species. It is
demonstrated that the divertor oscillation observed here
is an autonomous system in a nonequilibrium open system
having a mathematical structure analogous to the above
examples.
LHD has a helical confinement magnetic field with

toroidal and poloidal field periods of 10 and 2, respectively,
which is fully produced by superconducting helical coils.
An intrinsic helical double-null divertor configuration is
utilized, which is connected to graphite divertor targets.
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Divertor detachment assisted by a RMP field is achieved
with an outward shifted magnetic axis of Rax ¼ 3.9 m and
a toroidal field strength of Bϕ ¼ 2.54 T (directed counter
clockwise viewed from above). In this magnetic configu-
ration, a layer of intrinsic small magnetic islands surround-
ing closed magnetic surfaces, the so-called stochastic
region, emerges in the plasma periphery. Ten pairs of
RMP coils are installed at the top and bottom of the device,
and produce an n=m ¼ 1=1 resonant field at the plasma
periphery, where m and n denote the poloidal and toroidal
mode numbers [3]. The RMP field often leads to the density
pump-out. The transition to divertor detachment in LHD
generally occurs when the RMP field fully penetrates into
the flux surface with a resonant rotational transform of
ι=2π ≡ 1=q ¼ 1, where q is the safety factor. Enhanced
divertor radiation is initiated once the edge electron
temperature drastically drops at the X-point region of the
magnetic island [3,19].
Figure 1 shows the time evolution of plasma parameters

in the target discharge (No. 163369). The plasma is
sustained by three tangentially injected neutral beams of
the total input power of 6 MW. From the beginning of the
discharge the plasma density is ramped up, and the
detachment transition eventually occurs at t ∼ 3.65 s,
where reduction of the divertor ion saturation current
and enhancement of the X-point radiation loss are evident
[Fig. 1(b)]. Here, a bolometer fan array signal whose line of
sight passes through the X-point region is displayed
representing theX-point radiation loss. The magnetic island
width W normalized by the vacuum RMP island width δ is
approximated as W=δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Φ=Φext

p
according to the mag-

netohydrodynamic (MHD) equilibrium equation [20],
where Φ is the amplitude of the perturbation radial flux
andΦext is the vacuum RMP flux. Here, the radial magnetic
flux is measured with a saddle loop coil array, which has 12
poloidal channels [14]. The detachment transition occurs
several tens of milliseconds after the magnetic island width

exceeds the vacuum magnetic island width. Immediately
after the detachment transition, the magnetic island slightly
shrinks, which is a counteraction of the detachment
transition. During the discharge, the poloidal location
of the magnetic island remains unchanged as shown in
Fig. 1(c). The larger the magnetic island becomes, the more
the detachment transition is facilitated [21]. As the mag-
netic island expands, radial transport across the O-point is
reduced. In turn, parallel transport along the magnetic
island separatrix is relatively enhanced. At the detachment
transition, the electron density increases and the electron
temperature drops particularly at the X-point region of the
magnetic island due to an impurity accumulation at the
X-point on the magnetic island separatrix [22]. As a result,
impurity radiation at the X-point region is enhanced and the
divertor heat flux is mitigated [3,19]. A sequential repeti-
tion of the detachment transition and back transition begins
at t ∼ 3.875 s with a repetition frequency of ∼40 Hz. This
oscillation is also visible in plasma global parameters,
such as the line averaged density and the plasma stored
energy [Fig. 1(a)]. This oscillation is typically reprodu-
cible in a particular line averaged density range, n̄e∼
5–9 × 1019 m−3. The oscillation ceases at t ∼ 4.1 s when
the density falls below the lower boundary.

FIG. 1. Time evolutions of (a) line averaged density and plasma
stored energy, (b) divertor ion saturation current, total radia-
tion intensity, and X-point radiation intensity, and (c) normali-
zed amplitude and phase of m=n ¼ 1=1 radial magnetic field
structure.

FIG. 2. Time evolutions of (a) divertor ion saturation current
and X-point radiation intensity (PX

rad), (b) normalized amplitude
(

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ=Φext

p
) and phase of the m=n ¼ 1=1 radial magnetic field

structure, (c) plasma current (Ip) and its slowly varying
component obtained with 10 Hz low-pass filtering (hIpi),
and Lissajous diagrams of (d) PX

rad versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ=Φext

p
and of

(e) Ip − hIpi versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ=Φext

p
.
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Details of the divertor oscillation are shown in Fig. 2.
Since oscillations in the neutral pressure and the electron
temperature and density in the divertor region (not shown
here) are all in phase, the recycling driven bifurcation
model [6–8] may not explain the observation. This oscil-
lation is considered to originate in the upstream plasma.
Moreover, the oscillation observed here involves a clear
magnetic activity, unlike the recycling driven divertor
oscillation [23]. Time evolution of the plasma current is
shown in Fig. 2(c). On a slowly varying trend mainly due to
the beam driven current, a quick fluctuation highly corre-
lated with the oscillation is clearly observed. Here the
negative sign of the plasma current corresponds to the co-
toroidal magnetic field direction. Note that the beam driven
current has a radially broad profile, and does not affect the
X-point current modulation being discussed below.
The relation between a proxy of the relative magnetic

island width
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ=Φext

p
and the X-point radiation intensity

PX
rad is shown in Fig. 2(d). When the magnetic island

expands and reaches a critical value, the detachment
transition occurs and the X-point radiation intensity
abruptly increases (arrow A). In the divertor detachment
phase, the magnetic island begins to shrink due to the
detachment counteraction, which leads to the X-point
radiation reduction (arrow B). Eventually, the divertor
detachment is terminated, and the peripheral electron
temperature may recover. Then, the magnetic island width
again begins to increase (arrow C), which finally closes the
loop of the divertor oscillation.
Figure 2(e) shows the relation between the island width

and the oscillating part of the plasma current. A positive
surge in the plasma current occurs when the magnetic island
approaches its minimum in the attached phase (arrow B00),
followed by a phase where the plasma current decreases and
the magnetic island grows (arrow C). The trajectory mostly
stagnates during the X-point radiation rise (arrow A). Then,
the magnetic island in turn shrinks, during which the plasma
current is more or less maintained (arrow B0).
In order to examine the background physics of the self-

sustained divertor oscillation, plasma profiles in the fully
detached (t ¼ 3.70–3.77 s) and attached (t ¼ 4.13–4.20 s)
phases are compared. Plasma profiles are measured by the
Thomson scattering diagnostic, having sampling volumes
at the midplane of a horizontally elongated plasma cross
section, as shown in Fig. 3(a). Since the laser repetition rate
for the Thomson scattering diagnostic is lower than the
divertor oscillation frequency, plasma profile evolution
during the divertor oscillation cannot be resolved. By
applying the m=n ¼ 1=1 RMP field, the O-point is formed
at the bottom side in Fig. 3(a), and island flux surface
contours extend beyond the midplane (where profile
measurements in Fig. 3 are taken). In addition, the
stochastic region at the periphery is significantly expanded,
shortening the local connection length. Note that the
distinct island separatrix is not formed in this configuration.

The electron temperature profile is flattened at the ι=2π ¼ 1
rational surface in the peripheral stochastic region, leading
to a shrinkage of the plasma volume compared to a
reference discharge where the RMP is not applied. In
the detached phase, the electron temperature drops over the
radius with respect to the attached phase. Particularly, the
decrement is significant in the magnetic island region,
approximately by a factor of 3. The electron pressure also
falls down close to the diagnostic sensitivity limitation in
the profile flattening region. As a result, the ion collision-
ality ν�i and the inverse mean free path νii=V ti, where νii is
the ion-ion collision frequency and V ti is the ion thermal
velocity, show overall increments. The electron pressure is
also flattened both in detached and attached phases at the
ι=2π ¼ 1 rational surface.
As a working hypothesis for the magnetic island width

modulation, synchronized with the divertor oscillation,
bootstrap current dynamics is examined. In high collision-
ality LHD plasmas, the bootstrap current is directed in such
a way that the rotational transform is reduced [24]. In this
situation, the bootstrap current is predicted to expand the
magnetic island [25] analogous to the normal shear
tokamak discharge case, as illustrated in Fig. 4(a). When
a magnetic island is initiated either by the RMP or other
mechanisms, the bootstrap current at the O-point disap-
pears because of the electron pressure flattening and/or the
increment in the collision frequency. The remnant bootstrap
current at the X-point region having the m=n ¼ 1=1 helical
structure creates a radial magnetic field that is directed to
enhance the original magnetic island. This mechanism is

FIG. 3. (a) Connection length distribution for the poloidal cross
section at which sample volumes for the Thomson scattering
system are aligned at the Z ¼ 0 m level, and radial profiles of
(b) electron temperature, (c) vacuum rotational transform without
RMP application and its fourth order even polynomial fit with
respect to Rax, (d) electron pressure, (e) ion collisionality, and
(f) inverse mean free path for attached and detached plasmas.
Island flattening region is highlighted in (d). Dashed curve in
(e) corresponds to ϵ−1.5, where ϵ is the inverse aspect ratio.
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well formulated as the modified Rutherford equation [26]
[shown Eq. (1) below], and successfully applied in the
neoclassical tearing mode study [27–29]. In the present
case, the plasma detachment needs to be additionally
accounted for when the island width becomes large enough.
The remnant bootstrap current is considered to be reduced
after the detachment transition because the electron temper-
ature at the X-point region drops, enhancing the radiation
loss, as anticipated in [22]. The magnetic island in turn
shrinks, leading to the attachment back transition. Then, the
electron temperature at the X-point region and therefore the
remnant bootstrap current recover, which again contribute
to the magnetic island expansion. This closed loop is
depicted in Fig. 4(b).
This hypothesis is examined by coupling the modified

Rutherford equation to a heuristic model for the bootstrap
current evolution in a predator-prey system as

∂W
∂t ¼ VM

δ2

W2
− VM þ C

jBS
W

; ð1Þ
∂jBS
∂t ¼ αjBS − βWjBS; ð2Þ

where W is the magnetic island width, δ is the vacuum
RMP island width, jBS is the bootstrap current density,
VM ¼ jΔ0jr2sτ−1R is the characteristic magnetic diffusion
speed, and C ¼ 2r2sμ0jLqjτ−1R hBpi−1 is the coupling coef-
ficient. Parameters in the coefficients are the minor radius
of the rational surface rs ¼ 0.52 m, the resistive magnetic
diffusion time τR ¼ μ0r2s=ηNC where ηNC is the neoclassical
resistivity, the scale length of the safety factor Lq ¼
qðdq=drÞ−1, and the flux surface averaged poloidal mag-
netic field hBpi. The tearing stability parameter jΔ0j ∼
2.4 m−1 is obtained by integrating the MHD equation [27]
with the measured boundary condition in a reference
discharge where the RMP is not applied. Here the ion
temperature is assumed to be equal to the electron temper-
ature because of a high collisionality condition. Two
unknowns are present: the linear growth rate of the boot-
strap current α and the nonlinear saturation coefficient β.
The linear response of the system is examined by

the perturbative expansion with W ¼ W0 þW1 and

j ¼ j0 þ j1, where the terms with subscripts 0 and 1
indicate zeroth order mean quantities and first order
oscillatory quantities, respectively. The subscript “BS” is
dropped from jBS for simplicity. From the observation,
W1=W0 ∼Oð0.1Þ, therefore the perturbation quantities can
be used as expansion parameters. One of the zeroth order
fixed points is given as

ðW0; j0Þ ¼ ðα=β;W0VMC−1½1 − δ2W−2
0 �Þ: ð3Þ

As W0 is observable in experiment, β ¼ α=W0 and only
one unknown α now remains. The corresponding first order
equation gives the system eigenvalues,

λ¼ VM

2W0

ð1þδ2W−2
0 Þ

"
−1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4αW0

VM

1−δ2W−2
0

1þδ2W−2
0

s #
; ð4Þ

which is a function of the bootstrap current growth rate α.
The real part and the imaginary part of the eigenvalue
correspond to the growth rate and the frequency of the
system, respectively, and are shown in Fig. 5(a). The
oscillation solution appears in α > 102 s−1, and the oscil-
lation frequency becomes larger than the damping rate in
α > 3 × 103 s−1. A continuous oscillation is expected to
appear if the bootstrap current growth rate is large enough,
particularly in a high density edge plasma with high
resistivity.
A system response with a finite oscillation amplitude is

studied by numerically solving Eqs. (1) and (2) with a
fourth-order Runge-Kutta scheme. For the parameter α, the
inverse of the parallel diffusion time ðνii=V tiÞ2Dk ∼ 2 ×
104 s−1 is used (Dk ≡ V2

ti=νii being the ambipolar diffusion
coefficient), which is a representative response timescale of
the bootstrap current in the collisional regime [30]. Note

(a)

(b)

(c)
Damping rate

Frequency

FIG. 5. (a) Frequency and damping rate of self-sustained
divertor oscillation as a function of bootstrap current growth
rate α, (b) time evolutions of normalized island width (W=δ)
and bootstrap current density (jBS) obtained numerically, and
(c) Lissajous diagram of jBS versus W=δ.

B * = B (1-qn/m)

B Island growth 
by jBS

Detachment

Island shrinkAttachment

jBS is reducedjBS recovers

External drive(a) (b)

R

Br

Br

jBS

FIG. 4. (a) Schematic of remnant bootstrap current expanding
magnetic island and (b) possible mechanism of self-sustained
divertor oscillation.
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that the variation of the electron temperature profile is much
faster because of a high parallel electron diffusivity. The
initial value for W that determines the amplitude of the
response is given to match the experimental observation,
while the fixed point value of j0 is given as the initial value
for j. The result of the simulation is shown in Figs. 5(b)
and 5(c). The model results are in good qualitative agree-
ment with the experimental observation depicted in Fig. 2,
except for the damping property in the oscillation ampli-
tude. The obtained system frequency of ∼20 Hz is only a
factor of 2 smaller than the experimental value. A modu-
lation amplitude of ∼10 kAm−2 in j also agrees with the
theoretically expected value ofDdp=dr ∼ 10 kAm−2 in the
neoclassical transport study, where D is the dimensionless
bootstrap current coefficient [24]. Moreover, considering
the cross section where the modulated bootstrap current
flows [22], the expected amplitude in the total plasma
current is given as ∼0.3 kA, which also coincides with the
experimental case [Fig. 2(e)].
At present, the simplest model Eq. (2) was chosen for

intuitively describing the bootstrap current dynamics.
Although it was sufficient for a qualitative discussion
where the oscillation amplitude was small, a more realistic
model, including nonlinear detachment-attachment transi-
tion, might be necessary for a better reproduction of the
experimental trend. Reproducing the constant amplitude
oscillation, possibly having a limit-cycle trajectory, is also
an important issue. Moreover, parameter dependence of
the oscillation properties, in particular the frequency and
the amplitude, needs to be experimentally examined in the
future.
In conclusion, a self-sustained divertor oscillation was

discovered in the resonant magnetic perturbation assisted
detachment discharge in LHD. The divertor oscillation was
found to be a self-regulation of the magnetic island width,
induced by a drastic change of the X-point plasma
parameters across the detachment-attachment transitions.
A predator-prey model between the magnetic island width
and the bootstrap current was introduced to describe the
divertor oscillation, which successfully reproduced the
experimental observations. According to the proposed
model, a stable detachment is foreseen in a reactor relevant
collisionless plasma.

The LHD data can be accessed from the LHD data
repository [31].
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