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Abstract
In order to explore the compatibility of good core plasma performance with divertor heat load
mitigation, the interaction between cold edge plasma and core plasma transport, including the
edge transport barrier (ETB), has been analysed in the divertor detachment discharges of
deuterium plasmas in LHD with resonant magnetic perturbation (RMP) field application. The
RMP application introduces a widened edge stochastic layer and sharp boundary in the
magnetic field structure between the confinement region and the edge stochastic layer. The
widened edge stochastic layer enhances impurity radiation and provides stable detachment
operation as compared with the case without RMP. It is found that ETB is formed at the
confinement boundary at the onset of detachment transition. However, as the detachment
deepens, the resistive pressure gradient-driven MHD mode is excited, which degrades the
ETB. At the same time, however, the core transport decreases to keep global plasma stored
energy (Wp) unchanged, showing clear core-edge coupling. After a gradual increase of density
fluctuation during the MHD activity, a spontaneous increase of Wp and the recovery of ETB
are observed while the detachment is maintained. Then, the coherent MHD mode ceases and
ELM-like bursts appear. In the improved mode, impurity decontamination occurs, and the
divertor heat load increases slightly. Key controlling physical processes in the interplay
between core and cold edge plasma are discussed. A comparison between deuterium and
hydrogen plasmas shows that hydrogen plasmas exhibit similar features to the deuterium ones
in terms of density and magnetic fluctuations, impurity decontamination towards higher
confinement, etc. But most of the features are modest in the hydrogen plasmas and thus no
clear confinement mode transition with clear ETB formation is defined. Better global

∗ Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms
of the Creative Commons Attribution 4.0 licence. Any further

distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

1741-4326/22/056006+16$33.00 Printed in the UK 1 © 2022 The Author(s). Published on behalf of IAEA by IOP Publishing Ltd

https://doi.org/10.1088/1741-4326/ac42f3
https://orcid.org/0000-0002-0990-7093
https://orcid.org/0000-0001-6090-5010
https://orcid.org/0000-0003-3754-897X
https://orcid.org/0000-0002-0585-4561
https://orcid.org/0000-0003-3930-4434
https://orcid.org/0000-0003-1586-1084
https://orcid.org/0000-0003-0161-0938
mailto:kobayashi.masahiro@nifs.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ac42f3&domain=pdf&date_stamp=2022-2-17
https://creativecommons.org/licenses/by/4.0/


Nucl. Fusion 62 (2022) 056006 M. Kobayashi et al

confinement is obtained in the deuterium plasmas than the hydrogen ones at a higher radiation
level.

Keywords: divertor detachment, core plasma confinement, helical devices, resonant magnetic
perturbation, hydrogen isotope effects

(Some figures may appear in colour only in the online journal)

1. Introduction

The compatibility of good core plasma performance with
divertor heat load mitigation is a critical issue in the real-
izisation of a nuclear fusion reactor. In general, core con-
finement tends to degrade with increasing impurity radiation.
In highly radiative plasmas, where the edge temperature is
lowered to enhance the impurity radiation, there are several
key physical processes that affect the core confinement. Dete-
rioration of the edge transport barrier (ETB) is considered,
caused by decreasing adiabaticity with the reduction of edge
temperature. The adiabaticity parameter is defined as αadi =
k2
‖v

2
th/(νei |ω|), which is a ratio of the parallel electron dif-

fusion rate and turbulence propagation speed of the domi-
nant mode. It has a parameter dependence of αadi ∝ T2.5

e /n,
thus it decreases with temperature. The reduction of αadi leads
to an increase of drift wave turbulence transport [1]. On the
other hand, the reduced edge temperature can also reach an
instability threshold of resistive pressure gradient-drivenMHD
instability, such as interchange and ballooning modes. The
growth rate of the mode has a parameter dependency of γ ∝
L−2/3

p T−0.5
e , and therefore the lower the temperature, the eas-

ier it is to excite. The excitation of the mode can degrade
the transport barrier significantly [2, 3]. A parameter to char-
acterize the transition of the transport is proposed as αdia =
(R/2Ln)0.25

√
DgB/DDRB, which is interpreted as a ratio of drift

wave frequency and resistive ballooning mode growth rate, and
has a parameter dependence of αdia ∝ Te/

√
n.

In addition to these effects on ETB, impurity influx to the
confinement region provides complex effects on the core per-
formance. It dilutes the fuel species and decreases the fusion
reaction rate. The impurity in the core region also cools the
plasma via impurity radiation. At the same time, however, the
impurity may act as suppression of turbulence in some modes
[4]. There might be an optimum quantity of impurity in a
balance between these processes [5, 6].

On the other hand, the establishment of ETB, which is a sig-
nature of H-mode confinement, is a bifurcation phenomenon
and occurs spontaneously when the plasma reaches a transi-
tion threshold [7, 8]. The divertor detachment is also a bifur-
cation process in terms of an energy balance between power
input and loss channels, the latter of which are the energy
transport loss to divertor plates as well as impurity radiation.
Both of the processes have strong nonlinearity with respect
to temperature, resulting in bifurcation between high and low
temperature branches [9]. Therefore, the realization of com-
patibility between the good core confinement and divertor heat

load mitigation with detachment is to search for an operating
regime, where the branches in both of the bifurcations are sat-
isfied with the ETB formation and the low edge temperature
simultaneously. It is noted that the plasma parameter depen-
dences of αadi and αdia are different from each other. Thus, the
two mechanisms can impose different boundary conditions for
the operating regime. In addition to that, during the detach-
ment operation, the radiating edge layer has to be stabilized
to prevent it from penetrating the confinement region. This is
determined by competition between the thermal condensation
instability growth rate, its propagation speed in the nonlinear
phase, and impurity confinement time, etc. The integration of
the core plasma performance and divertor heat load mitigation
is realized with an understanding of these physical processes
and the interplay between them.

Among these issues, in this paper, we focus on the interac-
tion between the cold edge plasma and ETB during the detach-
ment observed in the large helical device (LHD). The resonant
magnetic perturbation (RMP) field is utilized to change the
edge magnetic field structure to study its effects on the core
confinement and impurity radiation. In the previous study with
hydrogen plasmas, it was found that the RMP enhances impu-
rity radiation with increased low temperature volume, and is
effective in stabilizing the edge radiation layer [10–14]. In the
present experiments in deuterium plasmas, it is newly discov-
ered that a steep edge pressure gradient is formed immediately
at the boundary of the confinement region with the onset of
plasma detachment with the RMP application. Deterioration
of the ETB occurs with the excitation of the MHD mode due to
a lowering of the edge temperature as the detachment deepens,
while the adiabaticity parameter is still high. The core transport
responds to compensate for the ETB degradation. As a conse-
quence, the plasma stored energy is maintained. After a sub-
stantial increase in density fluctuation, a spontaneous increase
of plasma stored energy and recovery of ETB occurs during the
detached phase. These observations are important to consider
the mechanism of the interplay between core confinement and
cold edge plasmas, and provide a possible route for the real-
ization of divertor heat load mitigation compatible with good
core performance.

The rest of the paper is organized as follows. In section 2,
the edge magnetic field structure of the LHD and its impact
on the plasma performance, for example, radiated power and
core confinement, are presented, with and without RMP appli-
cation, for comparison. In section 3, we focus on the con-
finement mode transition observed during detachment in deu-
terium plasmas with RMP application, as well as impurity
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Figure 1. Radial profiles of magnetic field line connection length (LC) (a) without RMP, and (b) with RMP application.

behaviour and divertor heat load pattern. In section 4, a com-
parison between deuterium and hydrogen plasmas is made.
Section 5 summarizes the paper.

2. Difference in core and divertor plasmas with
and without an RMP field

2.1. Change of edge magnetic field structure by applying
an RMP field

An LHD is a heliotron type device with a major radius of
3.9 m and an averaged minor radius of ∼0.6 m [15]. A set
of superconducting helical coils and poloidal coils creates a
confinement magnetic field with a poloidal winding number of
l = 2 and a toroidal field period of n= 10 [16]. The edge region
is surrounded by a stochastic magnetic layer created by over-
lapping magnetic islands caused by different mode spectrums
of the intrinsic magnetic field. The magnetic configuration in
the experiments is magnetic axis (Rax) = 3.90 m and a mag-
netic field strength of 2.54 T, respectively. An RMP of m/n
= 1/1 mode (Br/B0 ∼ 0.1%) was applied by a set of perturba-
tion coils installed at the top and bottom of the torus. The RMP
induces a remnant island structure at a radius of rotational
transform = 1, which is located at the last closed flux surface
of an unperturbed equilibrium field in this magnetic field con-
figuration. As shown in [10, 17], if the island location moves
radially inward, the detachment stabilization is not obtained,
but instead the divertor detachment is often accompanied by
radiation collapse. It is, therefore, important to locate the island
at the region with open field lines to effectively affect the
impurity radiation.

Figure 1 shows the radial profiles of the magnetic field con-
nection length (LC) for the cases with and without RMP. reff is
defined as a radius of a cylinder that encloses the plasma vol-
ume inside the flux surface. The magnetic field line was traced
up to 105 m. In the case without RMP, LC is in the range of 102

104 m in the stochastic layer. It gradually increases towards
the inner radii, and finally reaches 105 m, the region which is
considered as a confinement region. By applying RMP, a wide
radial range filled with LC of 103 m appears. This is a conse-
quence of the formation of a magnetic island which is, how-
ever, stochastized and has no clear separatrix. In the present
analysis, we call this region (the remnant island) stochastic
layer. A sharp boundary appears between the confinement

region and stochastic layer. The boundary corresponds to the
inner separatrix of the remnant island. As shown in the next
section, the change of the edge magnetic field structure results
in a significant difference in the performance of the core and
divertor plasmas.

2.2. Core and divertor plasmas with and without an RMP
field

Figure 2 shows the temporal evolutions of plasma parame-
ters in density ramp-up discharges with and without RMP
application in deuterium plasmas. The plasma was heated
by tangential NBI with an injection energy of 152–177 keV
(3.6 MW in the co-direction and 1.4 MW in the counter-
direction, respectively). The density was ramped up by
a deuterium gas puff. The radiating impurity was carbon
originating from the graphite divertor plates, without addi-
tional impurity seeding. The density limit derived from Sudo
scaling [18] is shown with dashed lines in figures 2(a) and
( f ). Without RMP, the density can be increased only up to
80% of the density limit. Further gas fuelling leads to radia-
tion collapse, as shown in the figure. The divertor particle flux
saturates around 4 s and starts to decrease just before the col-
lapse. The result shows difficulty in stable detachment control
without RMP. In the case with RMP application, the divertor
particle flux reduction occurs at 3.95 s, indicating detachment
transition. The detached phase is sustained stably up to 5.15 s.
The density can be increased more than the density limit. The
radiated power is enhanced up to ∼60% of the input power,
which is significantly larger than the case without RMP, where
the radiated power remains at ∼30% in the steady state phase.
The plasma stored energy, Wp, is also larger with RMP than
without RMP. There is a spontaneous increase in Wp at 3.95
and 4.5 s (figure 2(h)), which is considered to be caused by
confinement mode transition, as discussed later. Pressure gra-
dient profiles are plotted in figures 2(e) and (j), where the
clear development of a steep gradient is confirmed in the case
with RMP. The ETB location corresponds to the sharp bound-
ary of the confinement region (reff ∼ +/−0.45 m), as shown
in figure 1(b). During the pressure profile steepening, spikes
in the divertor particle flux appear, caused by ELM activity.
The loss of plasma stored energy due to the ELM is about
3%–4%. In the case without RMP, the pressure gradient tends
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Figure 2. Time traces of (a) and ( f ) line-averaged density and density limit (dashed line), (b) and (g) radiated power and NBI power
(dashed line), (c) and (h) plasma stored energy (Wp), (d) and (i) divertor particle flux, (e) and (j) pressure gradient. Left column: without
RMP, right column: with RMP. (Data from deuterium plasmas.)

to increase at the edge region, too, as shown in figure 2(e). But
the gradient is low as compared to the case with RMP.

Figure 3 shows the radial profiles of edge electron density
(ne) and temperature (Te) for different line averaged densities,
3.0 × 1019 m−3 in figures 3(a) and (e) and 6.6 × 1019 m−3

in figures 3(b) and ( f ), respectively. Electron pressure (Pe)
profiles are shown in figures 3(c) and (g) for the correspond-
ing timings in figures 3(a), (b), (e) and ( f ). LC profiles are
shown figures 3(d) and (h). The left (figures 3(a)–(d)) and
right (figures 3(e)–(h)) panels are for the cases without and
with RMP, respectively. In the attached phase with RMP appli-
cation, clear flattening of Te appears at the widened edge
stochastic layer, and a sharp increase occurs at the confine-
ment boundary, where LC also increases sharply, as shown in
figures 3(e) and (h). In the ne profile, however, there is no such
sharp increase, and it is almost flat in the radial direction. In the
detached phase shown in figure 3( f ), Te at the flattening region
decreases down to <20 eV, which enhances the impurity radi-
ation significantly due to the temperature dependence of the
cooling rate function. This is the reason for the enhanced radi-
ation with RMP as observed in figure 2(g). It is also noted that
a steep gradient appears in ne as well as in Te in the detached
phase. This results in the formation of ETB at the detach-
ment onset, as seen in the steep pressure profile in figure 3(g).
Although the mechanism of the ETB formation at the detach-
ment onset is not yet clear, the shear flow of the parallel flow is
one possible candidate. In the numerical simulation on detach-
ment with an edge magnetic island [19], parallel flow along the
separatrix is observed at the detachment transition. This flow
is developed in order to supply particles to the X-point of the

island, where density condensation occurs due to the X-point
cooling by a thermal instability. The typical flow speed of order
of 104 m s−1 within the channel width of several centimetres
around the separatrix provides a shear flow of several hundreds
kHz, which is large enough to suppress the turbulence. Such a
mechanism due to parallel shear flow is also discussed in a the-
oretical model [20, 21]. More careful analysis is left for future
work.

In the case without RMP, there is no such steep gradient
developed in either Te or ne, as shown in figure 3(a). At the col-
lapsing phase, figure 3(b), the gradient becomes large in both
Te and ne, but the radial locations are different from each other.
The pressure profile becomes steeper at the collapsing phase,
as shown in figure 3(c), but the gradient is still weaker than
the case with RMP (figure 3(g)). These results show that the
change of the edge magnetic field structure with RMP appli-
cation leads to a significant difference in the plasma character-
istics in various aspects, such as the attainable density range,
radiated power, plasma stored energy, stability of detachment,
as well as the formation of ETB.

The core energy transport has been analysed with TASK3D
[22]. The results are plotted in figure 4 for different line aver-
aged densities. The TASK3D has been updated to be capable
of actual density and temperature profiles rather than poly-
nomial fit, as conducted in the previous study [11]. Thanks
to this new feature of the code, a more detailed structure of
the transport can be obtained than before, such as ETB. As
shown in figure 4, the pressure profiles are more peaked at
the central region during the detached phase in the case with
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Figure 3. (a), (b), (e) and ( f ) Radial profiles of Te (black closed circles) and ne (blue open circles). (a) and (e): 3.0 × 1019 m−3, (b) and ( f ):
6.6 × 1019 m−3. (c) and (g) Radial profiles of Pe at attached phase (black closed circles) and at collapsing/detached phase (red closed
circles), corresponding to (a) and (e) for attached phase and to (b) and ( f ) for collapsing/detached phase, respectively. (d) and (h) Radial
profiles of magnetic field connection length, LC. Left column: without RMP (#148561), right column: with RMP (#148584). The timings of
each plot are as follows: (a) 3.80 s, (b) 4.53 s, (c) attach: 3.80 s. Collapsing: 4.53 s, (e) 3.80 s, ( f ) 4.10 s, (g) attach: 3.80 s, detach: 4.10 s.
(Data from deuterium plasmas.)

RMP. This is mostly due to the deeper penetration of NBI heat-
ing with RMP in the detached phase, as shown in figure 4(e).
The deeper penetration of NBI is caused by shrinkage of the
plasma volume by edge cooling during the detachment with
RMP. The minor radius of the plasma column is ∼0.50 m with
RMP while it is 0.55 m without RMP, as seen in figures 4(a)
and (d) (and figures 3(c) and (g)), respectively. A clear ETB
is confirmed in the pressure profile steepening at the edge of
reff = 0.46–0.48 m with RMP. The transport coefficient, χeff ,
decreases in the detached phase in the entire region with RMP

application, as seen in figure 4( f ). But the level of the transport
is almost the same with and without RMP in the core region
except for the detailed structure. At ne = 6.5 × 1019 m−3 with-
out RMP, χeff decreases significantly in the whole radius. This
cannot, however, be sustained in the steady state, since this
occurs only transiently during the collapsing phase. A rather
remarkable difference appears at the ETB region at reff = 0.46
–0.48 m with RMP, where χeff with RMP decreases by a fac-
tor of 2 compared to without RMP. The transport analysis
reveals that the difference in core plasma confinement between
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Figure 4. Radial profiles of (a) and (d) electron pressure, (b) and (e) NBI heating deposition, (c) and ( f ) energy transport coefficients χeff =
0.5(χe + χi) for different densities. Left column; without RMP, right column: with RMP. (Data from deuterium plasmas.)

the cases with and without RMP, as observed in figure 2, is
attributed to the change in the transport at the edge region
caused by the sharp boundary in the RMP application. The
transport analysis also shows that there is no significant degra-
dation of the core transport during the detachment. The results
are similar to those in hydrogen plasmas with RMP [11].

3. Confinement mode transition during detached
phase with RMP in deuterium plasmas

3.1. Interplay between core plasma transport, ETB and
MHD mode excitation

The confinement mode transition during the detached phase
with RMP has been observed in several shots and is discussed
in more detail in this section. Figure 5 shows the temporal
evolutions of the radial profile of Te, a spectrogram of the mag-
netic probe signal, the pressure gradient at the ETB region,
plasma stored energy (Wp), the time derivative of Wp, dWp/dt,
and the density fluctuation measured with 2D phase contrast
imaging (PCI) [23], respectively. As seen in Wp, and dWp/dt,
there is a discontinuous increase in Wp at the detachment tran-
sition at 3.95 s. ETB is formed at the confinement boundary,
as discussed in the previous section (figure 3(e)). A similar

increase in Wp at the detachment transition was also observed
in hydrogen plasmas [24]. The increment is, however, larger
in deuterium plasmas. The pressure gradient starts increas-
ing, and the density fluctuation starts decreasing (figures 5(c)
and ( f )) as a clear indication of the confinement mode tran-
sition. However, Te at the edge region continues to decrease
due to the increasing radiation as the detachment deepens
(figure 5(a)). This lowering Te and increasing pressure gradi-
ent leads to excitation of the resistive pressure gradient-driven
MHD mode, which is observed as coherent magnetic fluctua-
tion around 4 kHz with m/n = 3/3, starting at 4.15 s, as seen
in figure 5(b). Since the ETB is developed at the inner edge of
the remnant magnetic island of m/n = 1/1, the MHD mode of
m/n = 3/3 is considered to be driven by the pressure gradient
at the ETB. The reason why the mode has a higher mode num-
ber than the RMP is not yet clear. Once this mode appears, the
pressure gradient drops by a factor of 2 and the increase of Wp

stops.
Figure 6 shows the temporal evolution of the energy trans-

port coefficients at different radii, ρ. Here ρ is defined as
reff/a99, where a99 is a radius of the cylindrical volume that con-
tains 99% of the total stored energy. When the ETB degrades
by the MHD mode excitation, the core transport responds to
compensate for the degradation of the ETB, that is, χeff at

6
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Figure 5. Temporal evolutions of (a) radial profile of Te, (b)
spectrogram of magnetic probe signal, (c) pressure gradient at ETB,
(d) plasma stored energy (Wp), (e) time derivative of Wp, dWp/dt,
( f ) density fluctuation intensity, with RMP application. (Data from
deuterium plasmas.)

ρ= 0.1–0.2 and 0.5–0.6 decreases whileχeff at ETB increases.
The behaviour clearly shows core-edge coupling of trans-
port. Due to the core transport response, Wp is maintained
despite the collapse of the ETB. Similar phenomena have been
observed in the impurity seeding experiments in various toka-
maks, ASDEX-Upgrade, EAST, and DIII-D, where the plasma
stored energy was maintained or core transport improves while
the pedestal top pressure (ETB) degrades [25, 26]. During the
MHD mode excitation, the density fluctuation with frequency
<30 kHz gradually increases, as seen in figure 5( f ). Then, a
sudden increase of Wp sets in at 4.5 s, as seen in figure 5(d);
at the same time, spin up of the MHD mode frequency in
figure 5(b) and recovery of the pressure gradient at the ETB
in figure 5(c) are observed. ELM-like activity starts at 4.7 s,
as shown in the burst in the spectrogram of magnetic fluc-
tuation, which hinders the recovery of ETB transiently. The
energy loss by the ELM-like burst is about 10 kJ per burst.
At 4.8 s, finally the ETB recovers completely, then the density
fluctuation is suppressed in all frequency ranges, as shown in
figure 5( f ). The coherent MHD mode ceases and is replaced
with the ELM bursts. The energy confinement time increases
by 38% compared to before the transition.

Figure 6. Time traces of χeff at different radii, at ETB (open circles)
averaged over ρ = 0.1–0.2 (open squares), 0.5–0.6 (closed circles),
respectively. ρ = reff/a99. (Data from deuterium plasmas.)

Shown in figure 7(a) is the evolution of neped and Teped at the
pedestal top during the discharge. At the attached phase, the
pedestal is in the low density and high temperature regime, i.e.
ν∗ei ∼ 1. With an increase in density during the density ramp
up toward the detachment onset, the temperature decreases
while pressure is kept nearly constant. After the detachment,
the transition pressure increases due to the ETB formation. The
degradation of ETB due to the MHD mode excitation leads to a
drop in pedestal pressure. In the figure, it is found that the pres-
sure drop is mainly caused by the drop of Teped, while neped

is kept at the same level. Then, once the confinement mode
transition sets in at 4.5 s, the transition proceeds with increas-
ing Teped, resulting in recovery and further development of the
pedestal pressure. This behaviour is different from the usual H-
mode transition observed in tokamaks and stellarators, where
a predominant density increase is observed at the transition
[8, 27–30].

Figure 7(b) shows the energy confinement time scaled with
gyro-Bohm scaling as a function of line-averaged density that
is normalized by the density limit. Without RMP, the degra-
dation of the global confinement is significant with increasing
density. This is due to the increasing radiation. In the case with
RMP application, the confinement degradation with increas-
ing density is modest compared to the case without RMP. It is
found that the transition from the attached to detached phase
is smooth in terms of the scaling. The confinement mode tran-
sition during the detached phase (t > 4.5 s) occurs around the
density limit, which is shown by orange diamonds. The sym-
bols deviate significantly from the scaling, which is, therefore,
a clear indication of confinement improvement.

In order to obtain deeper insight into the relevant physics for
the confinement transition as well as the operation limit near
the density limit accompanied by strong edge radiation, the
adiabatic parameter (αadi) and diamagnetic parameter (αdia)
are evaluated at the pedestal top for different phases, that is,
ETB formation, degradation of ETB and radiative collapse.
αadi is a measure of the adiabaticity; below unity of the parame-
ter, the drift wave turbulence transport is enhanced. It is defined
as αadi = k2

‖v
2
th/(νei |ω|), where vth and νei are the thermal

velocity of the electron and electron–ion collision frequency.
k‖ = 1/(πRq) and |ω| = 10 kHz is used as a drift wave fre-
quency of the dominant mode based on the density fluctuation
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Figure 7. (a) Evolution of neped and Teped at pedestal top during the discharge with RMP, (b) energy confinement time scaled with
gyro-Bohm scaling as a function of line-averaged density, which is normalized with density limit. Blue circles: attached phase with RMP,
red circles: detached phase with RMP, orange diamonds: improved mode with RMP (detach), black triangles: without RMP. (Data from
deuterium plasmas.)

spectrum measured by PCI. αadi is a ratio of the parallel elec-
tron diffusion rate and turbulence propagation speed of the
dominant mode. αdia is a measure of transport enhancement
by resistive MHD instability with respect to those with drift
wave turbulence. The former transport becomes significant
with lower values of αdia. αdia = (R/2Ln)0.25

√
DgB/DDRB,

where Ln, DgB, DDRB are density gradient scale length, trans-
port coefficients of gyro-Bohm type diffusion, and of the drift
resistive ballooning mode, respectively. DgB = csρ

2
i /Ln and

DDRB = (2πq)2ρ2
eνeiR/Ln, where cs, ρi, ρe are sound speed,

Larmor radius of ion and electron, respectively [31, 32]. αdia

is interpreted as a ratio of drift wave frequency and resistive
ballooning mode growth rate.

The parameters αadi and αdia evaluated at the pedestal top
are plotted in figure 8, where data points were obtained from
several shots, including radiation collapse during detachment.
It is found that the ETB degradation occurs with 2 < αadi <

30 and 1 < αdia < 40, still far above unity. This is in clear
contrast to the results in [33], where the confinement degrada-
tion occurs at αadi � 1. As for the diamagnetic parameter, the
theoretical analysis in [2] suggests that degradation occurs at
αdia < 0.6. The absolute value may not be taken seriously due
to the simplification of the physics model as well as the scat-
ter in the experimental data. Nevertheless, the relatively large
value of αadi (as well as αdia) may be interpreted as the rea-
son for the possibility of the the ETB recovery, where the ETB
branch is potentially maintained in the bifurcation, despite the
excitation of the MHD activity that forces the system to stay at
the L-mode branch. It is noted that the overlapping between
the ETB and ETB degradation phases is due to hysteresis
of the forward and backward transitions of the ETB forma-
tion, as a clear indication of the nonlinearity of the physics
mechanism.

The collapsing phase indicated by red triangles is located
at smaller values of both αdia and αdia � 2. The result implies
that both the physics processes represented by the parameters

Figure 8. Evaluation of αdia and αadi at pedestal top for different
phases. Closed circles: ETB phase, open squares: ETB degradation
phase, triangles: collapsing phase, respectively. With RMP
application. (Data from deuterium plasmas.)

are responsible for the operation limit. Indeed, during the col-
lapsing phase, both the density fluctuation and magnetic fluc-
tuation increase significantly. The picture is similar to those
discussed in [1, 2, 33].

The series of the evolution in edge temperature, pressure
gradient, density fluctuation, and confinement mode transi-
tion with ETB formation during detachment provide important
insight into the interplay between cold edge plasma and core
confinement.

3.2. Impurity decontamination and divertor heat load
distribution

The impurity emission intensity and profile were measured
with vacuum ultra violet/extreme ultra violet (VUV/EUV)
spectroscopy, which views the entire plasma from the outboard
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Figure 9. (a) and (b) Carbon emission intensity as a function of line-averaged density normalized by density limit. (a) CIV (1s22s–1s22p,
154.8 nm), (b) CVI (1s–2p, 3.4 nm). Black triangles: without RMP, blue circles: attached with RMP, red circles: detached with RMP, orange
diamonds: improved mode (detach) with RMP. (c) Profiles of CVI intensity at different timings. The viewing area of the measurement is
shown in the bottom right figure. (All data are from deuterium plasmas.)

side [34, 35]. Figures 9(a) and (b) show the CIV (1s22s–1s22p,
154.8 nm) and CVI (1s–2p, 3.4 nm) intensity as a func-
tion of line-averaged density normalized by the density limit.
CIV intensity is enhanced by RMP application compared to
the case without RMP in the attached phase. This is con-
sidered to be due to the increased volume of the low Te

region at the widened stochastic layer. The enhanced impu-
rity emission triggers the detachment transition at ne/nsudo ∼
0.5. During the detached phase, including the improved mode,
the CIV intensity remains high. The rapid increase in CIV at
ne/nsudo ∼ 0.7 without RMP is caused by the radiation col-
lapse. CVI intensity is suppressed during the attached phase
by RMP application compared to the case without RMP. This
is considered to be due to the impurity screening effect with
the increased edge stochastic layer width [36–39]. But just
before the detachment transition, CVI starts to increase and
in the detached phase, a significant increase is observed. This
may indicate the impurity penetration into the confinement
region during the detached phase. The overall behaviour of
CIV and CVI is similar to those in hydrogen plasmas as
reported in [11], except for the improved mode, which is not
clearly identified in the hydrogen case yet. More detailed com-
parison between deuterium and hydrogen plasmas is made in
section 4.

As the plasma enters the improved mode, the CVI inten-
sity decreases by a factor of 3. The results indicate impurity

decontamination during the improved mode. Similar decon-
tamination was observed in the H-mode phase in W7-AS [40].
This may be partly due to the ELMs during the improved
mode, which can expel the impurity in the core region, while
the detailed mechanism is not yet clear. The line integrated
profiles of the CVI intensity are plotted in figure 9(c) at dif-
ferent phases. After the detachment transition, the intensity
increases in the entire region with a slightly hollow profile,
while during the improved mode, the intensity decreases in
the entire region with a slightly peaked profile. The decon-
tamination leads to a decrease in the radiated power to a cer-
tain extent, as shown in figure 2(g). The radiated power esti-
mated by the resistive bolometer is 50%–60% of the NBI
power during the detached phase at maximum, then decreases
down to 30%–40% during the improved mode. Since the
core plasma is substantially collisional during the detached
phase, we expect turbulence may play important role rather
than the neo-classical effect. The impact of turbulence on the
impurity transport has recently been discussed in [41, 42].
To clarify the mechanism of the decontamination, turbulence
transport analysis with a gyrokinetic simulation should be
undertaken.

Divertor heat load was measured with 280 channel-
Langmuir probe arrays installed at the inboard side divertor
plates distributed in the toroidal sections. There are two diver-
tor arrays rotating in helical direction around the torus. They

9
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Figure 10. Toroidal profiles of peak divertor heat load with RMP application (a) left divertor array, (b) right divertor array (see description
in the main text). The values at the hatched sections (4L and 4R) should not be compared to those in other sections because of the different
shape of the divertor tiles. (c) and (d) The heat load is normalized with those in the attached phase without RMP application in order to see
the effects of RMP on toroidal modulation. Blues circles: attached phase (averaged over 3.7–3.9 s), red circles: detached phase (averaged
over 4.4–4.6 s), orange diamonds: improved mode (detach) (averaged over 4.9–5.1 s). (Data from deuterium plasmas (#148584).)

are called the left and right array, respectively, according to
the location at the inboard midplane viewed from the out-
board side. Figures 10(a) and (b) show the toroidal profile
of the peak divertor heat load with RMP application at three
timings: attached, detached phases and improved mode. The
toroidal section 4, which is hatched in figures 10(a) and (b),
has different shaped divertor tiles where the incident angle of
field lines is larger than the other tiles. Therefore, the abso-
lute values at this section should not be compared with those
in the other sections. In the attached phase (blue circles),
there is a clear n = 1 mode structure in the toroidal direc-
tion, which is due to the mode structure of the RMP field. In
the detached phase (red circles), the peak divertor heat load
decreases in most of the sections, except for section 2L and
10R. In these sections, the peak heat load slightly increases
during the detached phase, although the heat load is already
suppressed during the attached phase due to the toroidal mod-
ulation by the RMP. During the improved mode in the detached
phase (orange diamonds), where the heat load is averaged
over inter- and ELM pulse periods, the heat load increases
in all sections compared to the period before the transition.
Nevertheless, in most of the sections, the heat load is still
lower than those in the attached phase, except for sections 2L,
9L, 2R, and 10R. The increase of the heat load during the
improved mode is partly due to the decreased radiated power
as observed in figure 2(g), which is caused by impurity decon-
tamination during the improved mode, as described above. The
toroidally asymmetric increment of the heat load during the
improved mode is considered due to the MHD burst that would
eject the filament structure transported towards the divertor
plates.

The divertor heat load profile in the toroidal direction has
slight toroidal asymmetry, even without RMP application,
which is probably attributed to the misalignment of the tiles
as well as to the different history of the erosion of individual
probe tips. In order to extract the effects of RMP application
on the toroidal modulation of the divertor heat load pattern,
the heat load is normalized by those without RMP during the
attached phase and is plotted in figures 10(c) and (d) (in this
plot, section 4 can be compared to the other sections). In the
attached phase, an n = 1 mode structure appears in the pro-
file, where the heat load at sections 6 and 7 of the left array
(6L, 7L) and sections 7 and 8 of the right array (7R, 8R) is
almost the same or higher than the case without RMP. The
heat load at other sections is lowered with RMP. This is similar
to the observation in hydrogen plasmas [11]. In the detached
phase, the heat load decreases at most of the sections except
for section 2 of the left array (2L) and section 10 of the right
array (10R), where the heat load slightly increases. Never-
theless, they are still lower than those in the attached phase
without RMP. This is also similar to the behaviour in the hydro-
gen plasmas [11]. The heat load reduction is larger than the
hydrogen plasmas. This is considered to be due to the higher
radiated power caused by the increased carbon amount in the
deuterium plasmas than the hydrogen plasmas because of the
higher chemical and physical sputtering rate of the graphite
divertor plates. The magnetic footprint at the divertor plates
was traced by a field line tracing code assuming vacuum mag-
netic configuration, which is a good approximation in low beta
plasma (0.34%) in the present experiments. It is found that the
flux tube at the section where the heat load increases during the
detached phase (2L and 10R) tends to travel near the O-point
of the m/n = 1/1 island created by the RMP, while the others

10
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Figure 11. Time traces of plasma parameters for deuterium (a)–(h) and hydrogen (i)–(p) plasmas. (a) and (i) plasma stored energy (kinetic),
(b) and (j) line-averaged density, (c) and (k) NBI heating and radiated power, (d) and (l) radial profile of electron pressure, (e) and (m) radial
profile of pressure gradient, ( f ) and (n) density fluctuation measured by PCI, (g) and (o) divertor particle flux, (h) and (p) spectrogram of
magnetic fluctuation. (Data from deuterium: #148584, hydrogen: #166578.)

are further away from the O-point or connected near the X-
point of the island. The decrease of the divertor heat load in
the detached phase is ∼70% on average in the toroidal direc-
tion, while the radiated power is 50%–60% estimated from the
bolometer. There is still a 10%–20% discrepancy between the
two measurements.

During the improved mode, the heat load increases in most
of the sections, but still stays lower than those in the attached
phase without RMP, except for sections 4L, 7R, and 10R. Fur-
ther reduction of the heat load during the improved mode will
be tried in the next experiments by auxiliary impurity seeding,
such as Ne.

4. Comparison between deuterium and hydrogen
plasmas

Figure 11 shows the temporal evolutions of various plasma
parameters of detachment discharges with RMP application in

deuterium and hydrogen plasmas. The density was ramped up
in a similar way in both cases in order to investigate the dif-
ference between the isotopes. In the deuterium case, the total
NBI (deuterium beam) heating power was 5 MW with 3.6 MW
in the co-direction and 1.4 MW in the counter-direction, and
the purity of the plasmas was D/(D + H) ∼ 100%. In the
hydrogen case, the total NBI (hydrogen beam) heating power
was 5.7 MW with 3.4 MW in the co-direction and 2.3 MW in
the counter-direction, and the purity was D/(D + H) ∼ 30%.
The toroidal magnetic field direction is counterclockwise seen
from the top of the torus. It is noted that the hydrogen dis-
charges in the present analysis are different from those in [11],
where the toroidal magnetic field direction was opposite to
the present case, that is, clockwise seen from the top of the
torus, and the NBI heating was 2.5 MW in the co-direction
and 4.3 MW in the counter-direction, respectively (injection
energy was ∼140 keV).
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Figure 12. Radial profiles of (a) NBI heating deposition,
(b) electron pressure, (c) heat transport coefficient for hydrogen
(blue) and deuterium (red) plasmas. NBI heating deposition and the
heat transport coefficient were obtained by the TASK-3D code.
Deuterium: #148584 at 4.90 s, hydrogen: #166578 at 4.70 s, where
Wp reaches maximum, respectively.

In the hydrogen case, the detachment transition occurs at
3.75 s, as seen in the reduction of the divertor particle flux in
figure 11(o). The plasma stored energy continues to increase
after the transition until t ∼ 4.7 s, as seen in figure 11(i). It is,
however, difficult to define the timing of the confinement mode
transition such as observed in the deuterium case. The pressure
profile evolution in figures 11(d) and (l) shows a more peaked
profile in the hydrogen case than in the deuterium case. This
is due to the deeper penetration of the hydrogen beam than the
deuterium beam, where the injection energy of the beams is
152–177 keV in deuterium beams and 163–165 keV in hydro-
gen beams. The radiated power is higher in the deuterium case
than in the hydrogen case. This is due to the larger amount of
carbon source in the deuterium plasma as typical in the LHD,
possibly because of the higher chemical sputtering of carbon
by deuterium.

Just after the detachment transition, a slight decrease in
the density fluctuation in the 3–30 and 30–150 kHz range is
observed in the hydrogen case, as seen in the deuterium case,
figures 11( f ) and (n). At t ∼ 4.55 s, a further decrease in the
density fluctuation in the 3–30 and 30–150 kHz range is seen
in the hydrogen case, while the fluctuation in the 150–500 kHz
range shows no clear change. At this timing, Wp increases

Figure 13. Radial profiles of (a) electron temperature, (b) electron
density, (c) electron pressure for hydrogen (blue) and deuterium
(red) plasmas. Deuterium: #148584 at 4.90 s, hydrogen: #166578 at
4.70 s, where Wp reaches maximum, respectively. The ETB region
at reff = +/−0.47–0.48 m corresponds to the inner edge of the
stochastic layer (see figure 3(h))

slightly, as seen in figure 11(i), which may indicate the confine-
ment mode transition; however, the confinement mode transi-
tion is more pronounced in the deuterium case with the clear
spontaneous increase in Wp and the reduction of density fluc-
tuation in all frequency ranges. In the hydrogen case, no clear
ETB appears or it is weaker than in the deuterium, as seen in
the pressure gradient profile in figures 11(e) and (m). In the
divertor particle flux, small and frequent spikes are observed
around the reduction of the density fluctuation concomitant
with a Wp increase, t ∼ 4.55 s. These results imply that a
strong shear flow may exist or radial electric field shear at
the boundary in the deuterium plasma that kills the turbu-
lence and develops the steeper pressure gradient as observed
in the data, although no CXS measurements are available at
the edge region due to the low temperature, ∼10 eV. In the
spectrogram of magnetic fluctuation, a similar quasi-coherent
mode of m/n = 3/3 appears during the detachment phase in
the hydrogen case, as in the deuterium case. These compar-
isons show a clear difference in the overall behaviour between
the deuterium and hydrogen plasmas in a similar operation
scenario, that is, no clear ETB, no clear reduction in high fre-
quency component (150–500 kHz) in the density fluctuation,
and no clear confinement mode transition are observed in the
hydrogen plasmas.

The results of the transport analysis with the TASK-3D
code are shown in figure 12, where the radial profiles of the
NBI power deposition, electron pressure, and heat transport
coefficients are plotted as a function of reff/a99 for the timing
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Figure 14. (a) and (b) Carbon emission intensity as a function of line-averaged density normalized by density limit. (a) CIV (1s22s–1s22p,
154.8 nm), (b) CVI (1s–2p, 3.4 nm). Black triangles: without RMP, blue circles: attached with RMP, red circles: detached with RMP. The
arrow in (b) shows the sequence of the discharge #166578 (shown in figure 11), where the impurity decontamination takes place. (c) Profiles
of CVI intensity at different timings. The viewing area of the measurement is shown in figure 9. (All data are from hydrogen plasmas.)

of the peak Wp, 4.90 s for deuterium and 4.70 s for hydro-
gen cases, respectively. The NBI deposition profile is more
peaked in the hydrogen beam due to the deeper penetration as
mentioned above, attributed to the lighter mass in the hydro-
gen with a similar injection energy. This results in the central
peaking of the pressure profile in the hydrogen case than the
deuterium case. But, at the edge region, a clear ETB is formed
in the deuterium plasmas, which is not seen in the hydro-
gen plasma. Here, the pressure profiles are obtained from the
Thomson scattering data by averaging inboard (negative reff)
and outboard (positive reff) profiles, and used as an input for
the TASK-3D analysis. The heat transport coefficient shows
an almost similar trend in the core region between the deu-
terium and hydrogen cases, except for the clear reduction at
ρ ∼ 0.9 in the deuterium case as a consequence of the ETB
formation.

The plasma parameter profiles at the edge region obtained
from the Thomson scattering system are plotted in figure 13 for
deuterium and hydrogen plasmas. A steep gradient is estab-
lished in Te in both deuterium and hydrogen plasmas at the
inner edge of the stochastic layer, reff = +/−0.47–0.48 m,
as discussed in figure 3(h). The density profile also shows an
enhanced gradient at the same location, but it is more pro-
nounced in the deuterium plasmas than the hydrogen ones.
The resulting pressure profile is more peaked in the deuterium
case. The results suggest that the difference in the hydrogen
isotope in the ETB formation comes from the particle trans-
port, which is improved more in the deuterium plasmas during
the detached phase.

The impurity behaviour is analysed in figure 14, where the
intensity of CIV, CVI are plotted as a function of density which
is normalized by the Sudo density limit. Figures 14(a) and
(b) of the hydrogen plasmas can be compared to those of the
deuterium ones in figures 9(a) and (b), respectively. Since we
have no clear transition timing defined in the case of hydro-
gen, the data points are divided into two phases with RMP,
that is, attached (blue) and detached (red) phases, in addition
to the case without RMP (black triangles). The intensity of

Figure 15. Evaluation of αdia and αadi at pedestal top including
collapsing phase for hydrogen plasmas. Red triangles represent
collapsing phase. With RMP application.

CIV is roughly half of that in the deuterium case. This is a
typical situation in the LHD experiments, and is considered
to be due to the larger sputtering (either physical or chemi-
cal) yield of carbon from the divertor plates in the deuterium
plasmas. The CIV intensity is already larger in the attached
phase with RMP than the case without RMP due to enhanced
edge radiation, and stays nearly constant during the detached
phase. The behaviour is similar to the deuterium case. The
CVI intensity is found to be significantly lower in the hydro-
gen plasmas in the detached phase than in the deuterium by
a factor of 3–4. The difference cannot account for the differ-
ence in CIV which is as a proxy for the carbon source amount.
The higher level of CVI intensity during the detached phase in
the deuterium plasmas suggests stronger impurity penetration,
which may be attributed to the strong ETB formation in the
deuterium case, especially for particle transport, as discussed
in figure 13, while the impurity decontamination takes place

13



Nucl. Fusion 62 (2022) 056006 M. Kobayashi et al

Figure 16. Energy confinement time scaling as a function of radiated power fraction for (a) hydrogen and (b) deuterium plasmas. Black
triangles: without RMP, blue circles: attached phase with RMP, red circles: detached phase with RMP. The green arrow in (a) shows the
sequence of discharge #166578, green diamonds in (b) shows the sequence of discharge #163381.

during the improved mode. Plotted in figure 14(c) is a ver-
tical profile of the line integrated CVI emission measured in
the EUV spectrometer, as shown in figure 9. The intensity of
figure 13(c) cannot be compared to that in figure 9(c) due to
technical reasons, and therefore only the profile shape and tem-
poral evolution are discussed here. It is found that during the
detached phase, the CVI intensity increases in the entire radial
range, while toward the timing of the maximum Wp the inten-
sity decreases by a factor of about 3. The trace of the black
line in figure 14(b) shows the time evolution of CVI during
the discharge of #166578 (shown in figure 11). Similar to the
deuterium plasmas, the impurity decontamination is found in
the hydrogen plasmas when the global confinement increases
toward its maximum.

he adiabaticity and the diamagnetic parameters are eval-
uated for the hydrogen plasmas and plotted in figure 15.
Although there is no clear pedestal in the case of hydrogen, we
have evaluated the parameters at the same radial position as the
deuterium case. The plot shows a similar tendency as the deu-
terium case, except that αdia is systematically smaller than the
deuterium case because of the mass dependence,αdia ∝ m0.25

i .
We find that the collapsing phase starts around the time when
both αadi and αdia are close to unity as well. It is also found
that, despite the range of both parameters reaching same the
level as the deuterium case where ETB is formed, that is,
αadi ∼ 100 and αdia ∼ 50, no ETB is established in the
hydrogen plasmas.

The overall performance of the hydrogen and deuterium
plasmas for the series of discharges is investigated with energy
confinement time scaling in the helical device, ISS04 [43], as
a function of the total radiated power fraction with respect
to the total heating power, as plotted in figure 16. Without
RMP, the confinement degrades as a monotonic function of
the radiated power fraction in both hydrogen and deuterium
plasmas. With RMP application, the global confinement in the
attached phase is worse than the case without RMP. This is
due to the edge magnetic island created by the RMP, while the

confinement becomes better with increasing radiated power. In
the detached phase, the confinement gradually decreases with
radiated power. The degradation is, however, modest in the
deuterium plasmas than the hydrogen ones. A trajectory of the
transition sequence of the best performance obtained up to the
present is indicated with green diamonds in the deuterium plas-
mas, where the confinement improvement begins after reach-
ing the maximum radiation, proceeds with decreasing radia-
tion, and culminates around Prad/Pinput = 0.3. A trajectory of
the typical sequence is also shown in the hydrogen case with an
arrow in figure 16(a), where it traces a similar shape to deu-
terium, but is somewhat degenerated in the parameter space.
The maximum confinement is reached around Prad/Pinput =
0.2. The whole data points in the deuterium plasma slightly
shifted in the higher radiation level than the hydrogen case,
which is due to the increased carbon amount, as mentioned
above. At the same time, it turned out that the better confine-
ment is sustained in the deuterium plasmas than in the hydro-
gen ones at a higher radiation level. This may be attributed to
the pronounced ETB formation as well as to the larger carbon
penetration in the deuterium plasmas, the latter of which could
suppress the ITG turbulence, as discussed in [4, 5]. More quan-
titative analysis to disentangle the effects should be undertaken
in future works.

The comparison between the deuterium and hydrogen plas-
mas shows similar features qualitatively in the density and
magnetic fluctuations, the impurity behaviour, including the
decontamination toward the high confinement phase, and
global confinement as a function of radiated power, while
quantitatively, most of the features are more pronounced in the
deuterium case, and thus the deuterium plasmas exhibit clearer
confinement mode transition with clear ETB formation.

5. Summary

The compatibility of divertor heat load mitigation with good
core performance is of critical importance for a nuclear fusion
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reactor. In general, cold edge plasma tends to degrade core
plasma performance due to the degradation of ETB. Theo-
retical models to describe the deterioration have been pro-
posed. Experimental studies on this issue and comparison with
the models still need to be conducted in various magnetic
field configurations. In the present experiments in LHD, we
have found that the application of RMP significantly changes
plasma performance in core confinement and divertor heat load
mitigation in deuterium plasmas, that is, plasma stored energy
increases with ETB formation in the detached phase, impurity
radiation is enhanced with an increased volume of cold edge
plasma.

The ETB formation occurs at the detachment transition with
RMP. The ETB develops at the inner separatrix of the remanent
magnetic island with m/n = 1/1 mode induced by the RMP. A
possible role of plasma parallel flow along the separatrix for
the ETB formation is pointed out, where the flow is driven in
the thermal condensation instability as predicted by numerical
simulations.

In the detached phase, an interplay between the core plasma
transport, including ETB and cold edge plasmas, has been
observed as follows. The ETB is degraded as the detachment
deepens when the resistive pressure gradient-driven MHD
mode is excited. During the ETB degradation, the core trans-
port reduction is observed as a signature of core-edge coupling,
then Wp is kept constant despite the ETB collapse. In the mean-
time, density fluctuation gradually increases, then a sponta-
neous increase of Wp and recovery of ETB occurs to develop
improved core plasma confinement. Then, the coherent MHD
mode disappears, being replaced with ELM bursts. The energy
confinement time after the transition clearly deviates from
gyro-Bohm scaling. The estimated adiabaticity parameter αadi

and the diamagnetic parameter αdia at the pedestal top are
found to be still far above unity, even during the ETB degra-
dation with the coherent MHD mode excitation.

During the improved confinement mode, impurity decon-
tamination is observed in the EUV spectroscopy measurement
of CVI intensity. The toroidal profile of the divertor heat load
pattern shows an n = 1 mode structure in the toroidal direction
in the attached phase with the RMP application, as is similar
to that in the hydrogen plasmas. After the detachment transi-
tion, the divertor heat load decreases in most of the toroidal
sections, while an increase occurs at certain sections. In the
improved confinement mode, the heat load increases slightly
due to the radiated power reduction caused by the impurity
decontamination and to the ELM pulses. Further experiments
are planned to attempt to suppress the heat load in the entire
toroidal sections.

A comparison between deuterium and hydrogen plasmas
shows that the hydrogen plasma exhibits similar features to the
deuterium plasmas but some of the features, such as a reduc-
tion of density fluctuations, confinement mode transition, and
the ETB formation, are more evident in the deuterium plas-
mas. The impurity decontamination toward highest confine-
ment takes place in both isotopes. It is also found that better
global confinement is sustained in the deuterium plasmas at a
high radiation fraction >0.4.

The results obtained in the present study provide deeper
insight into the physical processes in the nteraction between
cold edge plasma and core plasma transport, based on which
the compatibility of good core plasma performance and diver-
tor heat load mitigation will be explored in the magnetic
configuration with the edge stochastic layer and magnetic
island.
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