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In Large Helical Device (LHD), the detached plasma is obtained without external impurity gas
feed by supplying an m/n=1/1 resonant magnetic perturbation (RMP) field to a plasma with an
outwardly shifted plasma axis position of R,, =3.90 m where the magnetic resonance exists in the
stochastic magnetic field layer outside the last closed flux surface. The plasma detachment is
triggered by the appearance of an m/n = 1/1 island when the density, increased using hydrogen gas
feed, exceeds a threshold density. The behavior of intrinsically existing impurities, in particular,
carbon originating in the graphite divertor plates, is one of the important key issues to clarify the
characteristic features of the RMP-assisted plasma detachment although the particle flux still
remains on some divertor plates even in the detachment phase of the discharge. For this purpose,
vertical profiles and two-dimensional (2-D) distributions of edge carbon emissions of CIII to CVI
have been measured at extreme ultraviolet wavelength range, and the results are compared between
attached and RMP-assisted detached plasmas. It is found that the CIII and CIV emissions located
in the stochastic magnetic field layer are drastically increased near the m/n=1/1 island O-point
and in the vicinity of both inboard and outboard edge separatrix X-points during the RMP-assisted
detachment, while those emissions are only enhanced in the vicinity of the outboard edge X-point
in attached plasmas without RMP. The result clearly indicates a change in the magnetic field lines
connecting to the divertor plates, which is caused by the growth of the m/n=1/1 edge magnetic
island. In contrast, the intensity of CVI emitted radially inside the magnetic island significantly
decreases during the detachment, suggesting an enhancement of the edge impurity screening. The
measured carbon distribution is analyzed with a three-dimensional edge plasma transport simula-
tion code, EMC3-EIRENE, for the attached plasmas without RMP. It is found that the narrow
strip-shaped impurity trace emitted along the edge X-point and its width are sensitive to the cross-
field impurity diffusion coefficient, D, . As a result, the value of D, of C>7 ions is evaluated to
be 20 times larger than that of the bulk ions in the R,, =3.90 m configuration, while the reason is
unclear at present. The measured 2-D carbon distribution is also discussed and compared to the
structure of the m/n = 1/1 magnetic island, which quickly expanded during the appearance of the
plasma detachment. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976989]

I. INTRODUCTION

Heat load mitigation of divertor plates is one of the criti-
cal issues for the next-generation device for fusion reactor
development such as ITER."? The peak heat load on ITER
divertor plates is expected to exceed 20 MW/m?, which is
almost two times higher than the present engineering limit
(~10MW/m?).? The plasma detachment using the working
gas or gaseous impurities, which is a possible solution for
the heat load mitigation, has been achieved in many tokamak
devices.* ' A complete detachment in the H-mode has been
achieved without deterioration of the energy confinement in
ASDEX Upgrade using a feedback-controlled gas puff sys-
tem with deuterium and neon. The radiation power reaches
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90% of the total input power during the plasma detach-
ment.>¢ In “hybrid” H-mode plasmas of DIII-D, the peak
heat flux at the outer divertor plate is reduced by a factor of
2.5 using argon puffing near the outer divertor target.” In the
detached H-mode plasma of JT-60U, the power radiated by
neon ions at the inner divertor reaches 55% of the total radia-
tion.® In JET and Alcator C-Mod, on the other hand, the
completely detached H-mode plasmas are successfully
obtained using only deuterium gas puff.”'°

ITER is expected to operate in the H-mode.'?
Therefore, the stability of the edge plasma will be very
important in addition to a steady sustainment of the plasma
detachment because the large heat flux from edge localized
modes (ELMs) may penetrate the edge high radiation region

Published by AIP Publishing.
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and reach the divertor plates.” At present, however, the oper-
ation window of the plasma detachment with the H-mode is
narrow.*'°

In helical devices, another technique for realizing the
detached plasma has been attempted in Wendelstein 7-AS
(W7-AS) and in Large Helical Device (LHD) using the res-
onant magnetic perturbation (RMP) coils without any exter-
nal impurity gas feed.'?>”'* The heat load on divertor plates
decreases by a factor of 3—10 during the detachment phase
basically without degradation of energy confinement. This
method also seems to be attractive for tokamaks because
the detached plasma with RMP may mitigate the steady
state heat load and eliminate the transient heat load from
ELMs.'? Dedicated experiments have been performed in
W7-AS and LHD to investigate the operation window for
the steady-state sustainment of high-performance plasmas.
In W7-AS, it is found that the island size and magnetic field
line pitch in the island at the plasma edge region influence
the stability of detached plasmas. In LHD, it is also found
that the radial position of the m/n=1/1 island created by
RMP is a critical requirement for a successful achievement
of the detached plasma. The detached plasma in LHD can
only be then achieved when the m/n = 1/1 island is created
in the edge stochastic magnetic field layer. At present, how-
ever, the reason why the radial position of the m/n=1/1
island is so important for the plasma detachment is unclear.
In addition, the concentration of impurity iron originating
in the first wall protection tiles made of stainless steel is
very low in general LHD discharges, particularly in high-
density discharges.'> Carbon released from graphite diver-
tor plates is thought to be a possible impurity source, which
can contribute to the high edge radiation during plasma
detachment,'? although the energy loss channel in the
RMP-assisted detached plasma still remains an open ques-
tion. In LHD, therefore, the study of carbon behavior during
the plasma detachment is very important to find a cause
triggering the detachment transition.

A two-dimensional (2-D) space-resolved EUV spec-
trometer in LHD has been upgraded to measure the vertical
profile and 2-D distribution of impurity line emissions dur-
ing shorter time intervals in high-power neutral-beam-injec-
tion (NBI) discharges with short-pulse lengths of 2-5 s. The
upgrade is mainly carried out by increasing the spectrome-
ter scanning speed, installing a thin filter to eliminate the
NBI high-energy neutral particles and adopting a new anal-
ysis method.'®™'® As a result, it becomes possible to mea-
sure the 2-D distribution of impurity emissions from the
detached plasmas in the high-power NBI discharge. The
influence of the m/n = 1/1 magnetic island formed by RMP
coils on the edge carbon behavior can then be studied with
the upgraded spectrometer system. The NBI discharge
shows entirely different behaviors between the two mag-
netic axis positions of R,x=3.75m and 3.90 m when the
RMP is supplied. The detachment is easily triggered by the
RMP when R,,=3.90m in which the m/n=1/1 island
develops just outside the last closed flux surface (LCFES),
while the discharge has basically no response to the RMP
when R,x =3.75m in which the island develops just inside
the LCFS.'"” On the other hand, the CIII and CIV are
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located outside the LCFES, and the CV and CVI are located
in the vicinity of the LCFS. Therefore, the observation of
radial profiles and 2-D distributions of the carbon emissions
is very important to study the influence of the island on
plasma detachment because the m/n = 1/1 island is located
just inside and outside the LCFS for the R, =3.75m and
3.90 m configurations, respectively. The measured vertical
profile and 2-D distribution of carbon emissions are also
analyzed using the three-dimensional (3-D) edge plasma
transport code, EMC3-EIRENE.

In the present paper, the edge magnetic field structure
and the RMP coil system in LHD are described in Sec. II.
EUV spectroscopy and VUV spectroscopy are briefly
explained in Sec. III. Then, the vertical profile and 2-D dis-
tribution of impurity carbon emissions from NBI discharges
at R,x =3.75m and 3.90 m are presented with data analysis
by the simulation in Secs. IV and V, respectively. Finally,
the study is summarized in Sec. VI.

Poloidalcoils

Helicalcoils
(b) R,,=3.75m (¢ =0°)
Helical coil

Inboard

Top edge
edge X-point ol

O-point

Divertor
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Y Outboard
/ edge X-point

Divertor
Bottomedge plates

O-point Ergodiclayer

(6) Rax=3.90m(¢ = 0°)

b

FIG. 1. (a) Bird’s eye view of helical coils, poloidal coils, RMP coils, and
toroidal plasma shape in LHD and connection lengths (L.) in the ergodic
layer with a magnetic axis of (b) R,x =3.75m and (c) R,x =3.90m.
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Il. EDGE ISLAND FORMATION BY RMP COILS IN LHD

The magnetic field for plasma confinement in LHD is
produced by two superconducting helical coils with poloidal
and toroidal pitch numbers of 1=2 and n= 10, respectively,
as shown in Fig. 1(a), while three pairs of superconducting
poloidal coils are used for the control of the plasma position,
the shaping of the plasma cross section, and the cancelling of
the stray magnetic field. The major radius of the magnetic
axis position can be varied between R,, = 3.50 and 4.00 m.%°
The averaged plasma minor radius defined by the LCFS takes
the maximum value of 64cm when R,, =3.60m. The core
plasma in LHD is always accompanied by a stochastic mag-
netic layer called the “ergodic layer” formed outside the
LCFS, which originates in the presence of higher order
Fourier components in the magnetic field created by the heli-
cal coils.”' Since the magnetic islands with different mode
numbers overlap each other in the ergodic layer, the magnetic
field structure becomes entirely three-dimensional. The mag-
netic field structure in the ergodic layer at a horizontally elon-
gated plasma cross section (¢ = 0°) is shown in Figs. 1(b) and
1(c) for R;x =3.75m and 3.90 m configurations, respectively.
It indicates that the magnetic field connection length, L., in
the ergodic layer varies within the extremely wide range of
10 <L, <2000 m. In addition, two edge separatrix X-points
appear at the inboard and outboard sides in the figure. In the
present paper, those are called the “inboard edge X-point” and
“outboard edge X-point.” In contrast to this, the two positions
close to the helical coil are called the “top edge O-point” and
“bottom edge O-point.” It is clear from the figures that the
thickness of the ergodic layer, A, varies with the poloidal
angle. The maximum and minimum thicknesses of the ergodic
layer at the ¢ = 0° toroidal position, at which the LHD plasma
cross section is horizontally elongated, are given at the edge
X- and O-points, respectively. It is noted here that the plasma
cross section periodically rotates as a function of the toroidal
angle and becomes a vertical elongation at ¢ = 18° (see also
Fig. 3). The magnetic field line called the “divertor leg” origi-
nating in the vicinity of the edge X-points is directly con-
nected to the divertor plates made of graphite.

The magnetic field structure in the ergodic layer is very
different between the two magnetic axis positions of
R.x=3.75m and 3.90m. The LCFS becomes smaller when
the magnetic axis position is shifted outward, whereas the out-
side boundary of the ergodic layer basically does not change
at all. As a result, the /., in the R, =3.90 m configuration is
much larger than that in the R, =3.75m configuration. The
Zerg has the biggest value in the inboard edge X-point of the
horizontally elongated plasma cross section (¢ =0°) at
R, =3.90m configuration, i.e., Ao, ~ 60cm, while the mag-
netic field lines at the outboard edge X-point are dominantly
connected to the divertor plates, as seen in Fig. 1(c). Many
magnetic field lines with shorter L. (12 <L, <25m) appeared
in the vicinity of the outboard X-point are connected to the
divertor plates through the divertor legs in the R, =3.90m
configuration.”

Ten pairs of normal conducting coils are additionally
installed at the top and the bottom on the LHD as shown in
Fig. 1(a) to create a considerably large magnetic island with
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FIG. 2. 1/27 profile as a function of minor radius (p = r/a) for R, =3.60m,
3.75m, and 3.90m. The “a” is averaged-plasma radius. The LCFS position
is indicated by a dashed-dotted line.

the m/n = 1/1 mode in the plasma edge, which are now called
resonant magnetic perturbation (RMP) coils. The RMP coil
system was originally used for the local island divertor experi-
ment to demonstrate an efficient particle exhaust.'> As the
island size can be controlled by the coil current, the maximum
RMP coil current of I..; = 3340 A is used in the present study
to trigger the plasma detachment by creating the biggest
island size. The edge magnetic field structure with the m/n
= 1/1 island is then kept constant during the discharge by pre-
setting the coil current.

Radial profiles of the rotational transform (1/27) in LHD
are shown in Fig. 2 as a function of minor radius (p = r/a) for
magnetic axis positions of R,y =3.60m, 3.75m, and 3.90m.
The 1/27 profile becomes gradually flat when the magnetic
axis shifts outward. According to the change, the radial posi-
tion of 1/2m = 1 also moves outside, i.e., p =0.93 inside LCFS
(p=1) at R;x=3.75m and p=1.03 just inside the ergodic

(a) A

6-(()) island scattering
-point #7-0

#6-O
(b) #1-0

7-0O island

O-bont scattering
PO 470

#6-O

FIG. 3. Schematic view of the O-point trajectory of the m/n= 1/1 magnetic
island on a flux surface at 1/2n=1 for (a) 6-O and (b) 7-O islands in
Rax =3.75 m configuration.
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layer at R,z =3.90m. In the case of R,y =3.90m, then, any
clear magnetic island formation has not been observed in gen-
eral discharges because the RMP field has in principle no
clear magnetic resonance of the m/n=1/1 mode in the sto-
chastic magnetic field layer, while a considerably large island
has been always formed by the RMP field in the R, =3.60
and 3.75 m configurations. It is described below in detail.

Figure 3 shows the top view of the LHD plasma. The
poloidal position of the m/n=1/1 island can be slightly
changed by phasing the RMP coil currents. The poloidal
position of the island O-point is also indicated in the figures.
The trajectory of the island O-point formed in the midplane
at #6-O (¢ = 180°) and #7-O (¢ =216°) outboard diagnostic
ports is plotted with solid curves in Figs. 3(a) and 3(b),
respectively. Here, we define the two configurations as “6-O
island” and “7-O island.” In practice, the trajectory of the
island O-point in Fig. 3 is traced on a flux surface with
1/2n =1 at R, =3.75 m configuration. The island O-point is
then located for both the 6-O and 7-O island configurations
in the inboard side of the horizontally elongated plasma cross
section at the #10-O (¢ =326°) diagnostic port where the
spectrometers are installed, while the poloidal angle of the
island O-point is slightly different between the two.

The poloidal structure of the magnetic island created by
the RMP coils is generally calculated in the vacuum condi-
tion for the core plasma inside the LCFS. If the island exists
in the ergodic layer, the structure can be obtained by tracing
the 3-dimensional trajectory of each magnetic field line. The
Poincaré plot of magnetic field lines without RMP coils in
the ergodic layer is shown in Figs. 4(a) and 4(d) with mag-
netic surfaces for R,x=3.75m and 3.90m, respectively.
Several intrinsically existing small magnetic islands appear
in the ergodic layer, while well-arranged magnetic surfaces
are seen in the plasma core region. The island structure with

Rax=3.75m Rax=3.90m

0.5Ha) ‘w/o RMP][(d) ~"w/o RMP |
N

-0.5¢ 1t

0.5}(b) 6-O island ]
E o ]
N “

-0.5¢ Island O-point LCFS 1

0.5(c) 7-O island]
E o _
N

-0.5} ]

3 4 5 3 4 5
R (m) R (m)

FIG. 4. Magnetic field structures in vacuum conditions at the #10-O toroidal
location: (a) without RMP, (b) 6-O island and (c) 7-O island at
R.x=3.75m, and (d) without RMP, (e) 6-O island and (f) 7-O island at
Rax=3.90m. The LCES in vacuum conditions without RMP is indicated by
a dashed line in each figure.
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the RMP field at R,x =3.75m is plotted in Figs. 4(b) and
4(c) for 6-O and 7-O island cases, respectively. Since the
island exists inside the LCFS denoted as a dashed line, the
magnetic field structure in the ergodic layer is not traced in
the figures because it is nearly the same as in Fig. 4(a). The
island with the m/n=1/1 mode is localized at the inboard
side of the #10-O toroidal position although the poloidal
position of the island is a little different between 6-O and
7-O configurations. In the case of R, =3.90 m, on the other
hand, the island structure becomes much different from the
R.x =3.75m case because the 1/2n =1 position is located in
the ergodic layer. The magnetic field lines at R,x =3.90m
configuration with RMP coils are plotted in Figs. 4(e) and
4(f) for 6-O and 7-0O islands, respectively. In order to make
clear the island position, the number of mesh in the calcula-
tion is increased compared with Figs. 4(a) and 4(d). It is then
noted that the magnetic field structure in the plasma core is
not plotted in Figs. 4(e) and 4(f) because the plasma core is
entirely black if it is plotted in the figure. A small island can
be seen in the ergodic layer just outside the LCFS of the fig-
ures, while the poloidal shape is entirely different from the
ordinary island seen in the plasma core. In the present study,
a poloidal position opposite to the island O-point is called
the “island X-point” although the island X-point is not
clearly visible in the Poincaré plot.

lll. EUV SPECTROSCOPY AND VUV SPECTROSCOPY
IN LHD

The EUV and VUV spectrometer systems are installed
on the #10-O LHD port (¢ =324° in Fig. 3). In the present
study, two EUV spectrometers named EUV_Short (10-100 A)
and EUV_Long (50-650 A) and two 20 cm normal incidence
VUV spectrometers named VUV_109L (300—1000 A) and
VUV_106R (970—1900 A) are used for simultaneous mea-
surement of carbon spectra with a high-time resolution of
5ms.”** Two other space-resolved EUV spectrometers
named EUV_Short2 (10-100 A) and EUV_Long?2 (50-650 A)
observe the vertical profile and 2-D distribution of carbon line
emissions, respectively.'®'®2® The intensities of EUV and
VUV spectra are absolutely calibrated with sufficient accu-
racy on the basis of profile measurements of the bremsstrah-
lung continua in the visible and EUV ranges.'®?’

The EUV_Long2 spectrometer is developed to observe
both the vertical profile and the 2-D distribution of impurity
line emissions.'”'®** As shown in Fig. 5(a), the spectrometer
optical axis can be horizontally scanned around a pivot using
a horizontal stepping motor. When the optical axis of the
spectrometer is fixed perpendicular to the magnetic axis, i.e.,
0 =0°, the vertical profile of impurity emissions can be mea-
sured in the vertical observation range of —600 <Z < 600 mm
at the horizontally elongated plasma cross section as shown in
Figs. 1(b) and 1(c). The 2-D distribution of impurity emissions
can be measured by horizontally scanning the optical axis
from 0= —2° to +2° during the steady phase of a discharge
(see top three figures in Fig. 5(a)). As shown in Fig. 5(b), a
large trapezoidal diagnostic port with a vertical size of
1200 mm and a horizontal size of 700 mm is used for the 2-D
distribution measurement. Therefore, the impurity emissions



022510-5 Zhang et al.

(a) e

\Optical axis
Pivot

LHD center

#10 toroidal location “LHD plasma

(b) Outboard X-point

LHD port

Inboard X-point

FIG. 5. (a) Top and (b) horizontal views of the LHD plasma shape with the
observation area of the EUV_Long2 spectrometer system at the #10-O toroi-
dal location. Three poloidal cross sections of the LHD plasma are also
shown for three different angles in the spectrometer optical axis of 0 = +2°,
0°, and —2°. The top and bottom boundaries of the vertical observation
range are indicated by two arrows in each poloidal cross section. The #10-O
LHD diamond port for the 2-D distribution measurement is indicated by a
solid line. Inboard and outboard X-point trajectories are indicated by dotted
and dashed lines, respectively.

from inboard and outboard edge X-points can be clearly dis-
tinguished in the 2-D distribution measurement, as indicated
in Fig. 5(b) with dotted and dashed lines, respectively.

The m/n=1/1 island twists along the flux surface of
1/2m =1 during a toroidal turn (see Fig. 3). The vertical posi-
tion of island O- and X-points then changes as a function of
the horizontal position, Y, in the 2-D observation range,
which is denoted as solid lines with the trapezoidal shape in
Fig. 5(b). The footprints of the island O- and X-points in the
2-D observation range are shown in Figs. 6(a) and 6(c) for
the 6-O island and in Figs. 6(b) and 6(d) for the 7-O island.
The vertical location of 1/2n =1 is also indicated by dashed
lines in each figure. There is a larger separation of the O- and
X-points at the measurement position for the 6-O island case
than for the 7-O island case independent of the magnetic axis
position. The small differences in the island position between
the R,x =3.75 and 3.90m cases are caused by differences in
the edge rotation transform shown in Fig. 2.

IV. IMPURITY CARBON EMISSIONS AT R.x =3.75m
CONFIGURATION WITH THE m/n = 1/1 ISLAND INSIDE
LCFS

Carbon and iron ions always exist in LHD discharges as
the intrinsic impurity, which originate in the graphite diver-
tor tiles and stainless steel first wall, respectively. The
amount of iron contamination is, however, entirely small in

Phys. Plasmas 24, 022510 (2017)
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FIG. 6. Vertical positions of the O-point (dotted line) and X-point (solid
line) of the m/n=1/1 magnetic island within the observation area of the
EUV_Long2 spectrometer installed on the #10-O LHD port: (a) 6-O and (b)
7-0 islands at R,, =3.75 m configuration and (c) 6-O and (d) 7-O islands at
Rux =3.90m configuration. The radial location of 1/2n =1 is also indicated
by a dashed line in each figure.

most of the LHD discharges due to the presence of the
screening effect in the ergodic layer.'” Although the iron
radiation from highly ionized iron can be significant in the
plasma core, it can be ignored in the analysis of the edge
plasma including the ergodic layer because the line emis-
sions from lower charge states of iron are negligibly small in
both the VUV and the EUV wavelength ranges. Therefore,
the carbon ions are largely responsible for the edge radiation
in LHD discharges. Line emissions of CIII-CVI are then
studied in discharges at R, =3.75 m and 3.90 m since the m/
n=1/1 island in inward-shifted magnetic axis positions such
as R,, =3.60m is located deep inside the plasma radius. As
the first step in the study, therefore, the vertical profile and
2-D distribution of CIII-CVI are analyzed in discharges at
R.x=3.75m.

A. Discharge waveform and radial profiles of n, and T,

A discharge initiated by electron cyclotron heating
(ECH) in R, =3.75m configuration can be steadily main-
tained with negative-ion-source-based NBIs (n-NBI) at the
toroidal magnetic field of B =—2.64T, where the minus
sign indicates a counter-clockwise directed toroidal field.
The waveform of typical discharges with and without RMP
is shown in Fig. 7. A constant line-averaged electron density
(ne) is kept during t =4-8 s by controlling the hydrogen gas
puff rate, while the density in the discharge with RMP is
slightly smaller than that without RMP, i.e., n.=4.0 and
4.5 %10 cm™? for the discharge with and without RMP,
respectively. The central electron temperature (T.y) also
shows a constant value around 1.8keV during t=4-8s for
both discharges. The diamagnetic plasma stored energy (W,,)
in the discharge with RMP is significantly lower than that in
the discharge without RMP reflecting the edge temperature
reduction as seen in Fig. 8(b). The radiation loss power (P,,4)
in the discharge with RMP also indicates a lower value com-
pared to that without RMP, mainly reflecting the steep edge
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FIG. 7. Time behaviors of (a) NBI port-through power and hydrogen gas
puff (b) line-averaged electron density, (c) central electron temperature, (d)
stored energy, (e) radiation loss power, (f) CIII (386.203A), (g) CIV
(384.174A), (h) CV (40.27A), and (i) CVI (33.73A) in #130913 and
#130914 discharges at R,x=3.75m without (solid line) and with RMP
(dashed line).

temperature gradient as seen in Fig. 8(b). The reduction in
edge radiation is also observed in carbon line emissions
of CIII (386.203A), CIV (384.174 A), CV (40.27 A), and
CVI (33.73 A) plotted in Figs. 7(f), 7(g), 7(h), and 7(i),
respectively.

The radial profiles of n. and T. measured with the
Thomson scattering diagnostic along the major radius direc-
tion in the horizontally elongated plasma cross section at #4-
O (¢ =144°) are shown in Fig. 8 for discharges without
(open circles) and with RMP (6-O island: solid circles and
7-0 island: solid squares). A hollow density profile is always
observed in the discharges without RMP. The density profile
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FIG. 8. Radial profiles of (a) n. and (b) T, in discharges at R,x=3.75m
without RMP (open circles), with 6-O island (solid circles), and with 7-O
island (solid squares). Radial locations of LCFS and 1/2n =1 are indicated
by dashed lines and vertical arrows, respectively. The radial range of the m/
n=1/1 island is indicated by a shaded area.

becomes flat when the RMP is supplied. The m/n = 1/1 mag-
netic island is clearly identified at the 1/2w =1 position indi-
cated by vertical arrows inside the LCFS. The LCFS and the
radial width of the m/n = 1/1 island are denoted as a dashed
line and shaded area, respectively. Since the #4-O toroidal
port is away from the #6-O and #7-O ports by ¢ =72° and
108°, respectively, the edge T, flattening can be observed at
both the inboard and the outboard sides (see Fig. 3). The
shape of T, flattening is slightly different between the 6-O
and 7-0O islands, reflecting a small difference in the poloidal
angle of the island. Since the temperature in the island is in
the range of 250 < T, <300eV, which is much higher than
the ionization energies of C>* (48 eV) and C** (64 eV) ions,
the radiation from such ions exists in the ergodic layer out-
side the LCFS entirely and has no relation to the appearance
of the island. The T, in the plasma core region is reduced by
the edge T. reduction following the edge T. flattening,
whereas the T, outside the LCFS is almost unchanged.

B. EMC3-EIRENE code for the analyses of 3-D impurity
distribution and cross-field impurity transport

The 3-D distributions of the carbon ion density and
resultant line emissions of CIII (386.203 A), CIV (312.42 A),
CV (40.27 A), and CVI (33.73 A) are simulated with a 3-D
edge plasma transport code, EMC3-EIRENE. The EMC3
code for solving the fluid equations of the particle, momen-
tum, and energy in the steady state is coupled with the
EIRENE code for solving the kinetic neutral transport equa-
tions coupled with the recycling neutrals from divertor plates
and the first wall.”®*?° The EMC3 modelling includes parallel
and cross-field transports in a 3-D geometry of the magnetic
field. The transport of the bulk plasma and impurity along
the magnetic field line is considered to be classical, while the
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cross-field transport perpendicular to the magnetic field line
is assumed to be anomalous.®

In the fluid approximation, the momentum balance
equation of impurity ions along the magnetic field line is
given by

8VZH 1 8Tinz Vi“ — VzH
s = —— ,—— +7ZeE
ot n, 0Os tm Ty + ek
oT OT;
+0.767> == 4+2.67> -, 1)
0s 0s

where z and i denote the impurity with charge state Z and
the bulk plasma ion, respectively. The notation s is the coor-
dinate along the magnetic field line. The variables Vj, V,,
T, m,, and E| denote the parallel velocities of the bulk
plasma and impurity, impurity-ion collision time, impurity
ion mass, and parallel electric field, respectively. The values
of T, and T; denote the temperatures of the impurity and the
bulk plasma ions, respectively, and T, =T; is assumed in the
equation. The inertia term shown in the left-hand side of the
equation can be neglected due to a small value.'” The first
term on the right-hand side of the equation shows the impu-
rity pressure gradient force. The second and third terms are
the force due to the friction between the impurity and bulk
plasma ions and the force due to the parallel electric field,
respectively. The fourth and fifth terms on the right-hand
side are the forces due to the electron and ion temperature
gradients, respectively. It has been proven that the second
and fifth terms in the right-hand side are dominant in the
equation. This means that the friction force and the ion ther-
mal force become dominant in the force balance on the par-
allel impurity transport for the usual plasma parameters. The
flow of the bulk plasma ions, Vj), is usually directed towards
the downstream, i.e., from the plasma edge to the divertor
plates, and the friction force moves the impurity ions to the
divertor region. On the other hand, the temperature gradient,
0T;/0s, is directed towards the upstream, i.e., from the diver-
tor plates to the plasma edge, and the thermal force moves
the impurity ions to the upstream direction. Therefore, the
impurity velocity, V), is a consequence of the competition
between the friction and the ion thermal forces. If the friction
force is more dominant than the thermal force, the impurity
ions can be screened.

The cross-field transport is also important in the ergodic
layer of LHD where the connection length of magnetic field
lines is very long. In the EMC3 code, the cross-field trans-
port of bulk and impurity ions is assumed to be anomalous.
Here, it is noted that the bulk ions in LHD are protons. The
particle diffusion coefficient, D |, and heat conduction coeffi-
cient, y,, are determined for bulk plasmas by analyzing the
edge density and temperature profiles measured with
Thomson scattering diagnostic. Spatially constant values of
D, and y, are used in the code. Although the cross-field
impurity diffusion of impurity ions, D, may be different
from that of the bulk ions,***' the impurity motion in the
present modeling is simply smoothed out towards the per-
pendicular direction with D, . The poloidal distribution of
impurity line emissions is therefore more uniform when the
Dy, is large. The D, different from D is also used in the
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present analysis to reproduce the measured profile of impu-
rity line emissions.

In the simulation for R,x=3.75m configuration,
D, =0.2 m%/s and 71 =0.5 m?/s are chosen for the bulk
plasmas based on the analysis of the edge electron density
and temperature profiles shown in Fig. 8. The amount of
impurity carbon is mainly dependent on the sputtering yield
of the graphite divertor plates, Cgp,y. In the present study, the
sputtering rate of Cg,, = 0.5% has been used for the graphite
divertor plate.’*>! Figure 9 shows the simulated 2-D distri-
bution of CIII-CVI emissivity in the ergodic layer at the hor-
izontally elongated plasma cross section. It is clear that the
CIII and CIV with low ionization energies, i.e., 48eV for
C*" and 64eV for C*", are mainly located near the outer
boundary of the ergodic layer or in the vicinity of divertor
legs, while the CV and CVI are located inside the ergodic
layer due to the high ionization energies, i.e., 392 eV for C**
and 490¢V for C°*.32 Therefore, the poloidal distributions
of CIIl and CIV are entirely non-uniform with enhanced
intensity in the vicinity of the inner and outer X-points,
whereas the CV and CVI intensities show a more uniform
poloidal distribution. Since it is difficult to calculate the
impurity emissions inside the LCFS using the EMC3-
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FIG. 9. Poloidal distributions of impurity emissivity in the ergodic layer cal-
culated with EMC3-EIRENE for (a) CIII (386.203 A), (b) CIV (312.42 A),
(c) CV (40.27 A), and (d) CVI (33.73 A) in discharges without RMP at
R.x=3.75m.
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EIRENE code, the CVI emission inside the LCFS is not plot-
ted in Fig. 9(d) due to the absence of data. In addition, no
up-down asymmetry is observed in the simulation results at
¢ =0° because the magnetic field structure in the ergodic
layer is basically identical between the upper and lower edge
regions.

C. Vertical profiles of carbon line emissions

The vertical profile of CIV to CVI is measured at t =6.0
s during the density and temperature flat-top phase shown in
Fig. 7 for three configurations, i.e., without RMP, 6-O island,
and 7-0O island. The results are plotted in Figs. 10(d), 10(e),
and 10(f) for CIV, CV, and CVI, respectively. The /27 pro-
files for the three configurations are also plotted in Figs.
10(a), 10(b), and 10(c). The positions of LCFS and island
O-point are indicated by vertical arrows at the top of figures
and as a vertical dashed line, respectively. Since the island
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O-point is located in the upper position at the #10-O toroidal
section for both the 6-O and 7-O islands (see Figs. 4(b) and
4(c)), the local flattening of 1/27 appears at the top of the ver-
tical profile. The radial range of the m/n=1/1 island is
denoted by a shaded area. The radial width of the m/n=1/1
island is roughly 8cm at the top edge O-point as seen in
Figs. 10(b) and 10(c). When the island O-point is located at
the edge X-point, the radial width becomes bigger as seen in
the T, profile of Fig. 8(b).

In general discharges without RMP, the CIV profile is
poloidally non-uniform and vertically asymmetric as shown
in Fig. 10(d). In contrast to this, the CVI profile is roughly
symmetric as shown in Fig. 10(e). The edge peaks in CIV at
Z ~ *500mm and CV at Z ~ =440 mm are formed by a
long integration effect along the observation chord in the
thin CIV and CV emission contours (see Figs. 9(b) and
9(c)). In addition, the CIV is also enhanced in the range of
—300 <Z <300mm in the vicinity of inboard and outboard
edge X-points, while the CV and CVI profiles seem to be
flat. This can be well explained by the simulation (see Fig. 9).
The big volume of the ergodic layer near the separatrix
X-point causes the enhancement of the CIV emission. The
emission from upper half at —500 <Z <0mm tends to have
a greater intensity compared with the emission from lower
half at 0 <Z <500 mm. In particular, this is clear in the CIV
and CV profiles, suggesting an up-down asymmetry in the
edge impurity radiation.

When the RMP is supplied, the CIV and CV profiles do
not make any big change in the upper half structure because
the T, and n. profiles are unchanged in the ergodic layer out-
side the LCFS (see Fig. 8). Therefore, the m/n=1/1 island
has little influence on the CIV and CV profiles in the
R.x =3.75m configuration. On the other hand, the CVI pro-
file in Fig. 10(f) indicates a significant change when the
RMP is supplied. The CVI intensity is clearly reduced for
both the 6-O and 7-O island cases. With the RMP, the impu-
rities intrinsically existing in LHD plasmas such as carbon
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FIG. 11. Vertical profiles of (a) CIV (312.42 A), (b) CV (40.27 A), and (c)
CVI (33.73 A) measured at the #10-O toroidal location in discharges at
Rux =3.75m with a toroidal magnetic field in clockwise (B =2.64T: solid
line) and counter-clockwise (B, = —2.64 T: dashed line) directions and simu-
lated with EMC3-EIRENE (dotted line).
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and iron are always decreased in the plasma core despite the
unchanged influx. The enhanced edge impurity screening is
the reason why the CVI intensity decreases.'® It is also
noticed that the CVI intensity increases at the top O-point
near Z =400 mm where the island O-point exists. This seems
to be an effect of edge temperature flattening shown in Fig.
8(b). Here, it is concluded that the m/n=1/1 island at
R.x =3.75 m configuration changes only the CVI distribution
located near the island, and the effect of the m/n = 1/1 island
on the CIV and CV distributions is small.

The up-down asymmetry is slightly enhanced when the
B, is in the counter-clock wise direction, e.g., B;= —2.64 T."®
A comparison between CIV—CVI vertical profiles is shown
in Fig. 11 for clockwise (solid lines) and counter-clockwise
(dashed lines) B, directions. It is clear that the up-down asym-
metry is emphasized in the case of the counter-clockwise
direction, in particular, for CV. Although the physical mecha-
nism is unclear at present, this asymmetry may suggest an
importance of the particle drift. Since the edge peak position
indicates the radial location of carbon ions, we understand
that both C** and C** ions are located outside the 1/27= 1
position and the C> ions are located very close to the 1/27
=1 position.

The CIV—CVI vertical profiles are also analyzed with
EMC3-EIRENE, as plotted a dotted line in Fig. 11. The inten-
sity profiles are normalized to the measurement at Z =0 mm.
Since the EUV_Long?2 spectrometer is placed at R = 9300 mm
away from the LHD plasma and Z =463 mm above the mid-
plane, the observation chords are vertically inclined a little.
Then, the simulation with experimental geometry does not
exactly show the vertical symmetry. Although the effect of the
inclined observation chord on the profile is very small, we see
the effect in the simulation of the CIV profile at Z ~
*400 mm because the CIV is emitted in the outer boundary of
the ergodic layer. The simulation can well explain the CIV and
CV profiles, in particular, in the clockwise B, direction. In the
counter-clockwise direction, however, a small difference
appears in both the top and bottom edge regions. In the present
simulation code, the effects of plasma pressure on the magnetic
field structure in the ergodic layer and particle motion on the
impurity transport such as VB drift are not included. These
effects, in particular, the particle drift, may explain the up-
down symmetry, while the direction of the particle drifts such
as VB drift is not as simple as it in tokamaks. In the simula-
tion, a cross-field impurity diffusion coefficient of Dz, = 1.0
m?/s, of which is five times larger than that of the bulk ions, is
used for carbon ions to match the experiment.

In the CVI simulation, the emission inside the LCFES is
not included in the emissivity profile because the code is not
applicable to the core plasma with the magnetic surface.
Therefore, the CVI edge peaks appeared at Z= =400 mm
near the edge O-point in the ergodic layer are unnecessarily
enhanced. As the CVI emission near the edge X-point inside
the LCES is very strong, the real CVI profile becomes
roughly flat as seen in the experiment. The CVI emissivity is
also slightly stronger at the lower half of the plasma in the
counter-clockwise B, direction, while the profile in the clock-
wise direction is almost flat.
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FIG. 12. 2-D distributions at R,, =3.75m of CIV (312.42 A) in discharges
(a) without RMP, (b) with 6-O island, and (c) with 7-O island; CV (40.27 A)
in discharges (d) without RMP, (e) with 6-O island, and (f) with 7-O island;
and CVI (33.73 1&) in discharges (g) without RMP and (h) with 6-O island.
Trajectories of the outboard X-point, inboard X-point, and island O-point
are indicated by long dashed, dotted-dashed, and dashed lines, respectively.
The radial location of the 1/2n=1 profile is indicated by dashed lines in
each figure.

D. 2-D distribution of carbon line emissions

In order to study the effect of the m/n=1/1 island on
the carbon emission in greater detail, the 2-D distribution of
CIV-CVI at R, =3.75m is analyzed, as shown in Fig. 12.

In general discharges without RMP, the 2-D CIV distri-
bution shown in Fig. 12(a) indicates that the emission is
dominant at the top and bottom edges and in the vicinity of
inboard and outboard X-points. The footprints of the inboard
and outboard X-points are traced in Fig. 12(a) with dashed-
dotted and long-dashed lines, respectively. The schematic
view in Fig. 5(b) and the simulation in Fig. 9(b) are also
helpful for understanding Fig. 12(a). In contrast to it, the CV
and CVI distributions shown in Figs. 12(d) and 12(g) are
almost uniform except for the bottom edge. The up-down
asymmetry brought by the effect of the counter-clockwise
toroidal magnetic field is also observed in the 2-D distribu-
tions of CIV—-CVL

The 2-D distribution of carbon emissions is also simu-
lated with the EMC3-EIRENE code.**>! The 2-D plot of the
CIV simulation shown in Fig. 13(a) indicates emission
enhancements not only in the top and bottom edges but also
along several footprints parallel to the inner and outer X-
points. The simulated result in Fig. 13(a) with D, | =0.2 m?/s
is considerably different from the experimental result in Fig.
12(a), while the intensity is in the same level. The CV simu-
lation in Fig. 13(c) also indicates a different structure from
the experiment in Fig. 12(d). A larger impurity diffusion
coefficient is then adopted in the simulation to match the
experimental data. The results with Dz, =1.0 m?/s are
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FIG. 13. 2-D emissivity distributions simulated with EMC3-EIRENE in
R.x=3.75m configuration without RMP for (a) CIV (312.42 A), (c) CV
40.27 A), and (e) CVI (33.73 10\) at an impurity diffusion coefficient of
Dz, =02 m%s and (b) CIV, (d) CV, and (f) CVI at D, =1.0 m%s.
Trajectories of outboard and inboard X-points are indicated by long dashed
and dotted-dashed lines, respectively.

shown in Figs. 13(b) and 13(d) for CIV and CV, respec-
tively. The sharp footprints related to the edge X-points
appeared in Figs. 13(a) and 13(c) almost disappear in Figs.
13(b) and 13(d). The simulated results with large D, are
roughly in agreement with the experimental results in Figs.
12(a) and 12(d). However, there still remain unclear points,
in particular, in the angle of X-point footprints between the
simulation and experiment. In the simulation code, as men-
tioned above, a modification of the magnetic field structure
in the ergodic layer based on the plasma pressure and the
particle drift motion is not included. An improvement in the
simulation code is necessary for further discussions. The 2-D
simulation of CVI in Fig. 13(e) with intensity enhancement
near the top and bottom indicates a clear difference from the
experiment in Fig. 12(g). This difference is also caused by
the absence of simulation results inside the LCES, as well as
the discrepancies shown in Fig. 11(c).

Even if the RMP is supplied, the CIV and CV distribu-
tions do not obviously change, as shown in Figs. 12(b),
12(c), 12(e), and 12(f), whereas a significant change is
observed in the 2-D distribution of CVI, as shown in Figs.
12(h) and 12(j). In the 6-O island case shown in Fig. 12(h),
the CVI is slightly enhanced at the top and bottom edges. In
the 7-O island case shown in Fig. 12(i), however, the CVI is
clearly strong at the top edge. The footprint of the island
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FIG. 14. Time behaviors of (a) NBI port-through power and gas puff, (b)
line-averaged electron density, (c) central electron temperature, (d) stored
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tion loss power in discharges at R, =3.90 m without RMP (gas puff: solid
line, no gas puff: dotted line) and with RMP (dashed line). The timing of
detachment transition is indicated by a vertical dotted line.

O-point is indicated in the figures with a dotted line and the
radial location of 1/2n =1 is also indicated by a dashed line
for both the 6-O and 7-O island cases. Then, we understand
that the CVI intensity is basically enhanced in the vicinity of
the island O-point seeing Figs. 4(c) and 12(i).

V. IMPURITY CARBON EMISSIONS AT R,x =3.90m
CONFIGURATION WITH THE m/n =1/1 ISLAND
OUTSIDE LCFS

A. Discharge waveform and radial profiles of n, and T,

Vertical profiles and 2-D distributions of CIII-CVI are
also studied in the attached and detached plasmas for the
R.x =3.90 m configuration. Figure 14 shows a typical wave-
form of NBI discharges without RMP (with gas puff: solid
line, no gas puff: dotted line) and with RMP (dashed line) at
R.x=3.90m with B,=2.54T. The discharge initiated by
ECH at t=3.0s is maintained by n-NBIs during 5s at
t=3.3-8.3s. In the discharge without RMP, no gas feed is
utilized to avoid the radiation collapse, which usually occurs
during high density operation.'> Once the gas feed is sup-
plied to the discharge, the density continuously increases,
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and finally, the discharge meets the plasma collapse by rap-
idly increased radiation loss as shown in Fig. 14. The radia-
tion collapse is also probably related to a worse fueling rate
based on the enhanced edge particle shielding by the pres-
ence of the thick ergodic layer in the R,x =3.90 m configura-
tion. In the case with no fueling and no RMP, the line-
averaged density and central electron temperature are
roughly constant during 3.5s from 4.5 to 8.0s, i.e.,
ne~35x 10 cm 3 and T~ 1.2keV. The 2-D carbon emis-
sion distribution is observed during the constant phase. The
total ion saturation current, I;5, measured with the Langmuir
probe array embedded in the divertor plates shown in Fig.
14(e) and the effective plasma radius denoted with agg shown
in Fig. 14(f) are constantly maintained at the values of
Ls=12A and rs=0.55m during 3.5s, indicating the
unchanged edge plasma condition and plasma volume. Here,
the value of ag9 often used in LHD is defined by a plasma
radius in which 99% of the total plasma energy is confined.
The effective plasma radius is calculated based on the T, and
n, profiles from the Thomson scattering diagnostic.

When the RMP is supplied, the discharge conditions dras-
tically change to an entirely different state at a critical thresh-
old density. As shown in Fig. 14(e), the ion saturated current
suddenly decreases by 60% at t =5.1 s denoted with a vertical
dotted line at which the density reaches the threshold, and the
current keeps a low value until the end of the discharge. This
current behavior indicates a specific feature of the plasma
detachment. In the present discharge, the density threshold is
n.~ 5 x 10"*ecm 3, while it slightly depends on the NBI input
power. After the transition to the detachment plasma, the elec-
tron density continuously increases until t = 6.3 s and saturates
at ne~ 12 x 10"*cm 2. The central electron temperature starts
to decrease after the detachment transition due to the density
increase and finally stays at Ty~ 0.8keV. In contrast, the
stored energy still continues to increase even after the detach-
ment transition and takes a similar temporal behavior to the
density. Another specific feature at the detachment transition
appears in the effective plasma radius. The initial effective
plasma radius of r.s=0.55m starts to decrease after the
detachment transition and reaches r.;r=0.48 m. The plasma
radius remains constant until the end of discharge. The radia-
tion power is also increased and remains at a high level during
the plasma detachment phase. It should be noted here that the
absolute value of the total radiation power has not been yet
obtained due to a calibration problem caused by the 3-D radia-
tion structure. The time behaviors of carbon line emissions of
CII (386.203 A), CIV (384.174 A), CV (40.27 A), and CVI
(33.73 A) are shown in Fig. 15. The CIII-CV emissions sig-
nificantly increase during the detachment phase, indicating
the enhancement of edge radiation. However, only the CVI
emission during the detachment phase is clearly lower than
that during the attached phase without RMP, whereas the den-
sity during the detachment phase is much higher. It strongly
suggests an enhancement of the impurity screening effect
brought by the additional RMP field.

The radial profiles of n. and T, measured at t=7.0s in
Fig. 14 are shown in Fig. 16 for three different discharges,
i.e., attached plasma without RMP (open circles), 6-O island
with detachment (solid circles), and 7-O island with
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FIG. 15. Time behaviors of (a) NBI port-through power, (b) line-averaged
electron density and intensities of (c¢) CIII (386.203 A), (d) CIV (384.174 A),
(e) CV (40.27 A), and (f) CVI (33.73 A) in #128170 and #128189 discharges
at R, = 3.90 m without (solid line) and with RMP (dashed line).

detachment (solid squares). The radial positions of 1/2n =1
and LCFS are denoted with vertical arrows and vertical
dashed lines, respectively. The radial location of the m/
n=1/1 island is denoted by a shaded area. The density in the
plasma core largely increases for both the 6-O and 7-O island
cases after the detachment transition, of which the densities
are a few times larger than the density in the attached plasma
without RMP. On the other hand, the temperature in the
plasma core at the detachment phase is much lower than that
in the discharge without RMP.

It is very interesting to examine the effect of the island in
the density and temperature profiles. One of the specific fea-
tures is observed in the edge density profile, that is, the den-
sity starts to build up in the vicinity of the island, while the
density also increases outside the island location. This phe-
nomenon also appears in the density profile at R,x =3.75m
configuration shown in Fig. 8(a). The effect of the island also
appears in the edge temperature profile. Figure 16(c) shows
an enlarged T, profile in the edge region. An edge temperature
flattening is clearly seen near the island position, and the flat
temperature ranges in 10 < T, <20eV. The C** and C*" ions
stay in the flat T, region. The temperature profile at the 6-O
island is slightly broadened compared with the profile at the
7-0O island. This seems to be due to a difference in the
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FIG. 16. Radial profiles of (a) n,, (b) T,, and (c) enlarged T, in discharges at
Raux=3.90m without RMP (open circles), with 6-O island (solid circles),
and with 7-O island (solid squares). Radial locations of LCFS and 1/2n =1
are indicated by dashed lines and vertical arrows, respectively. The radial
range of the m/n = 1/1 island is denoted by a shaded area.

deformation of the magnetic surface based on the plasma
pressure effect.

B. Vertical profiles of carbon line emissions

The emissivity distribution of CIII—-VT is simulated for
R.x =3.90m discharges and R, =3.75 m case. The D, and
% are also determined by analyzing the edge electron den-
sity and temperature profiles shown in Fig. 16, ie.,
D, =0.2 m%s and y, =0.6 m%/s. The impurity diffusion
coefficient of D, =4.0 m?/s is used for carbon ions at all
charge states in R,x=3.90m. The reason is described
below. The simulated result at R,x =3.90 m shown in Fig.
17 is closely similar to the previous result at R, =3.75m
in Fig. 9, that is, the non-uniform CIII and CIV emissions
are located near the outer boundary in the ergodic layer and
the uniform CV and CVI emissions are located in the vicin-
ity of LCFS. The 2-D plot of CIII and CIV emissivity
shown in Figs. 17(a) and 17(b) indicates a complicated
emission structure in the vicinity of inboard and outboard
edge X-points. It reflects an entire 3-D magnetic field struc-
ture enhanced at R, =3.90m configuration. Comparing
Figs. 17(a) and 17(b) with Fig. 1(c), it is clear that the CIII
and CIV emissions are enhanced in the region where the
connection length is in the range of 50 <L. <250 m. Since
the magnetic field lines in R,z =3.90m configuration are
dominantly connected to the divertor plates through the out-
board X-point, the CIII and CIV emissions are stronger at
the outboard X-point [see Fig. 1(c)].
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FIG. 17. Poloidal distributions of impurity emissivity in the ergodic layer
simulated with EMC3-EIRENE for (a) CII (386.203 A), (b) CIV
(384.174 A), (c) CV (40.27 A), and (d) CVI (33.73 A) in R, =3.90m con-
figuration without RMP.

The wvertical profiles of 1/2n and CII-CVI at
R.x=3.90m are shown in Fig. 18 for the attached plasma
without RMP and the detached plasmas with 6-O and 7-O
islands. The CIII-CVI profiles at t =7.0s in Fig. 14 are plot-
ted in Figs. 18(d)-18(g). The radial position of 1/2n =1 indi-
cated by a dashed line is located just outside the LCFS
denoted by vertical arrows. A local flattening of the 1/27 pro-
file appearing near the 1/2mw =1 position is still visible for
both the 6-O and 7-O islands in Figs. 18(b) and 18(c),
respectively. The radial location of the 1/27 profile flattening
is also indicated by a shaded area.

Since the ergodic layer outside LCFS is thick in
R.x =3.90m configuration, the plasma volume with lower
temperatures becomes large. The CIII emission can be then
measured with sufficient intensity in R, =3.90 m as shown
in Fig. 16(d), while the CIV—VI emissions are always strong
as shown in Figs. 18(e)-18(g). The vertical profiles of
CIII-CV in the attached plasmas without RMP denoted as
dashed lines have a clear peak near the top and bottom edges,
as well as the result of R, =3.75m, while the CVI in Fig.
18(g) has no such a peak. The CIII and CIV profiles also
have an enhanced intensity in the vicinity of inboard or out-
board X-points at —300 <Z <300 mm. The up-down asym-
metry is not observed for the profiles of CV and CVI. It may
be the result of the clockwise magnetic field direction, i.e.,
B, =2.54T.



022510-13 Zhang et al.

When the plasma detachment is triggered by supplying
the RMP field, the profiles of CIII-CVI completely change
due to the formation of the m/n=1/1 magnetic island and
modification of the stochastic magnetic field lines in the
ergodic layer. For both the 6-O and 7-O island cases, a new
edge peak appears in the CIII and CIV profiles at the island
location near Z = *400 mm, while the original edge peak
still remains at Z ~ 420 mm. Furthermore, the CIII and CIV
emissions are also enhanced in the vicinity of edge X-points
at —400<Z < -250mm for the 6-O island case and at
—300 <Z <300mm for both the 6-O and 7-O island cases.
On the other hand, the CV moves radially inside the plasma
at the detachment phase but keeps the same vertical profile
shape. This change is basically caused by the change in the
T, profile shown in Fig. 16(b).

It is already known that the CIII and CVI are localized
in the temperature range of T.=15-20eV.?? The flattened
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FIG. 18. 1/2n profiles (a) without RMP, (b) with 6-O island, (c) 7-O island,
and vertical profiles of (d) CIII (386.203 A), (e) CIV (384.174 A), (f) CV
(40.27 A), and (g) CVI (33.73 A) at the #10-O toroidal location in discharges
at R,x =3.90 m without RMP (dashed line), with 6-O island (solid line), and
with 7-O island (dotted line). Radial locations of LCFS and 1/2n=1 are
indicated by vertical arrows and dashed line, respectively. The radial ranges
of the m/n=1/1 island are indicated by a shaded area with different colors
for 6-O (brown) and 7-0O island (sky blue).
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electron temperature at the island location is in the range of
T.=10-20eV during the detachment phase (see Fig. 16(b)).
This is the main reason why the CIII and CIV intensities are
increased at the detachment phase. The intensity of CV is
also stronger during the detachment phase, as well as the
CIII and CIV intensities, while the intensity of CVI
decreases. This indicates the enhancement of the impurity
screening similar to that seen in the R,,=3.75m case.
Therefore, we conclude that the CIII-CV emissions located
near the island can be selectively enhanced by the effect of
the supplied RMP field, whereas the CVI emission decreases
due to the enhanced impurity screening.

Since the changes in electron temperature and density
modify the spatial distribution of carbon ions, it is important
to independently study the effect of the RMP on the impurity
transport. The simulation study on the spatial distribution of
impurities is absolutely necessary for understanding the
impurity transport during the detachment with the RMP field.
At present, however, it is difficult to apply the EMC3-
EIRENE code to plasmas with the stochastic magnetic field
modified by the RMP field and the plasma pressure because
the EMC3-EIRENE code has to be linked with another code,
which can calculate the magnetic field structure without the
assumption of MHD equilibrium. It will be a future work.

The vertical profiles of CIII-CVI at R,; =3.90m with-
out RMPs are compared between clockwise (solid lines) and
counter-clockwise (dashed lines) B, fields. The result is shown
in Fig. 19. Similar to the previous result at R,,=3.75m
shown in Fig. 11, the up-down asymmetry is also observed in
the CV and CVI vertical profiles. The simulation results
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FIG. 19. Vertical profiles of (a) CIII (386.203 A), (b) CIV (384.174 A), (c)
CV (40.27A), and (d) CVI (33.73 A) measured at the #10-O toroidal loca-
tion in discharges at R, =3.90 m with a toroidal magnetic field in clockwise
(B=2.54T: solid line) and counter-clockwise (B,=—2.54T: dashed line)
directions and simulated with EMC3-EIRENE (dotted line).
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FIG. 20. 2-D distributions of CIII (386.203 A) at R,x =3.90m in discharges
(a) without RMP, (b) with 6-O island, and (c¢) with 7-O island; CIV
(384.174 A) in discharges (d) without RMP, (e) with 6-O island, and (f) with
7-0 island; CV (40.27 A) in discharges (g) without RMP, (h) with 6-O
island, and (i) with 7-O island; and CVI (33.73 A) in discharges (j) without
RMP, (k) with 6-O island, and (1) with 7-O island. Trajectories of the out-
board X-point, inboard X-point, and island O-point are indicated by long
dashed, dotted-dashed, and dashed lines, respectively. The radial location of
1/2n =1 is indicated by a dashed line.

normalized at Z =0 mm are denoted as dotted lines. The sim-
ulation shows a good agreement with the experiment when
the value of D, =4.0 m?/s is taken into account. The value
of Dz, adopted here is 20 times larger than D =0.2 m?/s.
Therefore, the simulated result indicates an extremely large
impurity cross-field transport, at least, in the R,,=3.90m
configuration. The large difference between the experiment
and simulation for CVI profiles also originates in the same
reason as the former result in Fig. 11.

C. 2-D distribution of carbon line emissions

The 2-D distribution of carbon emissions is studied to
understand further the detailed structural change in the edge
carbon radiation during the plasma detachment phase. The
2-D distribution of CIII—VI is measured at the flattop during
t=6-8s in Fig. 14 for the attached plasmas without RMP
and the detached plasmas with 6-O and 7-O islands, as well
as the R,x =3.75 m case. The result is shown in Fig. 20. The
footprints of inboard and outboard X-points and island
O-point are indicated by dashed-dotted, long-dashed, and
dotted lines, respectively. The radial location of 1/2r=1 is
also indicated by a short-dashed line.
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FIG. 21. 2-D emissivity distributions simulated with EMC3-EIRENE in
Rux =3.90m without RMP for (a) CIII (386.203 A), (d) CIV (384.174 A),
(g) CV (40.27 A), and (j) CVI (33.73 A) at an impurity diffusion coefficient
of Dz, =0.2 m?%s, (b) CIIL (e) CIV, (h) CV, and (k) CVI at D, = 1.0 m%/s
and (c) CIII, (f) CIV, (i) CV, and (1) CVI at Dy, =4.0 m?/s. Trajectories of
outboard and inboard X-points are indicated by long dashed and dotted-
dashed lines, respectively. Coordinate x denoted in (d) defines the direction
perpendicular to the outboard X-point trajectory as a reference point of (Y,
Z)=(—100mm, 100 mm) on the trajectory.

In the attached plasma without RMP, the CIII and CIV
shown in Figs. 20(a) and 20(d) are dominantly emitted in the
top and bottom edges and the vicinity of outboard X-point
denoted as a long-dashed line. In contrast to R, = 3.75 m, the
CIII and CIV are only enhanced along the trace parallel to the
outboard X-point at the upper half region. The CV and CVI
emissions are considerably uniform. In order to understand
these 2-D distributions, the simulation is done with EMC3-
EIRENE for the attached plasmas without RMP, as shown in
Fig. 21. The two enhanced strip-shaped emission traces paral-
lel to the outboard X-point appear in the simulation for CIII
and CIV emissions shown in Figs. 21(a) and 21(d), respec-
tively. The upper emission trace in the simulation can also be
seen in the measured CIII and CIV 2-D distributions (see
Figs. 20(a) and 20(d)), whereas the lower emission trace
almost disappears in the 2-D distribution. Although the reason
for the asymmetric emission trace observed in the experiment
is now unclear, it strongly suggests the necessity for additional



022510-15 Zhang et al.

2 T
Measured Clv

N

105 phs. cm2 s

L2

FIG. 22. Measured (solid line) and simulated CIV profiles as functions of x,
which is denoted in Fig. 21(d). Simulations are carried out for three different
impurity diffusion coefficients of D, =0.2 (dotted line), 1.0 (short-dashed
line), and 4.0 m%/s (long-dashed line).

concern regarding the physical mechanism in the simulation,
e.g., particle drift. The 2-D plot of CVI simulation in Fig.
21(j) does not include the emission inside the LCFS as men-
tioned above.

The simulation is also carried out for three different impu-
rity diffusion coefficients of D, =0.2, 1.0, and 4.0 mz/s, as
shown in Fig. 21. In order to determine the diffusion coeffi-
cient, the CIV profile perpendicular to the X-point footprint is
compared between the measurement and simulation. Here, the
coordinate X perpendicular to the outboard X-point footprint is
defined as the reference point of (Y, Z)=(—100mm,
100 mm), which is denoted by an arrow in Fig. 21(d). The
measured perpendicular profile is plotted with the simulated
profiles in Fig. 22 as a function of x. The measured profile
seems to be wide, and the simulated profile becomes wider as
Dy, increases. The experiment shows a good agreement with
the simulated profile assuming D, =4.0 m?/s. The impurity
diffusion coefficient in the stochastic magnetic field layer
obtained in the present analysis is 20 times bigger than the
bulk ion diffusion coefficient, which is also obtained from the
radial density profile in the plasma edge.
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FIG. 23. Connection length, L, in the ergodic layer at R,x = 3.90 m without
RMP against five different toroidal angles of (a) ¢ =—9°, (b) ¢ =—2°, (c)
¢=0° (d) ¢=2° and (e) ¢ =9°. The poloidal cross section at toroidal
angles of ¢ =—2° 0°, and 2° corresponds to the horizontal position of
Y =—140mm, 0, and 140 mm in the plot of 2-D distribution, respectively.
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In addition, it is clear in Fig. 21 that the length of the
two outboard strip-shaped emission traces, which appear in
the 2-D distribution of CIII and CIV, is also sensitive to the
diffusion coefficient. In order to explain why the length of
two outboard traces changes with the diffusion coefficient,
the poloidal distributions of magnetic field connection
length, L., and simulated CIV emissivity at different toroidal
angles, ¢, are plotted in Figs. 23 and 24, respectively. As the
toroidal angle moves from the horizontally elongated plasma
position at ¢ =0° to the vertically elongated plasma cross
section at ¢ = —18° or 18°, the magnetic field structure near
the outboard edge X-point becomes gradually asymmetric.
The reason is explained in detail in Ref. 22. One of the two
divertor legs at the outboard X-point tends to have longer L.,
i.e., upper divertor leg at ¢ =—9° in Fig. 23(a) and lower
divertor leg at ¢ =9° in Fig. 23(e).

The effect of impurity diffusion on the 2-D distribution of
CIV is shown for two different D, values of 0.2 and 4.0 m?/s
in Figs. 24(a)-24(c) and 24(d)—24(f), respectively. The two
arrows denote the vertical observation range. It is clearly
shown that the CIV emissivity at the outboard side is much
stronger than at the inboard side in the R,x = 3.90 m configura-
tion, and the CIV is distributed in a radially wider region when
the D, is large. If the D, is larger at the shorter L. region in
the vicinity of the outboard X-point, the radially diffused car-
bon ions immediately move toward the divertor plates, and the
emission intensity is resultantly weaker. The difference in the
CIV emissivity between upper and lower sides of the outboard
X-point is expressed in Figs. 24(d) and 24(f), which corre-
spond to the horizontal position of Y = —140 and 140 mm in
the 2-D plot, respectively. In addition, the chord integration
length in CIV emissions above (below) the outboard X-point is
longer than that below (above) the outboard X-point at
¢ = —2° (¢p =2°). Therefore, the carbon intensity near the out-
board X-point becomes different between the upper and lower
sides as explained above. As a result, the CIII and CIV
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FIG. 24. Simulated poloidal distributions of CIV (384.174 A) emissivity in
the ergodic layer of R,x=3.90m configuration without RMP at toroidal
angles of (a) ¢ =—2°, (b) ¢ =0°, and (c) ¢ =2° with an impurity diffusion
coefficient of Dy, =0.2 m?/s and (d) ¢=-2° (e) $=0° and (f) p=2°
with D, =4.0 m?/s. Observation chords of the EUV_Long2 spectrometer
are indicated by arrows in each figure.
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emissions are weaker in the upper strip-shaped emission trace
at Y=140mm and lower strip-shaped emission trace at
Y = —140 mm as shown in Fig. 21, when the D, is large. We
thus understand that the length of the emission trace seen in
Fig. 21 is a function of the diffusion coefficient. When we
compare the CII distribution in Figs. 21(a)-21(c) with Fig.
20(a) and the CIV distribution in Figs. 21(d)-21(f) with Fig.
20(d), the simulation with D, =4.0 m?/s also seems to have
a good agreement with the experiment.

Although the reason why the cross-field impurity trans-
port in the fully stochastic magnetic field layer is so large is
unclear at present, the Larmor radius of partially ionized car-
bon ions is at least larger than that of protons as the bulk ion,
i.e., p(C*N/p(p)=1.7 and p(C*")/p(p)=1.15. A magnetic
field deformation due to the plasma pressure seems to be
very important because the effect is enhanced in the plasma
edge.®> Anomalous transport may also be important. The
blob can create a perpendicular convective flux near the X-
point with velocities of 0.1—1km/s in LHD, which are
clearly smaller than those of the blob in tokamaks, e.g.,
2.5km/s.>* In addition, the direction of E x B force is fre-
quently changeable in the stochastic magnetic field layer of
LHD because the gradients of magnetic field strength and
magnetic field curvature are considerably different due to the
presence of a helical ripple. Since the perpendicular CIV
profile is symmetric as shown in Fig. 22, the particle drift
does not seem to sufficiently contribute to the large impurity
diffusion coefficient.

When the plasma detachment occurs as a result of the
RMP being applied, the CIII and CIV largely change their 2-
D distributions and intensities. As shown in Figs. 20(b),
20(c), 20(e), and 20(f), the CIII and CIV intensities are dras-
tically large at the top and bottom edges and along the out-
board X-point. In addition, the intensities also become
stronger at the upper-left corner in each figure, and those
areas are close to the island location for both the 6-O and 7-
O islands (also see Figs. 18(d) and 18(e)). The island can
enhance the edge carbon emissions, of which the result is
similar to the CVI case in R,x =3.75m (see Figs. 10(f) and
12(i)). In other words, it also suggests that the RMP can cre-
ate a sufficiently large island even in the ergodic layer. In the
case of R,x =3.90 m, however, a new strip-shaped emission
trace parallel to the inboard X-point footprint appears in the
CIII and CIV 2-D distribution in the lower half of the figures.
In particular, it is clear for the CIII distribution in Figs. 20(b)
and 20(c). This suggests that the magnetic field structure in
the ergodic layer is considerably modified by the external
RMP field. In contrast, the 2-D distributions of CV and CVI
do not obviously change even in the detached plasma, while
the CV emission is stronger in the plasma edge and CVI
emission becomes weaker at the detachment. The reduction
in the CVI emission strongly suggests the enhancement of
the edge impurity screening, which supports the result from
the R, =3.75 m configuration.

VI. SUMMARY

Vertical profiles and 2-D distributions of impurity car-
bon emissions (CIII-CVI) localized in the plasma edge have
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been studied in LHD to investigate the spatial structure dur-
ing RMP-assisted detachment and the effect of the m/n=1/1
magnetic island on the edge impurity distribution. The
experiment is carried out in two different magnetic axis posi-
tions of R,x,=3.75m and 3.90m in which the m/n=1/1
magnetic island is located in the edge of the core plasma
inside the LCFS and in the ergodic layer outside the LCFES,
respectively.

In the R,x=3.75m configuration, the structure of the
CIV and CV emissions in the ergodic layer does not obvi-
ously change nor does the intensities when the RMP field is
applied. The CVI mainly emitted inside the LCFS is
enhanced only in the vicinity of the island O-point, while the
total intensity itself is decreased due to the enhanced impu-
rity screening. Therefore, the formation of plasma detach-
ment using the RMP field seems to be difficult in the case of
R.x =3.75 m configuration because the magnetic island only
affects the edge region of the core plasma. The CIII—-CVI
emissions at R, =3.75m are simulated with a 3-D edge
plasma transport code, EMC3-EIRENE, for the attached
plasmas without RMP, while the simulation for detached
plasmas with RMP is not done because the code cannot treat
the stochastic magnetic field layer with an external magnetic
field at present. These simulation results confirm that the
poloidal distributions of CIII and CIV are entirely non-
uniform, with enhanced intensity in the vicinity of inner and
outer X-points, whereas the CV and CVI intensities show a
uniform poloidal distribution.

In the R, =3.90m configuration, on the other hand, the
plasma detachment occurs when the m/n=1/1 island is
formed in the vicinity of the LCFS including the ergodic
layer. An electron temperature flattening appears in the
plasma edge during the detachment, and the temperature is in
the range of 10 < T, <20eV. It is found that the CIII and CIV
are significantly enhanced in the vicinity of the island O-point
and both inboard and outboard edge X-points during the
plasma detachment phase and are located in the radial position
with the temperature flattening, while the CVI emission
located inside the island decreases due to the enhancement of
edge impurity screening. 2-D distributions of carbon ions are
also simulated with EMC3-EIRENE in the R,, = 3.90 m con-
figuration without RMP. The results confirm that the non-
uniform poloidal distributions of CIII and CIV are enhanced
in the vicinity of outboard X-points.

In the simulation, two strip-shaped emission traces
appeared at the upper and lower sides of X-points along the
outboard edge X-point footprint, while in the experiment,
only a single emission trace is observed at the upper side. It is
found that both the width and the length of the strip-shaped
emission trace are sensitive to the impurity cross-field trans-
port coefficient. Then, the cross-field carbon diffusion coeffi-
cient is analyzed from the observed width and length of the
emission trace by comparing with the simulation. As a result,
we understand that the cross-field diffusion coefficient, Dz,
is more significant in the R,x =3.90 m configuration than in
the R,x = 3.75 m configuration. The cross-field diffusion coef-
ficient at Ry, =3.90m is determined to be Dz, =4.0 m?%/s,
while the D, at R;x=3.75m is only 5 times larger than that
of the bulk plasma (D, =0.2 mz/s). The difference of D,
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between R,x=3.75m and 3.90m configurations seems to
depend on how the magnetic field is stochastic, in other
words, degree of stochasticity.
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