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Abstract: The ergodic layer in the Large Helical Device (LHD) consists of stochastic magnetic fields
exhibiting a three-dimensional structure that is intrinsically formed by helical coils. Spectroscopic
diagnostics was employed in the extreme ultraviolet (EUV) and vacuum ultraviolet (VUV) wavelength
ranges to investigate emission lines of carbon impurities in both hydrogen (H) and deuterium (D)
plasmas, aiming to elucidate the impact of distinct bulk ions on impurity generation and transport
in the edge plasmas of the LHD. The emission intensity of carbon CIII, CIV, CV, and CVI lines is
significantly higher in the D plasma compared to the H plasma, indicating a greater sputtering rate
of carbon materials in the D plasma, resulting in a higher quantity of carbon impurities originating
from the divertor plates. A Doppler profile measurement of the second order of CIV line emission
(1548.20 x 2 A) was attempted using a 3 m normal-incidence VUV spectrometer in the edge plasma
at a horizontally elongated plasma position. The flow velocity reaches its maximum value close to
the outermost region of the ergodic layer, and the observed flow direction aligns with the friction
force in the parallel momentum balance. The flow velocity increases with the electron density in H
plasmas, suggesting that the friction force becomes more dominant in the force balance at higher
density regimes. This leads to an increase in the impurity flow, which can contribute to the impurity
screening. In contrast, the flow velocity in the D plasma is smaller than that in the H plasma. The
difference in flow values between D and H plasmas, when the friction force term dominates in
the momentum balance, could be attributed to the mass dependence of the thermal velocity of the
bulk ions.

Keywords: space-resolved spectroscopy; extreme ultraviolet; vacuum ultraviolet; magnetically
confined fusion; impurity transport; stochastic magnetic field

1. Introduction

In the domain of magnetically confined fusion plasmas, the term “edge plasma” de-
notes a region characterized by open magnetic field lines enveloping the core plasmas.
Within this region, impurity ions originating from the plasma-facing components can pene-
trate the plasma, potentially leading to plasma contamination and cooling. Consequently,
controlling the processes associated with impurity generation and transport is a pivotal
factor for achieving steady-state operation and high performance in fusion reactors. To
gain insight into impurity behavior in the edge plasmas, numerous endeavors have been
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made to investigate the effects of edge magnetic field stochastization on plasma detachment
and impurity transport [1-3]. In the Large Helical Device (LHD), magnetic flux surfaces
are well-defined up to the last closed flux surface (LCFS). However, at the edge, a thick
region of stochastic magnetic field with a three-dimensional structure, referred to as the
“ergodic layer”, is intrinsically formed by the helical coils [4]. Therefore, examining impu-
rity behavior and transport within the ergodic layer and comparing it to the behavior in
the tokamak scrape-off layer provides valuable insights into impurity control in the edge
plasmas. Carbon serves as the most abundant impurity within the edge plasma of LHD,
originating from the carbon divertor plates. It has been discovered that the presence of
the ergodic layer results in the screening of carbon impurities [5], with even more effective
screening of iron impurities. Consequently, the iron density in LHD core plasmas remains
remarkably low, despite the vacuum vessel being constructed from stainless steel [6]. The
phenomenon of “impurity screening” has also been compared between the scrape-off layer
of a tokamak and the ergodic layer of a helical device [7].

Accurate characterization of impurity behavior is of utmost significance in compre-
hending impurity transport within the edge ergodic layer. A transport model has been
proposed to elucidate impurity behavior in the ergodic layer, predicated on parallel mo-
mentum balance experienced by impurity ions along a magnetic field line that connects the
core plasma and the divertor plate. This balance is described by the following equation:
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where s denotes the coordinate along the magnetic field. The terms on the right-hand side
represent contributions of impurity ion pressure gradient, parallel electric field, friction
force between bulk ions and impurity ions, electron thermal force, and ion thermal force,
respectively, in that particular order [8]. Among these terms, the dominant ones are the
friction force and the ion thermal force. An augmentation in the ion density gradient leads
to an escalation in friction force, consequently directing the impurity flow towards the
divertor plates and resulting in impurity screening. Conversely, an increase in the ion
temperature gradient leads to a rise in the ion thermal force, thereby directing the impurity
flow towards the core plasmas and causing impurity penetration. Precise measurements of
impurity flow profiles hold vital importance in examining the validity of theoretical models
concerning impurity transport within stochastic magnetic field layers. Recently, carbon flow
within the ergodic layer was measured in hydrogen (H) plasmas using vacuum ultraviolet
(VUV) spectroscopy. Significantly, the relationship between impurity flow and impurity
screening was experimentally confirmed for the first time through a comparative analysis of
spectroscopic observations with impurity transport simulations based on three-dimensional
simulation code known as EMC3-EIRENE [9-11].

One of the subsequent critical steps involves elucidating the impact of isotope effects
of bulk ions on impurity transport, with the aim of anticipating impurity behavior in
deuterium (D)-tritium (T) mixture plasmas in forthcoming fusion devices. In accordance
with the aforementioned theoretical model, the frictional force responsible for impurity
screening arises from collisions between bulk ions and impurity ions. Therefore, variations
in the mass of bulk ions may also influence the screening effect. Consequently, the present
study employed spectroscopic diagnostics for carbon impurities in both hydrogen and
deuterium plasmas, aiming to clarify the influence of bulk ion mass on impurity transport
within the ergodic layer.

2. Spectroscopic Diagnostics for Impurity Ions in the Edge Plasmas of LHD

The LHD is a superconducting device designed to confine plasma utilizing a heliotron
magnetic configuration [12]. In its standard configuration, the plasma possesses major and
minor radii of 3.6 m and 0.64 m, respectively. The coil system consists of 2 continuous
superconducting helical coils with a poloidal pitch number of 2 and a toroidal pitch number
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of 10, along with 3 pairs of superconducting poloidal coils. From March 2017 to December
2022, plasma experiments employing deuterium as the operating gas were conducted at the
LHD, with extensive comparisons to experiments utilizing hydrogen plasma [13]. Figure 1
illustrates schematic drawings of toroidal plasma with helical coils, as well as a horizontally
elongated poloidal cross-section of the LHD. In the torus coordinate system, the coordinates
R and z represent the major radial coordinate and the vertical coordinate, respectively.
Poincaré plots of the stochastic magnetic fields within the ergodic layer under vacuum
conditions are displayed for the poloidal cross-section corresponding to the position of the
magnetic axis, Rax, of 3.6 m. The stochastic magnetic fields within the edge ergodic layer
are depicted with a color scale indicating the magnetic field connection length, along with
the magnetic surfaces. The ergodic layer primarily consists of stochastic magnetic field lines
with connection lengths ranging from 10 to 2000 m, corresponding to 0.5-100 toroidal turns
in the LHD. The radial thickness of the ergodic layer exhibits variations in both toroidal and
poloidal directions. When the magnetic axis is shifted outward, the ergodic layer becomes
wider, resulting in a smaller plasma size within the LCFS.
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Figure 1. Schematic drawings of toroidal plasma with helical coils, as well as a horizontally elongated
poloidal cross-section of the LHD. In the torus coordinate system, the coordinates R and z represent
the major radial coordinate and the vertical coordinate, respectively. Poincaré plots of the stochastic
magnetic fields within the ergodic layer under vacuum conditions are displayed for the poloidal
cross-section corresponding to the position of the magnetic axis, Rayx, of 3.6 m.

The spectroscopic diagnostics in the LHD involves the utilization of several specialized
instruments, including two flat-field grazing incidence EUV spectrometers referred to as
“EUV Short” [14] and “EUV Long” [15], three 20 cm normal-incidence VUV spectrometers
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named “VUV 109L”, “VUV 106R”, and “VUV 102R” [16], and a 3 m normal-incidence VUV
spectrometer known as “VUV 3m” [17]. Figure 2 provides an illustration, with Figure 2a
offering a top view of the optical axes of the spectrometers and the vacuum magnetic
surfaces corresponding to R« of 3.6 m. These specialized diagnostic instruments are
positioned at an outer port of the LHD, referred to as “10-O”. Two types of spectroscopic
measurements are conducted, as described below.

@

@

High-time-resolution EUV and VUV wavelength spectral measurements: The spec-
trometers EUV Short, EUV Long, VUV 109L, VUV 106R, and VUV 102 cover specific
wavelength ranges of 5-60 A, 75-260 A, 300-1050 A, 970-1870 A, and 1510-2400 A,
respectively. Figure 2b illustrates the vertical observation range on a plasma cross-
section, including the optical axes of these spectrometers. CCD detectors
(1024 x 256 pixels, pixel size 26 um x 26 um, Andor DO420-BN) are positioned
at the exit slits of the spectrometers. In this experiment, a CCD data acquisition mode
called “full-binning” mode is utilized. In this mode, all CCD pixels aligned vertically
are combined into a single channel, eliminating the vertical spatial resolution. The
spectral measurements have a time resolution of 5 ms with the full-binning data
acquisition mode. This measurement technique enables simultaneous coverage of a
wide wavelength range from EUV to VUV. It has been applied to survey the emission
spectra of various impurities, including neon injected by gas puffing [18], boron and
nitrogen injected by powder dropping [19], and tungsten injected as pellets [20].
Profile measurements for emission intensity, ion temperature, and flow velocity with
high-spectral-resolution VUV spectroscopy: A 3 m normal-incidence VUV spectrom-
eter has been developed to measure the radial distribution of VUV lines within the
wavelength range of 300-3200 A in the edge plasmas of LHD. The spectrometer is
equipped with a CCD detector (1024 x 1024 pixels, pixel size 13 um x 13 pm, Andor
D0934P-BN) positioned at the exit slits. The spectroscopic system has a high spectral
resolution with a wavelength dispersion of 0.037 A /CCD-pixel, enabling precise
measurement of the Doppler profiles of impurity line spectra. The vertical observa-
tion range of this spectrometer is adjusted to cover the ergodic layer at the bottom
edge of the LHD plasma, as depicted in Figure 2c. The observed region corresponds
to the horizontally elongated poloidal cross-section. In the measurement, a “Multi-
track” data acquisition mode is employed, where multiple pixels are binned together
(known as “binning”) to reduce the signal read time. Specifically, the CCD signals
are summed up every 10 vertical pixels, resulting in a single vertical channel. This
allows the division of the observable region into 102 observation chords. Each profile
image can be captured with a time interval of 200 ms, comprising an exposure time
of 138.66 ms and a readout time of 61.34 ms. The high wavelength dispersion of the
spectrometer enables detailed wavelength identification of impurity emission lines.
This measurement technique has been applied to study carbon, neon, argon [21], and
tungsten impurities [22], providing valuable information on their emission profiles
and behavior in the plasma.
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Figure 2. Observation geometry of EUV and VUV spectroscopy diagnostics in LHD. (a) Top view of
optical axes of two grazing incidence flat-field EUV spectrometers (“EUV Short” and “EUV Long”),
three normal-incidence 20 cm VUV spectrometers (“VUV 109L”, “VUV 106R”, and “VUV 102R”),
and a space-resolved normal-incidence 3 m VUV spectrometer (“VUV 3m”) depicted together with
magnetic surfaces (Rax = 3.6 m). Plasma cross-section including the vertical observation range of
(b) EUV Short, EUV Long, VUV 109L, VUV 106R, and VUV 102R and (c¢) VUV 3m. A, A’, B, and
B’ in the subfigures represent the positions of the LCFS on the midplane in each plasma cross-
section, respectively.

3. Spectroscopic Observation of Carbon Impurity

Figure 3 provides a typical waveform of a discharge, with a magnetic configuration
characterized by Rax = 3.6 m and a toroidal magnetic field, By, of 2.75 T, oriented in a
counter-clockwise direction from a top-down perspective. The figure shows the time
evolution of various parameters as follows: (a) the injection power of the electron cyclotron
heating (ECH) and the neutral beam injection sourced from negative ion sources (n-NBI);
(b) the central electron temperature, T¢; (c) the line-averaged electron density, 71, with a
gas-puffing duration of Dy; (d) the plasma stored energy, Wp; and (e) the emission intensity
of Dy, Hy, and the neutral particle ratio of D/(H + D).

The discharge is initiated by ECH and further heated by three n-NBI beams with a
total port-through power of 14 MW. Despite using deuterium as the operating gas and
hydrogen as the neutral beam particle, the ratio of neutral deuterium particles reaches
up to 90 percent, as shown in Figure 3e, hence the plasma is referred to as “D plasma” in
this paper. Figure 3f displays the spatial profiles of electron temperature, T¢, and electron
density, n., obtained through Thomson scattering. These profiles are acquired during
the discharge indicated in Figure 3a—e at a timing of 4.2 s, corresponding to the flat-top
phase. The electron temperature reaches its maximum value at the plasma center, while
the electron density exhibits a hollow profile. These characteristic T, and 7. profiles are
commonly observed in the LHD. Figure 4 showcases the EUV/VUYV spectra comprising
intrinsic impurity line emissions. The spectral data were acquired through averaging over
the interval of 4.0-4.4 s in a D plasma, as depicted in Figure 3. In the spectra, the signal
data were recorded for each CCD pixel aligned in the wavelength direction; thus, the units
of the vertical axes indicate that it is the emission intensity per measurement channel.
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Figure 3. Typical waveform of a discharge in which the EUV/VUYV spectroscopy is applied. (a) ECH
and n-NBI power, (b) central electron temperature, T¢, (c) line-averaged electron density, #7e, with a
waveform of the working gas puffing, (d) stored energy, (e) emission intensity of D, H, and the
neutral particle ratio of D/(H + D). (f) Profiles of T and ne at t =4.2 s.

The spectral identifications in this paper rely on the NIST database [23]. Carbon is
the predominant impurity species in LHD due to the utilization of carbon materials in
the divertor plates. Additionally, iron from the first wall material and oxygen adhering
to the inner surface of the vacuum vessel also contribute significantly to the impurity
contents. It is worth noting that there are also faint lines observed from boron and argon. In
LHD, boronization, a process of coating the inner walls of the vacuum vessel with boron, is
performed to suppress the release of oxygen [24]. The coated boron acts as a source of boron
ions, which manifest as a line spectrum. Ion temperature at the plasma center is determined
using X-ray crystal spectroscopy by analyzing the Doppler broadening of the argon ion
line spectrum [25]. Even in discharges without introduced argon gas, the line spectrum of
argon ions can be observed due to the presence of residual gas inside the vacuum vessel. In
this study, we aimed to assess impurity screening by utilizing the resonance lines of carbon
impurity ions, specifically CIII (977.03 A, 2s2-252p), CIV (1548.02 A, 25-2p), CV (40.27 A,
1s2-1s2p), and CVI (33.73 A, 1s-2p), as indicators of impurity emission, and by comparing
the emissions at different charge states. The ionization potentials, E;, of C2+ 3, C*, and
C5* are 48 eV, 65 eV, 392 eV, and 490 eV, respectively. Therefore, CIII and CIV radiation
primarily originates from carbon ions with low E;, located in the outer region of the ergodic
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layer, while CV and CVI radiation is emitted by carbon ions with high E;, situated in the
inner region of the ergodic layer.

Figure 5 exhibits the dependence of line intensity on the line-averaged electron den-
sity for different charge states: (a) CIII, (b) CIV, (c) CV, and (d) CVI, normalized by the
line-averaged electron density. The results clearly demonstrate that the emission intensity
of carbon ions in all charge states increases in deuterium discharges. This enhancement
can be attributed to the higher sputtering rate of carbon materials by deuterium plasma
compared to hydrogen plasma, resulting in an increased generation of carbon impurities
from the divertor plates [26]. Figure 5e presents a line ratio of CV/CIV as an indicator of
the impurity screening effect, where smaller values indicate a stronger impurity screening
effect. As the line-averaged electron density increases, the line ratio decreases due to the
increased contribution of carbon lines emitted from the outer region of the ergodic layer
(CII1, CIV), while those from the inner region (CV, CVI) decrease. This decrease signifies
an enhancement of the impurity screening effect in the high-density regime. A compar-
ison between deuterium and hydrogen plasmas in Figure 5e reveals that the impurity
screening effect is more pronounced in deuterium plasmas. One possible explanation for
this enhanced impurity screening is the increased friction force in deuterium plasmas.
However, the interpretation of the data in Figure 5e requires further discussion, since the
CV/CIV ratio appears to be similar for the deuterium and hydrogen discharges in the
high-density region around e = 6 x 10'> cm 3, suggesting a comparable shielding effect in
that regime. The analysis and discussion of the impurity shielding effect in the high-density
region have not yet been conducted and will be addressed carefully in future investigations.
Increasing the number of data points in the high-density region is necessary to explore
the density dependence of the shielding effect and to perform a more comprehensive
deuterium-hydrogen comparison.

During the flat-top phase of the discharges, a space-resolved VUV spectroscopy was
conducted using a 3 m normal-incidence VUV spectrometer. The measurement was specifi-
cally performed from 4.0 to 4.4 s in the discharge shown in Figure 3. The VUV spectroscopy
employed the viewing angle of the edge profile measurement to achieve high spatial
resolution. The Doppler shift of the second order of CIV line emission (1548.20 x 2 A)
was utilized to investigate the spatial profiles of emission intensity, ion temperature, and
flow velocity of C3* ions. The measurements were focused on a horizontally elongated
plasma position in LHD. Figure 6 presents the wavelength spectrum covering the entire
wavelength range observed in a single discharge, including CIV lines with wavelengths of
1548.20 x 2 and 1550.77 x 2 A. Some spike noises attributed to neutrons and y-rays can be
observed in the spectrum obtained for D plasmas [27]. However, the impact of these noises
is not significant in the discharges analyzed in this study. Therefore, CIV line intensity, ion
temperature, and flow velocity derived from the Doppler profile of the CIV line with a
wavelength of 1548.20 x 2 A can be obtained for both H plasmas and D plasmas.

Figure 7a illustrates the observation range utilized for the edge profile measurement
conducted with space-resolved VUV spectroscopy. Figure 7b—d present the vertical profiles
at the bottom edge of the ergodic layer for CIV line intensity, ion temperature, and flow
velocity, respectively. These profiles were obtained from the CIV line emission measured
by VUV spectroscopy in both H plasma and D plasma. In Figure 7b-d, the horizontal
axes represent the vertical position of the sightlines at R = 3600 mm. The data points in
Figure 7b represent the emission intensity of a single line spectrum determined by the area
of the peak at CIV 1548.20 x 2 A from the spectrum in Figure 6. Therefore, the unit of the
vertical axis is different from that in Figure 6. The flow velocity along the sightline, vg, is
determined by vg = ¢ (AA/A), where c is the speed of light, AA is the Doppler shift, and A
is the wavelength of line emission. The measured flow velocity represents a projection of
the flow along the observation chord, which can be approximated as the direction of the
major radius of the plasma. Therefore, the variable vy is used to indicate the measured flow
value. The positive and negative signs on the horizontal axis of Figure 7d correspond to
the outboard and inboard directions along the plasma major radius, respectively. In the
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figure, it can be observed that the emission intensity is higher in the D plasma compared to
in the H plasma, which is attributed to the increased sputtering rate of carbon atoms from
the divertor plates in the D plasma. The ion temperature is approximately 20-30 eV and
appears to be slightly higher in the H plasma. It is worth noting that in these discharges, the
electron temperature around the LCFS, as measured by Thomson scattering, is about 200 eV.
The neutral hydrogen beam used for plasma heating in these discharges has an energy
of 180 keV, and electron heating dominates in this energy range. Therefore, the electron
temperature exceeds the ion temperature in all regions, not just at the plasma edge. The
flow velocity toward the outboard direction is clearly developed, reaching its maximum
value at z = —480 mm, which is close to the outermost region of the ergodic layer in the
H plasma. This direction aligns with the friction force, in the parallel momentum balance
for Rax = 3.6 m, as calculated using three-dimensional simulation code, EMC3-EIRENE [9].
On the other hand, the maximum flow velocity in the D plasma is considerably smaller
than that in the H plasma. For further discussion, it is important to note that the flow
velocities observed in sightlines passing through inside the LCFES appear to have reversed
signs between hydrogen and deuterium plasmas. These sightlines pass through inside
and outside the torus simultaneously, which complicates the evaluation of the line integral
effect. Therefore, the reason why the sign of the flow obtained by the sightlines passing
through inside the LCFS is reversed between hydrogen and deuterium plasmas cannot be
discussed based on this result alone. The cause may be investigated by line-integrating the
results of 3D transport calculations along the sightlines used in the actual experiment to
create synthetic profiles and comparing them with the experimental results. In this paper,
the discussion is limited to observations outside the LCFES, where the interpretation of the
results is straightforward.

In Figure 8, the peak flow velocity observed at z = —480 mm is plotted against the
line-averaged electron density. It can be observed that the flow velocity increases with the
electron density in H plasmas, which is consistent with the simulation prediction that the
friction force becomes dominant in the force balance at higher density regimes. This leads
to an increase in impurity flow, potentially resulting in impurity screening. Conversely, the
flow velocity has a smaller value in the case of D plasma. Assuming a steady state and
neglecting terms except for the friction force and the ion thermal force in the momentum
balance, the observed parallel impurity flow in the experiment, V7, 55, can be calculated
using the following equation:

VZ//,obs = <Vi// + 2622]/282)’1;) cosf (2)
where Vj/ is the thermal velocity of the bulk ions, Z is the charge of the impurity ion, 75
is the impurity ion collision time, m is the mass of the impurity ion, dT;/9ds (<0 in this
case) is the ion temperature gradient along the magnetic field toward the divertor plate,
and 0 is the angle between the magnetic field line and the observation chord of the VUV
spectroscopy. As . increases, Ts becomes small, causing the second term on the right-hand
side of Equation (2) to become negligible. Consequently, the maximum value of Vz,, ;s is
limited by V;,,. This could explain why Vz,, ,,s saturates with increasing 7., as shown in
Figure 8.

In high-density operations, i.e., 7ie ~ 5 x 10'> cm ™2 on the horizontal axis in Figure 8,
where the friction force is dominant, considering parameters of the plasmas at the outer-
most region of the ergodic layer and the spectroscopic geometry such as Tjeqge = 20 €V,
Njedge =2 X 1013 cm~3, and 6 = 75° for C*2 ions along the magnetic field line with the
connection length of 100 m, the estimated Vz,, ;s is 11.3 km/s for H plasmas and 8.0 km/s
for D plasmas. The difference between these values for D and H plasmas is due to the
m;1/2 dependence of V;,, when the friction force term is dominant in the force balance.
Thus, the experimental observation of smaller flow values in the D plasmas, as shown
in Figure 8, qualitatively agrees with the mass dependence of V;,,. However, a more
detailed comparison of edge plasma parameters between H and D plasmas is required for
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Figure 4. Typical EUV/VUV spectra in the wavelength ranges of (a) 5-60 A measured by “EUV Short”

o

o

spectrometer, (b) 75-260 A measured by “EUV Long” spectrometer, (c) 300-1050 A measured by “VUV

o

o

109L" spectrometer, (d) 970-1870 A measured by “VUV 106R” spectrometer, and (e) 1510-2400 A
measured by “VUV 102R” spectrometer for a D plasma. The spectra were averaged over 4.0-4.4 s.
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Figure 5. Line-averaged electron density dependence of line intensity of (a) CIII, (b) CIV, (c) CV,
(d) CVI normalized by the electron density and (e) line ratio CV/CIV for deuterium and hydro-
gen discharges.
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4. Summary

The spectroscopic diagnostics performed in the EUV and VUV wavelength ranges
provided insights into the generation and transport of carbon impurities in the edge
plasmas of LHD for both H and D plasmas. The observed emission intensity of carbon
CII1, CIV, CV, and CVI lines was significantly higher in the D plasma compared to in the
H plasma. This suggests a larger sputtering rate of carbon materials in the D plasma,
resulting in a higher quantity of carbon impurities originating from the divertor plates.
To investigate the transport of carbon impurities in the ergodic layer at the edge of LHD
plasma, space-resolved VUV spectroscopy was employed. It was determined that the
direction of the carbon flows observed in both H and D plasmas aligned with the direction
of the friction force in the parallel momentum balance acting on the impurity ions. This
friction force serves as a driving force for impurity screening effects. The maximum value
of the carbon flow in the D plasma was found to be smaller than that in the H plasma,
indicating an isotope effect on the impurity transport. The difference in carbon impurity
flow velocities between D and H plasmas can be qualitatively explained by the ion mass
dependence of the bulk ion thermal velocity when the frictional force term dominates in
the momentum balance.
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