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The impurity transport characteristics in the ergodic layer of the Large Helical Device (LHD) are analyzed
using the 3D edge transport code (EMC3-EIRENE), in comparison with the experimental data. The 3D modeling
predicts the impurity retention (screening) in the ergodic layer at the high-density plasma. It is found that the edge
surface layer plays an important role in impurity retention, where the friction force significantly dominates over
the thermal force. The line intensity measurements of CIII to CVI show consistent behavior with the modeling,
indicating impurity retention in the ergodic layer. The applicability of the model for high-Z impurity is also
discussed, and it is found that the experimental data is consistent with the results of edge transport modeling.
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1. Introduction

Control of impurity transport in a fusion device is one
of the most important issues, to avoid impurity contami-
nation of core plasma, which leads to confinement degra-
dation by radiative cooling, as well as reduction of fusion
power due to fuel dilution [1]. The impurity that is re-
leased at divertor plates or the first wall reaches the scrape-
off layer (SOL), where they experience ionization and are
thereby transported as charged particles. The transport in
the SOL then determines the influx of the impurity to the
core region [2]. This paper focuses on the impurity trans-
port in the edge region, especially the effect of the stochas-
tic magnetic field. It has been reported in Tore Supra ex-
periments that there is an indication of plasma decontam-
ination in the ergodic divertor configuration [3], and this
phenomena was discussed using an (1D) analytical model
[4,5], as an enhanced outflux of plasma by the stochastic
field lines, which tends to exhaust the impurity. A simi-
lar explanation was also provided by D. Kh. Morozov et
al. [6].

On the other hand, the Large Helical Device (LHD) in
the National Institute for Fusion Science intrinsically has
the ergodic layer in the edge region. It is found that even
with an extremely high core density operation, where the
negative radial electric field is formed, it is free from ra-
diation collapse, suggesting no serious impurity contami-
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nation [7]. In this paper, we discuss impurity transport in
the edge ergodic region of the LHD using a 3D numerical
transport code that considers all relevant terms of the im-
purity transport model and the precise magnetic field con-
figuration (i.e. braiding magnetic field). This enables us to
directly compare the impurity transport model with exper-
imental results, which gives us a clearer interpretation of
the impurity transport process in the ergodic layer.

2. Magnetic Field Structure of Er-
godic Layer in LHD

The LHD is a heliotron-type device with steady state
magnetic field sustained by superconducting helical coils
of [ = 2. The major and averaged minor radii are 3.9 and
~1.0 m, respectively [8]. The helical coils’ winding cre-
ates a magnetic field structure of 10 field periods in the
toroidal direction. The radial magnetic field caused by the
helical coils with many different modes produces magnetic
islands at the edge region, and they overlap to create an er-
godic field structure there.

The connection length profile of the ergodic layer is
plotted in Fig. 1, along with the Poincare map. r.g is indi-
cated in the vertical axis at the right side, which is defined
by the cylindrical approximation of the volume enclosed
by the radial surface of the computational mesh. In Fig. 1,
the radial and poloidal mesh surfaces are aligned horizon-
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Fig. 1 Connection length (Lc) profile in ergodic layer of LHD,
superposed with Poincare plot of field lines. Lc is re-
solved up to 100 km. r.q is indicated in the vertical axis
at the right side, which is defined by cylindrical approx-
imation of the volume enclosed by the radial surface of
computational mesh.

tally and vertically, respectively. In this study, the ergodic
layer is divided into three regions, following the termi-
nology of Ref. [8], which is defined based on the mag-
netic field topology that affects the transport properties of
plasma (impurity), as shown later. The region with m = 8
magnetic islands is considered as the confinement region
because of the clear island structure and the long connec-
tion length (> 100 km). The stochastic region starts from
m =7 islands, where they are overlapping with the neigh-
boring islands and the separatrix is no longer clear. The
region starting from the mode of m = 4, is called the edge
surface layer, where short and long field lines are mixed.
This structure is a unique feature of the heliotron divertor
configuration, which is created by strong magnetic shear
that stretches and bends the flux tubes, and thus mixes up
the long and short flux tubes. The outside of the edge sur-
face layer has divertor legs, which connect to the divertor
plate, which is not shown in Fig. 1.

3. Impurity Transport Analysis in the
Ergodic Layer

The impurity transport analysis has been performed
using the edge transport code EMC3 [9] - EIRENE [10],
for considering the magnetic field structure of the ergodic
layer. The code solves the fluid equations of the mass, mo-
mentum, and energy in the steady state based on the Bra-
ginskii’s formulation,

V.- (nVyb-Db,b, - Vi) =S, (1
V- (min; Vyy Viyb — mybb - VVy — miVy Dbb - Vn;
—mbib, -VVy) ==b- VT, +mT;) + S,
)
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where b is the unit vector of the magnetic field and b, b, =
| — bb, with | being a unit tensor. n;, Vy, T,, and T;
are the ion density, parallel ion velocity, electron temper-
ature, and ion temperature of the background plasma, re-
spectively. S, and S, are the particle and the momentum,
respectively, and S.. and S; are the energy sources asso-
ciated with neutrals. Sy, represents the energy loss due
to impurity radiations. 7 and «.; are the parallel viscos-
ity and heat conductivity of an electron/ion, respectively,
for which classical formulations are used. D, 17, (= min; D)
and y.; are the perpendicular particle diffusivity, viscosity,
and heat diffusivity, respectively. These are assumed to be
anomalous. For impurity, the continuity and momentum
balance equations for the charged state Z are given by

V(nVyb—D:b, b, - Vny) =S8, 1.n,-1

- Sz—>z+1nz + Roy15:41 — Rospimg, (5)
1 Var = Vi
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where it is assumed that 7, = Tj, and 7, and E; are the
impurity-ion collision time and parallel electric field, re-
spectively. C; ~ 2.6Z% and C. ~ 0.71Z2. E| is obtained by
Ohm’s law as follows:

b-VnT. + neeEy +n.Ceb - VT, = 0. @)

The recycling neutrals are released from the divertor plates
being proportional to the particle deposition pattern ob-
tained by EMC3. The neutrals are traced by EIRENE
experiencing various atomic processes with plasma until
they are ionized. After the ionization which goes into
Sp in Eq. (1), the plasma transport starts. The boundary
conditions at the inner most surface (LCFS) for particle,
momentum, energy transport are reflection, zero velocity
and constant energy flux, respectively. The energy flux,
which is equally split to electrons and ions, is distributed
in the poloidal and toroidal directions considering the mag-
netic flux surface expansion. The boundary condition at
the outer most surface is the sink of the particle, momen-
tum, and energy with a decay length of several cm. The
boundary is located to cover the maximum possible area
of the plasma such that the loss at the surface through per-
pendicular transport is less than a few percent of the total
amount of the particles and energy, so that the assumed
decay length does not affect the results of the computa-
tions. At the divertor plate, the Bohm condition is imposed
for the particles, momentum, and energy transport, respec-
tively. Therefore, the input parameters for computations
are D, y.; and total power flowing to the SOL, Psor. D,
Xe.i are adjusted to fit experimental data, keeping the rela-
tion y = 3D, and Psor is estimated from deposition power
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of the NBI and radiation loss in the core region. For the
present analysis, these are set as D = 0.5, y; = 1.5 m?/s,
and PSOL = 8 MW.

In Eq. (6), the first term on the right hand side is the
pressure gradient force of the impurity. The second term,
the friction force, and the third term, the parallel electric
field, are usually directed to the divertor, while the forth
and fifth terms on the right-hand side, the electron and ion
thermal force pull the impurity upstream because of the
parallel temperature drop to the divertor plate. It is easily
shown that the dominating terms in the equation are the
ion thermal force and the friction force [11, 12]. In force
balance, Eq. (6), therefore becomes

Vz” = Vi|| + C,Eb - VT;. (8)
mg

Since Vj flows towards the divertor plate, while 07;/ds
directs upstream, when the friction dominates over the
thermal force, the impurity flows to the divertor. The ra-
tio of the friction to the thermal force in Eq.(6) is given
by [13,14],

friction force  5/2mTiVy ni|M|
oC

N , 9
STV TV T ®

thermal force

where M is the Mach number. The numerator represents
convective energy flux, while the denominator represents
conductive energy flux.

Eq. (9) shows that as the plasma becomes dense and
cold with a substantial flow acceleration, the friction force
dominates over the thermal force, resulting in impurity re-
tention at the divertor. In the present analysis, carbon is
selected as the impurity species, which is released at the
divertor plate with the source rate being proportional to the
divertor flux, and traced according to Eq. (6), also in per-
pendicular to field lines as diffusive process. The parallel
impurity flow velocity and the bulk plasma flow obtained

+ Parallel flow velocity -

(b) plama flow (c) Impurity flow

(4e19 m=?)

(a) Impurity flow
(2e19 m3)

Fig. 2 (a) Parallel impurity flow velocity at njcps = 2 X
10" m3, (b) parallel flow velocity of bulk plasma, (c)
same as (a) but for n cps = 4 x 10" m™3. The yellow
and blue indicate positive and negative flow in toroidal
direction. The dashed lines are located at the same radial
position for eye guide.

by 3D modeling are plotted in Fig. 2 for different density
with fixed input power, where the yellow and black colors
mean flows in positive and negative toroidal directions, re-
spectively. In this figure, it is can clearly be seen that at
nces = 2 X 10" m=3, the impurity flow direction is oppo-
site to the bulk plasma flow, i.e., the thermal force pushes
the impurity upstream, whereas at ny cps = 4 X 10! m3,
the direction of impurity flow is in same phase as the bulk
plasma flow due to the friction force. The resulting total
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Fig. 3 Radial profiles of carbon density summed up over all
charge states, for different density, nicps = 2, 3, 4 X
10" m™ normalized with the downstream density at 7
=0.72m, ny. rex is defined by cylindrical approximation
of the volume enclosed by the radial surface of compu-
tational mesh (Fig. 1). The carbon densities are averaged
ones over poloidal and toroidal directions.
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Fig.4 The radial profiles of (a) n. and T;, (b) Mach number
and ionization source, and (c) Eq.(9), are averaged in
the poloidal and toroidal directions as a function of reg
(Flg 1) for n cps = 4 X 10" m=3.
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impurity density (summed up over all charge states) pro-
files are plotted in Fig.3, in a radial coordinate r.g for
different plasma densities. r.g is defined by cylindrical
approximation of the volume enclosed by the radial sur-
face of computational mesh. At a low density, npcps =
2 x 10! m™3, the thermal force is so effective that the im-
purity is drawn to LCFS, and accumulates there. With in-
creasing density, the upstream impurity density gradually
decreases, and at n cps = 4 X 10!° m™3, the impurity is
driven towards the divertor by the friction force, resulting
in divertor retention, as seen in Fig. 3.

As the retention effect is switched on, the profile be-
come flat in the stochastic region and is lower than the
downstream where the density gradient is formed, espe-
cially in the edge surface layer. The profile indicates that
the friction force pushing the impurity outward is effec-
tive only in the edge surface layer. Plotted in Fig.4 (¢) is
Eq. (9), the ratio of the friction to thermal force, as well
as (a) the electron temperature and density, and (b) the
Mach number and ionization source of bulk plasma. In the
edge surface layer, there appears substantial acceleration
of the Mach number, which is considered to be caused by
the hydrogen ionization source and also the particle sink
due to the short connection length of the flux tubes that are
embedded in-between the long ones. The temperature de-
creases towards the edge. These parameter changes result
in a significant increase in the friction-thermal force ratio
in the edge surface layer, as seen in Fig. 4 (c).

4. Comparison with Experiments
Figure 5 (a) shows the radial profiles of the carbon
density in different charge states at n;cps = 4 X 10! m=3,
where the impurity retention is effective, as discussed
above. For comparison, the profile at ny cps = 2 X 10 m=3
is plotted in Fig.5 (b), shows a case in which the impu-
rity accumulates around the LCFS because of the dominant
thermal force. Due to the large jump in the ionization po-
tential between C* (= 64.5 eV) and C** (= 392 eV), there
appears clear separation of the location of the peak posi-
tions between the low and high charge states groups, i.e.,
lower charge states C*!, C*2, and C*3 are mainly located at
fet > 0.67 m, while the higher ones C**, C*3, and C*® have
peaks at o < 0.67m. At nicps = 4 X 10" m™3, it is seen
that the lower charge states increases due to the retention
effect at the outer radius, and at the same time the density
of the higher charge group near the LCFS is suppressed.
On the other hand in the case of ncps = 2 x 10'° m=3,
the higher charge group increases significantly in the in-
ner radius, with reduced lower charge group at the outer
radius. The differences in the profiles are reflected in the
radiation intensity, which is shown in Fig. 6 (a), where the
intensity is integrated for the computational domain of half
a field period. The radiation from the lower charge states,
CII, CIII, and CIV, increases monotonically by an order
of magnitude with increasing bulk plasma density. This is
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Fig. 5 Radial profiles of carbon density at different charge
states, black : C*!, yellow : C*2, red: C*3, green : C*4,
blue : C*3, grey : C*9, dashed lines : total density of car-
bon. (a) nicps = 4 X 10" m’3, (b) nicps =2 X 10" m=3.

due to both the increase of carbon yield, which is propor-
tional to divertor flux, and the retention effect. On the other
hand, the radiation from the higher charge states, CV and
CVI, remains almost constant. This is mainly due to the re-
duction of the density, which is caused by the retention at
the higher density, and also partly because of the tempera-
ture change caused by density scan, where the CIV and CV
are still sensitive to the temperature in the range of 100 to
200 eV. In order to illustrate the impact of friction exerted
by bulk plasma flow, Vj is set to zero in Eq. (6), keeping
all other parameters unchanged. The results are plotted
in Fig. 6. In this case, because of no outward component
of impurity flow, the absolute content of the impurity in-
creases, and thus the radiation intensity is relatively higher
than in Fig.6(a). One should also note the qualitatively
different behavior of CV and CVI, i.e., the radiation from
the higher charge states (CV and CVI), monotonically in-
creases with increasing density. This is attributed to the
large increase of C** and C*> density at the inner radius of
the ergodic layer because of the lack of flushing effect by
the bulk plasma flow.

The radiation intensity is measured in the experiments
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Fig. 6 (a) Radiation intensity integrated in the computational
domain for different charge states as a function of den-
sity. (b) Same as (a) but with V;; = 0 in impurity trans-
port. black : CII, yellow : CIII, red : CIV, green : CV,
blue : CVL

using vacuum ultraviolet (VUV) monochromators and an
extreme ultraviolet (EUV) spectrometer [15], which are in-
stalled at the horizontally elongated toroidal section and
are tacing the plasma horizontally from the outboard side
on the mid-plane. The view angle covers the full verti-
cal range of the plasma at the toroidal section. It is found
that the CII radiation is negligibly small in the experiments,
whereas it has substantial intensity in the modeling. This
is probably because in the modeling, the divertor legs are
neglected, which then allows the C*! to reach the ergodic
layer. However, in the experiments, they are ionized much
earlier downstream in the legs (very near divertor plates)
and thus difficult to detect by the limited view angle of
monochromators. The obtained line integrated intensity
for different charge stages are plotted in Fig.7 as a func-
tion of density. In this plot, the sum of CIII (977 A) & CIV
(1548 A) and CV (40.27 A) & CVI (33.73 A) are plotted
rather than each. The radiation of individual charge states
shows similar behavior as Fig. 7. By assuming that the in-
tensity is not strong function of toroidal angle, the radia-
tion intensity can be compared between experiments and
modeling qualitatively.
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Fig. 7 Radiation intensity from different charge states as a func-
tion of density, measured by the VUV monochromators
and EUV spectrometer. (a) CIII (977 A) + CIV (1548
A), (b) CV (40.27 A) + CVI (33.73 A).

The CIII + CIV increases monotonically by an order
of magnitude with increasing density; on the other hand,
the CV + CVI stays almost constant within a change of
factor of two against density scan. In the modeling, we
have confirmed that the tendency of Fig. 6 is independent
of the selection of view angle These results are in qual-
itative agreement with the modeling with friction force,
Fig. 6 (a), and can be interpreted as a clear experimental
evidence of impurity retention in the ergodic layer.

It should be noted that the effective impurity reten-
tion is also due to the geometrical advantage of the ergodic
layer in the LHD, where the edge surface layer surrounds
the plasma in all poloidal and toroidal direction, and thus
it can protect the plasma from the impurity neutrals com-
ing from all direction, e.g. impurity released at the diver-
tor plate by plasma flux or at the first wall by charge ex-
changed neutrals.

S. Implications for High-Z Impurity
From Eq. (8), one sees that the balance between the
first and second terms on the right-hand side is independent
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Fig. 8 Estimated neutral penetration length for hydrogen, car-
bon and iron, indicated with H, C and Fe, respectively.

of the charge Z, because 7, o 1/Z2, which then cancels
with the Z? in the numerator.

For the friction force to drive the impurity down-
stream, the ionization location of impurity species in the
present case CY should be far downstream of that of the
bulk plasma. The larger the separation between the source
locations of the impurity and bulk plasma is, the stronger
is the retention effect. Because carbon has a lower ioniza-
tion potential than hydrogen, this is usually the case un-
less the carbon is injected with very high energy. Figure
8 shows the estimated penetration length of neutral hydro-
gen, carbon, and iron as a function of electron temperature.
Due to the very low ionization potential of Fe®, 7.9 eV,
the penetration length of Fe is even shallower than carbon,
indicating that the impurity retention model presented in
Section 3 could also apply.

Figure 9 shows the time trace of line radiation inten-
sity of FeXX (132.85 A) + FeXXIII (132.87 A) measured
by VUV spectrometer, for different plasma density, being
normalized with n, at the center of plasma. From 7 = 1.0
to 2.0 s, the plasma density and temperature was kept con-
stant for each shot. The input power was set as ~8 MW. As
the density increases, the normalized intensity decreases
gradually, while the intensity at ncps = 3 x 10! m™3
shows a strong increase in spite of the constant plasma pa-
rameters during flat top. The increase seems to continue
further after r = 2 s, although the discharge was terminated
just after 2s. This increase indicates impurity accumula-
tion at the core region. The similar behavior was observed
in the low power discharge with ~1 MW [16]. Neverthe-
less, at the higher density of nicps = 4 X 10! m=3, the
intensity is significantly suppressed and no such accumu-
lation is observed. Compared with the low-density case,
the reduction is a factor of 5. With the increase of the den-
sity, the electron temperature at the center of the plasma
decreases from 2 to 1keV, i.e., by a factor of 2, due to the
fixed input power. However, considering the temperature

61027‘ e
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Y
4102 , 7
pd
d

3102

2102

FexX + XX/ ng {a.u.}

1102

1.0 1.2 1.4 1.6 1.8 2.0
time (s)

Fig. 9 Time traces of line intensity of FeXX (132.85 A) +
FeXXIII (132.87 A) measured by VUV spectrometer for
different density, at flat top discharge during t = 1 to 2
sec. The intensity is normalized with electron density at
the center of plasma.

dependence of the line intensity of FeXX (132.85 A+
FeXXIII (132.87 A), which is almost saturated around 1 to
2keV, the reduction in the measured radiation (normalized
by density) indicates reduction in Fe*'® and Fe*?? at the
center of the plasma. Although for analyzing consistently
the transport of the high-charge states of iron we need to
address the core impurity transport, the behavior is consis-
tent with the prediction of the edge model in the Section 3.

6. Summary

The impurity transport properties in the ergodic layer
of the LHD have been analyzed using the edge transport
code (EMC3-EIRENE), in comparison with experimental
data. The 1D impurity transport model along the field lines
predicts impurity retention (screening) when the plasma
becomes dense and cold with substantial flow acceleration.
This is demonstrated in the ergodic layer of the LHD by
3D numerical simulations. It is found that the edge surface
layer plays an important role in the retention, where the
ratio of the friction force to the thermal force (Eq. (9)) sig-
nificantly increases due to the flow acceleration and a de-
crease in the temperature. The carbon line radiation mea-
surements is compared with the simulation results, where
the good qualitative agreement is obtained with the model-
ing results with friction force, indicating impurity retention
in the experiments. It should be noted that the retention
effect is also due to the geometrical advantage of the mag-
netic field structure of the ergodic layer in the LHD, where
the edge surface layer surrounds the plasma in all poloidal
and toroidal directions. This structure efficiently stops the
impurity originating from any locations, i.e., the divertor
or the first wall.

Applicability of the model for the high-Z impurity was
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discussed with respect to the charge dependence and the
neutral impurity penetration distance. The brief estimation
implies that the mechanism could also apply for the high-
Z impurity. The behavior of the measured line intensity of
FeXX + FeXXIII against the density change is consistent
with the prediction of edge modeling. It is, however, nec-
essary to address the core impurity transport properties for
understanding the behavior of high-Z impurity, for which
future studies are required.
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