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Understanding the SOL flow in L-mode plasma on divertor
tokamaks, and its influence on the plasma transport
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Abstract

Significant progress has been made in understanding the driving mechanisms in SOL mass transport along the magnetic
field lines (SOL flow). SOL flow measurements by Mach probes and impurity plume have been performed in L-mode
plasma at various poloidal locations in divertor tokamaks. All results showed common SOL flow patterns: subsonic flow
with parallel Mach number (Mk) of 0.2–1 was generated from the Low-Field-Side (LFS) SOL to the High-Field-Side
(HFS) divertor for the ion $B drift towards the divertor. The SOL flow pattern was formed mainly by LFS-enhanced
asymmetry in diffusion and by classical drifts. In addition, divertor detachment and/or intense puffing-and-pump enhanced
the HFS SOL flow. Most codes have incorporated drift effects, and asymmetric diffusion was modelled to simulate the fast
SOL flow. Influences of the fast SOL flow on the impurity flow in the SOL, shielding from core plasma, and deposition
profile, were directly observed in experiments.
� 2006 Published by Elsevier B.V.
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1. Introduction

SOL mass transport along the magnetic field
lines (SOL flow) is of direct relevance to particle
control with divertor pumping and impurity screen-
ing properties. At the same time, fast SOL flow
around the main plasma (main SOL) plays an
important role in long-range transport of the first
wall and divertor materials [1]. In the past years, sig-
nificant progress has been made in understanding
the flow pattern and the driving mechanisms partly
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due to development of flow measurements at impor-
tant poloidal locations, and partly due to improve-
ment of the modelling and simulation codes. In
particular, subsonic level of the SOL flow was deter-
mined by both Mach probe and spectroscopy mea-
surements, and the fast SOL flow can be simulated
with introducing classical drifts and in–out asymme-
try in diffusion. This paper reviews recent progress
in the measurements and the driving mechanisms.

The SOL flow profile changes along the field
lines. The three-dimensional flow pattern is
presented in Section 2. Understanding of the flow
mechanisms from an experimental approach, i.e.
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Fig. 1. Illustration of poloidal locations of the Mach probe
measurements for the lower single-null divertor operation in
tokamaks such as JT-60U, JET, Alcator C-MOD, TCV DIII-D,
ASDEX-Upgrade, and ToreSupra (lower limiter). (b) Typical
values of Mk near the separatrix (rmid < 2 cm) in medium �ne=nGW

range (0.4–0.5) for the ion B · $B drift direction towards the
divertor. Symbols correspond to tokamaks shown above.
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using Mach probe measurements, is summarized in
Section 3. Results of modelling and simulations
with classical drifts and asymmetrical diffusion are
summarized in Section 4. Recent results on impurity
plume measurement, carbon deposition, and impu-
rity shielding during intense puff-and-pump are dis-
cussed in Section 5, showing influences of the SOL
flow on impurity transport. Finally, conclusions
are described in Section 6.

2. SOL flow measurements

SOL flow measurements by Mach probes have
been performed at different poloidal locations in
many tokamaks such as JT-60U [2,3], JET [4,5],
AlcatorC-MOD (C-MOD) [6,7], TCV [8], DIII-D
[9], ASDEX-Upgrade (AUG) [10,11], and ToreSu-
pra [12]. Corresponding poloidal locations of the
Mach probe measurements are illustrated in
Fig. 1(a). Fig. 2 shows the radial profiles of Mach
number of the SOL flow (Mk) in L-mode plasmas
on JT-60U, JET and C-MOD. Three cases are lower
single-null divertor configuration with the ion
B · $B drift direction towards the divertor, and
the main plasma density ð�neÞ normalized by the
‘Greenwald density’ (nGW) is relatively low
ð�ne=nGW ¼ 0:4–0:45Þ. Mk is deduced from the ratio
of the ion saturation currents at the electron- and
ion-sides ðje

s and ji
sÞ, using Hutchinson’s formula

[13]: Mk ¼ a ln½je
s=ji

s�, where a = 0.3–0.4. In the sim-
ple SOL model, the SOL flow is generated towards
the divertor due to parallel gradients of plasma pres-
sure. However, at LFS of the main SOL, upward
SOL flow (opposite to what one would expect from
the simple picture, i.e. ‘flow reversal’) is generally
observed in many tokamaks (JT-60U, C-MOD,
TCV, AUG). At the same time, Mk becomes sub-
sonic level (Mk = 0.3–0.4) near the separatrix. At
the plasma top (JET), fast SOL flow is found con-
tinuously towards the HFS SOL, and radial loca-
tion of the maximum Mk extends to the outer flux
surfaces (far SOL). Fast SOL flow with Mk = 0.3–
0.5 at the plasma top is observed also in the bottom
limiter configuration (ToreSupra). Measurements in
the HFS SOL (JT-60U, C-MOD) show the maxi-
mum Mk is increased to sonic-level (from 0.5 to lar-
ger than 1), whereas measurements of Mk in the
narrow region near the separatrix show no (C-
MOD) or small flow towards the plasma top
(Mk � �0.15 in JT-60U). It is noted that similar
SOL flow pattern, i.e. parallel flow towards the
LFS midplane to the HFS divertor with comparable
Mk in L-mode, was observed between ELMs in H-
mode plasma of JT-60U [14], AUG [11] and JET
[5]. Since there is limited number of database for
the H-mode plasma, SOL flow in the L-mode
diverted tokamak plasmas is reviewed in this paper.

All results are consistent with a fact that subsonic
SOL flow is produced from LFS SOL to the HFS
divertor for the ion B · $B drift direction towards
the divertor, independent of the plasma shape and
divertor geometry. On the other hand, in the LFS
divertor, the SOL flow towards the divertor was
observed in JT-60U [2], DIII-D [9] and AUG [10].
Typical Mk near separatrix (rmid < 2 cm) for
medium �ne=nGW range (0.4–0.5) are plotted in



Fig. 2. SOL flow profiles measured with Mach probes (a) at the different poloidal locations in JT-60U, JET and C-MOD for the ion
B · $B drift direction towards the divertor: (b) at HFS midplane [7], (c) above HFS baffle [3], (d) at plasma top [5], (e) above LFS
midplane [7], (f) below LFS midplane and divertor null-point [2].
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Fig. 1(b), suggesting that the ‘stagnation point’ is
between the LFS midplane and the LFS SOL near
the X-point.
3. Driving mechanisms of the SOL flow

The major mechanisms producing SOL flow in
tokamaks are explained from the experimental
point of view. Fig. 3 shows Mk profiles at the LFS
midplane (C-MOD) and at the plasma top (JET)
as �ne is increased for the ion B · $B drift direction
towards and away from the divertor (normal/forward

and reversed Bt, respectively). Results at the LFS
midplane (C-MOD) show two general characteris-
tics consistent with measurements in other toka-
maks (JT-60U, TCV). One is that the direction of
the SOL flow changes with Bt reversal (i.e. the
SOL flow direction in poloidal projection at the
LFS midplane is against the ion B · $B drift direc-
tion). Another is that the absolute value of Mk is
decreased from 0.4 to 0.1 with increasing �ne. On
the other hand, at the plasma top, Mk is small in
reversed Bt, and the direction towards the LFS
changes to slightly towards the HFS SOL at higher
�ne. This suggests that Bt-independent component of
the SOL flow (hMk i = 0.2–0.3) is produced towards
the HFS SOL [4], and that Bt-dependent component
(DMk) is comparable to hMki (i.e. DMk = 0.2–0.3).
As a result, a combination of driving mechanisms
such as one affected by the plasma drift and another
independent of the Bt direction, forms the compli-
cated SOL flow pattern. Classical drifts and edge
rotation are discussed as candidates for the Bt-
dependent flow in Sections 3.1 and 3.4, respectively.
In–out asymmetry in edge diffusion and divertor
detachment are investigated as candidates for the
Bt-independent flow in Section 3.2 and 3.3,
respectively.
3.1. Drift effects in tokamak

The classical drifts such as E · B and B · $B

(and diamagnetic, $p · B, for fluid model) play an
important role in perpendicular and parallel trans-
ports in toroidal geometry [15]. In the SOL, parallel
flow, i.e. ion Pfirsch-Schlüter (PS) flow, can be
produced due to in–out asymmetry of Er · B and
$pi · B drifts in the flux surfaces for the fluid model



Fig. 3. Radial SOL flow profiles (a) at LFS midplane in C-MOD
[7], and (b) at plasma top in JET [5], in density scan for normal
and reversed Bt.

Fig. 4. Poloidal projections of parallel SOL flow components, i.e.
ion Pfirsch-Schlüter flow ðV PS

k Þ, driven by in–out asymmetric
diffusion ðV AD

k Þ and plasma sink in divertor ðV DIV
k Þ, are illustrated

by thick arrows. Projection of drifts in main SOL, i.e. Er · B,
$pi · B and ion B · $B drifts, for normal Bt case are also shown
by thin arrows.
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[16,17]. Poloidal projections of the ion PS flow, and
Er · B, $pi · B and ion B · $B drifts are illustrated
in Fig. 4. The PS flow has the flow direction against
the ion B · $B drift, and the theoretical formula in
confined plasma, V PS

k ¼ 2qsV ? cos h (qs is the safety
factor, h is poloidal angle, V? = [Er � $pi/eni]/B
where Er · B and �$pi · B are basically the same
direction in SOL), has a maximum at the midplane.
Simple evaluation of V PS

k from measured Ti, Te and
Vf profiles was done at the LHS midplane for nor-
mal and reversed Bt cases in JT-60U [18] and TCV
[8]. Mach numbers (V PS

k =Cs, Cs is the plasma sound
velocity) and the reduction with increasing �ne, due
to reduction in Er and $pi at high �ne,were consistent
with Mach probe measurements. Thus, the general
characteristics of the Bt-dependent flow (DMk) at
the LFS midplane can be explained by the PS flow,
but its influence on DMk in the open field line may
be smaller than the simple formula of V PS

k and the
diamagnetic contribution to V? is questionable in
the SOL.

The analysis in terms of PS flow can be applica-
ble to measurements at the HFS SOL of JT-60U
and C-MOD. Fig. 5 shows Mk profiles at low and
high �ne for normal and reversed Bt cases in JT-
60U. At least, DMk near the separatrix (Mk =
�0.2 and +0.2 for normal and reversed Bt, respec-
tively) can be explained by the PS flow. On the other
hand, at the far SOL, fast SOL flow towards the
HFS divertor is generated independent of the Bt

direction, and their profiles can be described by
jDMkj = 0.1–0.3 at low �ne and it decreases at high
�ne, provided that hMki is increased from 0 to the
sonic speed level (0.8) with rmid. Value of DMk � 0.3
in the far SOL is larger than that the PS flow
expected from the small Er and �$pi, while the
DMk direction is against the ion B · $B drift.



Fig. 5. HFS SOL flow profiles in density scan (circles and squares
are attached and detached divertors, respectively) for normal and
reversed Bt cases in JT-60U [3].
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The drift effects on Mk(jDMkj < 0.3) appear even at
the plasma top (JET) and outer flux surfaces in the
HFS SOL (JT-60U, C-MOD), where DMk is not
expected from the simple formula of the PS flow.
3.2. Plasma pressure enhancement at LFS

In order to understand the driving mechanism of
Bt-independent flow (hMki) towards the HFS diver-
tor, a specific experiment was preformed in C-MOD
ohmic L-mode plasma [7]. SOL plasma profiles at
the HFS and LFS midplanes were measured in three
divertor geometries: lower single null (LSN), upper
single null (USN) and double null (DN) divertors
Fig. 6. Magnetic equilibrium (a) for lower single-null discharge and cor
HFS and LFS midplanes of C-MOD. The same (b) for double null an
as shown in Fig. 6, where the ion B · $B drift direc-
tion was downward. Here, the positive direction of
the SOL flow is defined as the ion drift direction
(i.e. CCW in poloidal cross-section). The USN
divertor experiment corresponds to the reversed Bt

case as discussed in Section 3.1. Profiles of electron
pressure (pe = neTe) at the HFS and LFS midplanes
are comparable for the LSN and USN cases. Fast
SOL flow towards the HFS divertor is produced
similarly for the two cases, except that jMkj � 0.5
near the separatrix for USN is much larger than
Mk � 0 for LSN. A unique result is obtained in
the DN divertor as shown in Fig. 6(b). pe becomes
small at HFS midplane compared to that at LFS.
At the same time, jMkj is decreased to zero at the
outer flux surfaces. In the connected SOL for the
single-null divertors, the dominant particle trans-
port in the HFS SOL appears to be the parallel flow
from the LFS rather than the transverse transport,
i.e. large part of the HFS SOL plasma is transported
from the LFS SOL.

Plasma pressure balance between the HFS and
LFS SOLs is investigated for the LSN and USN
divertors as shown in Fig. 7. Generally, the static
pressure component (neTe + niTi) plus the dynamic
pressure component (mi[MkCs]

2) should be balanced
along the field line, assuming no pressure/momen-
tum source and loss in SOL. Provided that Ti � Te

in the high density SOL ðnsep
e � 1� 1020 m�3Þ of

C-MOD, experiments show that the static pressure
at the LFS is larger than that at the HFS, and that
the SOL flow at the HFS is enhanced up to the sub-
sonic level in order to balance the total pressure.
Here, the increase in the LFS static pressure may
responding profiles of electron pressure and Mach number in the
d (c) for upper-single null discharges [7].



Fig. 7. Probe data, (a) electron pressure, (b) Mach number, and
(c) total plasma pressure, mapped onto a flux tube coordinate
system in C-MOD. S = 0 and 1 correspond to the LFS and HFS
divertor throats in SOL. Upper and lower triangles correspond
to normal and reversed Bt cases. Broken line in (b) presents
Bt-independent component in the parallel SOL flow [20].

Fig. 8. Radial Ti profiles, ordered by density, on each side of the
bi-directional RFA probe for (a) forward and (b) reversed Bt

discharges in JET. For forward Bt case, i- and e-side RFAs face
the SPL plasma respectively towards the LFS and HFS. For
reversed Bt case, i- and e-sides change to HFS and LFS SOL. The
data are obtained mostly during the ohmic phase of each pulse
[19].
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be caused by enhanced cross-field diffusion near
or below the midplane for the ion B · $B drift
direction towards the divertor. Models of in–out
asymmetry in cross-field diffusion were recently
developed, and influences of both drifts and the
asymmetric diffusion are summarized in Section 4.

In addition to the in–out asymmetry, the precise
poloidal location where large mass and energy
fluxes are exhausted from the main plasma can be
influenced by the ion B · $B drift. A Mach probe
type of Retarding Field Analyzer (RFA) can mea-
sure both Ti and ion fluxes at electron- and ion-sides
in the plasma top of JET [19] for the normal and
reversed Bt cases, as shown in Fig. 8. Ti ratio is
found to exhibit a similar behavior as that of the
ion flux, shown in Fig. 3(b): Ti measured at the
ion side is larger than Ti at the electron side for
the normal Bt, whereas both Ti measurements are
comparable for reversed Bt. Assuming that poloidal
location of large energy outflux is shifted to down-
ward and upward in LFS SOL for the normal and
reversed Bt cases, respectively, the result would be
explained. Investigation of the up–down asymmetry
as well as the in–out asymmetry in the radial trans-
port is required to understand Bt-dependent flows at
the plasma top.
3.3. Influence of divertor detachment

Detachment of the divertor plasma causes
momentum loss and thus modifies the pressure bal-
ance. Fig. 9 shows the change in Mk profile above
the HFS baffle with increasing ne in JT-60U [3].
When the plasma detachment occurs at the HFS
divertor, the Mk profile changes: Mk at far SOL is
enhanced and finally reaches sonic-level during
X-point MARFE at �ne=nGW ¼ 0:85. Here, Te values
near the HFS SOL separatrix ðT sep

e Þ and at the far
SOL ðT far

e at rmid � 3 cm) decrease from 90 to
45 eV, and from 27 to 20 eV, respectively. Thus,
reduction in Cs at the far SOL is small. As a result,
large enhancement of the SOL flow (particularly the
Bt-independent flow) up to sonic-level may be
caused by detachment at the HFS divertor, in addi-
tion to increasing the plasma pressure at LFS SOL.
In C-MOD, a sonic-level of Mk is generally
observed even at the HFS midplane as shown in



Fig. 9. (a) Mach number in the HFS SOL in JT-60U: near and
far SOL (Dr = 3 cm mapping to LFS midplane) in density scan.
(b) Mach number profiles at ne/n

GW = 0.3 (attached divertor),
0.45 (HFS divertor detachment) and 0.74 (X-point MARFE).

Fig. 10. Toroidal components of the parallel SOL flow at (a)
HFS and (b) LFS midplanes, and (c) toroidal flow velocities in C-
MOD as a function of the magnetic flux balance between upper
and lower X-point in otherwise identical discharges [7].
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Fig. 6(a) and (c), which may be due to HFS divertor
detachment.

3.4. Edge plasma rotation

Toroidal plasma momentum is exchanged
between the SOL and the edge at the separatrix
due to diffusion, convection and viscosity. On the
other hand, the SOL flow is mainly governed by
the parallel pressure balance and classical drifts.
The relationship between the edge rotation and
SOL flow was investigated in the different divertor
geometries of C-MOD [20]. The toroidal compo-
nent of the SOL flow velocity ðV SOL

/ Þ near the separ-
atrix, and the core toroidal rotation velocity ðV core

/ Þ
are compared in Fig. 10 as a function of distance
between primary and secondary separatrixes. In–
out asymmetry in Mk profile is shown in Fig. 6,
and, in particular, for USN, large negative value
of Mk near the separatrix on the HFS midplane
was pointed out: V SOL-LFS

/ ¼ �2 km=s and
V SOL-HFS

/ ¼ �40km=s for USN, while V SOL-LFS
/ and

V SOL-HFS
/ ¼ 10km=s for LSN. V core

/ corresponds to
�10 to �20 km/s for LSN and �30 to �40 km/s
for USN. Decrements in V SOL-LFS

/ , V SOL-HFS
/ ; V core

/

from LSN to USN correspond to 50, 12, 16 km/s,
respectively. It should be noted that DV SOL-HFS

/ is
larger than DV core

/ . This result suggests that the
SOL flow affects the core rotation maybe through
outward major radius convection from HFS SOL
to the edge or through viscosity. Extending the
investigation of the coupling between the edge and
SOL plasmas at lower density (collisionality) or in
H-mode will be important to understand not only
the SOL flow but also edge rotation physics in the
plasma boundary.

4. SOL flow simulation and driving mechanism

Drift effects have been implemented into 2D edge
transport codes with realistic magnetic geometries
(UEDGE [22,23], EDGE2D/Nimbus [24,19,5],
B2SOLPS5.0 [25–28]), and many simulations lead
to similar SOL flow patterns in qualitative agree-
ment with those observed. Fig. 11 shows EDGE2D
results as a function of the poloidal distance from
the HFS divertor (Lp) in JET L-mode plasmas for
the normal and reversed Bt [19]. The values of D?
and v? are constant on the flux surfaces but their



Fig. 11. EDGE2D simulation results including drifts, showing
Mach numbers in JET as a function of the poloidal distance at
four radial positions in the SOL (a) for forward Bt and (b) for
reversed Bt [19].
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radial profiles are varied to match the divertor
plasma profiles. For the normal Bt, a stagnation
point appears near the LFS midplane, and the
SOL flow towards HFS divertor exists mostly in
the main SOL (Lp < 6 m), whereas the stagnation
point is near the plasma top (Lp � 4 m) for reversed
Bt. For the normal Bt, the SOL flow directions from
LFS midplane to HFS divertor (near the separatrix)
is consistent with the measured SOL flow as shown
in Fig. 1(b), and the shift of the stagnation point is
reproduced with reversing Bt. However, the calcu-
lated flow is smaller than measured in the main
SOL: EDGE2D does not account for the order of
magnitude of the measurements, i.e. Mk = 0.3–0.4
near the LFS midplane, Mk � 0.5 near the plasma
top, and Mk > 0.5 at the HFS SOL. Most simula-
tions also have difficulty in generating fast SOL
flows in the far SOL. This piece of physics must
be improved to simulate neutral and impurity recy-
cling at the first wall [23]. Note that only the
B2SOLPS5.0 calculation for C-MOD [27] achieved
the experimentally observed values, namely Mk =
0.3 at LFS midplane. The paper reported that the
modelling of the electric field inside and outside
the separatrix may influence the calculation of Mk.

Modelling of the driving mechanisms for the fast
SOL flow is currently an active area of research,
with several avenues being explored. These include
(i) torque generation due to difference in surface
averaged hjri [21], (ii) coupling between turbulence
and SOL flow via the Reynold’s stress [29], (iii) glo-
bal circulation due to outward movement of the
edge plasma such as cross-field convection towards
the HFS or LHS depending on the B · $B drift
direction [30], or enhanced diffusion at the LFS edge
(such as D? � 1/B and more) [30–32].

In particular, models including drifts and in–out
asymmetries in diffusion and/or convection coeffi-
cients have been tested in one or more 2D simula-
tion codes (EDGE2D, B2SOLPS5.0, UEDGE) for
different tokamak geometries in order to understand
the effects on the SOL flow. The fast SOL flow such
as Mk � 0.3 at the LFS midplane (B2SOLPS5.0,
UEDGE in C-MOD) and at the plasma top
(EDGE2D, B2SOLPS in JET), and sonic-level at
the HFS (UEDGE in C-MOD) was obtained using
models (ii) and (iii) described above. Identification
of the physics process of the in–out asymmetric
radial transport such as blob, and systematic
comparison with multi-machine experiments will
be crucial for improving simulations.

5. SOL flow influence on impurity plume and

transport

5.1. Impurity plume and influence on impurity

Problems with Mach probe interpretation, e.g.
the influence of impurity cooling on the Mk magni-
tude [5] or difficulty in distinguishing between the
parallel and toroidal components of the SOL flow
[33], were pointed out. Recently, 2D image measure-
ments of impurity plume (such as carbon and
boron) have been developed at important poloidal
locations such as the HFS midplane and above the
LFS baffle in C-MOD [34,35], and at the plasma
top in DIII-D [36,37]. The measurement can be
applied when the collision time between bulk ion
and impurity ion is shorter than the ionization time
of the impurity. Here, parallel transport of impurity
ions is determined by friction and thermal forces
due to the bulk ions, which are described by the
simple forms: F fric � 1:6� 103Z2niMkT�1

i ½eV m�1;
1019 m�3; eV� (Z is impurity charge state), and
Fi-therm = 2.2Z2$kTi [eV m�1, eV], respectively [38].

Fig. 12 shows 2-D measurement of the C1+ line at
HFS midplane for the LSN and USN divertors in
C-MOD ohmic L-mode plasma [34]. Significant
influence of the fast SOL flow on impurity plume



Fig. 12. Contour plots of C+1 dispersal (515 nm light, viewed
along the major radius direction) resulting from CH4 injection at
the inner wall, midplane locations in C-MOD [34]. These data
show strong plasma flow directed primarily along the field lines in
the HFS SOL, with a clear dependence on LSN/USN topology.
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is observed: a tail of the emission distribution is
observed and is aligned towards the divertor along
the field line both for LSN and USN. An ionization
model with Mk � 0.4 for the bulk ion is consistent
with the emission image of C1+. The fast bulk
plasma flow is consistent with the Mach probe mea-
surements. More localized measurement was per-
formed above the LFS baffle in C-MOD using
impurity puff from the inserted probe head [35]:
while the direction was the same (away from the
Fig. 13. (a) Plasma shape in DIII-D and gas puff from upper divertor. (b
looking Filter scope (absolutely calibrated) compared with code resul
Reconstructed 2D pictures from the toroidal viewing camera, in (c) CII
for Mk = 0.4 and D? = 0.3 m2/s. Same color bars for experiment and co
interpretation of the references to colour this figure legend, the reader
LFS divertor), the plume result (Mk = 0.18) was
smaller than the Mach probe measurement
(Mk = 0.48) at the separatrix (but Mk decreased at
far SOL). In the case of large induced local Er of
the probe pre-sheath and/or short connection length
in the downstream of the Mach probe, simple eval-
uation form of the Mach probe model [13] is not
applicable. Fig. 13 shows impurity plumes of CII
and CIII in DIII-D L-mode plasma by methane
gas puff (13CH4) from the plasma top: carbon ions
with higher charge states shifted further towards
the HFS SOL. Monte-Carlo modelling (OEDGE:
OSM+EIRINE+DIVIMP Edge) [39] demonstrated
that subsonic SOL flow of Mk � 0.4 with D? �
0.3 m2/s reproduced the poloidal shift of the emis-
sion regions towards the HFS SOL [36].

As a result, both impurity plume experiment and
Mach probe measurement show that subsonic level
of SOL flow towards the HFS divertor exists at
the plasma top and the HFS SOL in ohmic and L-
mode. Whereas the plume results above the LFS
baffle showed relatively slow Bt-dependent SOL
flow, quantitative comparison might be more
reliable at the LFS midplane, where subsonic
DMk (0.3–0.4) was observed in many Mach probe
measurements.

5.2. Influence on impurity transport

Fast SOL flow towards the HFS divertor plays
an important role in the carbon transport and
) Comparison of poloidal profile of CIII measured by the upward-
ts based on various parallel Mach numbers, and D? = 0.3 m2/s.
and (d) CIII. Corresponding code results of (e) CII and (f) CIII,
de. The camera pictures are occluded below Z � 0.8 m. [36]. (For
is referred to the web version of this article.)
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deposition through the large friction force [1].
Understanding the effect of the fast SOL flow on
carbon impurity has recently progressed.

First, the fast SOL flow is of direct relevance to
particle control with divertor pumping and impurity
screening. Previous measurements showed that nei-
ther ion flux nor Mk was increased during gas puff-
ing into the main chamber during the divertor
pumping, i.e ‘puff and pump’ (PP), in AUG [40]
and JT-60U [41] although the impurity concentra-
tion in the main plasma was reduced. Measurements
of the SOL flow at the HFS (above baffle) and LFS
(midplane and X-point) SOLs during intense gas
puffing at the plasma top (1–3 · 1022 s�1) were
recently performed in JT-60U L-mode with the nor-
mal Bt [42], where only the HFS divertor plasma
was partly detached. Only in the HFS SOL, both
Mk and ni (assuming ni = ne) in parallel component
of ion flux density ðcHFS

k ¼ niMkCsÞ were 20–50%
larger than those for the divertor gas puff (DP) at
the same �ne. The total ion flux towards the HFS
divertor ðCHFS

k Þ for PP was evaluated to be 1.4–1.7
times larger than CHFS

k for DP, and the enhancement
of Ffric was by a factor of 2–3 compared to Fi�therm.
This fact was consistent with the reduction in the
impurity concentration in the main plasma (nC/
ne = 0.8% for PP and 1.2% for DP).

Second, the methane gas puff (13CH4) experiment
in the DIII-D L-mode demonstrated the influence of
the fast SOL flow on carbon deposition: 13C deposi-
tion was dominant at the HFS divertor. OEDGE
modelling of the carbon transport and deposition
[43] showed that subsonic SOL flow with Mk =
0.3–0.6 is essential to 13C deposition on the HFS
divertor, and that the deposition profile can be
reproduced with medium convection of D? � 0.3–
0.5 m2/s. Recent methane gas puff study in ELMy
H-mode with partially detached divertor as well as
modelling [44] also showed that a SOL flow with
Mk = 0.3–0.4 is necessary for HFS deposition while
D? hanged and a transport model for the ELM
phase was introduced to reproduce the 13C deposi-
tion profile.

SOL flow generated by Er · B drift in the diver-
tor private region was shown to be important in
L-mode plasmas of DIII-D [45,46] and JT-60U
[42]. This Bt-dependent transport plays an impor-
tant role in producing the HFS- and LFS-enhanced

asymmetry of the divertor plasma [45,42] as well
as impurity recycling [23] for both normal and
reversed Bt cases, respectively. This drift effect
should be investigated in the divertor study.
6. Conclusions

Understanding SOL parallel plasma flow has
progressed with development of diagnostics such
as Mach probes and impurity plume to measure
the SOL flow pattern at several poloidal locations.
From experiments mainly from L-mode plasmas in
many divertor tokamaks, the radial profile of the
SOL parallel flow changes with poloidal location
in the SOL due to a combination of two driving
mechanisms, i.e. (1) classical drifts in the flux sur-
faces (Bt-dependent component) and (2) in–out
asymmetry in radial diffusion/transport (basically
Bt-independent component). In particular, the latter
generates subsonic to sonic-level of fast SOL flow
towards the HFS divertor, at least, in the HFS
SOL (midplane and above baffle). The former
enhances the fast SOL flow at the plasma top and
LFS SOL for the ion B · $B drift downward and
low density case. Quantitative determinations of
drifts in the SOL, and understanding the influence
of cross-field diffusion on parallel transport are cru-
cial for improving model of SOL and divertor
plasmas.

Important observations of SOL flow enhance-
ment towards the HFS divertor such as (3) HFS
divertor detachment and (4) intense gas puffing
and divertor pumping, and (5) effect on the edge
rotation, were recently obtained in L-mode plasmas.
The fast SOL flow plays an essential role on impu-
rity shielding from the main plasma and deposition
profile on the HFS divertor, and it will influence the
performance on core plasma (such as impurity
shielding and L–H transition). All processes (1–5)
will exist in a reactor, quantitative determination
of their effects under various plasma conditions such
as ELMy H-mode and detached divertor, as well as
its modelling/simulation are crucial for divertor
design and operation.
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