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Abstract
The measurements of the SOL flow and plasma profiles both at the high-field-side (HFS) and low-field-side (LFS),
for the first time, identified the SOL flow pattern and its driving mechanism. ‘Flow reversal’ was found near the
HFS and LFS separatrix of the main plasma for the ion ∇B drift direction towards the divertor. ‘Flow reversal’ at
the main SOL was reproduced numerically using the UEDGE code with the plasma drifts included although Mach
numbers in measurements were greater than those obtained numerically. Particle fluxes towards the HFS and LFS
divertors produced by the parallel SOL flow and Er × B drift flow were evaluated from the measured profiles of
Mach numbers, the density and the radial electric field. The drift flux in the private flux region was also evaluated,
and it was found that its contribution to the HFS-enhanced asymmetry of the divertor particle flux was larger than
the ion flux from the HFS SOL. The ion flux for the intense gas puff and divertor pump (‘puff and pump’) was
investigated, and it was found that both the Mach number and density were enhanced, in particular, at the HFS. Ion
flux at the HFS SOL can be enhanced so as to become larger than the drift flux in the private flux region.

PACS numbers: 52.30.-q, 52.55.Fa

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Plasma flow in the scrape-off layer, i.e. SOL flow, is generally
produced towards the divertor plates along the magnetic field
lines, and it plays an important role in the plasma transport
[1]. The parallel SOL flow is expected to increase with an
intense gas puff and divertor pump (puff and pump), and
enhancement of the friction force on the impurity ions can
explain the improvement in impurity shielding from the main
plasma [2, 3]. On the other hand, the SOL flow away from
the low-field-side (LFS) divertor, ‘flow reversal’ (opposite to
what one expects from a simple picture of the plasma flow),
has been generally observed near the separatrix of the LFS
SOL, in particular, for the ion ∇B drift direction towards the
divertor [4–7]. Recently, understanding of the mechanisms
producing the ‘flow reversal’, resulting from the poloidal
variation of the plasma drift velocity, has progressed in the
toroidal plasma model [8, 9], simulation [10] and experiments
[11]. Consequently, components of both drift and parallel

flows determine plasma transport in SOL. On the other hand,
drift flow in the private flux region plays an important role
in plasma transport in the divertor, and it is thought to be a
mechanism that produces in–out asymmetry in the divertor
particle flux [12, 13]. A quantitative evaluation of the drift
effects on the plasma transport in the SOL and divertor should
be established in order to control plasma and impurities in
magnetic configurations relevant to a tokamak reactor.

Determination of the SOL flow pattern has been done
recently in JT-60U experiments. Reciprocating Mach probes
were installed at the high-field-side (HFS) baffle, LFS
midplane and just below the X-point as shown in figure 1.
The SOL flow pattern is shown in section 2. In section 3,
experimental results are compared to UEDGE simulations, and
the plasma drift effect on the parallel SOL flow is investigated.
In section 4, SOL particle fluxes towards the HFS and LFS
divertors are evaluated from components of the parallel SOL
flow and perpendicular Er × B drift flow. The contribution
of the Er × B drift flow to in–out asymmetry in the ion flux
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Figure 1. SOL flow and plasma profiles along black lines are
measured with three reciprocating Mach probes at the HFS baffle,
LFS midplane, and just below X-point.

is investigated. The SOL flow during puff and pump and the
influence on the divertor plasma are investigated in section 5.
Summary and conclusions are given in section 6.

2. SOL flow measurements at LFS and HFS

The profiles of ion saturation currents at the electron- and ion-
drift sides, j e–s

s and j i–s
s , electron temperatures, T e–s

e and T i–s
e ,

and floating potential, Vf , are measured. The Mach number
of the parallel SOL flow is deduced from the ratio of j e–s

s to
j i–s

s , using Hutchinson’s formula [14]:M‖ = 0.35 ln(j e–s
s /j i–s

s ),
where positive and negative values show the direction towards
the LFS and HFS divertors, respectively. The plasma potential,
Vp, and radial electric field, Er , are calculated using a sheath
model (Vp = Vf + 2.75 Te, where higher T e–s

e or T i–s
e is used)

and its differentiation. Parameters of the L-mode discharge,
Ip = 1.6 MA, Bt = 3.3 T, q95 = 3.5 and PNBI = 4.3 MW,
are fixed. Deuterium plasma and NB are used. The main
plasma density, n̄e, is maintained during probe measurements,
and it changes from 1.2 × 1019 to 3.9 × 1019 m−3 (n̄e/nGW =
0.23–0.73, where nGW = 5.2 × 1019 m−3) on a shot-by-shot
basis.

Both n̄e and the ion ∇B drift direction were found to
affect the plasma flow velocity [11, 15]. Profiles of the Mach
number at three locations are overlaid in figure 2 for relatively
low and high n̄e (1.6 and 2.4 × 1019 m−3) under the attached
divertor condition, where the ion ∇B drift direction is towards
the divertor. Three profiles are mapped to the LFS midplane,
and the data in the private flux region for the X-point Mach
probe is not plotted. For midplane radii (rmid) less than and
greater than 4 cm, the field lines are connected to the divertor
plate and the baffle, respectively. The SOL flow profile at the
LFS midplane shows that ‘flow reversal’ (SOL flow away from
X-point and towards the plasma top) occurs in the wide region
(rmid < 5 cm), and that the flow reversal gradually decreases
at the outer flux surfaces. On the other hand, at the X-point,
subsonic flow (M‖ = 0.4–0.5) towards the divertor is observed.
These two facts suggest that stagnation of the parallel SOL flow
occurs between the X-point and the LFS midplane.
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Figure 2. Profiles of Mach numbers measured by reciprocating
Mach probes (at the LFS midplane, just below the X-point and
above the HFS baffle) for the ion ∇B drift direction towards the
divertor: (a) n̄e = 1.6 × 1019 m−3 and (b) n̄e = 2.4 × 1019 m−3.

Characteristics of HFS SOL flow change near the
separatrix. The SOL flow away from the HFS divertor with
M‖ = 0.1–0.2 is found near the separatrix. The Mach
number of the flow reversal is smaller, and it is localized
(rmid < 0.4 cm) compared to that observed at the LFS midplane
(|M‖| ∼ 0.2–0.3 and rmid < 5 cm). At the outer flux
surfaces (1 < rmid < 4 cm), subsonic SOL flow towards the
HFS divertor (M‖ ∼ −0.4) is observed. This fact suggests
that stagnations of the SOL flow occur at different poloidal
locations for each flux surface: stagnation of the SOL flow near
the separatrix (rmid < 0.4 cm) occurs downstream from the
HFS Mach probe, while stagnations in the outer flux surfaces
(rmid > 0.4 cm) occur upstream from the Mach probe.

With increasing n̄e, Mach numbers of the flow reversal,
both at the HFS and LFS midplane, decrease as shown in
figure 2(b). On the other hand, |M‖| at the HFS outer flux
surfaces increases, whereas the SOL flow profile at LFS below
the X-point does not change. The particle flux towards the
divertor, niV‖, which is represented by niM‖Cs (Cs is the ion
acoustic speed), is enhanced, in particular, at the HFS SOL. In–
out asymmetry of the particle flux and influence of the gas puff
on the SOL flow are discussed in sections 4 and 5, respectively.

For the ion∇B drift direction away from the divertor, ‘flow
reversal’ was not observed at the main SOL [15]: stagnation
of the SOL flow occurs upstream of the HFS probe and LHS
midplane probe, i.e. in the upper half of the main SOL. As a
result, one can conclude that an effect of the plasma drifts near
the separatrix of the main plasma edge produces the parallel
SOL flow against the ∇B drift direction.
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3. SOL plasma simulation with drift effects

Classical drifts of E × B and B × ∇B (or diamagnetic for
fluid model) have been shown to influence the SOL plasma
transport in the torus. For the ion ∇B drift towards the
divertor, the parallel SOL flow can be produced away from
the divertor both at the HFS and LFS SOLs, due to poloidal
asymmetries of the Er × Bt and ∇pi × Bt drift velocities
[16, 17, 11]. However, radial and poloidal distributions of
the SOL flow pattern in the experiments, where plasma and
neutral source densities were different for the non-circular
plasma configuration and the divertor geometry, could not
be investigated in the classical model. The two-dimensional
plasma flow pattern was investigated in the plasma and divertor
geometries of the JT-60U. Effects such as E × B, B × ∇B

and diamagnetic drifts have been included in the simulation
code of the plasma fluid models, UEDGE [18]. At this stage,
the plasma calculation mesh covers the edge and SOL area
of −3 < rmid < 5 cm. In this study, constant diffusion
coefficients, i.e. χi = χe = 1 m2 s−1 and D = 0.25 m2 s−1,
over the SOL area [18] are used since the measured Te and
ne profiles at the LFS midplane are reproduced in the region
0 < rmid < 3 cm.

3.1. Drift effects on parallel SOL flow

Figure 3 shows calculated Mach numbers of the parallel
SOL flow as a function of the normalized poloidal distance
(dpol) from the HFS target to the LFS target: (a) near the
separatrix (rmid = 0.2–0.4 cm) and (b) at the outer flux surface
(rmid = 1.4–1.8 cm). Here, the simulation without drift effects
is also shown. Simulation results including the drift effects,
as shown in figure 3(a), demonstrate that the SOL flow from
the X-point to the plasma top is produced at the LFS SOL
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Figure 3. Mach numbers (a) for rmid = 0.2–0.4 cm and (b) for
rmid = 1.4–1.8 cm, as a function of normalized poloidal distance
from the HFS divertor. Cases with (black lines) and without (grey
lines) drift effects included are shown. Mach probe locations are
shown by three arrows.

(0.36 < dpol < 0.93), while the SOL flow towards the LFS
divertor is seen just above and below the X-point (dpol > 0.93).
Parallel flow towards the plasma top is driven also at the HFS
SOL (0.13 < dpol < 0.35), and in–out asymmetry of the
‘flow reversal’ is seen. This is what we call a small and
narrow ‘flow reversal’ in section 2 although the ‘flow reversal’
area appears in the simulation slightly upstream from the HFS
Mach probe location (dpol = 0.11). In the region above the
X-point, the direction of the parallel SOL flow is influenced
also by the divertor plasma condition: the parallel SOL flow
is generated towards the divertor due to a reduction in Te at
the divertor. For the simulation, Te values at the HFS SOL
and divertor are lower than those in the experiment. Thus,
the SOL flow towards the HFS divertor is seen in the main
SOL (0.05 < dpol < 0.13). Figure 3(b) shows that the
‘flow reversal’ at the outer flux surfaces in the main SOL
appears more upstream (0.23 < dpol < 0.42 at HFS, and
0.42 < dpol < 0.82 at the LFS) than those near the separatrix.
The SOL flow towards the HFS divertor is enhanced at the HFS
Mach probe.

As a result, simulation including the drift effects
demonstrated that the parallel SOL flow towards the plasma top
appears at the main SOL, and that the Mach numbers become
maximal at the LFS and HFS midplane. These characteristics
of the SOL flow pattern are consistent with measurements at
the three Mach probe locations. Simulation results suggest that
stagnations of the parallel SOL flow appear at three locations
of the main SOL: one is near the plasma top, and others are at
the HFS and LFS SOLs just above the X-point.

3.2. SOL flow profiles in simulation and measurement

Radial profiles of the calculated Mach number, Mcal
‖ , and

the measured one, Mmeas
‖ , are compared at the Mach probe

locations. At the HFS SOL, figure 4(a) shows that Mcal
‖ ∼ 0
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Figure 4. Comparison of calculated (•) and measured (�) Mach
numbers along the probe axis, (a) above the HFS baffle and (b) at
the LFS midplane. Distance from the separatrix is mapped to the
LFS midplane.
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at the separatrix and Mcal
‖ ∼ −0.4 at rmid ∼ 2 cm, and that

these values are comparable to Mmeas
‖ . However, values of

|Mcal
‖ | at 0 < rmid < 2 cm and rmid > 3 cm become smaller

than |Mmeas
‖ |. At the LFS midplane, figure 4(b) shows that the

Mach number and width of the calculated ‘flow reversal’ is
small (|Mcal

‖ | ∼ 0.2) and narrow (�rmid ∼ 2.2 cm) compared
to the measurement (|Mmeas

‖ | = 0.3–0.4 and �rmid ∼ 5 cm),
although the electron density and temperature profiles are
comparable for simulation and measurement.

The above comparative study of the parallel flow profiles
in the main SOL indicates that in–out asymmetry of the
‘flow reversal’ was simulated including the drift effects.
However, the ‘flow reversal’ was small and localized compared
to the measurements. The radial profile of the plasma
potential and distributions of impurity densities along the field
lines were not well reproduced to simulate the experimental
electric field, Er , and the radiation profile in the divertor.
Improvement of the modelling of the SOL plasma and
impurities as well as inclusion of the drift effects are needed to
distinguish the measured profiles of the SOL flow at the HFS
and LFS.

4. Particle fluxes towards HFS and LFS divertors

In section 3, we found that the parallel flow pattern in the main
SOL was determined by plasma drift effects. However, the
magnitude of the drift effects in the present simulation was
too small to account for the measurements. In this section,
the net particle fluxes towards the HFS and LFS divertors
are investigated from the experiments. We evaluate the net
particle flux from two components, i.e. the parallel flow,
niV‖(=niM‖Cs, where Cs is the ion acoustic speed), and the
drift flow, niVdrift , using the measurements. Components of
niV‖ and niVdrift coming from the particle flux in the direction
towards the divertor are described as the poloidal components,
niV‖� and niVdrift�, respectively. Here, � = Bp/B‖ varies in
the torus and � = Bt/B‖(∼1). Distributions of the parallel
and drift flows upstream of the HFS and LFS divertors are,
for the first time, established enabling one to understand the
particle transport in the SOL and the divertor. At the same
time, large Er × B drift flow in the private flux region [12]
is evaluated from measurements of the Er and the ne profiles,
and the mechanism of producing the in–out asymmetry in the
divertor ion flux is determined.

Positive Er is generally produced in the main SOL, and
the Er × B drift flow, niV

E×B
drift (=niEr/Bt), constitutes the

particle flux onto the LHS divertor for the ion∇B drift direction
towards the divertor. The diamagnetic flow, niV

dia
drift , has the

same direction, but it does not constitute the particle flux onto
the divertor. Thus, the Er × B drift flow is considered as the
drift flow in this study. Here, the Er × B drift flow in the
private flux region constitutes the particle flux onto the HFS
divertor.

4.1. Parallel SOL flow and E × B drift flow

The poloidal components of the particle flux densities, niV‖�
and niV

E×B
drift �, are shown in figure 5. Here, we assume

ni = ne. The drift flow has a positive value, which produces
particle fluxes away from the HFS divertor and towards the
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Figure 5. Components of the poloidal flux produced by the parallel
SOL flow, niV‖� (•) and Er × B drift flow, niV

E×B
drift (�) in the

common flux region: (a) for the HFS SOL and (b) for the LFS SOL
just below the X-point. Positive and negative values show the flow
directions towards the LFS and HFS divertors, respectively. The
thick line traces the change of the Er × B drift flow.

LFS divertor. At the HFS and LFS, the poloidal flux density of
the drift flow is dominant near the separatrix (rmid < 0.4 cm).
Here, the maximum niV

E×B
drift � of 0.7 × 1022 s−1 m−2 at the

LFS is smaller than the value 2.6 × 1022 s−1 m−2 at the HFS
since Er near the X-point (4.3 kV m−1) is a factor of 3 smaller
than Er at the HFS SOL (13.5 kV m−1) due to a large magnetic
flux expansion factor (7.2) near the X-point compared to 2.1
at the HFS SOL.

The poloidal components of the particle flux density in the
private flux region are shown in figure 6(b), which is produced
by large negative Er in the private plasma under the attached
divertor condition as shown in figure 6(a). The Er × B drift
flux is very large and it contributes to particle transport from
the LFS to the HFS divertor.

When the divertor plasma is detached at the LFS divertor
target (corresponding to the magnetic flux surfaces of rXp <

3 cm at the X-point Mach probe), negative Er appears in the
common flux region as shown in figure 6(a). The Er ×B drift
produces particle flux away from the LFS divertor as shown in
figure 6(b). On the other hand, SOL flow increases up to the
sonic level towards the ionization front above the target plate
[7]: niV‖� increases as shown in figure 6(c). The two poloidal
components, i.e. niV

E×B
drift � and niV‖�, are comparable and

in opposite directions; thus the large toroidal flow towards
the counter Bt (and Ip) direction is produced upstream of the
plasma detachment (at the LFS). At the outer flux surfaces
(rXp > 3 cm), the divertor plasma is attached, and large niV‖�
is also observed whereas niV

E×B
drift � is small. As a result, the

net particle flux towards the divertor increases in the partially
detached divertor.

4



(a)

(b)

1

10

100

-20 0 20 40 60 80 100

V
p

 (
eV

)

Distance from separatrix (mm)
along probe axis

n
iV

d
ri

ft
E

xB

Private flux 
region Common flux region

  detachment 
at divertor plate

(1022 s-1m-2)

-5
-4
-3
-2
-1
0
1
2

-20 0 20 40 60 80 100

0.1

1

10

-20 0 20 40 60 80 100

n
iV

Θ

(1022 s-1m-2)(c)

towards LFS divertor

towards LFS divertor

towards X-point
towards
 HFS

||

Figure 6. Profiles of (a) plasma potential, (b) flux density produced
by Er × B drift, (c) poloidal component of parallel flux, as a
function of the X-point Mach probe axis. Crosses and closed
squares represent profiles under attached and detached (closed
squares) divertor conditions, where n̄e = 1.6 and 3.1 × 1019 m−3,
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4.2. Influence of the E × B drift on particle flux

Influences of the drift flow on total particle fluxes, �HFS
p and

�LFS
p , are investigated. �HFS

p and �LFS
p are calculated by

integrating niV‖� and niV
E×B

drift � across the SOL along the
probe scan from the separatrix (r = 0) to the outermost radius
(r = rdiv), where the field line is connected to the divertor, as
follows:

�HFS/LFS
p =

∫ rdiv

0
2πRni[V‖� + V E×B

drift �]∇ϕ · dr, (1)

where the positive value shows the particle flux towards the
LFS divertor. Equation (1) is written as �

HFS/LFS
p = �

HFS/LFS
p,‖ +

�
HFS/LFS
p,drift , where �HFS

p,‖ and �LFS
p,‖ have negative and positive

values, respectively. Figure 7 shows |�HFS
p | and �LFS

p , and
the ratio of the Er × B drift flux to parallel flux as a function
of n̄e/nGW. Components of the parallel and drift fluxes are
shown in table 1 for attached and detached divertors. The
total particle flux at the private flux region, �Prv

p , is calculated
from equation (1), where two components are integrated in the
private flux region (−2 < rXp < 0 cm).

At low n̄e, |�HFS
p,‖ | is larger than �HFS

p,drift , i.e. �HFS
p,drift/|�HFS

p,‖ |
is 0.3–0.5. Thus, �HFS

p = −(1.5–2.5) × 1021 s−1, and
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Figure 7. Total poloidal fluxes towards divertors, �HFS
p (�) and

�LFS
p (•), and the ratio of the drift flow component to the parallel

flow component, �p,drift/�p,‖ (◦), as a function of n̄e/nGr: (a) for
HFS and (b) for LFS just below the X-point. Drift flux from the LFS
to the HFS, �Prv

p , is also shown by �.

the direction of �HFS
p is towards the HFS divertor. At the

LFS below the X-point, �LFS
p,‖ is also larger than �LFS

p,drift ,

i.e. �LFS
p,drift/�LFS

p,‖ is 0.45–0.75; then, �LFS
p = (5.2–6.7) ×

1021 s−1. As a result, �LFS
p is larger than |�HFS

p |, and the
LFS-enhanced asymmetry is produced mostly by positive
or negative contributions of the drift component. On the
other hand, the drift flux at the private flux region, �Prv

p =
−(3.7–3.9) × 1021 s−1, produces HFS-enhanced asymmetry,
and the contribution of �Prv

p is larger than �HFS
p .

When the detachment occurs at the LFS divertor target,
however, �Prv

p decreases to zero and �LFS
p,drift changes the

direction away from the divertor as mentioned in section 4.1.
At the same time, both |�HFS

p,‖ | and �LFS
p,‖ increase by a large

amount with increasing n̄e, and the parallel components
become dominant in the particle transport towards the divertor:
�HFS

p,drift/|�HFS
p,‖ | and �LFS

p,drift/�LFS
p,‖ are decreased from 12 to 9%

and from 28 to 6%, respectively. Here, �LFS
p is larger than

|�HFS
p |, and the LFS-enhanced asymmetry in the divertor ion

flux is caused by the parallel flux components.

4.3. In–out asymmetry in the divertor ion flux

Influences of �HFS
p , �LFS

p and �Prv
p on the in–out asymmetry

in the divertor ion flux are discussed. A part of �LFS
p is

exhausted into the private flux region by diffusion and radial
Eθ × B drift before reaching the target plate. We make the
following assumption that such an ion flux into the private
flux region is comparable to |�Prv

p |. Under the assumption,
total ion fluxes into the recycling zone of the HFS and LFS
divertor are estimated as �HFS

p + �Prv
p and �LFS

p − |�Prv
p |,
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Table 1. Poloidal components of parallel ion flux (�p,‖), Er × B drift flux (�p,drift), and net ion flux (�p,‖ + �p,drift), at the HFS SOL and at the
LFS just below the X-point. Positive and negative values represent the ion flux towards the HFS and LFS divertors, respectively. The ratio of
�p,drift/�p,‖ shows the influence of the Er × B drift on the ion flux towards the divertor. Er × B drift flux in the private flux region (�Prv

p ) and
ratio of the ion flux onto the HFS divertor (�Prv

p /�HFS
p,‖ + �HFS

p,drift) are also shown. Values in each frame show the change with increasing n̄e.

Private flux region

n̄e �p,‖ �p,drift �p,‖ + �p,drift �Prv
p,drift

(1019 m−3) (1021 s−1) (1021 s−1) (1021 s−1) �p,drift/|�p,‖| (1021 s−1) �Prv
p,drift/|�HFS

P |
Low ne 1.27–1.68 High-field-side −3.0 ∼ −4.0 0.9 ∼ 2.1 −1.5 ∼ −2.5 0.30 ∼ 0.50

Low-field-side 3.5 ∼ 4.3 1.8 ∼ 2.9 5.2 ∼ 6.7 0.45 ∼ 0.75 −3.7 ∼ −3.9 1.5 ∼ 2.4

Divertor 2.8–3.8 High-field-side −13.3 ∼ −25.5 1.7 ∼ 2.3 11.6 ∼ 23.2 0.12 ∼ 0.09
detached Low-field-side 27.9 ∼ 35.2 7.8 ∼ 2.0 20.1 ∼ 33.2 0.28 ∼ 0.06 <0.3 <0.03
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Figure 8. Directions of particle flux are illustrated at the HFS, LFS
and private flux region, under (a) attached divertor and (b) detached
divertor conditions. (c) Ion fluxes towards the HFS and LFS
divertors, |�HFS

p + �Prv
p | (�) and �LFS

p − |�Prv
p | (•), respectively, are

shown as a function of n̄e/nGr. |�Prv
p | is also shown by �.

respectively. |�HFS
p + �Prv

p | and �LFS
p –|�Prv

p | are shown in
figure 8 as a function of n̄e/nGW. For the attached divertor
conditions (n̄e/nGW = 0.24–0.45) as illustrated in figure 8(a),
|�HFS

p + �Prv
p | of (5.4–12.6) × 1021 s−1 is a factor of 2–3 larger

than �LFS
p −|�Prv

p | of (2.2–4.4)×1021 s−1. A large contribution
of �Prv

p to the HFS-enhanced asymmetry in the divertor ion flux
is seen.

When the detachment occurs at the LFS divertor
(n̄e/nGW > 0.46) as illustrated in figure 8(b), �Prv

p disappears
and the net particle fluxes towards the HFS and LFS divertors
are described as |�HFS

p | and�LFS
p , respectively. These ion fluxes

are mostly produced by �HFS
p,‖ and �LFS

p,‖ , and �LFS
p,‖ is larger than

�HFS
p,‖ . As a result, the in–out asymmetry of the divertor ion

flux is reversed, but the asymmetry in �p is small compared to

that in the attached divertor: �LFS
p becomes a factor of 1.3–1.8

larger than �HFS
p .

Similar HFS-enhanced asymmetries in the particle
recycling and neutral pressure have been generally observed
under the attached divertor. When the divertor detachment
occurs such asymmetries become small and reversed. These
characteristics of the particle transport in the divertor are
determined by changes in �HFS

p , �LFS
p and �Prv

p .
The contributions of drift effects to the particle transport

is important for the divertor design and operations in tokamak
reactors such as ITER. For the standard operation of the high
density plasma (n̄e/nGW ∼ 0.85), the divertor detachment is
localized near the strike-points and the plasma in the private
flux region below the X-point is attached [20]. Thus, Er × B

drift flow in the private flux region is expected. Particle fluxes
into the HFS and LFS divertors would be influenced by the
drift, and a study including these drifts will be important to
optimize the divertor and pump geometries.

5. Influence of gas puff location on the SOL flow

A technique of the intense gas puff and divertor pump, i.e. ‘puff
and pump’ was demonstrated to exhaust helium and to shield
neon argon or carbon ions efficiently from the main plasma
[2, 21]. These facts suggested that SOL flow and the plasma
profile change during the strong gas puffing into the main SOL.
Enhancement of the frictional force on the impurity ions was
proposed as a candidate mechanism [3]. However, neither the
SOL flow pattern nor the flow velocity has been determined in
the experiment.

Influence of the gas puff location on the parallel SOL flow
was investigated, for the first time, both for the HFS and LFS
SOLs during intense gas puff from the plasma top (‘main-puff’)
and divertor (‘divertor-puff’) as shown in figure 9. Mach probe
locations are downstream and upstream from the main-puff
and divertor-puff locations, respectively. At the same time,
its influence on the ion fluxes towards the divertor, i.e. �HFS

p ,
�LFS

p and �Prv
p , is also investigated in order to control the in–out

asymmetry in the divertor plasma. Finally, enhancement of the
frictional force on the impurity ions during the main gas puffing
is evaluated.

The gas puff rate of the main-puff changes from 20 to
60 Pa m3 s−1 (�puff = (1.1–3.2) × 1022 atoms s−1) on a shot-
by-shot basis. These values are comparable to or larger than
the ion flux towards the divertor. A constant puff rate is

6



maintained during the measurements, and n̄e is increased up
to 3.3 × 1019 m−3 under the attached divertor condition for the
main-puff case. In these experiments, the hydrogen L-mode
plasma with Ip = 1.6 MA, Bt = 3.3 T (ion ∇B drift direction
towards the divertor) and PNBI = 4.9 MW is used.

5.1. SOL flow and ion flux during strong gas puffing

Profiles of M‖ and ne are compared for the main-puff and
divertor-puff cases, where n̄e is comparable (2.6–2.7) ×
1019 m−3 (n̄e/nGW ∼ 0.52). For the main-puff, enhancements
of M‖ and ne are observed both at the HFS and LFS, compared
to those for the divertor-puff. At the HFS, as shown in

main gas puff

pump

divertor gas puff

main plasma

Figure 9. Locations of main gas puff, divertor gas puff and Mach
probes.

(a)
HFS SOL 

(b)
main puff

divertor puff

n
e

 (
10

19
m

-3
)

0.5

1

2

3

4
5

Distance from separatrix (mm)
mapping to LFS midplane

0 10 20 30

towards HFS divertor

divertor puff

main puff

M
ac

h
 n

u
m

b
er

0 10 20 30 40
-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.5

1

2

3

4
5

n
e

(1
019

m
-3

)

Distance from separatrix (mm)
mapping to LFS midplane

(d)

0 10 20 30

main puff

divertor puff

LFS SOL below X-point

(c)

towards LFS divertor

main puff

divertor puff

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30

M
ac

h
 n

u
m

b
er

Figure 10. Mach number profiles (a) at the HFS SOL and (c) at LFS just below X-point, for the same n̄e = (2.6–2.7) × 1019 m−3. Electron
density profiles, (b) at the HFS, and (d) the LFS. Squares and circles represent the main and divertor gas puff cases, respectively.

figures 10(a) and (b), M‖ increases by 20% in the wide region
between the separatrix and the outer flux surfaces, and ne also
increases similarly by 20–40%. As a result, the parallel ion flux
density (niV‖�) increases over the wide SOL region as shown
in figure 11(a): a maximum increment of 40% is observed at
rmid ∼ 15 and 30 mm. On the other hand, at the LFS SOL
near the X-point, figures 10(c) and (d) show that an increase
in M‖ (<25%) is observed only at 10 < rmid < 20 mm, and
that the ne profile is comparable. Thus, the small increase in
niV‖� (maximum increment of 20%) is seen only in the narrow
region of the outer flux surfaces (rmid = 10–15 mm ) as shown
in figure 11(b).

The total ion flux is compared between the main-puff
and the divertor-puff. �HFS

p and �LFS
p are evaluated from

equation (1), and the values are shown in figure 12 as a
function of n̄e, where a positive value shows the direction
towards the divertor. Horizontal bars show changes in n̄e

during the probe measurement (0.4 s). For relatively high
n̄e = (2–3) × 1019 m−3 (n̄e/nGW = 0.4–0.6), parallel SOL
flow components, �HFS

p,‖ and �LFS
p,‖ , are dominant in particle

transport: fractions of the drift flux, �HFS
p,drift/�HFS

p,‖ (∼0.2) and

�LFS
p,drift/�LFS

p,‖ (∼0.4), are relatively small. For the main-puff,
a large enhancement of �HFS

p (a factor of 1.4–2) is found at
the same n̄e, while �LFS

p is 1.1–1.2 times larger. These results
suggest that the bulk of the SOL plasma generated by the main-
puff is brought towards the HFS divertor.

Since �HFS
p is enhanced by the main-puff, the in–out

asymmetry in the divertor plasma is determined mostly by
�HFS

p and �Prv
p under the attached divertor condition. The

ion fluxes towards the HFS divertor, i.e. �HFS
p and �Prv

p , are
investigated. Figure 13(a) shows that the values of �Prv

p are
similar ((8–11) × 1021 s−1) for the two gas puff locations
and increasing n̄e. The ratios of �HFS

p /�Prv
p in figure 13(b)

show that �HFS
p has a large contribution to the HFS-enhanced

asymmetry for the intense main-puff, and that �HFS
p /�Prv

p is
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Figure 11. Poloidal components of the parallel ion flux density,
niV‖�, (a) at the HFS SOL and (b) at the LFS just below the
X-point. Squares and circles represent the main and divertor gas
puff cases, respectively.
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increased with n̄e. On the other hand, for the divertor-puff,
�Prv

p is larger than or comparable to �HFS
p . The fact that �HFS

p

< �Prv
p was also observed for the main puff using feedback

control to maintain constant values of n̄e as shown in sections 3
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p /�Prv
p , as a function

of n̄e. Squares and circles represent values at the HFS and LFS SOL.
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Figure 14. Zeff during the main gas puff ( ) and divertor gas puff
(•), as a function of n̄e.

and 4, where the deuterium gas puff rate was relatively small,
i.e. (2.7–10) × 1021 atoms s−1. As a result, the HFS-enhanced
asymmetry of the ion flux can be enhanced using the intense
main-puff.

5.2. Effect of the SOL flow on impurity shielding

A reduction of Zeff (the main contribution of carbon ions)
during the strong main puff is demonstrated as shown in
figure 14. Before the strong gas puff, Zeff is 1.47–1.53 at
low n̄e = (1.6–1.8) × 1019 m−3 with the gas puff rate of
3–8 Pa m3 s−1. During the strong main-puff with the gas puff
rate of 20–40 Pa m3 s−1 (�puff = (1.1–2.1) × 1022 atoms s−1),
Zeff is reduced largely to 1.29–1.33, compared to 1.40–1.43
for the divertor-puff. The carbon concentration in the main
plasma (evaluated from the CVI line brightness), nC/ne, also
decreases from 1.5% to 0.7–0.8% for the main-puff compared
to 1.1–1.2% for the the divertor-puff.

The large increments in �HFS
p suggest that the difference

in the impurity reduction is caused by enhancement of the SOL
flow and electron density at the HFS. The friction and thermal
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forces of bulk ions on impurity ions are estimated [22] from

Ffric = (vimp − vi)τ
−1
imp ∼ 1.6 × 103Z2niM‖T −1

i

[eV m−1, 1019 m−3, eV] (2)

and

Fi-therm = β∇‖Ti ∼ 2.2Z2∇‖Ti [eV m−1, eV], (3)

respectively. Enhancement of Ffric is defined by the ratio of
Ffric/Fi-therm, and the values at the outer flux surfaces are shown
in figure 15 as a function of n̄e. M‖ and ne are measured with
the HFS and X-point Mach probes. Here, Z = 3, ni = ne,
and Ti and ∇‖Ti are calculated from the UEDGE simulation
results. During the strong main-puff, Ffric/Fi-therm at the HFS
SOL is increased to 1.8–2 (at rmid = 1.5 cm ) and 1.8–3.5 (at
rmid = 3 cm), since both ni and M‖ are increased. On the other
hand, Ffric/Fi-therm is 0.9–1.0 for the divertor-puff; i.e. the two
forces are balanced. At the LFS SOL, Ffric/Fi-therm stays at
0.9–1.5 both for the main-puff and divertor-puff, except near
rmid = 15 mm.

As a result, enhancement of Ffric during the intense main-
puff was found to be 2–3.5 times larger than Fi-therm at the
HFS, while Ffric and Fi-therm at the LFS divertor entrance are
comparable both for the main-puff and the divertor-puff. This
result suggests that reductions of Zeff and nC/ne are produced
by improvement of the impurity shielding at the HFS SOL.

6. Summary and conclusions

Measurements of the SOL flow in the JT-60U tokamak, and
application of UEDGE simulation revealed the plasma flow
pattern in the main SOL and the effect of the plasma drifts
on the SOL flow. Reversal of parallel SOL flow at the HFS

and LFS SOLs, and in–out asymmetry in the flow pattern
were distinguished by the three Mach probe measurements.
They were qualitatively consistent with UEDGE simulation
including drift effects. It was found that stagnation of the
parallel SOL flow appears near the X-point of the HFS and
LFS SOLs as well as at the plasma top. The subsonic level
of the Mach numbers in the measurements (M‖ = 0.4–0.5)
at the LFS SOL and the outer flux surfaces of the HFS SOL
was generally larger than that of simulations. The difference
between the measurements and simulations was not understood
in this study of drift modelling.

Particle fluxes produced by the parallel and drift flows
were investigated from the measured M‖, ne and Er profiles
both at the HFS and LFS SOLs for the ion ∇B drift direction
towards the divertor. The contribution of the Er × B drift
flux to the net particle transport in the main SOL was large at
relatively low density, i.e. �p,drift/�p,‖ is 30–50% (HFS SOL)
and 45–75% (LFS SOL). On the other hand, evaluations of total
ion fluxes onto the HFS divertor, i.e. �Prv

p /�HFS
p = 1.5–2.4,

confirmed that the Er × B drift flux in the private region
plays the most important role for producing HFS-enhanced
asymmetry in the divertor ion flux under the attached divertor
condition.

Influences of the gas puff location and the puff rate on
the particle flux towards the divertor were distinguished. The
parallel SOL flow towards the divertor was increased with the
intense main-puff, and the dominant effects on the SOL flow,
density and friction force appear, in particular, at the HFS
SOL. This result was consistent with the conventional model
of reduction in Zeff : the shielding effect by the friction force
from the SOL flow is enhanced at the HFS SOL and divertor.

For the high density plasma in a tokamak reactor such
as ITER, the divertor detachment is localized near the strike-
points and the attached plasma will exist in the private flux
region. Under such a condition as shown in the attached
divertor in section 6, particle fluxes onto the HFS and LFS
divertors will be influenced by the drifts. Improvements
of simulation including drift effects and of the plasma and
impurity modelling would be necessary for design work to
optimize the divertor and pump geometries.
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