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The B2-Eirene (SOLPS 4.0) code package is used to investigate the plasma parallel flow, i.e., the scrape-off layer

(SOL) flow, in the experimental advanced superconducting tokamak (EAST) divertor. Simulation results show that the

SOL flow in the divertor region can exhibit complex behaviour, such as a high Mach flow and flow reversal in different

plasma regimes. When the divertor plasma is in the detachment state, the high Mach flow with approaching or exceeding

sonic speed is observed away from the target plate in our simulation. When the divertor plasma is in the high recycling

state, the flow reversal with a small Mach number (|M |< 0.2) is observed near the X-point along the separatrix region.

The driving mechanisms for the high Mach flow and the reversed flow are analysed theoretically through momentum and

continuity equations, respectively. The profile of the ionization sources is shown to be a possible formation condition

causing the complex behaviour of the SOL flow. In addition, the effects of the high Mach flow and the flow reversal on

the impurity transport are also discussed in this paper.
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1. Introduction

The plasma parallel flow, i.e., the scrape-off layer
(SOL) flow, is generally considered to flow from the
SOL and the divertor regions to the divertor target,
which is a strong plasma sink.[1] The complex be-
haviour of the SOL flow, such as the flow reversal (the
direction of the SOL flow is away from target plate)
and the high Mach flow (the SOL flow velocity ap-
proaches or exceeds the sonic speed), associated with
different plasma regimes have been observed in several
tokamak experiments.[2,3] Recently, analytic models
and numerical simulations have been used to repro-
duce some experimental results,[4,5] and the physical
mechanisms driving the SOL flow, including ioniza-
tion imbalances, toroidal rotation, poloidal transport
asymmetries, Pfirch–Schlüter flows and classical drift,
are suggested.[5,6] However, the driving mechanism
and the formation condition for such a complex SOL
flow are not yet clear enough. In addition, the SOL
flow has an influence on impurity retention in the di-

vertor, impurity transport in the SOL region and the
balance of the impurity erosion and re-deposition be-
tween the inner and the outer target plate surfaces,
all of which may affect the experimental advanced
superconducting tokamak (EAST) experiments. The
EAST is a fully superconducting tokamak in China.
The engineering design of the EAST requires that the
maximum power flux to the target plates during the
first operation phase is below 1 MW/m2 to ensure a
long pulse (> 100 s) operation, which dictates that
the EAST must be operated close to the plasma de-
tachment condition.[7] In the present paper, numerical
analyses of the SOL flow in the EAST divertor region
in the detachment and the high recycling regimes are
performed by using the SOLPS4.0 code package. To
investigate the driving mechanisms and the formation
condition for the SOL flow, we focus on the profiles
of the ionization sources. One of the possible driving
mechanisms for the SOL flow is analysed theoretically
by using the continuity and the momentum equations.
In addition, the effect of the SOL flow on the impurity
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transport is discussed.

2. Numerical model

The SOLPS4.0 code package is one of the most
reliable and powerful tools to study the SOL and
the divertor plasma.[8,9] It couples the multi-fluid
plasma code B2[8] with the Monte–Carlo neutral
code Eirene.[11] The B2 code was developed first
by Bramms[8] and later by the IPP-Garching in
Germany.[9] The Eirene code was developed by Reiter
et al.[11] The SOLPS4.0 code has been allowed by the
IPP-Garching to be used in the Institute of Plasma
Physics, China, and has been applied to the simula-
tion of the EAST plasma.[7,10] In the present analysis
of the EAST, the single null divertor configuration is
considered and the schematic diagram of the SOL and
the divertor plasma is shown in Fig. 1. The major pa-
rameters of the EAST used in the modeling are listed
in Table 1.

Fig. 1. Schematic diagram of the SOL and divertor

plasma in the EAST with a single null divertor.

Table 1. Major parameters of the EAST with a single

null divertor configuration.

Parameters Value

Major radius R/m 1.94

Minor radius a/m 0.46

Elongation at separatrix κx 1.69

Upper triangularity at separatrix δxu 0.32

Lower triangularity at separatrix δxl 0.54

Plasma volume Vp/m−3 11.9

Figure 2 shows the numerical mesh used in the
SOLPS covering the whole SOL and the divertors.
The plasma includes deuterium and carbon ions,
which are generated self-consistently by sputtering.

Sputtering coefficient Ych= 2.0% is used at all ma-
terial surfaces, which is a typical value for the di-
vertor plasma conditions in the present machine.[7]

The anomalous diffusion coefficients are set as D =
0.3 m2 · s−1 and χi= χe= 1.0 m2 · s−1. The recycling
coefficient for deuterium is set to unity at the target
plates and the vacuum vessel walls for the envisaged
long pulse operation in the EAST. The core-edge den-
sity is fixed, ncore

D = 2.0 × 1019 m−3. The total power
escaping from the core is 4.0 MW and is equally dis-
tributed between the electron and the ion channels.
For these input parameters, the divertor plasma is in
a detachment state in the inner divertor region while
in a high recycling state in the outer divertor region.
The classical drifts are not considered here, since the
profiles of the ionization sources are focused on the
analysis of the driving mechanism of the SOL flow in
the present paper.

Fig. 2. The EAST geometrical configuration: (a) numer-

ical grids for the analysis and the vacuum and (b) zoom-in

view of the divertor region.
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3. Simulation result and discus-

sion

3.1.Basic characteristic

In the EAST, an international thermonuclear
experimental reactor (ITER) like vertical target con-
figuration is adopted with tightly fitted side baffles
and a central dome in the private region to separate
physically the inner divertor from the outer divertor
and minimize the leakage of neutrals from the diver-
tor region into the core plasma region. As a result,
most of the particle flux incident on the target plates
is prevented from escaping back into the SOL and re-
emitting towards the separatrix below the X-point.[7]

Since the SOL flow shows different behaviour, such
as the flow reversal and the high Mach flow associ-
ated with plasma regimes in the edge tokamaks, we
first discuss the divertor operation regime before pro-
ceeding to the detailed analysis of the SOL flow. We

Fig. 3. Two-dimensional spatial profiles of (a) electron

density ne(m
−3) and (b) electron temperature Te (eV) in

the divertor region.

can see from Fig. 3(a) that near the separatrix region
from the target plate to the X-point, the electron den-
sity is high due to the preferential reflection of the neu-
trals towards the separatrix by the vertical targets. A
comparison between the electron densities in the inner
and the outer divertor regions shows that the electron
density in the inner divertor region is higher than that
in the outer divertor region. Figure 3(b) shows the
two-dimensional (2D) spatial profile of the electron
temperature (T e). Along the field lines, the electron
temperature decreases towards the target plates. In
the inner divertor, the electron temperature decreases
rapidly and, near the target plate, Te< 4.0 eV. While
in the outer divertor, the electron temperature de-
creases slowly and, near the target plate, Te> 10.0 eV
in most of the region. The divertor detachment regime
is characterized by a high density and a temperature
below 5.0 eV near the target plate in experiment. As
seen from the characteristics of the profiles of density
and temperature in our simulation results, we can con-
sider the inner divertor region to be in the detachment
regime and the outer divertor region to be in the high
recycling regime.

Figure 4(a) shows the 2D spatial profile of the par-
allel flow velocity for D+. The flow velocity is shown
as local Mach number M , i.e., the parallel flow veloc-
ity is normalized by the local isothermal sound speed
defined by Cs=

√
k(T i+T e)/mi, where k is the Boltz-

mann constant and mi is the ion mass. The negative
sign means that the flow is directed towards the inner
target plate, while the positive sign means that it is
directed towards the outer target plate. As expected,
in our simulation, the high Mach flow in the detach-
ment regime and the flow reversal in the high recycling
regime can be observed. From Fig. 4(a), we can see
that in the inner divertor region, the plasma is in the
detachment state. From the X-point region to the tar-
get region, the Mach number increases along the field
line and has a maximum, with the maximum value
M ∼ 1 or M > 1, i.e., the SOL flow approaches or ex-
ceeds the local sound velocity. It decreases along the
field line towards the divertor plates after reached its
maximum, then increases again and reaches the sound
velocity at the target plates. In the outer divertor re-
gion, the plasma is in the high recycling state. The
Mach number increases monotonically along the field
line towards the target plates and reaches the local
sound velocity at the target plates. Near the X-point
region, the flow reversal (the direction of the flow is
away from the outer target plate) has been observed
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and the Mach number of the flow reversal is small
(|M |< 0.2). The region of the flow reversal is narrow
and is located near the separatrix. Away from the sep-
aratrix, the reversed flow disappears. It is indicated
by the direction of the flow that a stagnant flow region
exists. The flow shows different behaviour in different
regimes due to the effect of the plasma regimes on the
driving mechanism of the SOL flow. The profiles of
the ionization sources depend on the plasma regime,
which is a possible formation condition causing the
complex behaviour of the SOL flow.

Fig. 4. Two-dimensional spatial profiles of (a) local Mach

number and (b) ionization source Si (m−3·s−1) in the di-

vertor region. In panel (a), the positive direction of the

velocity is defined as the direction from the inner plate

to the outer plate along the field lines in the plasma edge

region.

3.2.Analysis of driving mechanism

The high Mach flow in the detachment regime
has been predicted in a simple one-dimensional
(1D) analytic mode[4] and in more complete 2D
considerations.[12] It is expected to occur near the ion-

ization front, where the plasma static pressure rapidly
drops down and the dynamic pressure rises without
a large momentum loss. Due to the rapid decrease
of the electron temperature in the inner divertor re-
gion (Fig. 3(b)), especially in the electron tempera-
ture below 10.0 eV region, the rate of the ionization
atomic process depending on the electron temperature
decreases along the field line, and becomes very small
near the target. On the other hand, the density in-
creases along the field line towards the divertor plates.
As a result, the profile of the maximum of the ioniza-
tion source density is away from the target (Fig. 4(b)).
The momentum loss region is near the target plate,
where both the plasma and the neutral densities are
large and the rate coefficient of the charge exchange
atomic process does not strongly depend on the elec-
tron temperature even in the low electron tempera-
ture regime. As such, in the detachment state, the
ionization and the momentum loss regions in front of
the target plate are almost separated.[4,12] In the ion-
ization region along the field line, the static pressure
Pstatic caused mainly by the rapid decrease in temper-
ature drops down, the dynamic pressure Pdynamic rises
to keep the total pressure Ptotal (static and dynamic
pressure) constant. That is to say, away from the tar-
get plate in the ionization region, the momentum is
conserved

Pstatic(nTi + nT e) + Pdynamic(minV 2
‖ ) ∼ Ptotal, (1)

where n is the plasma density, Ti is the ion tempera-
ture, mi is the ion mass and V‖ is the velocity along
the field line. Mach number M can be given by

M2 =
V 2
‖

(Ti + T e)/mi
=

Pdynamic

Pstatic

≈ Ptotal − Pstatic

Ptatic
. (2)

From Eq. (2), we can see that without the large mo-
mentum loss and with the decreasing static pressure
and the increasing dynamic pressure, the pressure re-
distribution is a possible driving mechanism for the
high Mach flow observed in the simulation.

The flow reversal has been predicted analytically
in pure deuterium plasma, and the analysis shows that
the flow reversal appears associated with large ioniza-
tion sources.[1,12] To analyse the flow reversal, we con-
sider the continuity equation. By denoting the coordi-
nate along the field line as l and along the coordinate
radial direction as r, the continuity equation can be
written as

∂

∂l
Γ‖(l, r) +

∂

∂r
Γr(l, r) = Sn(l, r), (3)
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where Γ‖, Γr and Sn denote the particle flux in the
parallel direction, the particle flux in the radial direc-
tion and the particle source, respectively. The flow
along the field line can be expressed with the local
Mach number, Γ‖(l, r) = MnCs, such that

MnCs = ndCs,d −
∫ l

d

Sn(l′, r)dl′

− ∂

∂r

∫ l

d

Γr(l′, r)dl′, (4)

where subscript d refers to the divertor target, the last
term on the right-hand side in the above equation is
generally diffusive and so of less importance.[1] Thus
Γ‖(l, r) changes sign when the net integrated source
along a magnetic tube of force exceeds the flux that
is being recycled at its target end. From Fig. 4(b),
we can find a strong ionization source density near
the target plates in the outer divertor region, since
the plasma is in the high recycling state. As a result,
near the X-point along the separatrix region, the flow
reversal is observed in our simulation.

3.3. Influence on impurity transport

The flow pattern is determined by the paral-
lel force balance. Different contributions determine
the impurity flow. For the parallel momentum bal-
ance of species α (1 ≤ α ≤ N), self pressure, elec-
tric field, electron thermal and frictional forces are
included.[13,14] The dominant forces acting on the im-
purity (carbon) along the field line are the friction
force Ffric due to the plasma flow and the electron
thermal force Fi-therm associated with the longitudi-
nal plasma temperature gradient. The friction and
the ion thermal forces of bulk ions on the impurity
are estimated from[15]

Ffric = (Vimp − Vi)τ−1
imp ∼ 1.6 × 103Z2niMT−1

i (5)

and

Fi-therm = β∇‖Ti ∼ 2.2Z2∇‖Ti , (6)

where τimp is the impurity collision time with the back-
ground ions, Vimp is the impurity velocity, Vi is the
plasma ion velocity, Z is the charge of the impurity
ion, ni is the plasma ion density, β is the ion thermal
gradient coefficient. The thermal force drives the im-
purities into the high temperature region, i.e., away
from the plate, since the temperature decreases to-
wards the target plate. The direction of the friction

force entraining the impurities is determined by the di-
rection of the plasma flow (local Mach number). Usu-
ally, the direction of the friction force is towards the
target plate. However, in the high recycling regime,
in some place near the separatrix, the direction of the
friction is away from the target due to the flow re-
versal, which is the same as the direction of the ion
thermal force. In the detachment regime away from
the target, the friction force becomes large and high
Mach flow occurs.

The effects of the high Mach flow and the flow re-
versal on the carbon flux are shown in Fig. 5(b). We
can see that the high Mach flow and the flow reversal
strongly influence the carbon transport. In the inner
divertor region away from the target, where the high
Mach flow occurs, the carbon flux becomes very large
due to the increased friction. In the outer divertor
region near the separatrix, with the flow reversal, the
larger carbon flux is away from the target and flows
to the SOL, as the direction of the friction force is
the same as that of the thermal forces (away from the
target).

Fig. 5. Profiles of (a) Mach number and (b) correspond-

ing carbon flux along the radial direction near the X-point

region.

4. Conclusion

The high Mach flow and the flow reversal in the
EAST divertor are studied using the SOLPS 4.0 code
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package. With an input power of 4 MW and an edge
core density of ncore

D = 2.0 × 1019 m−3, the diver-
tor plasma is in the detachment state in the inner
divertor region and in the high recycling state in the
outer divertor region. The simulation result shows
that the SOL flow in the divertor region can exhibit
complex behaviour, such as the high Mach flow and
the flow reversal in different regimes. In the detach-
ment regime away from the target plate, the Mach
number of the SOL flow has a maximum, and the ve-
locity approaches or exceeds the sonic speed. In the
high recycling regime near the X-point along the sep-
aratrix region, the direction of the SOL flow is away
from the target, and the velocity of the SOL flow is
small (|M |< 0.2). To discuss the driving mechanisms
and the formation condition of the high Mach flow
and the reversed flow, we focus on the profile of the
ionization source and make theoretical analysis using
the momentum and the continuity equations, respec-
tively. In the detachment regime, as the ionization
and the momentum loss regions are almost separated,
the temperature decreases rapidly along the field line
in the ionization region, while the momentum has no
big loss. According to the momentum equation, to
maintain the total pressure conservation, the decrease
in the static pressure results in the increase in the
dynamic pressure. The redistribution from the static
pressure to the dynamic pressure is a possible mech-
anism causing the high Mach flow in our simulation.
One of the mechanisms causing the flow reversal is the
strong ionization located near the target plate. From
the continuity equation, we can deduce that the flow
reversal occurs in places where the flux caused by the
ionization is larger than that towards the target. In
addition, the effect of the SOL flow on the carbon
flux is also discussed. It is found that the high Mach
flow and the flow reversal have influence on the car-
bon transport. When the high Mach flow occurs, the
carbon flux becomes larger towards the target plate
due to the increased friction force towards the target.

In the flow reversal region, the direction of the friction
force that is the same as that of the electron thermal
force is away from the target, which leads to more
carbon flux away from the target plate. It must be
pointed out that the classical drifts are not included in
our simulation and discussion. In some conditions, the
classical drifts may influence the SOL flow strongly,[1]

the detailed analysis will be carried out in the future
study.

References

[1] Stangeby P C 2000 The Plasma Boundaries of Magnetic

Fusion Devices (London: Institute of Physics Publishing)

p. 26

[2] Asakura N, Sakurai S, Itami K, Naito K, Takenaga H, Hi-

gashijima S, Koide Y, Sakamoto Y, Kubo H and Porter G

D 2003 J. Nucl. Mater. 313–316 820

[3] Taslas M, Herrmann A, Kallenbach A, Müller H W,

Neuhauser J, Rohde V, Tsois N, Wischmeier M and

ASDEX-U team 2007 Plasma Phys. Control Fusion 49

857

[4] Stangeby P C 1993 Nucl. Fusion 33 1695

[5] Asakura N 2007 J. Nucl. Mater. 363–365 41

[6] Erents S K, Chinkin A V, Mattherrs G F and Stangeby P

C 2000 Plasma Phys. Control Fusion 42 905

[7] Guo H Y, Zhu S and Li J 2006 Plasma Sci. Technol. 8

633

[8] Braams B J 1996 Contrib. Plasma Phys. 36 276

[9] Schneider R, Bonnin X, Coster D P, Kastelewicz H, Reiter

D, Rozhansky V A and Braams J 2006 Contrib. Plasma

Phys. 46 3

[10] Zhu S and Zha X 2005 Plasma Sci. Technol. 7 2897

[11] Reiter D, May C, Coster D and Schneider R 1995 J. Nucl.

Mater. 220–222 987

[12] Hatayama A, Segawa H, Schneider R, Coster D P, Hayashi

N, Sakurai S, Asakura N and Ogasawara M 2000 Nucl.

Fusion 40 2009

[13] Liu J Y, Chen L ,Wang F, Wang N and Duan P 2010 Acta

Phys. Sin. 59 8692 (in Chinese)

[14] Li Q L, Zheng Y Z, Cheng F Y, Deng X B, Deng D S,

You P L, Liu G A and Chen X D 2001 Acta Phys. Sin.

50 507 (in Chinese)

[15] Neuhauser J, Schneider W, Wunderlich R and Lachner K

1984 Nucl. Fusion 24 39

095201-6


