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Abstract

Asymmetric equilibria of divertor plasmas influenced by the thermoelectric potential and the momentum loss due to

the charge-exchange collisions have been studied by using a five-point model. The momentum loss becomes large when

the divertor plasma temperature decreases below about 10 eV. The increase of the pre-sheath potential due to the

momentum loss compensates the reduction of the sheath potential at the low-temperature side of an asymmetric

equilibrium. Through the change of the pre-sheath potential, the momentum loss has a stabilizing effect on the ther-

moelectric instability and mitigates the asymmetry at the high-density divertor regime. The momentum loss at the low-

temperature and high-density side divertor is effective to lower the temperature at the high-temperature side divertor.
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1. Introduction

Between two divertor regions at either end of an open

magnetic field line, plasma parameters, such as temper-

ature, are generally different. A scrape-off layer (SOL)

current driven by the thermoelectric sheath potential is

considered to be one of the causes of the asymmetry.

The SOL current increases the temperature asymmetry

by driving a convective electron heat toward the hotter

divertor plasma (see Fig. 1). This unstable behavior is

called thermoelectric instability [1]. We have studied the

equilibrium and the stability with the SOL current by

using a five-point model which does not take account of

the momentum loss [2–4]. When the divertor plasma

temperature decreases below a threshold value in the

dense plasma with the high-recycling state, the sym-

metric equilibrium is destabilized and two stable asym-

metric equilibria appear [2,3]. When the asymmetry is

induced externally by the biasing and the recycling, the

dependence of the divertor plasma on the bias voltage

and recycling has a bifurcated structure [4]. In a dense

and cold divertor side of an asymmetric equilibrium (see

Fig. 1), the momentum loss due to the charge-exchange

(CX) becomes important and the detached divertor

plasma may be easily formed.

In this paper, we study the asymmetric equilibria

influenced by the thermoelectric potential and the CX

momentum loss by using the five-point model. A simple

model for the CX momentum loss has been developed

and introduced into the five-point model.

2. Five-point model with the momentum loss due to the

charge-exchange

Fig. 1 shows a geometry of the model. The detailed

model is described in Refs. [2,3]. The model is based

on fluid equations, i.e., particle, momentum, energy,
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generalized Ohm�s law and current equations. Currents

perpendicular to the magnetic field are not taken into

account. The momentum equation and generalized

Ohm�s law are given as

o

oz
ðmnv2 þ 2nT Þ ¼ �Sm;

o/
oz

¼ �gjþ a
e
oT
oz

þ 1

en
onT
oz

;

ð1Þ

where a ¼ 0:71 and z denotes the length along the

magnetic field. Quantities, n, v, T , Sm, /, j and g, denote
the plasma density, the flow velocity, the temperature

ðT ¼ Te ¼ TiÞ, the momentum sink, the electrostatic

potential, the SOL current density parallel to the mag-

netic field, and the electric resistivity, respectively. In the

divertor plasma region, the energy sink, Wdiv, is assumed

to be Wdiv ¼ �kDESN where k ¼ 4, DE ¼ 13:6 eV and SN

denotes the plasma particle source due to ionization of

neutrals. The particle flux Cs flowing into the plate are

given by Cs ¼ ns

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4Ts=m

p
based on the results of a par-

ticle simulation code PARASOL [5]. The subscript �s�
denotes the sheath entrance.

Neutrals in divertor plasmas cause the momentum

loss of the parallel plasma flow through the CX colli-

sions. Fig. 2 shows a geometry of the CX momentum

loss model where x and r denote the poloidal and the

radial direction, respectively. We consider two steps for

the neutral transport, (1) slow neutrals with a velocity of

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
En=m

p
released from divertor plates to the x di-

rection have the ionization and CX collisions with

plasmas, (2) fast neutrals produced by the CX collisions

are randomly directed with a thermal velocity of

vth ¼
ffiffiffiffiffiffiffiffiffiffi
Ts=m

p
. The momentum is transfered from the

plasma to the fast neutrals and is lost if the fast neutrals

escape from the plasma. The momentum direction of the

parallel plasma flow is mainly toroidal (perpendicular to

the plane of Fig. 2). The particle flux of the fast neutrals

with the toroidal momentum escapes from the plasma to

the poloidal or the radial direction. This model is de-

veloped from Harrison�s model [6] which only takes

account of the returning particle flux to the plate. The

flux Cs
n of slow neutrals is given by, Cs

nðxÞ ¼ Cs
nð0Þ

expð�x=kÞ, where 1=k¼ 1=kCX þ 1=ki, kCX ¼ v0=nshrviCX

denotes the mean free path for CX, and ki ¼ v0=nshrvii
for ionization. The fast neutral source of Cs

nðxÞ=kCX is

produced and the fast neutrals move isotropically to the

divertor plates, to the divertor throat or to the radial

direction. Motions of the fast neutrals can be treated as

a diffusive process. The scale length, k0, of the diffusion is

expressed as k0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
k0
CXk0

i

p
where k0

CX ¼ vth=nshrviCX and

k0
i ¼ vth=nshrvii. The flux of the fast neutrals returning to

the divertor plates, Cf
n;1, is derived as

Cf
n;1 ¼

Cs
nð0Þ

4kCX

Z hLdiv

0

expð�x=D1Þdx

¼ Cs
nð0Þ
4

D1

kCX

1

�
� exp

�
� hLdiv

D1

��
; ð2Þ

where 1=D1 ¼ 1=k þ 1=k0. In the same way as Cf
n;1, the

flux to the divertor throat, Cf
n;2, is given as

Cf
n;2 ¼

Cs
nð0Þ
4

D2

kCX

exp

�
� hLdiv

k0

�
1

�
� exp

�
� hLdiv

D2

��
;

ð3Þ

where 1=D2 ¼ 1=k � 1=k0. The flux escaping to the radial

direction, Cf
n;3 (see Fig. 2), is given as

Cf
n;3 ¼

Cs
nð0Þ
2

k
kCX

1

�
� exp

�
� hLdiv

k

��

	 k0

Lr

1

�
� exp

�
� Lr

k0

��
; ð4Þ

where Lr is a radial width of the divertor plasma. The

fast neutrals returning to the plate are assumed to be

released again as slow neutrals. A total particle flux

Fig. 2. Geometry for model of CX momentum loss where x and

r are poloidal and radial direction, respectively. Flux Cs
nð0Þ,

Cf
n;1, Cf

n;2 and Cf
n;3 denote slow neutrals released from divertor

plate, fast neutrals escaping to plate, to divertor throat and to

radial directions, respectively.

Fig. 1. Geometry for five-point model where z denotes the

length along the magnetic field. The thermoelectric sheath po-

tentials in asymmetric SOL-divertor plasma with TsA < TsB

drive SOL current j. Heat flux qj by j causes the thermoelectric

instability.
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escaping from the plasma is given as, glossC
s
nð0Þ ¼ gloss

hCs=ð1� g1Þ, where gloss ¼
P3

j¼1 gj and gj ¼ Cf
n;j=C

s
nð0Þ.

The momentum equation integrated from a stagna-

tion to the divertor plate is given as

6nsTs � 2n0T0 ¼ �
Z
div

Sm dz 
 �cmmvsCs

gloss

1� g1

¼ �4cmnsTs

gloss

1� g1

; ð5Þ

where cm is given as a parameter with a range of

06 cm 6 1 to investigate the effect of the momentum

loss. A ratio of the divertor plasma pressure, nsTs, to the

stagnation one, n0T0, is given as

nsTs

n0T0

¼ 1

3
ð1� fmÞ; fm ¼ 2nsTs

n0T0

cm
gloss

1� g1

: ð6Þ

Fig. 3 shows the dependence of (a) gloss, gj ðj ¼
1; 2; 3Þ, (b) the ratio of the momentum loss to the stag-

nation pressure, fm, and nsTs=n0T0 on Ts=DE where

nsTs ¼ 200 Pa, En ¼ 0:01 eV and Lr ¼ 0:1 m. For Ts=
DE < 1 (about 10 eV), gloss increases due to the decrease

in the ionization probability. When Ts=DE decreases

near zero, gloss largely increases and reaches to unity, i.e.,

the momentum loss, fm, becomes large and the pressure

ratio, nsTs=n0T0, decreases. The characteristic of the in-

crease in fm at low Ts is similar for various values of nsTs,

En and Lr.

3. Results

The equilibria and their stability of SOL and divertor

plasmas are examined numerically (see Refs. [2,3]). The

particle flux amplification factor R defined by the ratio

of Cs to the particle flux at the divertor throat is an input

parameter and characterizes a recycling strength in the

divertor region. The potential difference between two

divertor plates �A� and �B� (see Fig. 1) is set at zero for

electrically grounded plates. Other parameters are cho-

sen to be similar to typical parameters in JT-60U: the

total particle and heat flows from the core to the SOL

plasma are Usep ¼ 5	 1022 s�1 and Qsep ¼ 10 MW, re-

spectively. The radial particle and thermal diffusivities

are chosen as D? ¼ 1 m2/s and v? ¼ 2 m2/s, respectively.

Geometrical parameters are LSOL ¼ 100 m, Ldiv ¼ 4 m in

Fig. 1, and the pitch of the magnetic field h ¼ 0:06.

3.1. Effect of the momentum loss on the asymmetric

equilibrium

Fig. 4 shows the dependence of stable equilibrium

values of (a) Ts=DE and (b) the momentum loss, fm, on R
for various cm values ðcm ¼ 0; 0:5; 1Þ. The values of

cm ¼ 0 and 1 correspond to cases without and with the

momentum loss, respectively. In Fig. 4, the divertor �A�
is the low-Ts side and �B� is the high-Ts side. The sym-

metric equilibrium becomes unstable due to the ther-

moelectric instability and the stable asymmetric

equilibria appears for RP 18. Without the momentum

loss ðcm ¼ 0Þ, the asymmetry increases with R. When R
increases near R ¼ 40, TsB largely increases and TsA de-

creases near zero. The large increase in TsB for cm ¼ 0 is

found even in the case without the SOL current ðj ¼ 0Þ
and explained as follows. Without the current, the

Fig. 3. Values of (a) gloss, gj ðj ¼ 1; 2; 3Þ, (b) momentum loss fm
and nsTs=n0T0 as a function of Ts normalized by DE ¼ 13:6 eV

where nsTs ¼ 200 Pa (ns 
 9	 1019 m�3 at Ts ¼ DE), En ¼ 0:01

eV and Lr ¼ 0:1 m.

Fig. 4. Dependence of stable equilibrium values of (a) Ts=DE
and (b) momentum loss fm on R for cm ¼ 0, 0.5, 1. Here, di-

vertor �A� is low-Ts side and �B� is high-Ts side as illustrated in

Fig. 1. Values of cm ¼ 0 and 1 correspond to cases without and

with momentum loss, respectively.
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power balance of each divertor region is simply written

as

2ffiffiffiffi
m

p nsTs c
T
1=2
s

�
þ kDE

R� 1

R
T�1=2
s

�

 2

7
j


T 7=2
0 � T 7=2

s

LSOL=2þ Ldiv

;

ð7Þ

where c
 and j
 are the heat transmission coefficient and

the coefficient of the electron heat conductivity parallel

to the magnetic field, jejj ¼ j
T 5=2, respectively. In Eq.

(7), the first, the second term in LHS, and the RHS term

denote the heat flux flowing to the divertor plate, the

radiation integrated in the divertor region, and the

conductive heat flux at the divertor throat, respectively.

From Eqs. (6) and (7) with conditions of

0 
 TsA � TsB � T0, a relation between TsA and TsB is

derived as,

TsB ¼ 1� fmA

1� fmB

kDEðR� 1Þ=R
c


� �2
1

TsA

: ð8Þ

Without the momentum loss ðfmA ¼ fmB ¼ 0Þ, TsB lar-

gely increases when TsA decreases near zero as shown at

R 
 40 in Fig. 4(a). With the momentum loss ðcm ¼ 1Þ,
TsB does not largely increases with decreasing TsA. The

mitigation of the asymmetry is easily found from Eq. (8)

where fmA increases and fmB is nearly constant. When

TsA=DE decreases below about 0.5, the asymmetry with

the momentum loss decreases compared to that without

the momentum loss. The momentum loss increases the

pre-sheath potential (see Fig. 1) as follows. The third

term in RHS of the generalized Ohm�s law in Eq. (1) is a

contribution of the pressure gradient to the pre-sheath

potential. The part of the potential drop due to the

pressure gradient in the divertor region, d/ps, is given as,

d/ps ¼ �
Z
div

1

en
onT
oz

dz 
 n0T0 � nsTs

ens

¼ Ts

e
2þ fm
1� fm

: ð9Þ

In Fig. 4(b), at the low-Ts side �A�, the momentum loss,

fm, increases and the pre-sheath potential, d/ps, also

increases. The increase in the pre-sheath potential due to

the momentum loss is also found in the results of

PARASOL [7]. At the low-Ts side, the thermoelectric

sheath potential becomes small while the pre-sheath

potential becomes large as illustrated in Fig. 1. On the

other hand, at the high-Ts side, the momentum loss and

the pre-sheath potential are not much changed. The

change of the pre-sheath potentials decreases the po-

tential difference between edges of the SOL region. The

pre-sheath potential compensates the reduction of the

sheath potential at the low-Ts side of an asymmetric

equilibrium, and reduces the SOL current. Through the

change of the pre-sheath potential, the momentum loss

has a stabilizing effect on the thermoelectric instability

and mitigates the asymmetry at the high-ns divertor re-

gime.

3.2. Effect of the momentum loss on the bifurcated

structure of the equilibrium

We next consider cases where R is different between

the divertor �A� and �B�. Fig. 5 shows a dependence of

equilibrium values of TsB=DE on RB with and without the

momentum loss where RA is fixed to (a) 20 and (b) 35.

The value of cm is given as cm ¼ 0 and 1 for the cases

without and with the momentum loss, respectively. The

dependence of TsB on RB has a bifurcated structure in-

dicated in Ref. [4], i.e., high-TsB and low-TsB stable

equilibria exist and the middle equilibrium is unstable.

In the both cases of RA ¼ 20 and 35, the difference be-

tween TsB with and without the momentum loss more

increases for larger RB. Without the momentum loss, the

high-TsB stable equilibrium only remains for large RB. In

Fig. 5(b), TsB=DE does not decrease below 1.4 for

RA ¼ 35. On the other hand, with the momentum loss,

the high-TsB equilibrium disappears for smaller RB and

the low-TsB one remains for larger RB compared to the

case without the momentum loss. In the case of RB ¼ 35

with the momentum loss, TsB at the high-TsB equilibrium

decreases largely with increasing RB compared with the

case of RA ¼ 20. At the low-Ts side �A� of the high-TsB

equilibrium in Fig. 5, the momentum loss in RA ¼ 35 is

larger than that in RA ¼ 20 and the larger momentum

loss more mitigates the asymmetry. The momentum loss

Fig. 5. Dependence of equilibrium values of TsB=DE on RB with

(solid line) and without (broken line) the momentum loss where

RA is fixed to (a) 20 and (b) 35. Broad and thin line indicate

stable (S) and unstable (U) equilibrium, respectively.
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at the low-Ts and high-ns side divertor is effective to

lower the temperature at the high-Ts side divertor.

4. Summary

Asymmetric equilibria of divertor plasmas influenced

by the thermoelectric potential and the momentum loss

due to the CX have been studied by using a five-point

model. A simple model for the CX momentum loss has

been developed and introduced into the five-point model.

The momentum loss becomes large when the divertor

plasma temperature decreases below about 10 eV. At the

low-Ts side of an asymmetric equilibrium, the increase of

the pre-sheath potential due to the momentum loss

compensates the reduction of the thermoelectric sheath

potential. Through the change of the pre-sheath poten-

tial, the momentum loss has a stabilizing effect on the

thermoelectric instability and mitigates the asymmetry at

the high-ns divertor regime. The momentum loss at the

low-Ts and high-ns side divertor is effective to lower the

temperature at the high-Ts side divertor.
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