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Abstract

®

CrossMark

The effect of the Coriolis force due to the impurity toroidal and poloidal rotation on the
in—out impurity density asymmetry in a rotating tokamak plasma is investigated. The role of
the Coriolis force is figured out explicitly in the toroidally rotating plasma frame. The in—out
impurity density asymmetry can be induced by the Coriolis force with gvg_w, > 0, in this
case, when moving along the magnetic field line from the outboard side to the inboard side
in a magnetic flux surface, one sees a positive Coriolis force. The combined effects of the
centrifugal force, the Coriolis force, the poloidal electric field and the ion-impurity friction
force on the in—out impurity density asymmetry are discussed. The proposed theoretical
model can be applied to improve the understanding of the in—out impurity density asymmetry

observed in the tokamak experiments.
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(Some figures may appear in colour only in the online journal)

1. Introduction

In the magnetic confinement fusion device, such as a tokamak,
the heavy impurity ions exist due to the inward radial trans-
port of the impurities released from the divertor plate and
the first wall. Impurity transport, especially impurity pinch
[1-3], is one of the hot topics in the magnetic confinement
fusion area. Impurity accumulation in the core of a tokamak
plasma is well known to be a big challenge because of fuel
dilution and power loss from radiation. This has been an issue
of great concern for several decades. Reduction or suppres-
sion of the core impurity accumulation is essential to realize a
magnetic confinement fusion reactor, such as the International
Thermonuclear Experimental Reactor (ITER) [4]. The
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experimental observations in the tokamaks [5-9] strongly sup-
port that the core impurity accumulation is mainly driven by
the neoclassical inward convection [10]. Both the theoretical
predictions [11-14] and experimental observations [15] show
that the poloidally asymmetric impurity density distribution
on a magnetic flux surface can significantly affect the impu-
rity neoclassical transport; the impurity accumulation on the
inboard side of a flux surface (in—out asymmetry) can reverse
the neoclassical convection from inward to favorable out-
ward direction [13, 16], which is beneficial for removing the
impurities from the plasma core. Therefore it is worthwhile
to understand the physical mechanisms that drive the in—out
impurity asymmetry to avoid the impurity core accumulation
through the external controlling.

The well-known centrifugal force effect due to the impu-
rity toroidal rotation in a tokamak plasma can push the impu-
rities to accumulate on the outboard side of the flux surface
(out—in asymmetry), which has been pointed out theoretically

© 2018 IAEA, Vienna Printed in the UK
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by Hinton and Wong [17] and Wesson [18] earlier and
observed in the tokamak experiments [19, 20]. But the cen-
trifugal force effect can not explain the in—out impurity den-
sity asymmetry observed in the JET [21, 22], Alcator C-Mod
[23-28] and ASDEX Upgrade [29, 30] tokamaks. To under-
stand the in—out impurity density asymmetry observed in the
experiments, the ion-impurity friction force model [31-33]
and the ion cyclotron resonance heating (ICRH)-induced
poloidal electric field model [25, 34] were proposed. The
ion-impurity friction model was applied to explain the in—out
asymmetry of the heavy impurities in the edge of the Alcator
C-Mod tokamak [24, 26]; the in—out asymmetry of the heavy
impurities observed in the core plasma in the JET [21, 22] and
Alcator C-Mod [24, 25] tokamak can be due to the ICRH-
induced poloidal electric field; the in—out asymmetry of the
light impurities observed in the edge of the ASDEX Upgrade
[29, 30] was thought to be mainly due to the combined effect
of the ion-impurity friction force and the poloidal centrifugal
force. The experimental observations in the Alcator C-Mod
[23] and ASDEX Upgrade [29, 30] tokamak show that the
in—out impurity density asymmetry is strongly related to the
impurity poloidal rotation. In this paper we will consider a
theoretical model to investigate the Coriolis force effect on the
in—out impurity density asymmetry.

It will be shown that in a rotating tokamak plasma the
impurity toroidal rotation combining with the impurity
poloidal rotation generates the Coriolis force [35, 36], which
can affect the in/out impurity density asymmetries largely.
The Coriolis force effect has been included in the model
used in [30, 37], which is derived in the laboratory frame.
The role of the Coriolis force on the in/out impurity density
asymmetries will be singled out explicitly in the toroidally
rotating plasma frame in this paper. The physical mechanisms
to induce the in—out impurity density asymmetry will be dis-
cussed in details.

The remaining part of this paper is organized as follows. In
section 2, the theoretical model will be presented. In section 3,
the effects of the Coriolis force and the poloidal electric field
on the in/out impurity density asymmetries are discussed and
a numerical example will be shown. The combined effects of
the centrifugal force, the Coriolis force and ion-impurity fric-
tion force will be discussed in section 4. In section 5, the sum-
mary and conclusion will be presented.

2. Theoretical model

The physical picture of the effect of the Coriolis force on
the in/out impurity density asymmetries will be explained
firstly. In the toroidally rotating frame in a tokamak plasma,
the impurity poloidal rotation generates the Coriolis force,
—2n,m,w, X vy, with n,, m; the impurity density and particle
mass, respectively; here w, and vy, are the toroidal rotation
angular velocity and the poloidal rotation velocity of the impu-
rities, respectively. This Coriolis force is in the toroidal direc-
tion, which can push the impurities along the magnetic field
line. When moving along the magnetic field line from the out-
board side to the inboard side in a flux surface, if the impurity

Figure 1. Illustration of the Coriolis force in the toroidally rotating
frame in a tokamak plasma with w,vy . < 0 for (a) g < 0; (b) g > 0.

sees a positive Coriolis force, the impurity is pushed by the
Coriolis force to the inboard side and the in—out impurity
asymmetry can be induced, otherwise the impurity is pushed
to the outboard side and the out—in impurity asymmetry due
to the centrifugal force is enhanced further. Therefore the
effect of the Coriolis force on the in/out impurity asymmetries
depends on both the direction of the Coriolis force determined
by —2n,m,w, X vg, and the helicity of the magnetic field
line from the outboard side to the inboard side determined by
the sign of ¢ = rB,/RoBy, whose absolute value is the usual
safety factor in the tokamaks of large aspect-ratio with cir-
cular cross-section. Here r and R are the minor radius of the
flux surface and the major radius at the magnetic axis, respec-
tively; B, and By are the toroidal and poloidal components of
the magnetic field. This new mechanism, which has not been
pointed out in the previous studies [25, 31-34], is schemati-
cally illustrated in figure 1.

To proceed, we begin with the steady-state equations of
continuity and momentum,

V- (nyv,) =0, (D)

n,m,v, - Vv, = =Vp, + Zen,v, x B — Zen,N® + F ,, 2)

with v, the impurity fluid velocity, p, the fluid pressure, Ze
the charge of the impurity ion; B is the magnetic field and F,
is the friction force between the impurity and the bulk ions,
which can cause the in—out impurity density asymmetry as
pointed out in [24, 26, 30-33]. The ion temperature aniso-
tropy effect, which can cause the in—out impurity density
asymmetry as discussed in [24-26, 30, 34, 37], will not be
considered in this paper. The poloidal electric field can be
due to the centrifugal force effect on the bulk ions [17, 18] or
the minority ion heating [25, 34]. Here we will consider the
poloidal electric filed due to the redistribution of the bulk ions
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on the flux surface due to the Coriolis force effect on the bulk
ions besides the centrifugal force effect.

The magnetic field is given by B =1V + Vo x
Vi = B,é, + Bgég. We choose a right-hand coordinate
system (v, 6, ).

The lowest order divergence-free impurity mass flow,
which satisfies equation (1), can be written as [38—41]

nv, = Vo x VO, 4+ n;v, e, 3)

where O, is a function describing the impurity poloidal rota-
100,

Vo 90 an;i@the impurity flow normal to tl}e flux
surface v, = _J\TIWTJ and J = (V¢ - VO x Vo).
Substituting equation (3) into (2), one can write the 6- and

p-components of the inertia term in equation (2) as

tion vy, =

nmvy, . g 0 ( vou
= _”qu[a*g + ‘V@‘ |V’IM nzmsz,z@(|vvg§|)
Ovg;
+ ‘V@‘ nzszQ,z% - ‘V@‘ |V'Iﬁ| nzszi),z%(‘%),

éé) . (nzmzvz . sz)

Pl
(4)
. . _ nzmvg O(Rvy ;) | nomvy O(RV,;)
& - (nmev. - Vve) = g N
%)
From the ¢-component of equation (2), one finds
_ 1 ORve) ][R 2 O(Rvy:)
Voo =[O0t e Y] [ — 7o "o

Here, g, is the impurity ion gyro-frequency evalu-
ated with the poloidal magnetic field. There is non-zero
radial flow due to the impurity toroidal and poloidal rota-
tion [38—41] besides the impurity radial flow due to the
toroidal component of the friction force. With the tokamak
plasma of circular cross-section and the impurity toroidal
rotation assumed to be rigid on the flux surface, the impu-
rity flow normal to the flux surface is estimated to be
Vo = —(Fpp/nam; 4+ 2vg w,sinh) /Qp, < Vo, < Vg if
w. < Qp., which is satisfied with w, < 10°krads™"' and
Qo ~ 107 s~ in the typical tokamak plasmas. Therefore the
effect of radial flow, v, ., shall be ignored in the following.
Then equations(4) and (5) are reduced to

5 n:m.v2, . OR Ove .
€9 - (nszVZ ) VVZ) = - J ‘VQZF % + |V¢9\ nzmzvé’,z 6;""
(6)
Rv,..
e, (numyv, - Vv,) = n:m:vo.. O(RVy.) %

TIVe| 00

The right-hand-side of equation (7) corresponds to the Coriolis
force in the toroidally rotating frame generated by the impu-
rity poloidal rotation.

The impurity density poloidal variation can be obtained
through the B-parallel component of equation (2)

b-(nmyv,-Vv,)=—b-Vp,+b-Zen, (v, X B)

—b-(Zen,N®)+b - F,, (8a)
B B
ggég . (nzszZ . VVZ) + fétp : (nzmzvz : VVZ)
B-VOT,0n, B-V0 0%
— _ 200 +FZH' (Sb)

B oo "

To obtain equation (8b), the impurity temperature is taken as a

ion: b = Bes Bo 5 v _ BY0 D
flux surface function; b = —£é, + égand b -V = >3 50

are used. The parallel ion-impurity friction force can be
written as

m;n;
Fyp= ——— (V72— V.0)
Tiz
o m;n; ng 1 dpi
o Ti; LBy (VG’Z Vo) + enBg dr 1’ ©
3(2m)3 /2l ST ? . Lo . S
where 7;; = % is the ion-impurity collision time.

To obtain equation (9), the radial force balance equations of
the impurity and the bulk ions are used and the impurity dia-
magnetic term is neglected due to its high charge number. The
thermal force due to the bulk ion temperature gradient [29, 30]
is neglected here. With the help of equations (6) and (7), it is
not hard to derive

On; /00 mv2, . OR B, mVp: O(Rvy,)
“on, J|V|IVO| 09 By J|VY||VE] 09
an,z 0P BFZII (10)
mN0ag g0 T B Ve

With J = (V¢ - VO x ch)fl, equation (10) can also be
written as

On. /00 _m:Vy OR By mve: O(Rvyy)

T =
s R 00 By R 00
8V9 z 0P BFZH
g, e _ 7,92 , 1
O T A I (1

The impurity density poloidal variation in a rotating tokamak
plasmais determined by equation (11), whichis valid for the arbi-
trary aspect-ratio and shaped tokamak plasma. It can be found
that the impurity density poloidal variation is affected by (1) the
centrifugal force due to the impurity toroidal rotation; (2) the
Coriolis force due to the impurity toroidal and poloidal rotation;
(3) the poloidal centrifugal force due to the poloidal variation
of the impurity poloidal rotation; (4) the poloidal electric field,;
and (5) the parallel ion-impurity friction force. The effects of
(1) and (4) on the out—in impurity density asymmetry have been
discussed in [17, 18]. The in—out impurity density asymmetry
due to the poloidal centrifugal force effect has been discussed in
[29, 30]. The important role of the parallel ion-impurity fric-
tion on the in—out impurity density asymmetry has been pointed
out in [24, 26, 30-33]. The impurity density poloidal varia-
tion in a rotating tokamak plasma can be obtained by solving
equation (11).

To demonstrate the main underling physics for the in—out
impurity density asymmetry, we consider a tokamak plasma
of large aspect-ratio with circular cross-section. The impurity
toroidal rotation will be assumed to be rigid on every flux sur-
face. Then equation (11) will reduce to

On,/00
T. n:/ = — mzwzer sin 6 + 2m.qRow, Vg , sin 0
n;
oy, Qves 00 BFy)
7V0.z 96 o0 B Vo’

(12)
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To obtain equation (12) from (11), R =Ry + rcosf and
q = rB,/RoBg are used.

To discuss the respective contributions to the impurity
density poloidal variation, the poloidal-dependent impurity
poloidal rotation is expanded as vy (0) = Vg (1 + & cosf)
with the up-down symmetric vy, considered, where Vg,
and 6Vg_, are the poloidal-independent and the lowest order
cosine-component of vy, respectively. The ratio between the
first three terms on the right-hand-side in equation (12) will
be 1:(2g/e)(Voz/Vyy) (5/5)(V9,Z/VW)2, where € = r/Ry.
In the core tokamak plasma with |ve /v, .| = 0, the effect of
the centrifugal force due to the impurity toroidal rotation will
be dominant; the effect of the Coriolis force will be com-
parable to the centrifugal force effect and the poloidal cen-
trifugal force effect can be neglected with |vg. /v, ;| ~ O(e);
while in the edge regime with |vg /v, .| ~ 1, both the effects
of the Coriolis force and the poloidal centrifugal force can not
be neglected. Even though the important role of the poloidal
centrifugal force on the in—out impurity density asymmetry
that has been pointed out in [29, 30], the effect of the Coriolis
force is much larger (factor 2¢g/J) than that of the poloidal
centrifugal force with |vg./v, .| ~ 1. Hence in the following,
we will neglect the poloidal centrifugal force and the impurity
density poloidal variation will be determined by the following
equation,

0
T, 8’1;/8 =— mzwzer sin @ + 2m,qRow,vg ; sin 0
4
0d  BF
— Ze—— . 13
‘90 " B-V0 (1

3. Coriolis force effect

To focus on the Coriolis force effect on the in—out impurity
density asymmetry, we will neglect the ion-impurity friction
force artificially in this section. Integrating equation (13), one
finds

0 0
n.(0) — {—H;Z / (wer sin 6 — 2gRow, vy ; sin 0)do
z JOo
MW%M”

T, '
To find ®(¢) — ®(0), we consider the deuterium as the bulk
ion. The bulk ion density poloidal variation due to the bulk ion
toroidal and poloidal rotation can be derived in a way similar
to the above,

(14)

0
= exp {—n;l / (w?rRsin @ — 2qRow;vg,; sin 0)dd
i Jo
o(0) — @

EILORLIOIY s

T;

where wi and v#,i are the toroidal rotation angular frequency
and the poloidal rotation velocity of the bulk ions. The
inertia effect can be neglected for the electrons due to the

small mass. Then we can have the Boltzmann relation
n.(0)/n.(0) = exp {e[®(0) — ©(0)] /T.}. For the trace
impurities, Zn, << n,, the quasi-neutrality condition is sim-
plified to n;(0) = n,(0). Therefore we find

miTe o
e[®(0) — ©(0)] = / (w?rR sin @ — 2qRowive, sin §)d#,

T, AT 0 (16)

This indicates that a poloidal electric field can be generated

through the bulk ion poloidal redistribution due to the centrif-

ugal force and the Coriolis force in a rotating tokamak plasma.
Substituting equation (16) into (14), we can obtain

n. (6 m,rRow? m;
6 = oo [P (1 - a2 fm ) (cost - 1)

2m,qRow. 0 m; , .
+ xéljo A fo (1-— O‘WOZGZmZ TeiTi W, sm@d@] . (17)

with oy, = wi/w;, ag = vg,i/Ve,. To obtain equation (17), the
terms higher than O(e) have been neglected. For the DIII-D
experiments [42], in which both the toroidal rotation of the
impurity and the bulk ions are measured, v, ~ 11is estimated.
We will assume «, ~ 1 in the following. The poloidal rota-
tion of the impurity and the bulk ion could be in the same or
opposite direction, while O(|ayg|) ~ 1 can be found from the
experimental measurements [43].

The in—out asymmetry factor of the impurity density can
be derived analytically with v () (8) = Vg ;) (1 4 d,(;) cos 6),

Mmﬂ@_mm%“mun)
n;(0) T; m; T, +T;
4dm,qRow Vo _Zm; T, }
LT oL T 1 _ s 18
T. (1—ag e Te+Ti) (18)

where @y = Vy;/Vg.. In the bracket on the right-hand-side
of equation (18), the first term and the second term are
the effects of the centrifugal force and the Coriolis force,
respectively, which are modified by the poloidal electric
field through the terms proportional to Z. The effect of the
centrifugal force pushes the impurities to the outboard side,
this effect can be weakened by the poloidal electric field, as
is similar to [17, 18].

The Coriolis force term can be negative or positive,
depending on the sign of gw, Vg . when the effect of the poloidal
electric field is ignored; note that the sign of g represents the
direction of screwing of the magnetic field line from the out-
board side to the inboard side, as is illustrated in figure 1; the
sign of w, Vg, represents the direction of the Coriolis force,
as is also illustrated in figure 1. When the Coriolis force term
has the same sign as that of the centrifugal force term, i.e.
quw;Vg, < 0, the out—in impurity asymmetry induced by the
centrifugal force is further enhanced by the Coriolis force.
When the Coriolis force term has the sign opposite to that of
the centrifugal force term, i.e. qw,Vg, > 0, the in—out impu-
rity density asymmetry can be induced by the Coriolis force,
if it is strong enough to overcome the centrifugal force effect.

It can be straightforwardly proved that the sign of gw, vy,
can be simply determined in the following way: for v, in
the co-current direction, qw,vg . will be negative with vy,
in the ion-diamagnetic drift direction and positive with vy,
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Figure 2. Contour plot of the in—out density asymmetry

factor of the impurity Boron B3 in ¥4 — Gy plane with

w, =w; =6krads™ !, g=—40,T, =T, =T, = 0.2keV.

Vo, > 0(< 0): the impurity poloidally rotates in the ion(electron)-
diamagnetic drift direction. The color symbols represents

V9. = —10kms~'and @ = 1,0, —1, respectively.

in the electron-diamagnetic drift direction; for v, in the
counter-current direction, qw,vg . will be negative with vg
in the electron-diamagnetic drift direction and positive with
Vg in the ion-diamagnetic drift direction. This statement is
also true for determining the sign of qw;vg ;.

It should be pointed out that the effect of Coriolis
force can be modified by the poloidal electric field; when
frE=1-— 5492,7”:" TeﬁiT[ > 1, the effect of the Coriolis force is
enhanced by the poloidal electric field; when 0 < fpg < 1, the
effect of the Coriolis force is weakened; when fpg < 0, the
effect of the Coriolis force is reversed. Note that the effect
of poloidal electric field pointed out here is different from [25,
34].

As an application of the proposed theoretical model, we
calculate the in—out density asymmetry of the impurity Boron
B>t observed in a rotating ASDEX Upgrade tokamak plasma
[29, 30]. The main parameters are Ry = 1.7m, a = 0.5m,
By =—25T,r/a=0995g=—4.0,w, = w; = 6krads~!,
Vo, = —10km s—L T.=T,=0.2keV. &, we have chosen is
in the direction of the plasma current; the plasma current is
in the counter-clockwise direction and the toroidal magnetic
field is in the clockwise direction viewed from above; the
toroidal rotation of B> and D'* are both in the co-current
direction; the impurity poloidal rotation is in the electron-
diamagnetic drift direction. The sign convention is consistent
with that in [29, 30]. Since there is no vy; measurements, we
assume |ag| ~ 1 according to [43]. The in—out asymmetry
factor of B3 is evaluated, according to equation (18), to be
ny(m)/n,(0) = 2.5,1.64,3.8 for ay = 0.0,1.0, —1.0, respec-
tively, which is qualitatively consistent with the experimental
observations [29, 30]. The accurate quantitatively validations
of the proposed model should be carried out with the measure-
ments of both the poloidal rotation of the impurity and bulk
ions in the tokamak experiments in the future.

The effects of the Coriolis force and the poloidal electric
field on the in/out B>t density asymmetries are evaluated by
scanning Vg, and ay. The contour plot of the in—out asym-
metry factor of Bt in V4, — &y plane is shown in figure 2.
The bottom-left corner indicates an in—out asymmetry due
to the Coriolis force (enhanced or weakened by the poloidal
electric field); the bottom right corner indicates an out—in
asymmetry due to the centrifugal force (enhanced or weak-
ened by the Coriolis force and the poloidal electric field); the
upper-right corner indicates an in—out asymmetry due to the
effect of the Coriolis force reversed by the poloidal electric
field; the upper-left corner indicates an out—in asymmetry
due to the effect of the Coriolis force reversed by the poloidal
electric field in addition to the centrifugal force. Therefore the
in—out impurity asymmetry observed in the ASDEX Upgrade
tokamak corresponds to the bottom-left corner, as is shown in
figure 2; one concludes that the Coriolis force plays an impor-
tant role in the in—out impurity asymmetry observed in this
experiment.

4. Combined effects of the Coriolis force and the
ion-impurity friction force

With the ion-impurity friction force included, the impurity den-
sity poloidal variation (equation (13)) can be solved with the
impurity density expanded as n, = no(1 + n. cos 6 + ngsin 9).

With the trace impurity assumption, the poloidal electric
field can be obtained from the quasi-neutrality condition
n;(0) = n.(0) with the help of the momentum equations of the
bulk ions and electrons,

‘/’g—j - T:nfeTl (wirRsin 6 — 2gRow;ve,sin 6). (19)
The solution of equation (13) is then found to be
ne= o [Mor — Meo ~ (14 V7], (20a)
1+ 1+ N2
2en
[(14+X)(Mcr —Mco) + 1], (20p)

n=—-/
L+ AP

202
_ mw Ry _ 27Zm T, _ mRow:vo: g (1_
where Mcp = =5 (1 azq, i )» Mco = == 1(1
A Zmi_Te —ommr Boovii v o 1 dp
Qoo m; Te+Tz)’ n= Tien: By T:’ A= Vpi Vpi = eniByo dr*

To obtain equation (20), B = B, and By = Bgo(1 — € cos 6)
are used.

Without the Coriolis force effect, equation (20) is similar
as the results in [32, 33]. The ion-impurity friction force due
to the large pressure gradient of the bulk ions can cause the
in—out or out—in impurity density asymmetry, which depends
on the direction and the magnitude of the bulk ions poloidal
rotation. The combined effects of the centrifugal force, the
Coriolis force and the poloidal electric field discussed in
section 3 will be reduced by the factor 1 + (1 + A)*n2. With
A~ —1,1i.e. vg; ~ —Vp, the effect of the ion-impurity friction
on the in/out impurity density asymmetries can be negligible
and the in/out impurity density asymmetries will mainly be
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Figure 3. Numerical demonstration of the combined effects of the
centrifugal force, the Coriolis force, the poloidal electric field and
the ion-impurity friction force on the in—out impurity B3+ density
asymmetry with Vg, = —10km sLn=10,\= V0i/Vpi- The other
parameters are same as that in figure 2. The dashed line denotes
A=—-1

determined by the combined effects of the centrifugal force,
the Coriolis force and the poloidal electric field as discussed
in section 3. With A > —1 the ion-impurity friction force will
induce the in—out impurity density asymmetry; with A < —1
the ion-impurity friction force will enhance the out—in impu-
rity density asymmetry due to the centrifugal force effect.
The effect of ion-impurity friction force will be dominant
with |(1 + A)n?| > [Mcr — Mcol. In addition, the ion-impu-
rity friction force can induce up-down or down-up impurity
density asymmetry, which depends on the directions of the
toroidal magnetic field, the direction and the magnitude of the
Coriolis force and the bulk ions poloidal rotation.

The combined effects of the Coriolis force and the ion-
impurity friction force on the in—out impurity density asym-
metry are numerically demonstrated in figure 3. The bulk ion
poloidal rotation is scanned artificially with the other param-
eters fixed. The toroidal rotation of the impurity and bulk
ions are in the co-current direction and the impurity poloidal
rotation is in the electron-diamagnetic drift direction. With
A = —1, the combined effects of the centrifugal force, the
Coriolis force and the poloidal electric field induce the in—out
impurity density asymmetry as discussed in section 3. With the
ion-impurity friction force effects included, i.e. A # —1, the
in—out impurity density asymmetry can be enhanced or weak-
ened. With A < —1, the in—out impurity density asymmetry
decreases with the ion-impurity friction force effect increased.
This is due to that the ion-impurity friction force induces the
out—in impurity density asymmetry and weakens the in—out
impurity density asymmetry. With A > —1, the ion-impurity
friction force induces the in—out impurity density asymmetry
while the in—out impurity density asymmetry due to the com-
bined effects of the centrifugal force, the Coriolis force and
the poloidal electric field is weakened. These two effects
compete with each other. The total in—out impurity density

asymmetry decreases with the weakening effect stronger than
the enhancing effect.

The poloidal rotation of the bulk ions and the impurities are
strongly related with the pressure and temperature gradients
of the bulk ions according to the neoclassical theory [43] and
the experimental observations [44—47]. Therefore both the the
Coriolis force and the ion-impurity friction force will play
an important role in the formation of in—out impurity density
asymmetry in the large gradients region, such as in the ITB
and pedestal regions. The ultimate impurity density poloidal
asymmetry should be determined by the combined effects of
the centrifugal force, the Coriolis force, the poloidal electric
field and the ion-impurity friction force.

5. Summary and conclusion

In summary, the effect of the Coriolis force due to the impurity
toroidal and poloidal rotation on the in—out impurity density
asymmetry in a rotating tokamak plasma is investigated. In the
toroidally rotating plasma frame, the effect of the Coriolis force
is figured out explicitly. The in—out impurity density asymmetry
can be induced by the Coriolis force, if one sees a positive
Coriolis force when moving along the magnetic field line from
the outboard side to the inboard side in a magnetic flux surface.
It is essential to consider the combined effects of the centrifugal
force, Coriolis force, the poloidal electric field and the ion-
impurity friction force to explain the in—out impurity density
asymmetry observed in the experiments. The proposed theor-
etical model can be applied to improve the understanding of the
in—out impurity density asymmetry observed in the tokamak
experiments and provide an opportunity for active controlling
of the direction of the impurity neoclassical convection in the
tokamak plasmas by controlling the plasma rotation.

Acknowledgments

This work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 11575246,
11375196, 11405174, 11505240 and the National Magnetic
Confinement Fusion Program of China under Contract Nos.
2013GB107004, 2014GB113000.

ORCID iDs

Chengkang Pan ® https://orcid.org/0000-0003-1823-4975

References

[1] Angioni C. and Peeters A.G. 2006 Phys. Rev. Lett. 96 095003

[2] Futatani S., Garbet X., Benkadda S. and Dubuit N. 2010 Phys.
Rev. Lett. 104 015003

[3] Helander P., Newton S.L., Mollen A. and Smith H.M. 2017
Phys. Rev. Lett. 118 155002

[4] ITER Physics Expert Groups on Confinement and Transport
and Confinement Modeling and Database 1999 Nucl.
Fusion 39 2175


https://orcid.org/0000-0003-1823-4975
https://orcid.org/0000-0003-1823-4975
https://doi.org/10.1103/PhysRevLett.96.095003
https://doi.org/10.1103/PhysRevLett.96.095003
https://doi.org/10.1103/PhysRevLett.104.015003
https://doi.org/10.1103/PhysRevLett.104.015003
https://doi.org/10.1103/PhysRevLett.118.155002
https://doi.org/10.1103/PhysRevLett.118.155002
https://doi.org/10.1088/0029-5515/39/12/302
https://doi.org/10.1088/0029-5515/39/12/302

Nucl. Fusion 58 (2018) 106036

C.Panetal

[5] Perry M.E., Brooks N.H., Content D.A., Hulse R.A.,
Mahdavi M.A. and Moos H.W. 1991 Nucl. Fusion 31 1859
[6] Tokar M.Z., Rapp J., Bertschinger G., Konen L.,
Koslowski H.R., Kramer-Flecken A., Philipps V., Samm U.
and Unterberg B. 1997 Nucl. Fusion 37 1691
[7] Pedersen T.S., Granetz R.S., Hubbard A.E., Hutchinson I.H.,
Marmar E.S., Rice J.E. and Terry J. 2000 Nucl. Fusion
40 1795
[8] Rice J.E. et al 2000 Phys. Plasmas 7 1825
[9] Angioni C. et al (JET EFDA Contributors) 2014 Nucl. Fusion
54 083028
[10] Hirshman S.P. and Sigmar D.J. 1981 Nucl. Fusion 21 1079
[11] Romanelli M. and Ottaviani M. 1998 Plasma Phys. Control.
Fusion 40 1757
[12] Fulop T. and Moradi S. 2011 Phys. Plasmas 18 030703
[13] Angioni C. and Helander P. 2014 Plasma Phys. Control.
Fusion 56 124001
[14] Belli E.A., Candy J. and Angioni C. 2014 Plasma Phys.
Control. Fusion 56 124002
[15] Angioni C., Casson EJ., Mantica P., Putterich T., Valisa M.,
Belli E.A., Bilato R., Giroud C. and Helander P. 2015
Phys. Plasmas 22 055902
[16] Espinosa S. and Catto P.J. 2017 Phys. Plasmas 24 055904
[17] Hinton F.L. and Wong S.K. 1985 Phys. Fluids 28 3082
[18] Wesson J.A. 1997 Nucl. Fusion 37 577
[19] Smeulders P. 1986 Nucl. Fusion 26 267
[20] Dux R., Peeters A.G., Gude A., Kallenbach A. and Neu R.
1999 Nucl. Fusion 39 1509
[21] Chen H., Hawkes N.C., Ingesson L.C., Hellermann M.,
Zastrow K., Haines M.G., Romanelli M. and Peacock N.J.
2000 Phys. Plasmas T 4567
[22] Ingesson L.C., Chen H., Helander P. and Mantsinen M.J. 2000
Plasma Phys. Control. Fusion 42 161
[23] Marr K.D., Lipschultz B., Catto P.J., McDermott R.M.,
Reinke M.L. and Simakov A.N. 2010 Plasma Phys.
Control. Fusion 52 055010
[24] Reinke M.L. 2011 Experimental tests of parallel impurity
transport theory in tokamak plasmas Ph.D. Dissertation
Massachusetts Institute of Technology

[25] Reinke M.L. et al 2012 Plasma Phys. Control. Fusion 54 045004

[26] Reinke M.L., Hutchinson I.H., Rice J.E., Greenwald M.,
Howard N.T., Hubbard A., Hughes J.W., Terry J.L. and
Wolfe W. 2013 Phys. Plasmas 20 056109

[27] Churchill R.M., Lipschultz B. and Theiler C. 2013
Nucl. Fusion 53 122002

[28] Churchill R.M. et al 2015 Phys. Plasmas 22 056104

[29] Viezzer E., Putterich T., Fable E., Bergmann A., Dux R.,
McDemott R.M., Churchill R.M. and Dunne M.G. 2013
Plasma Phys. Control. Fusion 55 124037

[30] Viezzer E. et al 2015 Nucl. Fusion 55 123002

[31] Helander P. 1998 Phys. Plasmas 5 3999

[32] Fulop T. and Helander P. 1999 Phys. Plasmas 6 3066

[33] Fulop T. and Helander P. 2001 Phys. Plasmas 8 3305

[34] Kazakov Ye.O., Pusztai 1., Fulop T. and Johnson T. 2012
Plasma Phys. Control. Fusion 54 105010

[35] McClements K.G. and McKay R.J. 2009 Plasma Phys.
Control. Fusion 51 115009

[36] Thyagaraja A. and McClements K.G. 2009 UKAEA (UK
Atomic Energy Authority) Report UKAEA FUS 555

[37] Rozhansky V. et al (The ASDEX Upgrade Team) 2015
Nucl. Fusion 55073017

[38] Steinhauer L..C. 1999 Phys. Plasmas 6 2734

[39] McClements K.G. and Thyagaraja A. 2001 Mon. Not. R.
Astron. Soc. 323 733

[40] Thyagaraja A. and McClements K.G. 2006 Phys. Plasmas
13 062502

[41] Guazzotto L. and Betti R. 2015 Phys. Plasmas 22 092503

[42] Grierson B.A., Burrell K.H., Heidbrink W.W., Lanctot M.J.,
Pablant N.A. and Solomon W.M. 2012 Phys. Plasmas
19 056107

[43] Grierson B.A., Burrell K.H., Solomon W.M., Budny R.V. and
Candy J. 2013 Nucl. Fusion 53 063010

[44] Kim Y.B., Diamond P.H. and Groebner R.J. 1991 Phys. Fluids
B 32050

[45] Crombe K. et al 2005 Phys. Rev. Lett. 95 155003

[46] Tala T. et al JET-EFDA Contributors) 2007 Nucl. Fusion
47 1012

[47] Chrystal C. ef al 2014 Phys. Plasmas 21 072504


https://doi.org/10.1088/0029-5515/31/10/005
https://doi.org/10.1088/0029-5515/31/10/005
https://doi.org/10.1088/0029-5515/37/12/I03
https://doi.org/10.1088/0029-5515/37/12/I03
https://doi.org/10.1088/0029-5515/40/10/310
https://doi.org/10.1088/0029-5515/40/10/310
https://doi.org/10.1063/1.874004
https://doi.org/10.1063/1.874004
https://doi.org/10.1088/0029-5515/54/8/083028
https://doi.org/10.1088/0029-5515/54/8/083028
https://doi.org/10.1088/0029-5515/21/9/003
https://doi.org/10.1088/0029-5515/21/9/003
https://doi.org/10.1088/0741-3335/40/10/007
https://doi.org/10.1088/0741-3335/40/10/007
https://doi.org/10.1063/1.3569841
https://doi.org/10.1063/1.3569841
https://doi.org/10.1088/0741-3335/56/12/124001
https://doi.org/10.1088/0741-3335/56/12/124001
https://doi.org/10.1088/0741-3335/56/12/124002
https://doi.org/10.1088/0741-3335/56/12/124002
https://doi.org/10.1063/1.4919036
https://doi.org/10.1063/1.4919036
https://doi.org/10.1063/1.4978886
https://doi.org/10.1063/1.4978886
https://doi.org/10.1063/1.865350
https://doi.org/10.1063/1.865350
https://doi.org/10.1088/0029-5515/37/5/I01
https://doi.org/10.1088/0029-5515/37/5/I01
https://doi.org/10.1088/0029-5515/26/3/002
https://doi.org/10.1088/0029-5515/26/3/002
https://doi.org/10.1088/0029-5515/39/11/302
https://doi.org/10.1088/0029-5515/39/11/302
https://doi.org/10.1063/1.1311806
https://doi.org/10.1063/1.1311806
https://doi.org/10.1088/0741-3335/42/2/308
https://doi.org/10.1088/0741-3335/42/2/308
https://doi.org/10.1088/0741-3335/52/5/055010
https://doi.org/10.1088/0741-3335/52/5/055010
https://doi.org/10.1088/0741-3335/54/4/045004
https://doi.org/10.1088/0741-3335/54/4/045004
https://doi.org/10.1063/1.4802197
https://doi.org/10.1063/1.4802197
https://doi.org/10.1088/0029-5515/53/12/122002
https://doi.org/10.1088/0029-5515/53/12/122002
https://doi.org/10.1063/1.4918353
https://doi.org/10.1063/1.4918353
https://doi.org/10.1088/0741-3335/55/12/124037
https://doi.org/10.1088/0741-3335/55/12/124037
https://doi.org/10.1088/0029-5515/55/12/123002
https://doi.org/10.1088/0029-5515/55/12/123002
https://doi.org/10.1063/1.873121
https://doi.org/10.1063/1.873121
https://doi.org/10.1063/1.873593
https://doi.org/10.1063/1.873593
https://doi.org/10.1063/1.1372179
https://doi.org/10.1063/1.1372179
https://doi.org/10.1088/0741-3335/54/10/105010
https://doi.org/10.1088/0741-3335/54/10/105010
https://doi.org/10.1088/0741-3335/51/11/115009
https://doi.org/10.1088/0741-3335/51/11/115009
https://doi.org/10.1088/0029-5515/55/7/073017
https://doi.org/10.1088/0029-5515/55/7/073017
https://doi.org/10.1063/1.873230
https://doi.org/10.1063/1.873230
https://doi.org/10.1046/j.1365-8711.2001.04290.x
https://doi.org/10.1046/j.1365-8711.2001.04290.x
https://doi.org/10.1063/1.2205189
https://doi.org/10.1063/1.2205189
https://doi.org/10.1063/1.4929854
https://doi.org/10.1063/1.4929854
https://doi.org/10.1063/1.3694656
https://doi.org/10.1063/1.3694656
https://doi.org/10.1088/0029-5515/53/6/063010
https://doi.org/10.1088/0029-5515/53/6/063010
https://doi.org/10.1063/1.859671
https://doi.org/10.1063/1.859671
https://doi.org/10.1103/PhysRevLett.95.155003
https://doi.org/10.1103/PhysRevLett.95.155003
https://doi.org/10.1088/0029-5515/47/8/036
https://doi.org/10.1088/0029-5515/47/8/036
https://doi.org/10.1063/1.4887296
https://doi.org/10.1063/1.4887296

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿In﻿–﻿out impurity density asymmetry due 
to the Coriolis force in a rotating 
tokamak plasma
	﻿﻿Abstract
	﻿﻿﻿1. ﻿﻿﻿Introduction
	﻿﻿2. ﻿﻿﻿Theoretical model
	﻿﻿3. ﻿﻿﻿Coriolis force effect
	﻿﻿4. ﻿﻿﻿Combined effects of the Coriolis force and the ion-impurity friction force
	﻿﻿5. ﻿﻿﻿Summary and conclusion
	﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿References


