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Abstract

The potentially important role of dust in future large power wall loadings and long operation
times expected for new devices such as ITER is now recognized. In this context, we have
studied the effect of the dust poloidal distribution on the plasma dynamics of the plasma edge.
This dust spatial distribution can be natural or artificially induced by dust puffing aiming to act
on the plasma dynamics. We show that, in the considered range of dust densities, in
large-aspect-ratio tokamaks, the poloidal distribution of dust affects only the toroidal velocity.
The poloidal velocity and the radial electric field are defined by the ion—dust friction and by
the ion—dust thermal forces with the magnetic surface averaged dust density. It also follows
from calculations presented in the paper that, in spherical tokamaks, the poloidal distribution
of dust can also affect the plasma poloidal velocity and the radial electric field, in addition to
affecting the plasma toroidal velocity. These results are also applicable to heavy impurities
presented in tokamaks.

PACS numbers: 52.30.Jb, 52.35.Py

1. Introduction Other general information on dust in laboratory and space
plasmas can be found, e.g. [
It is well-known that plasma dynamics, namely, poloitk) Recently it was demonstrated][that plasma dynamics

and toroidalU;. velocities and, consequently, the sheareid tokamaks with dust crucially depends on the parameter
radial electric fieldE,, play an important role in tokamaka = (R?/A%)ngZ3/(njZ?)>1, whereR is the major radius of
plasmas, being responsible for improved confinemetite plasma columni; = vi/v; is the ion mean free path,
regimes L]. In conventional tokamaks these values mainlyy; = \/2T;/M; is the ion thermal velocityy; is the ion
depend on the ion viscosity or on the ion and electron frictiaollision frequency,T; and M; are the ion temperature and
with neutrals. Now it is well-recognized that dust can bmassng, Zq andn;,Z; are the dust number density and charge
presented in tokamak plasmas in some conditions, and thatl the ion number density and charge, correspondingly.
the dust problem becomes more worrisome for future largecepting that at the plasma edge the conditi®fss 12
power wall loadings and long operation times expected fand Zy4/Z; > 1 are satisfied, we come at the conclusion that
new devices such as ITER)][ It is also noted in 2] that a even a very small amount of dusty/n;>(A?/R?)(Z?/Z3),
strong radial profile of dust density can exist in tokamakshanges the viscous dependence of the plasma dynamics to its
Theoretical and experimental results also indicate that dustisst dependence. In this work, distinct #, [we consider the
mainly located in the tokamak bottom (divertor regiof).[ effect of a dust poloidal distribution on the plasma dynamics
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at the plasma edge. We mean that we study plasma dynanmmics= n; eoeXp(—€ e/ Tie), Where ¢ is the electric field

inside the separatrix and not in the scrape off layer. As wastential. Consequently, we get from equatidh (

mentioned above, there is a natural up—down asymmetry of ,

:Ee dgst punjber density d|str.|but|cin in tokamgks. We model V() ~ _Zdnd(e)/<eneo + e4 n.o)’ ©6)
is distribution by the equationyg = ngo — ngsSinf, where Teo To

Ngo = |Ngs| andé is the poloidal angle. In addition, the left—

right asymmetry of dust in a tokamak can be atrtificially eZnpo Zaqng (8) 1z

induced with the goal to act on the plasma dynamics. We " ©) >~ _T—iow ©) = To /(T_eo+T_io>’ (7)

model this distribution by the equatiory = ngo — Ngc COSH,

where ngo > |nge]. We analyze the effect of such a dus@nd

ial distributi i Zqng (0) 1 Z
spatial distribution on plasma dynamics at the plasma edge, Ne (0) ~ — /<— + —> (8)
finding the dependence of the poloiddal, and toroidal Teo Teo  Tio
Ui. velocities and sheared radial electric fielj on the
parametersqo, Nas, andngc, and determining conditions when3. Starting and magnetic surface averaged equations
the viscous dependence of the plasma dynamics is changed to
its dust dependence. We conclude that there is a possibiligr the following calculations we need the summed ion and
to effectively act on the plasma dynamics at the plasma edgjectron momentum equation§[ 6]
by puffing dust into different regions of tokamaks.

AIthough we mainly write abqut dust thrqughout the _yvp_v ,ﬂ.i” —V .7 —ezZngVy +} [i xB]+R=~0.
paper, all its results and conclusions are valid for heavy c ©)
impurities in tokamaks satisfying the conditidvii /M, « 1 ) . ] ) i

Herep = pe+ pj is the plasma pressure! is the ion viscosity

and Zn; « {ne, Zin;j}, whereM,, Z, andn, are the impurity = Ve s
mass, charge and number density, respectively. In this cA88SOri iS the plasma current densif,is the magnetic field

the subscript ‘d’ should be replaced by the subscriptThe vector,R is the friction force between ions and dust including
summation should be fulfilled over indiced'‘or ‘1" in the the thermal forc&r, where f]
presence of many dust or impurity species in the tokamak

plasma. R >~ —Minjvyqg (0.51Vi|| +Vu_) +Ry, (10)
2 N

2. Electrostatic potential Ry ~ _2_69”d_zdbv”Ti + 3 vighi [bxVT], b= E’
Ziz 2 wg B

We consider the quasineutrality condition of the form (12)

—en+ezn —eZgng >~ 0, (1)

where —e= ¢, is the electron chargep. is the electron

number densitye Z, =  and—eZy = eq4 are the ion and dust Vie=[bx[Vixb], (12)

effective charges, respectively. In addition, we assume tr‘l%td

Zgng < {ne, Zinj}, Mj < My, My is the dust particle mass, . ng 13

and dust particles are motionless (dust temperature is zero). Vid = Vidopy (13)

From equation 1), we find that poloidal variations of thei the ion—dust collision frequency satisfying the inequalities
dust spatial distribution leads to the poloidal variations o q Y g q

ion and electron densities. Assuming= ngo+ng(@), ni= @ < g andvig > vri/qR, where

Nio + N;i(8) andng = Ngg+ Ne(6), Where 4@%42?25”“_ 1
Vido = ,
Ng (6) = —NgsSING — Nge COSY, (2) 3V MiTi3/2
we obtain by acceptingo = neo > Zinjo, q=rB;/RB, is the safety facton is the minor radius of
the plasma columnB, and B, are the toroidal and poloidal
—Neo+ ZiNio — ZaNgo = O, (3) components of the magnetic fieRl correspondinglyV; is
the ion velocityw, is the ion cyclotron frequency ands the
and Coulomb logarithm %]. The latter inequalities correspond to
—Ne (0) + Zinj (6) — Zgng (9) ~ 0. (4) the case of a collisional plasma relevant for the plasma edge.

) . . ) The required relations can be found from the parallel and
From equation 2) we find, in the case of simultaneous;_covariant projections of equatiod)( In the first case, we

left—right and up—down asymmetries, the condition have
0 b - ad
Ndo > 4/ Ns+ N (5) 8—Z+§~(Vo7r'”)—e2dnd%
. . 29T,
We assume stationary charge dust, therefore for +0‘51MI”I viaViy +2‘69”dzda_T' ~0 (15)
ions and electrons we accept the Boltzmann distribution, o z? 90 ’
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where the approximate expressioh~ 1/qR. has been used we obtain

for the 6-contravariant projection of the vectbr Averaging
equation {5) overéd we obtain
V
|nd_|”>

<§9 (V- 7r)>+051M, 'd°< 5

, 26923 < oT;

d(9)—>—0,

= (16)

where(- fo -.)d9/27 and B, 8]

<%.(v.ﬁi)>=

Uig + 1.83U7; — (0.19Uj + L. 52UTI)<0In B alnn, >
(5

hereUt = (1/Miw)dTi/dr ande =r/R. The last equation
can be rewritten in the form

(g (7)) =

n;
x [uie +1.83U7 — —< (o 19U; + 1. 52UT|)] (18)
en

3.1.92 pie
4R

Vi

’

(17)

1.44 pie
R

Vi

From [4, 5] we also get

1 8q|H Gan' 3MeNeve
+V.q L -TV, Ti — (Ti)y) =
qR 39 ql Vi 89 MI ( | ( I)b‘) Oa
(19)
and, consequently,
AT bT; U 82InB (2, 50 Un\ d%Inn;
=1.28 2— ———+ (| = (V) — — ,
90 v.d(b)[ r 962 (5( 7 r ) 062
(20)

whered(b) = 1 +22by/Me/M; andb = g?R?/A?.

4. Ambipolarity condition

Now we turn to the: -covariant projection of equatio®); For
an axially-symmetric tokamak,/a¢ = 0, we obtain from this
equation

. ) g.
(Vo) (V) + Y R 0 (2)
where
NgZ2 aT;
R; ~ —O.51Minivid\/i; —2.69 Zdzqd B_GI — %Uidni MiﬁbQUTi,
i

(22)
g is the determinant of the metric tensor, apd is the

r-contravariant projection of. It was shown in 4] that,
using the ambipolarity condition,
2
/ i"v/gdé =0, (23)
[0}
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<¢§ (V- Tl'i”)€> —0. (24)

Multiplying equation 1) by ./g and using equations
(22-(24) and the Maxwell equation(,/gB?)/36 =0, we
arrive at

do
—ZngniM;

<¢§{(V-w1)g+
191 BT,

<O 51V, + — += \/_bQUT,>}>~O. (25)

In equation 25) the ratio of the viscous term to the friction
term, in the neoclassical consideration, is of the order of
(NiZ2/ngZ3)p?/r?, where pi = vri/wg is the ion Larmor
radius. This viscous term can be neglected fQyn; >
(Z2/Z3)p?/r?, i.e. at a very small dust density. In absence
of dust it produces the toroidal velocityi; ~ 0.1(q3/€)Ujq
(see P]). Thus, we can approximate this term & [

(V8 (V). ) (g ~ 06RM -

U alnT;
X |:nivi,0i2 (Ww 14

—Um)] (26)

€

Note that gyroviscosity,V -#',, can also be included in
equation 9) producing, at some conditions, terms of the same
order as those in equatio2) [10]. It is related to substitution

of the collisional heat flux into the gyroviscosityl(.
Nevertheless, in our case the gyroviscosity can be omitted in

equations9) and @5). We represent

—0.10792

<\ég> Q(grc>< >+Q<gc:V > (Qoo) (\49)+<Qee\7i9>,
(27)
(Vir _
(@) = q(gee) Vi +q0¢ < >+gee< *)+ (gon) Vi, (28)
and
(v8Nan e} = (/e nam V1) = naoio (v/G) {gec ) (V)
+2a0n0 (V) (6 %)+ o (v3) (ee) (na @) V). (29)
5. Perturbed values
In addition, we should use the frozen-in condition,
V x [V xB] = (30)
From this equation we find oscillating values
Vf =qVy’. (31)

We take the metric tensor components and their determinant
as follows B]

U0 = €°0rr,  Uor = R?(1—2¢ cosd),
VO = €Y.

Or = 1,
(32)
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Hence, (Vi) ~ Ui /R and (V) ~
continuity equation,

V-(niV) =0,

we obtain
(Vo)

As a result, we have

Vv &

U;
rlg |:1+2€ cosd —

We represent

( Teo

% A

ZiZyqng (9)n0Tio:|

1 Zi
+ 1
To

V¢ = V¢ cosh + V¢ sing,

and
\7i<:

where definitions are obvious.

Now equationsZ7) and 9) can be rewritten in the form

Vij
BG

> gRVjio—q

and

= Vi cosd + VS sing,

rRV, |c’

)

(v/GNan; Vig) = Ngonior R?Uj; — 2ngoniol 2R?Vig

1 3
— Znior R3(ngsVig

where Vjjo = Uj; +(¢/q)Ujy.
equation 16)

+ ndC\/é ) )

Vij
<n Nd— 50 > = NioNgo(q RVjo — Gr R\%)

— IMog?R? (NgsVi& +NgcViZ) + Nioqr VijoNae,

from equationsX5) and @0)

<nd ©) a—T'> 1.28

1 .
X | €ngcUi + o (2Uip — Uri) (Nashis + Nacic) |

i0

and from equation20Q) and 5)

bTo

rvid(b)

2.44vi40 N; bT,
ar v Ngovid(b)
3%In B 32Inn;
<«/_nd |:2UT| +(&Uip — Un) TZI:D
2.44 Vido bnioTi

g v vd(b)

n; 1 / ngs N
Nio 2 \ Ndo Nio

do
Ndc Nic

Ndo Nio

)]

(33)

(34)

(35)

(36)

37)

(38)

(39)

In addition, we have from

(40)

(41)

E) +(2Ujp — Un)

n
|:UTie <2€ +
n

(42)

~ Uiy /r. Then, from the ion 6. Plasma flow velocities

We transform equatiorl@)

n.
Uijp +1.83U7; — r;C (0.19U;p + 1.52U7))
€Nio
Z2ndo R? q € ¢ 1
22 o )\2 [ i§+—Ui9 —rVig —39R
ndO Ndo q Ndo
Zgndo bR2 |: Ndc 1
€9y
Z?njp r2d(b) [ ngo ™7 2ni0nao

2
X <§Ui0 - UTi) (Ngshis + ndcnic)i| =0 (43)

and equationZb)

19 U,
- — |:nivi oz <8—r“ —0.107

oInT;
)
ar e

njv; or

Z2 Ndo 1R

+1.2-d Uig —2rVii — = — (NngsVi +NgeV,
z? n.o[ £ 2ndo( ds de )}
Zdndo q Ndc 2

Unie (2¢+ =) + ( ZUjp — Uy,

22 Oed(b) Ti€ | £€ Nao 5 i0 Ti
Nio 2 \NdoNio  Ndo Nio
Z2n

+35450°9 Yy~ 0, (44)

in|0q

Then, we substitute necessary values into equatidSy (
and @4)

Zdndo R2 q € 2
Ui9 +1.83Ut + 22 o )Lz Ui; +an9 (1—2q )
ey, e 2 2 /(1L 2))
€ q Ndo 2enongo  Tio Teo T
Zgndo 1 q2R2 nch Zd (n§S+ ngc)
' Ziznio Gd(b) Aj2 Nio T 2eNgNgo
Zi 1 Zi
x (2Ujp —U /<—+—')]:o 45
(U =Un) £ Tio Teo T (45)
and
0.83 9 5 (Ui ,0InTiq
=22 % Tnvip? [ 22— 0.10% Ay,
niv; ar [ VA ( ar T v
Zgndo
Uic — 4eqUis —qU;
Ziznio{ ic qlie —QqUie
« %_i_zd(nczis*'ngc)é/(l ZI)
Ndo 2engngo  Tio/ \Teo Tio
Z2n n
. dz o g {U (26 dc)
Zenip d(b) Ndo
2. . Zg (ngs+ngc) Zi 1 Z;
—(8Uip —Un) ———=— /| —+—
2enongo  Tio Teo Tio
Z2n
+295°8 0y~ 0, (46)
i 2nip q
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Equations 45) and @6) are the basic equations for theand

analysis that follows.

7. Analyses of flow velocities and the radial
electric field

7.1. The conventional neoclassical casggD/ (Z?n;0)

L pi/r®

We find from equations 45) and @6) the well-known
equations9, 11, 12|

Ujp +1.83U7 =0, 47)

and
1 90

2 1¢ 2
— — [ njvpc | —= — 0.107
njv; ar |: b < ar d

dInT; guigﬂ —0. (48)

Substituting solutions of equationgd® and @8) into the
equation for the radial electric field

1 c op
ErNE(—B;Uie"'BeUi;"'BUpi), Upi=mﬁ,

(49)

we can obtain the well-known neoclassical resaltl[1, 12].

7.2. The case of the negligible perpendicular viscosity
M/RE> Zinao/ (ZPio) 3> p?/r?

From equations45) and @6) we find

Uip = —1.83Uq, (50)
and
Uiz = — Uy | € (295473202 + 280
i Ti q . . - d(b)
ndc 2.4 )}
+q-= (1.83+")]. 51
qndO < d(b) 1)
Then we obtain
B
E ~ —Un (2.83 +ﬁ> , (52)
C KT

wherex, =dInn/dInr and«r =dInTjp/d Inr. We see that,

. 1.63q2] ~

~ B i 3
Erw—EUT'{2'95(1+2q) [l d(b)

1— K—“} .
KT

5
We again conclude that the poloidal distribution of dust affects
only the toroidal velocity while the poloidal velocity and the
radial electric field are defined by the ion-dust friction and by
the ion-dust thermal forces. Nevertheless, it is clear that in
spherical tokamaks, where the parameter 1, the poloidal
distribution of dust can also affect the plasma poloidal velocity
and the radial electric field. Equations3}—(55) correct the
corresponding results ofl].

7.4. The large dust densify> Zg4{ngc, Ngs}/(ZiNip) = €

It follows from equations45) and @6)

2
Uip = 2.95(1+29%) Uy, [1 +%} (56)
and
qu(n§s+ ngc) Z 1 Zi
Y =W?/<T—+T—-)
olldo i0 e0 i0
0967 24
S R R U

i.e. the same equation for the poloidal velocity. Substituting
equations$6) and 67) into equation49), we obtain equation
(55). It means that the dust poloidal distribution practically
has no effect on the plasma poloidal velocity and the radial
electric field, affecting only the plasma toroidal velocity.

8. Conclusion

Recognizing the potentially important role of dust in future
large power wall loadings and long operation times expected
for new devices such as ITER, we have studied the effect of
the dust poloidal distribution on the plasma dynamics at the
plasma edge. This dust spatial distribution can be ‘natural’,
as evidence exists that dust can mainly be presented in the
divertor region of future tokamaks, or ‘artificial’, induced by
the dust puffing aiming to operate plasma dynamics. We have

in this case, the poloidal distribution of dust affects only thehown that, in the considered range of dust densities, the
toroidal velocity. The poloidal velocity and the radial electrigpoloidal distribution of dust affects only the toroidal velocity

field are practically neoclassical.

7.3. The case of the negligible plasma viscosity
€Z4/Zi > Zingo/(Z2Nio) > A2/ R?

We find from equations4t) and @6)

- 21y 1.63q2
Uie = 2.95(1 + 29%) ~*UT; [1+ db) ] (53)
() L)
Ui = q(1+2q ) Un {2.95[1+ 5
» 0% Ny g% Ngc 2
(54)
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while the poloidal velocity and the radial electric field are
defined by the ion-dust friction and by the ion-dust thermal
forces. The conclusion of4] was confirmed that plasma
dynamics in tokamaks with dust crucially depends on the
parametera = (R2/A%)ngZ3/(n;Z?), changing the viscous
dependence of the plasma dynamics to its dust dependence at
a 2 1. Note that, as follows from our calculations, in spherical
tokamaks the poloidal distribution of dust can also affect
the plasma poloidal velocity and the radial electric field in
addition to affecting the plasma toroidal velocity. The results
of the paper are also applicable to heavy impurities presented
in tokamaks. We have considered only the spatial dust
distribution of the form equatior2j. Really, this distribution

can be arbitrary. It seems that the general results of the
paper are qualitatively valid for this arbitrary distribution if an
amplitude of this distribution is of the order of amplitudes in
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equation 2). But only detailed numerical analysis can confirm(3] Vladimirov SV, Ostrikov K and Samarian A A 200hysics
or reject this assumption. Such an analysis could be a topic of ~ @nd Applications of Complex Plasm@sondon: Imperial

: At College Press)
future investigations. [4] Tsypin V' S, Vladimirov SV, Galvdo R M O, Nascimento | C,

Tendler M and Kuznetsov Y K 200Bhys. Plasmas
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