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On ion flow caused by the inductive electric field in a tokamak

P. Helander
EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, OX14 3DB, United Kingdom

(Received 9 July 2001; accepted 16 July 2001

It was recently pointed out that the inductive electric field in a tokamak can give rise to toroidal and
poloidal plasma rotation comparable to that sometimes observed in experiments. Here it is shown
that the flow velocity of heavy impurity ions, which is normally what is measured, is lower than that
of the bulk plasma for rotation produced in this way. If the bulk ions and electrons are in the banana
regime, the impurity rotation is at most about two thirds of the bulk plasma rotation and decreases
with increasing effective ion charg& {) and distance from the magnetic axis.

[DOI: 10.1063/1.1402172

Understanding the causes of tokamak plasma rotation—A.,=n; . In the experiments reported in Ref. 5 the impurity
both toroidal and poloidal—is important since it sheds lightcharge isz=19, and as is typical in these and many other
on the transport mechanisms that are operational in thexperiments, we assume that the bulk ions and electrons are
plasma. For instance, transport barriers are frequently olin the banana regime of collisionality while the impurities
served to be associated with sheared rotation, and it is widelgre collisional. Under the influence of a toroidal electric field
believed that sheared flow is the cause of these barriers. Corach species satisfies the flux-surface averggedl force
versely, plasma transport properties affect the rotation bybalance equatioAs
e.g., sustaining it against viscous damping.

The rotation velocity of each speciasn an axisymmet- (B-V-IIy) =(B(Ray+ naeaEy)),

ric tokamak is given by an expression of the form (B-V-0,)=(BHy)).

Va=waRe+UgB, Following Hirshman and Sigmar, we relate the viscosi-
wherew, andu,, are flux functionsR is the major radiusp  ties Il and @, to the poloidal flux of particles and heat by
the toroidal unit vector, an8 the magnetic field3 This is B.V.II i J "
the most general expression for an incompressible flow tan- —2< a> :( . o . 2 ad ) =M, U,
gential to flux surfaces. Note that the toroidal rotation has (B51B-V-0, fraz  ftas] | 2Gas/5Pa
contributions from bottw, andu,, while poloidal rotationis  gn(
described byw,, alone. Standard neoclassical theory relates
these quantities to linear combinations of radial density and 1 /BRy 15 -1 Upg
temperature gradients afior w,) the radial electric field. In @< BHa|> T < —130 3 (quGISpb)

a recent papérhowever, it was pointed out that the induc-
tive electric field used to drive Ohmic current also contrib- =S Lu )
utes significantly tau,, for bulk ions @=i) in a pure hy- 5 ab thy

drogen plasma, and this may be relevant to recent _ )

observations in Alcator C-Mod of spontaneous rotation in"Wheréday=0a-V 6/B- Vs the contravariant component of

Ohmic plasma&.On the other hand, it is the rotation of the poloidal heat flux ang,=n,T, the pressure of species

impurity ions that is measured in thend most othdrex- a. These expressions are obtalned. by expanding the distribu-

periments, from Doppler broadening of line radiation, and itfion functions in Sonine polynomials and truncating after

is well known that this velocity can be quite different from WO terms; as usual this approximation turns out to be accu-

that of the bulk plasmélt is the purpose of this Brief Com- até within a few percent, i.e., as accurate as the Coulomb

munication to clarify this point by presenting a calculation /09&rithm in the collision operator. In order to isolate the

which extends that of Ref. 4 to account for the presence of J1ductive electric field as the single driving term, we have

heavy impurity species in the plasma and, at the same tim@Ssumed in Eq(1) that all radial gradients vanish, so that

simplifies the analysis by using the Hirshman—Sigmar mo®@a="0 for each speciedThis assumption is satisfied if the

ment formalisn?. From this calculation, it is evident how to density and temperature gradients are sufficiently weak and,

make the further generalization to an arbitrary number ofO" the gradient of the electrostatic potential, i.e., the radial

impurities of general charges and masses. electric f|g|d, if the plasma is viewed fror.n.a rigidly toroi-
We thus consider a plasma consisting of electrags ( dally rotating frame of referenceThe coefficients

hydrogenic bulk ionsi(), and heavy impurity ionsz). We 3((V,B)?)

treat the impurity charge as a large expansion parameter, ,&aj=<B—2>,uaj

>1, and assume that the impurity strength parameter

=Z.s—1=n,2In, is of order unity so than,z/n,<1 and and
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which can be looked up in Refs. 2 and 3, summarize alihere

kinetic information needed to evaluate the flows. Neoclassi- n,e.(E,B)/(B?)
. . . A _ aCa\ |
cal effects are described by the viscosity coefficigits, Ea= 0 )
which thus depend on collisionality and flux-surface geom- ,
etry. In the banana regime For the electrons, this reduces to
feg 0.533+(1+a) (Me~Lee) Ue=Ee,
megn, f . .
flep | = ——= 1 —0.625- 1.51+a) |, from which the electron flow velocity can be evaluated by
fes Tee fc 1.386+3.251+a) matri>§ inversion_, yielding the usu_al neocla_ssical reduction of
. electric conductivity due to trapping. The ion flows are then
Bir\  n f 0.533+a obtained by solving the %4 system of equations
~ (| t
Rio | = —| —0.625- 1.5«
A T f ' Mi—Li —Liz\(uy Ei—Li-u
iz e\ 1.386+3.25x )( ! :( b el 2
—Ly; —L,,/\Uz —LzeUe

with 7,,=3(2m)2e3m?1¥%In @22 In A, f, the effective o »
fraction of trapped particlesandf.=1—f,. For a tokamak where we have noted that the viscosity is negligible for col-
with circular cross section and small inverse aspect ratio, lisional impurities and that the electric force acting on the
<1, the trapped particle fraction fs=1.46'2 The friction impurities is smaller than their friction against electrons,

coefficients are Rea  Mejy/ame
1 3 Lo n,zeg  n,zeE,
_ mini 3 13 V3 L. _min; The motion of the impurities is thus simply determined by
! i \ 5 gt " o \3 o) the balance of the impurity-electron and impurity-hydrogen
o

friction forces. The first element of the right-hand side of Eq.

mn (1 2 mn. [ 1 0 (2) is equal to the sum of the electric force on the bulk ions
= ( 2) , L,=—— ( "y and their friction against the electron population, and is
Tiz \0 0 Tiz \0 av2+ F sometimes written as
meng(1 3 ((niek +2Rieu)B> _ nie<Ez* B) 3
e~ lg o @ Le (8% (8%
whereE, =E;+ Ri¢; /n;e is the “effective electric field” felt
mn 1 5 by a bulk ion! In a pure plasméno impuritie3 embedded in
Lee=—(1+a)—| 3 13 v2 |, a straight magnetic field this vanishds, =0, and the ions
Tee > Z+ 1ta do not “feel” the electric field; it is exactly cancelled by the

friction force from the electrons. The reason for this cancel-
where zero entries denote quantities of order/fm,) %<1 lation is that the electric force acting on the electrons must
or (me/m;)*?<1. We do not neetl ,; andL ., as the electron necessarily equal their friction against ions. As pointed out in
flow velocity is much larger than those of the ion species. ARef. 7, the situation is different in an impure tokamak plasma
far as the electrons are concerned, the ions are practicallince the electric force on the electrons is balanced not only
stationary and the electron—ion friction force is independenby friction against bulk ions, but also by the mirror force

of the ion flow velocity. (causing trappingand friction against impurity ions. As a
We thus obtain the following system of equations forresult of these effects, the first row in EQ) equals Eq(3)
each species: with
|
(ExB)  (Me2— 159 ter— (fea—155) et @ 3.96+ 25K+ a(4.21+ 3.24) + a®(1+X) X .
(EB)  (me1— 15D (tes— 159 — (mex— 1592 1+a 2.590.65+X)(1.44+Xx)+ a(3.24+ @)(1+x)* 1+a’ @

wherex=f;/f.. The first term in this expression reflects the term in Eq.(4) describes the effect of electron trapping. It is
fact that the total friction on electrons from both ion speciesclear that for realistic parameters in a tokamak; x~0.5,

is proportional toZ.4=1+«, where the terna represents the the bulk ions “feel” a significant fractioimore than half of
contribution from impurities so that, in a straight magneticthe parallel electric field.

field, they take up a fractiom/(1+ «) of the momentum We now turn to the ion rotation, which is obtained by
imparted to the electrons by the electric field. The secondolving the system of equatiori®). The resulting expres-
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sions are very complicated in general; we give only limiting 12
forms. In the limit of very few impurities, the rotation ve- 10
locities of bulk and impurity ions, respectively, are g
mini<Bz> g 6
0= o Yie 3
e7'||<EHB> = 4
3.98/1.02+x)(1.53+X) 0 5 -
T (065t x)(LAdtx)(2.17+x)’ T ,
mini<52> 0 0.2 0.4 . 0.6 0.8 I
Upy=—F=5.u
2 er(EB) % ,
FIG. 1. Ratio of bulk ion and impurity ion poloidal flows as a function of
0.731.5+x)(3.84+x) the effective fraction of trapped particle,, for different values of the
= (0.65+ X)(1.44+x)(2.17+x)’ a—0. impurity strength parameter=n,z?/n; . Whenf, or « is large, the bulk ion

flow is much larger than that of the impurities.
Thus the rotation speed of trace impurities is thus about
2/3 of the plasma rotation near the magnetic dwikerex
=0) and falls off toward the edge. If the impurities are more
numerous, their speed is even smaller when compared with
3.78+3.8%+ a?

that of the bulk ions, as shown in Fig 1. In the Lorentz limit N 0
13/ 207 (1+ a)(2.41+ «)(0.75+1.95¢+ %) 't

= (1+x)a’

Qig a—%,
The impurity rotation is always in the same direction as
0, p= 1 e, the bulk ion rotation but is considerably smallewifor, to a
(1+x)a? lesser extentf,) gets large.

In contrast, the poloidal rotation caused by radial gradi-
ents usually calculated in neoclassical theory does not de-
3.250.71+ 1.24a+ a?) (.0 pend strongly on the impurity content and stays finite in the

= limit a—o. These flows afe

and close to the magnetic axis,

Yio= 1+ 2)(0.75+ 1.95a+ a?)

T 1.17+3.64a+1.9%° dinT,
~ e(B?) 1+0.46+(2.58+ 1.6)a+1.331+x)a’ dy '

Uiy

Ty [_dinp  117+0.69c+ (3.64+247%)a+ 1991+ x)a” dInT,
U20=e(B%)| ~ “dy | 1+0.46¢+(2.58+ 1.65)a+1.331+x)a’  dy |

wherel =RB, and ¢ is the poloidal flux function, so that opposite to that of rotation caused in the more orthodox neo-
B=I1(4)Ve+VeXVi. Hence it was noticed in Ref. 6 that classical way by radial gradients, which tends to be larger for
in the edge pedestal, where the pressure gradient is vemnpurities than for bulk ions, making the detection of rota-
steep, the poloidal rotation of impurities is larger than and intion driven by the Ohmic field correspondingly more diffi-
the opposite direction to the bulk ion rotation. cult.

In conclusion, our results may be summarized as fol- The fact thatE, /E; is so large implies that it is not
lows. Considering a tokamak plasma consisting of collision-unreasonable to expect that ion runaway may sometimes oc-
less electrons and ions and collisional impurities, we haveur in tokamaks, as suggested by Furth and Ruthefford.
calculated the “effective electric field(4) acting on the ions  During normal tokamak operation the toroidal electric field
and its effect on ion flow. Although this effective electric is too low for this, but just like runaway electrons tend to be
field vanishes for a pure plasma in a straight magnetic fieldproduced in tokamak disruptions, one could expect that ion
this is not at all true in a realistic tokamak discharge. In factrunaway could occur during reconnecting instabilities where
for typical tokamak parametets, /E;=0.5. As pointed out the toroidal electric field becomes very large. Work is in
in Ref. 4, this electric field drives a poloidal and toroidal ion progress to assess whether this can explain recent observa-
flow, but as we have seen here the corresponding flow dfions of bursts of high-energy ions following internal recon-
heavy impuritiegwhich is what is measurgds significantly — nection events in the Mega-Ampere Spherical Tokamak
smaller than that of the bulk plasma. This behavior is the MAST).2
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