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Abstract

Physical mechanism of the Ey-driven neoclassical current which exists only in asymmetric
toroidal systems is clarified. It is found that symmetry-breaking, violating the total angular
momentum conservation, changes the direction of flow and heat flux to be damped by the
parallel viscosities. The change in the direction depends on the collisionality through the
geometric factor which reflects symmetry-breaking. As a result, in contrast to symmetric
toroidal systems, the flow and heat flux due to the radial electric field Ey can be damped
according to the collisionality in asymmetric toroidal systems. If dominant species such as
electrons and primary ions have different collisionalities, there remains a difference between
the flows due to E,, hence a parallel current proportional directly to the radial electric
field, i.e., the Ey-driven current, is generated in asymmetric toroidal systems in spite of

the charge neutrality condition.
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¢1. Introduction

As is well known, in axisymmetric toroidal systems, there is no neoclassical parallel
currents generated by the radial electric field E;.%? The same result has been obtained in
nenaxisymmetric toroidal systems assuming that all the particle species are in the same
collisionality regime of the 1/v regime® or the plateau regime?).

Recently the possibility of the Ey-driven current, a non-vanishing neoclassical current
generated by the radial electric field in asymmetric toroidal systems, has been indicated
in Ref.5. This newly found parallel current can flow only when dominant particle species
such as electrons and primary ions have different collisionalities. Tn symmetric systems, this
type of current does not exist under any condition because symmetry-breaking is essential
for the Ey-driven current to occur.

In this paper, we will show the physical mechanism of this Ey-driven neoclassical
parallel current in asymmetric systems. Parallel flows are determined by the parallel force
balances, i.e., the balance between the parallel viscosity (heat viscosity) and parallel friction
(heat friction). The parallel viscosity for a particle species depends directly on the particle
orbits, which significantly suffer from the influence of the magnetic field configuration
according to the collisionality of the particle species. Thus, the parallel viscosity for a
particle species damps the flow and heat flux of the species in such a direction that the
magnetic field strength varies according to the collisionality of the species and the magnetic
field configuration. It will be shown that the magnitude of the parallel viscosity is mainly
determined by the viscosity coefficients, while the direction of the flow and heat flux to
be damped is essentially determined by the geometric factor reflecting symmetry-breaking
of the magnetic field configuration. Due to the collisionality dependence of the geometric
factor in asymmetric systems, the direction of the flow and heat flux of a species to be
damped change according to the collisionality of the species. If dominant species such as
electrons and primary ions have different collisionalities, contrary to symmetric toroidal
systems, the flow and heat flux duve to £, are damped according to the collisionality in
spite of the total momentum conservation due to Coulomb collision. As a result of it, the
Ey-driven parallel flow depends on the particle species through its own collisionality, hence,

a net parallel current, the Ey-driven current, can exist in spite of the charge neutrality.
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In marked contrast to it, in symmetric systems, the directions of flow and heat flux to
be damped become the same for all the species regardless of their collisionalities since the
geometric factor is changed in such a manner that the parallel viscosities damp the flow
and heat flux in the direction without symmetry. From this fact and the total momentum
conservation of Coulomb collision, the flow and heat flux due to E, are not damped and
are independent of particle species. This makes the Ey-driven parallel current completely
vanish due to the charge neutrality.

The organization of this paper is as follows. The lowest order flow and heat flux are
given in §2. The reason is also discussed why the Fy-driven current does not exist in
both the perpendicular current and Pfirsh-Schliiter current regardless of symmetry in the
systems. In §3, the dependence of the flux-surface-averaged parallel viscosity and heat
viscosity on the flow and heat flux is considered. The physical meanings of the parallel
viscosity, the viscosity coefficients and the geometric factor, and the effect of symmetry are
also investigated. The physical mechanism of the E,-driven current is clarified in §4 by
placing emphasis on symmetry or symmetry-breaking. Section 5 is devoted to discussion

and conclusion.

§2. Lowest order flow and heat flux

In this section we will consider the lowest order flow and heat flux, and especially
consider the perpendicular current and Pfirsh-Schliiter current from the viewpoint of the
infiuence of symmetry-breaking in the systems on the role of the radial electric field Ey. As
well as the standard neoclassical theories,'=® the neoclassical ordering” and the moment
approach method? are used. The Boozer coordinates® (3,4, () are employed where v is
the toroidal flux divided by 27, and & and ( are poloidal and toroidal angles, respectively.
The typical system size L and frequency w are defined as L ~ |VInP|™! and w = vr/L,
respectively, wheze vy is a thermal velocity. By using them, the expansion parameter
¢ is defined as ¢ = p/L = w/Q < 1, where p = v7/€ and Q are the Larmor radius and
cyclotron frequency, respectively. The transport ordering 3/t ~ ¢%w and the drift ordering
e¢/T ~ 1 are assumed where e, T, and ¢ are the charge, tempefature, and electrostatic

potential, respectively.



Let f, be the distribution function of particle species @ in a phase space (¥,6,( F, 1, ¢)
where E, u, and ¢ are the total energy, magnetic moment, and gyrophase, respectively.
In the neoclassical theory the Oth order distribution function is assumed to be a local

Maxwellian:

ot By = ey |- E2 0. o

The expansion of the distribution function around the local Maxwellian distribution gives

fa:faM+}a1+}al+O(52) (2)
where
Fu = 7, vyl ;M (3)
7 _ rd 6faM
R )

The 1st order distribution function f,; has been divided into two parts. One is the gyro-
varying part }al, which describes particle gyration motions and g, is the gyro-radius for
species a of the order of e. The other is the gyro-averaged part f,;, which describes drift
motions of guiding centers and 8, is the drift-radius for species a of the order of . From

Eq.(1) we see
afaM
9

where L} )(:z; )=1and I{® )(a:a) = a +1—z, are the Laguerre polynomial functions with

[Aal L(3/2)($ ) - A, (¢)L(3/2)( a)] TfaM: (5)

2, = (v/vy,)? and

1 dP, d¢ 14T,
e dp Cay M=

€q d¢ N (6)
Aa1(¥) and Ag(y) are called the thermodynamic force, which are driving sources for

Aa1(¢) =

particle fluxes (flows), heat fluxes, and currents as will be shown later. From Egs. (2) to

(4) and the moment approach method given in Ref.2, we see the lowest order flow @, and

heat flux g, are of the order of £:1-%

Ua1 = Yj|a1T? + Uiq1, Qa1 = Glla1? + Gla1s (7)

and the perpendicular (parallel) flows and heat fluxes come from the gyro-varing (gyro-

averaged) distribution functions. It follows that both the perpendicular and parallel flows
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and heat fluxes include the thermodynamic forces A, (v} and/or A,2(%). The properties

of the 1st order flow and heat flux are given by
» » Bxvy
V- Up1 = 0, Ulgl = A41(¢)—"Bg—¢, Uay - V’Qb - 0, (8)
— - 5 B xV -
Vim0, fur= A, 4, V=0 ©)

The gyration motion is the motion around a magnetic field line, so that it is insensitive
to whether the system has a symmetry or not. Hence, the lowest order perpendicular
particle flow and heat flux obtained by the gyro-varying distribution function lead to the
same qualitative results between symmetric systems and asymmetric systems. Since the
E x B drift is independent of particle species in both systems, the perpendicular current
becomes independent of the radial electric field £y = —d¢/dy due to the charge neutrality

Fog€alta = 0 .
dPBxV
Za: nau_i_al d?,b Bz w (10)

where P=3%, F,
The same result is obtained for the Pfirsh-Schliiter current. Using V - 4,; = 0 and

~
V- q,, =0, we can see

Bupy = - Aal(il)){gz“%(gz)} (g) {Btijar), (11)
Bt = =2 hulf){oa = s ()} + 730 (B, (12

where the function g, is the solution of the following equation:

.§-V(Bz) Bxvy- v( ) 02(B = Byas) = 0. (13)

Here, {- - -} indicates a flux-surface average and solvability conditions of Eq.(13) are satisfied
regardless of symmetry in the systems. From the Ampere’s law, the current density must be
divergence-free, i.e., V- J = 0. The Pfirsh-Schliiter current, which vanishes in flux-surface
averaging, is a current flowing in the plasma to satisfy the divergence-free condition. As
the perpendicular current is independent of Ey, the resultant Pfirsh-Schiiiter current is also
independent of Ey:

B ps =~ Au)o— oy lo = ~Jolm— o @)} (4
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The parallel current which does not vanish in the flux-surface averaging consists of flux-
surface-averaged parallel flows. Since these parallel flows are determined by the parallel

force balance, we will consider the parallel force balance in the next section.

§3. Flow and heat flux dependence of the flux-surface-averaged parallel viscosity

and heat viscosity

To determine the 1st order flux-surface-averaged parallel flow (BU|]a1> and heat flux
(Bq“a;) in Eqs.(11) and (12}, the flux-surface-averaged parallel momentum and heat flux

balance equations are used:>

<}§ v ﬁa>
—<§ V. (3a>

- -+
where II, and ©, are the viscosity and heat viscosity tensors for particle species a, respec-

e (B )

0

; (15)

(B Fu) } N

tively. F «1 and F o2 are the friction and heat friction of particle species ¢ and an external
(A
inductive electric field E( ) is Included.

The 1st order parallel friction (E‘ . f‘al) and heat friction (B - F’az) are expressed in

terms of the 1st order parallel flow (Bu"al) and heat flux (Bq"d) for all particle species:?

(B Fa)| [ w (Bun) (15)
“‘(é'ﬁﬂ) lab lub —“?(Bqubl) 7

where {2 (4,7 = 1,2) are the friction coefficients defined in Ref.2, which are independent
of the magnetic field B and collisionality, and are valid in an arbitrary toroidal system.
The relevant physical roles of the frictions are to transfer the momentum between unlike
particles and to conserve the total momentum: ¥, F o1 = 0. Thus, the friction coefficients
have following relations:

=02 Y IR =0, for (i=1,2). (17)
b

The 1st order flux-surface-averaged parallel viscosity and heat viscosity are written as

(
-

follows:2

b:u

i) = ((P—Ry)a-VB),

-V-
(18)
V a,1> = _<(®.La1 _Ollal)ﬁ" VB)

b:u
CDI r.:n



In Eq.(18), (Pia1 — Pe1) and (© 1.1 — O)ja1) are obtained by solving the 1st order drift
kinetic equation for the gyro-averaged distribution function f ;.

The parallel viscosities for particle species @, which are determined by the Ist order
gyro-averaged distribution function f,,, directly depend on the orbits for the particles
species a and the orbits significantly reflect the influence of the magnetic field configura-
tion according to the collisionality of the species. The main physical roles of the parallel
viscosities are to transfer the momentum between like particles through the damp of the
flow and heat flux in such a direction that the magnetic field strength varies. The parallel
viscosities for species a are expressed in terms of the flow and heat flux for species a as

follows:®

<B V- H°1> Hal  Ha2 (tha1 - V")
Bv-8a) | 2 (g ) | 1)
- < A al) Haz  Ha3 5Pa 4.1
where
3" = (I +{Gps),)8 + (J —¢{Gps),)C, (20)

and pg, (j = 1 ~ 3) are the viscosity coefficients and {Ggs), is the geometric factor for
the particle species a. In asymmetric systems, both quantities have different dependences
on the magnetic configuration according to the collisionality. Hence, we can understand
that the magnitude of the parallel viscosities or the magnitude of the flow and heat flux
for species a to be damped is dominated by the viscosity coefficients p,, according to the
collisionality of the species a itself, while the direction of the flow and heat flux for the
species a to be damped is determined by the geometric factor {Gps), depending on the
collisionality.

The asymptotic forms of the viscosity coefficients are proportional to fi/f., A./Apr,
and (A, /A ps)? in the asymptotic limit of the 1/v, plateau, and Pfirsh-Schliter collisionality
regime, respectively, where f; and £, are the fraction of trapped and circulating particles,
respectively, and A,, Apz, and Aps are the mean free path for particle species a, character-
istic lengths for the plateau and Pfirsh-Schliiter regime, respectively.”’ Roughly speaking,
the magnitude of the viscosity coefficients decrease with increase in the collision frequency.
This fact suggests that the differences of flow and heat flux between like particles become

small with increase in the collision frequency. The asymptotic form of the geometric factor
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for species a: (Gps), depends only on the magnetic field configuration. The dependence on
the magnetic field configuration, however, is completely different in different collisionality

regimes as well as the viscosity coefficients. In the 1/v regime, the geometric factor is given

by

1 3(B%) 1, A{gs)
Gas)ir = = {g2) — / dA , 21
( BS)]IV ft {(g?') 4-831,” 0 (91) ( )
where the function g, and the fraction of trapped particles f; are, respectively,
= /1) =1-2pt [
/51 1 B ) ft 4 B,?nw ) d)‘ (gl) (22)

The function ¢ is the solution of Eq.(13), and the function g, is given by

— - 1
B.v(gi) :wa-v(g—), 94(B = B us) = 0. (23)
1 1 .

3

The functions g, and g, appearing Eq.(21) are related with a function g, as follows:

3
2Bmax

B m!BdA _2B LY, 24
g2 = Bg3: gy = mazglal\ ( )

where the function g; is a solution of the following equation:
B-V(%0)=Bx4-V(4), gs(B=Bna)=0 (25)

The function g; appears in solving the lowest order drift kinetic equation in the 1/v colli-

sionality regime:!=%)
L) Ofam _

where the radial drift of the guiding center ¥p, - V¢ is given by
= Yl g Ul
UDGV'()[):Q_;BXV"JJV('E) (27)

Taking account of the functional forms of Eqs.(26) and (27), and vj = gvgy, (0 = £1), and
considering the fact that both circulating and trapped particles exist in the 1/v regime,
we see that the function gy appears to reflect the radial drift of the guiding center of both
trapped and circulating particles. The trapped particles not drifting off a flux surface have
a residual momentum on the flux surface, which comes from differences between the parallel

and anti-parallel flows on the flux surface. The differences are brought about by the density
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k4 *

B i

> -

gradient, the temperature gradient changing the banana radii, and the radial electric field
making the banana radii and the turning points change. Since the viscosities can transfer
the momentum between like particles, this residual momentum of trapped particles is
transferred to circulating particles.” As the parallel viscosities essentially damp the flow
and heat flux in such a direction that the magnetic field strength varies, the geometric
factor acts so as to damp the flow and heat flux in such a direction that the variation of the
magnetic field strength is the largest. The geometric factor in the Pfirsh-Schliiter regime
is given by® )

3 <(n'2§B)ﬁ-V[Bg(gz) _'(Bz)g2]> .

(Gas)ps = {(7- VB)?)

In the Pfirsh-Schliiter collisionality regime no trapped particles exist essentially due to high

(28)

collisionality. Thus, the geometric factor is expressed in terms of g», which reflects the radial
drift integrated by the pitch angle variable X as shown in Eq.(24). The geometric factor
in this limit is so small that we can neglect this factor in Eq.(19), which means that the
parallel viscosities damp the parallel fiow and heat flux in the Pfirsh-Schliiter collisionality
regime (this is more clear in Eq.(32) ). This fact is consistent with the particle motions
in this high collisional regime, i.e., the fact that the parallel flow is small due to high
collisionality. The asymptotic form of the geometric factor in the plateau regime is given in
Rel.5. As similar as the viscosity coefficients, the geometric factor roughly decreases with
increase in the collision frequency. Thus, the direction of flow and heat flux of species a to
be damped by the parallel viscosities significantly changes according to its own collisionality
in asymmetric systems. If we construct an adequate formulae for the viscosity coefficients
and the geometric factor connecting all the collisionality regimes, Eq.(19) may hold for an
arbitrary collisionality in general toroidal systems.

Now we will consider the effect of symmetry. When the helical symmetry, ie.,, @ =

Q(+,9) holds, where 4 = L§ — M(, we see

BxVy-VQ = (Gas),mB VQ (29)
LI+ MI ,
Goslym = T, 37 (30)

Thus, the symmetry implies that the variation perpendicular to both a flux surface and
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a magnetic field line on it is proportional to the variation along the magnetic field line
with the proportional coefficient of a surface quantity (G S)sym given by Eq.(30}. This is a
natural result because a symmetry makes an ignorable coordinate on the two dimensional
flux surface. Alternatively, the symmetry makes all the magnetic field line be equivalent
with each other, which leads to the fact that all the single particle orbits do not drift off
the flux surface. Thus, the geometric factor in each asymptotic limit have the same form

given by Eq.(30}, so that Eq.(19) becomes

Ha1> T+l
'(3a1> T Le—-M

(31)

He2  Ha3

Hal  Ha2 J <a“'1 . Vﬂ)
2

- 7. -V

5Pa (qal V )

The toroidal symmetry (axisymmetry) correspond to M = 0 case, and the poloidal symme-
try to L =0 case. Hence, we see that in symmetric systems, the flow and heat flux in the
symmetric direction do not enter in the expression for the flux-surface-averaged parallel vis-
cosities, i.e., they are not damped by the parallel viscosities regardless of the collisionality
regime of particle species, which directly reflects the fact that the parallel viscosities damp
the flow and heat flux in such a direction that the magnetic field strength varies. Thus, in
symmetric systems, the direction of the flow and heat flux to be damped by the parallel
viscosities is independent of the particle species and their collisionality regimes, while the
magnitude of the flow and heat flux to be damped is dependent of the collisionality regime
of particle species through the viscosity coefficients.

Using the relations of parallel and perpendicular components with poloidal and torcidal

ones for the flow and heat flux:

BU”al = Iﬂ’al - V6 + Jﬁal - VC, Aal(’lﬁ) = aal -V8 - ﬂ'ﬁal . VC, ( )
. . 2 .. . 32
Bijar = I8,-V8 +J3a- V¢ Aa(¥) = 55 [Ga-V8 —edu- 9,
we obtain another form of Eq.(19):
(Bvi)] [ o (Bu) + (Goshoant)|
N - = 2 .
- <B V- @a> Ha2  Ha3 —5 (Bq”“-> - <GBS)G Aag(w)

This form is used to determine the flux-surface-averaged parallel flow and heat flux in the

next section.

10



§4. Physical mechanism of E,-driven current

Solving Eq.(15) by using Eqs.(16) and (33), we have the following solutions:

(Bu||a1>

Y {Grs)y {L2a41 241401 () — Loas1 2n424m(¥)}
b

- E Noat1 2b+16870 <ﬁ : E‘(A)> ) (34)
b
2
=5 (Bq"ﬂ) = Y (Gash {Lrs2 21 An(¥) — Lzt 2e240(¢)} - (35)
a b

The neoclassical current or bootstrap current is given by
(BJHBS) = Z (GBS)b €aNy {L2a+1 2b+1Aa1('¢’) - L2a+1 2b+2Aa2(¢)} ; (36)
ab
where Logyk opak (kK = 1,2) and N,y 2641 are transport matrices defined in Ref.5. The

transport matrix Lag4x 2541 (k = 1,2) has an important property:

-1 for k=1
> Loatk 2b41 = (37)
b 0 for k=2

This property stems from the total momentum conservation of the Coulomb collision op-
erator given by Eq.(17).¥

The thermodynamic force A (%) given by Eq.{6) includes the radial electric field
E; = —d¢/dy and so we may expect that the neoclassical current or bootstrap current
giver by Eq.(36) include the component which is directly driver by the radial electric field
E,. However, as is well known the F-driven neoclassical current does not exist in axisym-
metric systems'™? and in non-axisymmetric systems with all particle species having the
same collisionality.>~% In order to clarify why the E,-driven neoclassical current vanishes
in such systems, let us consider helical symmetric systems. As is shown in the previous
section, in symmetric systems, the direction of the flow and heat flux to be damped by
the parallel viscosities is the same for all particle species regardless of their collisionali-
ties, which is reflected by the fact that the geometric factor of species a: (Gpg}, has the
common expression given by Eq.(30). Therefore, using Eq.(30) and Eq.(37), we obtain the
flux-averaged-parallel flow and heat flux in the helical symmetric systems:

(Buja) = (Gs)yym Eo
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L e a T

+ (GES),ymzb:{ 2041 241 " d%b ~ L3a41 W2 L0 }

- Z N2a+1 2+1€6"% <B - E > y (38)
b

5?; (BQHal) = (Gas)sym zb: {L2a+2 2&1%% T 2b+2€_1b%i;—b} . (39)
The role of Ey is similar to the perpendicular flow and heat flux, i.e., the E,-driven parallel
flow is independent of particle species and the parallel heat flux is independent of E,. Thus,
Ey-driven flow in an arbitrary direction does not depend on particle species, and owing to
the charge neutrality 3=, e,n, = 0 the neoclassical current given by Eq.(36) is independent
of the radial electric field:

1 dp, 1 dT,,} (10)

(BJHBS) = (Gps) ,ymz €aMa {Lza+1 e = Laat1 b4 — 7
Now, let us consider why the parallel flow due to E, is independent of the particle species
in symmetric toroidal systems. To do this, we substitute Egs.(38) and (39} into Eq.(33),
which reveals that the flow and heat flux appearing in the parallel viscosities do not in-
clude E; in symmetric systems. This fact physically means that the parallel viscosities
do not damp the flow and heat flux due to the radial electric field E,. This result is
well known in axisymmetric systems in a different expression, i.e., the poloidal rotation,
which appears in the parallel viscosities, is independent of Fy. The reason why the radial
electric field E; must not be damped by the parallel viscosities is explained as follows:
In symmetric systems, an arbitrary total angular momentum in the symmetric direction
must be conserved in the steady state up to the order of %, and the change in the an-
gular momentum occurs by small off-diagonal components of the parallel viscosities on
the ¢* order and non-Coulombic frictions (charge exchanges etc.), as is well known in ax-
isymmetric systems.’~? Corresponding to this fact, all the radial particle fluxes (classical,
banana-plateau, and Pfirsh-Schliter fluxes) of the order of ¢? are intrinsically ambipolar
by the total momentum conservation due to the Coulomb collision, which means that the
electrostatic potential ¢ can not be determined in the steady state. Hence, arbitrariness
of the angular momentum in the symmetric direction may be attributed to arbitrariness of

the flow due to the radial electric field Ey = ~d¢/dy. Thus, the flow and heat flux due to
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F4 must not appear in the parallel viscosities of the order of €, otherwise they suffer from
damping, yielding the contradiction to the total angular momentum conservation.

As is discussed above, the parallel viscosities in symmetric systems are described only
by the flow and heat flux in such a direction that the symmetry does not exist, and such
the flow and heat flux consist of both the parallel and perpendicular components. On
the other hand, the E,-driven perpendicular flow (E’ x B drift) is independent of particle
species and the perpendicular heat flux is independent of the £, as shown in Eqs.(8) and
(9). Therefore, in order to satisfy the requirement by symmetry that the flow and heat
flux due to Ey do not appear in the parallel viscosities, the Ey-driven parallel flow must
be independent of particle species and Ey-driven parallel heat flux must vanish. Conse-
quently, Ey-driven flows in an arbitrary direction are independent of particle species and
the Ey-driven current vanishes completely due to the charge neutrality.

On the other hand, in asymmetric systerns, there is no conservation of the angular
momentum in any direction. Corresponding to it, there are trapped particles drifting off
a flux surface, which contribute to the 1/v ripple diffusion in the low collisionality regime
(1/v and plateau regime*). The 1/v ripple diffusion comes from the radial particle flux in
the 2nd order of e. The electrostatic potential ¢ or the radial electric field Ey can be de-
termined by the ambipolar condition of the radial current by the 1/v ripple diffusion in the
steady-state (on the order of £%). Therefore, the radial electric field £y is not arbitrary in
contrast with the symmetric case. This fact suggests that the Ey-driven flow and heat flux
may be damped by the parallel viscosities. Indeed, the substitution Eqs.(34) and (35) into
Eq.(33) shows that the flow and heat flux due to E; are damped by the parallel viscosities
except for the situation that all particle species have the same collisionality. As is shown
in the previous section, in asymmetric systems the direction of the flow and heat flux of
a species to be damped by the parallel viscosities are dependent on the collisionality of
the species itself through the geometric factor. Consequently, when dominant species such
as electrons and primary ions have different collisionalities, the Ey-driven parallel flows
are different between the species, resulting in the fact that the Ej-driven neoclassical net
current can flow in asymmetric systems in spite of the charge neutrality.

Let us consider a 3-fluids plasma consisting of electrons, primary ions, and impurity
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ions. If impurity ions with the charge number of z; exist in the Pfirsh-Schliiter collisionality

regime, Eq.(36) reduces to

(BJ'"BS) = L1 [(Gss), — {Ggs)] en.Ey

dPe N, d.P, dTe
+ Ly [(GBS)C rm +{Gsgs), E@} - L13(Gss), ne@— (41)
Lii—a z;n;) 01(1+L11) Zmy n. d1,
+ (Grs); ( 1+« + e Loy + ( 140 N Les .

where the subscripts e, 7, and I indicate electrons, primary ions, and impurity ions, re-
spectively, and & = zjn;/n; € 1 or < 1. In deriving Eq.(41), the relation resulting from

the total momentum conservation given by Eq.(37) and the small mass ratio expansion

\/ me/m., \/ me/m; € 1 have been used. The viscosity coefficients of the impurity ion
are very small, because impurity ions exist in the Pfirsh-Schliiter regime. Consequently,
thermodynamic forces from impurity ions vanish. The geometric factor of particle species
a: (Gpgs), depends only on its own collisionality and have the asymptotic form depending
only on the magnetic field configuration in each asymptotic limit. Therefore, when elec-
trons and primary ions exist in the same collisionality regime F,-driven neoclassical current
disappears. The transport coefficients L1; and L;, are mainly dominated by electrons and
L34 and Ly are dominated by primary ions. When electrons are in the plateau regime and
primary ions exist in 1/v regime, L1y, L1y € L3, Lss and the effect of Ey-driven current
is negligible as well as pressure-driven neoclassical current. The contribution of Ey-driven
current is most effective when electrons and primary ions are in the 1/» and platean regime,
respectively. Since ed/T ~ 1 in usual plasmas, the E;-driven current is comparable with
the pressure-driven current. Note that if the radial electric field Ey is determined by the
1/v tipple diffusion, the direction of the E-driven current is always opposite to that of

the pressure-driven neoclassical current.

$5. Conclusion and Discussion

Physical mechanism of the newly found Ey-driven neoclassical parallel current in asym-
metric systems® has been clarified. This current can flow when dominant particle species
such as electrons and primary ions have different collisionalities. In symmetric systems,

this type of current does not exist under any condition because symmetry-breaking plays
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an essential role for this current to exist.

It has been emphasized that the crucial difference of the property of parallel viscosi-
ties between symmetric and asymmetric systems comes from the direction of the flow and
heat flux to be damped. In asymmetric systems this direction of a particle species changes
according to its own collisionality through the geometric factor, while the direction is inde-
pendent of the collisionality in symmetric systems. When the collisionalities of dominant
species such as electrons and primary ions are different in asymmetric toroidal systems, the
directions of the flow and heat flux to be damped by the parallel viscosities become different
between both species. As aresult of it, the flow and heat flux due to E, are damped by the
parallel viscosities with different rates according to the collisionality of each species, which
leads to the fact that the Ey-driven parallel flow depends on the particle species. This is
the most important point indicated in this paper. Consequently, the E;-driven neoclassical
parallel current can flow in spite of the charge neutrality. Simple analysis for a three fluids
plasma has shown that this current is most effective when electrons and primary ions exist
in the 1/v and plateau collisionality regimes, respectively, under the situation that impu-
rity ions exist in Pfirsh-Schliter regime. It has also indicated that the radial electric field
E, determined by the 1/v ripple diffusion always reduces the pressure-driven bootstrap
current.

It should be noted that all the present results stem from influences of symmetry and
symmetry-breaking in the system on the particle orbits. The existence of a symmetry van-
ishes the Ey-driven parallel current on a flux surface because of the resultant conservation
of an arbitrary angular momentum. The symmetry makes the radial particle fluxes across
a flux surface be intrinsic ambipolar, which leads to arbitrariness of Ey. In contrast to
it, symmetry-breaking does not make Ey-driven parallel current on a flux surface vanish
generally and does not make the radial particle fluxes be intrinsic ambipolar, which leads

to determination of E.
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