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Numerical methods for solving the monoenergetic drift kinetic equation (DKE) are powerful tools for obtain-
ing viscosity coefficients. However, these methods do not apply when the collision frequency and radial electric
field become large. For example, when the radial electric field becomes large, poloidal resonance effect occurs
and degrades the accuracy of the numerical solutions to DKE. But when we calculate the neoclassical viscosity
in Heliotron J, which is an L = 1 helical-axis heliotron device, we cannot neglect the resonance effect in the
presence of high-Z ions. In this study, we combine viscosity coefficients calculated by the numerical method
with those obtained from analytical solutions that take the effects of the first poloidal resonance into account.
We use this method to obtain monoenergetic viscosity coefficients for arbitrary collision frequencies and radial

electric fields in the L = 1 heliotron device.
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1. Introduction

In nonaxisymmetric toroidal systems, it is one of the
crucial works to determine parallel flows, neoclassical vis-
cosities, and ambipolar radial electric fields. To solve
the drift kinetic equation (DKE) for neoclassical transport
analysis, numerical methods are effective to handle com-
plex magnetic geometries in nonaxisymmetric plasmas.
Based on the solution of DKE, neoclassical transport anal-
yses that satisfy parallel momentum conservation between
different particle species, self-adjointness, and Galilean in-
variance have been proposed [1-4] using the monoener-
getic viscosity coefficients L*, M*, and GBS which denote
radial particle diffusion, parallel viscosity, and bootstrap
current, respectively.

Heliotron J is a nonaxisymmetric device with an L =
1/M = 4 helical-axis helical coil, where L and M are the
pole and pitch numbers of the helical coil, respectively. Ex-
periments have been performed in this device to change
the bumpy component of the magnetic field for investigat-
ing the controllability of parallel flow and bootstrap cur-
rent [5-7]. Furthermore, analyses of the monoenergetic
viscosity coefficients obtained from numerical solutions of
the DKE have been reported [8]. However, because vio-
lations of momentum conservation occur when the colli-
sion frequency and radial electric field become large, we
often cannot apply numerical methods to evaluate the mo-
noenergetic viscosity coefficients [3, 4], numerical meth-
ods are inappropriate to solve the DKE. In addition, in
the L-H transition phase, poloidal resonance effects de-
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grade the accuracy of the numerical monoenergetic vis-
cosity coefficients [9—12] in the large radial electric field
limit. When we calculate the neoclassical viscosity of plas-
mas in Heliotron J, which contain high-Z ions, these effects
should be taken into account.

Here, we combine the viscosity coefficients calculated
by the numerical method with those from an analytical so-
lution that takes the above effects into account. This en-
ables us to obtain monoenergetic viscosity coefficients for
arbitrary collision frequencies and radial electric fields in
the L = 1 heliotron device. We also address the controlla-
bility of monoenergetic viscosity coefficients by changing
the configuration of the magnetic field.

2. Analytical Viscosity Coefficients
The linearized DKE is given by

(Vi + Ve fur = Cx(far)

€4 <BE||>

= —vdq - Vi + T—aqumfaM, (1

where V) is the parallel orbit propagator, Vi is the E X B
drift operator, CL is the linearized collision operator, vy, is
the radial drift velocity, f,v is the local Maxwellian dis-
tribution function, and f,; is a distortion from the local
Maxwellian [1]. To solve Eq. (1) numerically, we employ
the drift kinetic equation solver (DKES) code [13, 14]. In
this code, the pitch-angle scattering (PAS) operator is used
as the linearized collision operator for simplicity because
it is appropriate when a higher-order Legendre term domi-
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nates. The PAS operator is given by

vy 0
CPAS = _D Il 2
a > 65( -& ) % 2
where ¢ is the cosine of the pitch angle of the particle. In
Eq. (2), the energy-dependent deflection frequency vy is
given by

Vh = > 1w X (D) — G(xp)), 3)

where G Vr/4) 1! = e 2ep’n, In A/ (dngy’m,v>), g is
the space permeability, x, = v/vy, is the particle veloc-
ity normalized by the thermal velocity vy, = V2T,/mq,
@(x,) is the error function, and G(x;) is the Chandrasekhar
function [1-4]. Here, 7,, is the collision time between
test particles of species a and field particles of species b.
The DKES code solves Eq. (1) by neglecting perpendicular
drift terms except for the E X B drift in vy, - V f;;. In nonax-
isymmetric stellarator/heliotron configurations under low
collisionality conditions, a so-called bounce-averaged per-
turbation is generated in the ripple-trapped pitch-angle
range. Therefore, retaining only V) f;1 as the derivative of
fa1 is usually inadequate. To include the poloidal preces-
sion of trapped particles, Vg f,; is also retained. In addition
to this drift due to the radial electric field, which is known
as the superbanana diffusion regime, bounce-averaged per-
pendicular drifts due to VB and the magnetic field curva-
ture b - Vb are sometimes not negligible in conditions of
weak radial electric field strengths and low collision fre-
quencies. For stellarator/heliotron magnetic fields

B/By =1 —g(r)cos b + gy(r,0)
x cos(LO — M¢ +y(r,0)), 4

radial diffusion in the superbanana collisionality
regime [15] is estimated to be

2
14SB) _ &n Ve €a_ i
4\/_(dsh/dr)z (ma ) v’ ©)

for the collisionality condition L*S® < L*(/") Here, the
flux function r = a /s is the effective minor radius, which
is defined by the normalized toroidal flux s and the effec-
tive plasma radius ¢ = 0.16 m. The 1/v diffusion L*1/"
can be estimated by the well-known Shaing-Hokin for-
mula [16],

4\/5 2 3/2
o WP _D’
where ¢ is a toroidal magnetic flux divided by 2x, and
Y’ = dy/dr. An empirical scaling for radial diffusion in
the collisionless detrapping collisionality regime, which is
suppressed by E X B drift[17], is

L =

(6)

-2
14(CD) _ ﬁg/zﬁ (E) (7

6 ' v \v ’
where E, = —0®g/0r, and ®g(r) is the electrostatic po-

tential. In a rough estimate of the (v}, E;,) space region in

which VB and curvature drifts in the poloidal direction are
not negligible, the poloidal dependence of g, is neglected,
at least in these asymptotic limit formulas for L*G®), [*(1/),
and L"), Therefore the bounce-averaged poloidal drift of
the trapped particles due to dey,/dr is not negligible com-
pared with that due to E, in conditions of weak radial elec-
tric fields of

e sala) 12

and low collision frequencies of

dey/dr

€aq

mav?, ®)

1/4
a . 2! 3/2 1/2)1/2

VD 373/4

dey/dr
ey’

For hydrogen and deuterium ions in typical Heliotron J ex-
perimental conditions (dey/dr ~ 2, /r = 4m™ g~ ey &
0.1, ¥/ ~ 0.1Tm, m> ~ 100eV), Egs.(8) and (9) are
estimated to be |E,| < 80V/m and v}, < 70 s71, respec-
tively, and thus they are negligibly smaller than the actual
ambipolar electric field strength (few kV/m) and collision
frequency (10°s™!). Therefore, neglect of VB and curva-
ture drifts in the poloidal direction in Eq. (1) is adequate
for studies at Heliotron J conditions.

In the DKES, the monoenergetic transport coeflicients
D j1(K) are defined by

mav°. )

Di(K) = (0, FO) + (0, Fp)  (jk=1.3), (10)

where K = x,2 = ma?/2T, is the normalized kinetic en-

ergy. In Eq.(10), o] and o are source terms associated
with the radial particle flux and parallel particle flow, re-
spectively, and F' ;’ and F ; are the response functions asso-
ciated with 0'}’. These functions are defined by

(Vi + Ve)F; —CLF = o

T =1.3) 1
(Vi + Ve)F? = ch;_o =13 (n

The quantity (F, G) represents the inner product

1 1
7.6 =5 [ wro. (12)

of arbitrary functions (6, {,¢) and G(6, ¢, ). We obtain
D jx(K) from the inner product of o-}r and (F + F;)) by ap-
plying a variational principle for the Fourier-Legendre ex-
panded distribution function. This D ;(K) depends on the
magnetic field configuration, v{)/v and E,/v. Numerical
analyses of neoclassical transport by use of these monoen-
ergetic viscosity coefficients have been performed [1-4].
In these methods, g, = fa1 — f(l D was introduced. The
! = 1 Legendre component f;l] B of the distribution func-
tion f,; is associated with parallel particle flow. This g, is
determined by the driving forces Gy, from the radial gra-
dient and Gy, from the parallel flow [1]. The Gx, and Gy,
are obtained from the differential equations

(V|+VE—CL“)|: (G;za ]:[ Z-_Za :|, (13)
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Fig. 1 Contour maps of |B] in the (6, {) plane on the flux surface r/a = 0.71 for (a) STD configuration, (b) HG configuration, and (¢) RG

configuration. Black solid lines denote magnetic field lines.

where oy, and oy, are defined in Ref.[1]. Note the fol-
lowing about the approximation for Vg used in the DKES
code. As shown in Ref. [13], a straightforward derivation
of Vi gives

VE:ErvrB—tBoV+E,($-VInB)
X{(l & )fa—é: +(1+¢& )U—} (14)

For the purpose to operate Gy, and Gy,, which are domi-
nated by poloidal and toroidal variations of higher Legen-
dre orders [ > 2, the second term is a higher order of 6B
when comparing with the first term. Here, 6B = B — (B)
is the magnetic field strength modulation on the surfaces.
A primary advantage of omitting this order together with
the use of C™S is a reduction in the phase-space dimen-
sion of Eq. (13) from 4D (6, {,v,¢) to 3D (6, ¢,€). In this
3D calculation, the drift velocity vy = E X B/B? is re-
placed by E x B/{B?) for retaining the surface-averaged

conservation of particles and energy < f_ ll(VET)d§> =

and the antisymmetric property of the Vlasov operator
(G, VeF) = (F,VeG), which is required along with the
self-adjoint property of the collision operator for obtaining
the Onsager symmetric full transport matrix.

If
l ~
Ve f Udl’, (15)

is satisfied, we can calculate Gy, using D (K) obtained
from the DKES [3, 4, 18], where f ! d! denotes the integral

along the magnetic field line and U is obtained as the solu-
tion of

eqoy > myvi

U 1
B-V(E):BxVyV(ﬁ). (16)

However, in the large VyE, /v? limit, Eq. (15) cannot be sat-
isfied and conservation of momentum is violated. In this
case, Dy} and D3 = Dj; calculated by the DKES can-
not be used to obtain L* and GBS, Moreover, in the large
vy /v limit, the monoenergetic viscosity coefficients are in-

versely proportional not to v{) but to v [1-4], where

v =3vh +vE
3vn SfHx) Ty my \ G(xp)
o 4=4 1+ 22 ,
( 4 )Zb:T b { xa3 " Tb " mg Xa

7

represents a collision frequency for relaxation of pressure
anisotropy. In Eq.(17), v{ is the energy exchange fre-
quency and H(xp) = D(xp) — 3G(xp). Furthermore, when
E, becomes sufficiently large, the poloidal velocities of the
passing particles are canceled by the poloidal components
of vg. In such a case, particles do not describe banana or-
bits. This poloidal resonance occurs at My, ~ |m — ngl/m
for each (m, n) Fourier mode and reduces D significantly,
where Mp, = |vg|B/v.B, is the poloidal Mach number,
q is the safety factor, and B, is the poloidal magnetic
field[10-12]. For the (1,0) Fourier mode, resonance oc-
curs at My, ~ 1. This effect is closely related to the L-H
transition theory, however, this topic is beyond the scope of
this study. Therefore, we adopt the analytical solution that
includes poloidal resonance in the v} /v and E, /v regime
for which the numerical method is inappropriate. In the
plateau regime, we can obtain the viscosity coefficients us-
ing the Krook operator and Fourier expansion. For each
Fourier component, we define b,,, as

by = Ewgﬂ)—%, (18)

v (Ym—y’'n)

where y is a poloidal magnetic flux divided by 27. For
1Bl < 3.0x 1072, the monoenergetic viscosity coefficients
in the plateau and Pfirsch-Schliiter regimes are given in
Ref. [19]. For the condition |b,,,| > 3.0 x 1072, we replace
the function

3 32 A v 32 -2/3
{(;Ix”"“ﬁ'”') +(57T\/<Bz>4ﬂ2) } , (19)

in Egs. (17) and (18) in Ref. [19] b

9amn -1/3)
20
SlX/m_ W"| fl (f bmn) +amn dé: ( )
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Fig. 2 Typical v{,(v = vy)/v, and E, /v, for all particle species
on the p = 0.1 — 0.9 magnetic flux surface in Heliotron J
plasma, where p = r/a. Plasma particle parameters are as
follows: E, = 0.5kV/m, n.(p) = 1.5 x 10"°(1 — p*>)m3,
T.(p) = 300(1 — p*) eV, Ti(p) = 175(1 — p'3)!! eV, and
Zeﬁ»‘ = 19

where a,,, is defined by

Ve BZ 1/2 Vv’
Amn = _TL . (21)
v ly'm—y'n| 4x>

The analytical formula (for the single Fourier mode m = 1,
n = 0) is compared with the numerical solution (DKES)
in Ref.[12]. Note that Eq.(20) is inapplicable for calcu-
lations in the weak E, limit because the conservation of
particles and of energy are violated.

3. Numerical Results

The monoenergetic viscosity coefficients were studied
for three magnetic configurations: standard magnetic rip-
ple configuration (STD), high-bumpy configuration (HG),
and reversed-mirror ripple configuration (RG). Contour
maps for |B| on the flux surface of r/a = 0.71 are shown
in Fig. 1. The figure shows that the largest ripple depth oc-
curred in the HG configuration and the smallest occurred
in the RG configuration. Figure 2 shows typical v{/v
and E, /v, for e, D*, and C®" in Heliotron J. The fig-
ure shows that by > 0.1 is satisfied for C®*. This indicates
a strong reduction in monoenergetic transport coefficients
by the first poloidal resonance in the presence of C®* ions
in Heliotron J. Therefore, when we estimate the monoen-
ergetic viscosity coefficients for such plasmas, we should
include the poloidal resonance effect. The monoenergetic
viscosity coefficients L*, M*, and G®S obtained from an-
alytical and numerical methods in the STD configuration
are shown in Fig. 3. For M* and G®%, we connect the ana-
lytical and numerical solutions at the point where the parti-
cle velocity gives the maximum value of M* obtained from
the DKES. We connect L* at the point where the particle
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Fig. 3 Monoenergetic viscosity coefficients L*, M*, and G®
on the flux surface /a = 0.71 in the STD configuration.
Solid lines indicate numerical solutions from the DKES
and dotted lines indicate analytical solutions.

velocity satisfies

Vi 84n
T _ rp2\ =172

— =—-—X(B . 22

AR, (22)
For simplicity, here we replace v by 3v{,. Figure 3 shows
that using this method, we can obtain smooth and continu-
ous monoenergetic viscosity coefficients at arbitrary colli-
sion frequencies and electric fields. Figure 4 shows the de-
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Fig. 4 Monoenergetic viscosity coefficients at weak (E,/v =
1.0 x 107 T) and strong (E,/v = 3.0 x 1072 T) electric
field on the flux surface r/a = 0.71 in the HG, STD and
RG configurations.

pendence of the bumpy component on the monoenergetic
viscosity coefficients at weak (E,/v = 1.0 X 107*T) and
strong (E,/v = 3.0x 1072 T) electric fields. In the HG con-
figuration, M* is larger than those in the other two configu-
rations in all collisionality regimes. Since M* is closely as-
sociated with parallel viscosity damping, this result shows

that the large magnetic ripple depth by the bumpy compo-
nent in the HG configuration yields strong viscosity damp-
ing. Parallel particle flows and bootstrap currents are ex-
pected to be suppressed in this configuration. However, a
detailed analysis of parallel particle flows using the mo-
ment method [1-4] is beyond the scope of this study.

4. Conclusions

In this study, we estimated the monoenergetic viscos-
ity coefficients of plasmas in an L = 1 helical-axis he-
liotron device, Heliotron J. We applied analytic calcula-
tions together with a numerical solution to avoid problems
concerning the validity of the simplified DKE in the DKES
code due to the poloidal resonance effect and violation of
parallel momentum conservation. The combination of nu-
merical solutions from the DKES code with analytical so-
lutions allowed us to obtain continuous monoenergetic vis-
cosity coefficients for arbitrary collision frequencies and
electric fields. We found that changes in the bumpy field
component can effectively control the neoclassical viscos-
ity. A detailed analysis of the parallel particle flows using
the moment method will be reported in future work.
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