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Electromagnetic ITG Modes in Helical Systems
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Abstract

Linear properties of electromagnetic ion temperature gradient (ITG) modes in toroidal helical
systems are studied. The collisionless ion gyrokinetic equation and the massiess-electron assumption are
used tc derive two coupled integral eigenmode equations for the electrostatic potential and the parallel
compoaent of the vector potential from the quasineutrality condition and the Amére’s law. Based on a
model magnetic configuration for the Large Helical Device (LHD), the real frequencies, growth rates,
and eigenfunctions of the ITG mode are obtained by numerically solving the integral eigenmode
equations. Effects of § = (plasma pressure/magnetic pressure) on the ITG modeare investigated and
compared with those in the tokamak case.
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1. Introduction where By is the magnetic field strength on the magnetic
The ion temperature gradient (ITG) mode is axis, 0 and { represent the poloidal and the toroidal
considered to cause the anomalous ion thermal transport angles, respectively, and L and M are the poloidal and
in high temperature core regions of tokamak plasmas toroidal period numbers of the helical fields, respec-
[1]. Recently, helical systems such as the Large Helical tively. For example, L = 2 and M = 10 for the LHD. ¢,
Device (LHD) [2] have succeeded in producing high ion o< r and & o r’ with the minor radius r represent the
temperature plasmas, and there have been several parameters associated with the toroidicity and helicity,
theoretical studies on the electrostatic ITG mode in respectively. In helical systems, characteristics of the
helical systemns [3-6]. In addition, experiments to ITG mode are influenced by the existence of the helical
produce high:r f plasmas in helical systems are in magnetic component and the negative magnetic shear in
progress, and therefore it is important to clarify contrast to the toroidal symmetry and the positive mag-
electromagnetic effects on the ITG mode. The finite-f netic shear in conventional tokamaks.
effects on the ITG mode in tokamak plasmas has been
investigated by Dong et al. [7]. In this work, linear 2. Eigenmode Equations
properties of the electromagnetic ITG mode in finite-8 In this section, two coupled integral eigenmode
helical systems are studied and compared with those in equations for the linear electromagnetic ITG mode in
the electrostatic case and in the tokamak case. helical systems, which are similar to those of Dong et
The spatial distribution of the magnetic field al., are presented. The temporal dependence of the
strength in a large-aspect-ratio toroidal helical system is perturbation terms ¢ (the electrostatic potential) A, (the
written as parallel component of the vector potential) is assumed to

B/By= 1 — €& cos 8- g, cos (LO-MD), (D
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be given by @, A, < exp (-iwr) with a complex
frequency @ = @, + iy and time ¢. The distribution
functions for species a = i(ion), e(electron) are written
as f, = nFy, + Of, (hereafter, the subscript a is omitted
for simplicity except where it is necessary). Here, the
equilibrium part is assumed to be the Maxwellian
distribution function Fy; = 77?07 exp(—v*/v%), where
the thermal velocity is given by vT = (2T/m)"? with the
equilibrium temperature T and the mass m for each
species. The perturbation part is given by 8f = —(g.¢/
DnFy +h exp(-ik. - P), where p = (B/B x (v/€3) is the
gyroradius vector, Qp = g.B/(mc) is the gyrofrequency,
k is the wavenumber vector, g, is the charge (g, = e for
ions, —e for electrons), # is the equilibrium density, and
c is the light speed. The nonadiabatic part of the
distribution function A, is determined by the collisionless
linear electromagnetic gyrokinetic equation,

[,-;’; 2 (o wD)}h
(0-ous [ B2 20 (5-25), @

where @y =k, -vp, vp = QF' (0} + v/2)B?B X VB, @ =
- [1 + n(h)-3/2}], @« = ckoTlqBL,, n=L/Ly, L, =
—(d/dr)In n, and Ly = ~(d/dr)In T. In the case of the tor-
oidal helical configuration given by eq. (1), the mag-
netic drift frequency is given by

@p=2(L,/r)o. (v} +v/2) /0%,
x{et{cos0+ [5(8 - 6,)— a,sin 6] sin 6)
+Lefcos(LO-MP)
+[5(6- 8,)— @,sin 0] sin(Le—Mc)}], 3)

where § = (r/g)dq/dr is the magnetic shear parameter.
Here, k; = ko4 (V, + 6,Vgq) is the perpendicular
wavenumber vector given by the ballooning representa-
tion [8], where g(r) is the safety factor, o= { ~ g0 is the
label of the magnetic field line, and k, = —n, represents
the toroidal mode number, which is related to the
poloidal wavenumber as kg = n,q/r.

In order to derive the eigenmode equations, the
quasineutrality condition

“)

ﬁi=ﬁe9

and the Ampere’s law

VEZ" =- ‘t-—”(}iu + ;ell) ) (5
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are used. The number density perturbation 7 = fd% of
and the current density perturbation f" =q. /d3v v) Of are
rewritten in terms of ¢ and A, by integrating eq. (2).
Here, we neglect effects of trapped particles and take the
lowest-order solution of eq. (2) in the massless-electron
approximation. The resultant integral equations for the
electromagnetic ITG mode are given by

(1+7.)8(k)=

| [k e

+{Kp, (kK )+ K (k,K)} A4, ()|, (6)
and
igu(k):
F[{Km(k YK (k. K)}R)
HE L kK )+ K5k, K)}A K |, (7)
where
Klil(k,k')=_if0 owdtK (kK T), (8)
and -

0

i ’ . -1
Kk, k )=-zf_ DeedT 5 e

oo

(k&) K(k, k", 7), (9)

(k—%")K (k, k", 7), (10)

0
Kk k') =i f ) @+ dT 275(1_1
i ’ . 0 '—ﬂ‘ N2z ’
K2‘2(k,k)=—zf w*ed14TeJa;/[(k—k)K(k,k,T)

—oo

(11

Kl ) =i 0

e sk k). a2

K5 (ko k) =Bk (k. 1). (13)
Ky (k. k)=
Bl () (@)
+2“;’§2s’;9{ (147.)} senlk— 99'] (14)
and
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_, JRe-w Here, 2(6,0) = [{ d6” G, (8") with G, = a/[2(L/") £
K(k k', 7) =2 ool 2 4+ 12/2)/3] usi A= (RaRJ1a)Gedq), a =
JE(I + a) I (v + v1/2)/v7] using eq. (3), A = (T Wi /T.a)(S€./q)*, a =
1 + 1(26,/T.) 0, 7(6,6)/(0 — ), B, = 87T /B%, = B(1
N2 + T.), k= koS(0 -6, k' = ko3(0 —6,), k3 = k3[1 + (5(0 -
x| @ 1 3 ni(k —k ) 27, N2 372 A g2
., e+1—51]i+ ™) + 6 — o, sin 6)*], k{2 = k3[1 + (5(6 - 6y — ¢, sin 0], @,
(1 * “) = -Rog*(dB/dr) = (¢*B/&)(1 + T)(1 + my), and &, = L,/R,
(Ry: the major radius). In egs. (6) and (7), (}), A", and k
ki *k’i Kk, I , are normalized by T./e, (T./e)(c/vy,), and p;' = eB/
1- + Tl r;)(ki’ kJ.)- (15) (c ‘/n_ffe ), respectively. For evaluating k,, we have used
21+a)e. (1+a)ely the s equilibrium model [9]. An explicit form of a is
given by
a=1-i2(L, /")t w.7/0-6)
X (8, [(E +1)(sin @ —sin 8")— E{(G —0,)cos 0 —(0'—8,)cos 0’}
a , . Y ’
——21 {(0— 6’y — (sin Ocos 8 —sin 8'cos O )}]
- -1
+ (Lsh)[%ﬂ x {sin(( - Mq)6 -Ma)-sin (L -Mq)8'-M )
-3 {8, cos (L ~Mq)0-Ma) (&' -6,)cos(L ~Mg) &' ~Ma)}
L -Mgq
Q, 1 . . ’
el (——————A{sm([L ~Mg +118-Ma)-sin([L -Mq +116'-Ma))}
2 \L-Mg+1
1 . . ,
1 Mg -1 {sm([L -Mgq - 1]0—Ma)—s1n([L -Mgq -1]6 —Ma)})]). (16)
It should »e noted that K,; and K, are proportional Figure 1 shows the JB; dependence of the real
to B;, which represents that the electromagnetic frequency and the growth rate of the ITG mode. For 3 =
component given by A, appears only for finite §,. Our 0.001 % and 0.5 %, the real and imaginary parts of the
previous work on the electrostatic ITG mode [3] is eigenfunctions ¢ and A, are plotted in Fig. 2 for the
reproduced in the limit f; — 0. By solving the integral negative shear tokamak case and in Fig. 3 for the helical
eigenmode eqs. (6) and (7), the parameter dependence system. For both tokamak and helical cases, the low B
of the dispersion relation is obtained as case (ff; = 0.001 %), the real frequency, the growth rate,
W PG 50 ok e @ 1. el l M and the potential eigenfunction are in good agreement
D, @, 5, % @ ko> T e, €5, Oy, Tey E/E L, M), with those in the electrostatic case {3}, and the
a7n amplitude of A, is negligibly small. As shown in Figs.
where F is a dimensionless function. 2(c),(d) and 3(c),(d), the magnetic fluctuation A, grows
due to finite B, which also adds some deformations to
3. Numerical Results the electrostatic potential. This represents the coupling
Here, we use the standard parameters of our to electromagnetic shear Alfvén waves [7], and gives
previous work {3], which are given by ¢ = 2, § = -1 stabilization effects to the ITG mode for both tokamak
(negative shear), 6, =0, a =0, kg1 =0.65 7, = 7. = 3, and helical cases with f; increased as seen in Fig. 1(a).
£ =03,1.=1, &g/eg=1, L =2, M = 10. For the Comparing the profiles of the eigenfunctions in
tokamak case, g/¢, =0. Figs. 2 and 3, the eigenfunctions for the helical case are
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" more oscillatory due to the helical magnetic ripples than
those for the tokamak case. In the helical system, these
oscillations in the eigenfunctions, which are more
enhanced for higher f3, increase the effective parallel
wavenumber, decrease the parallel phase velocity, and

[ ey :Toll(ama.k 1
09L —™ 7 :Helical |
02 --=-- @, : Tokamak

--=+-- @, : Helical
0.4+ .
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Fig. 1 Normalized real frequency w/w., and growth rate
yl@.. as a function of B, forg=2,§=-1,6,=0, o=
0, ko =0.65, 1,=1n,=3, £,= 0.3, and 7, = 1. Here
&,/€, = 0 for the tokamak case, and g,/e,=1, L= 2,
M = 10 for the helical system.
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Fig. 2 Normalized eigenfunctions e¢/T, and eviAi/cT, in
the tokamak case with g,/e,=0, forg=2, §=-1, 6,
=0,a=0, kyr; =065, n=1,=3,¢,=03and 7, =1
for two cases of 8 = 0.001 % [(a),(b)] and 3, = 0.5
% [(c),(d)]. The horizontal axis represents the cov-
ering space of the ballooning angle 6.

628

accordingly strengthen the ion Landau damping. Also,
the helical magnetic ripples reduce the bad curvature
region in the outside of the torus [3]. Thus, the growth
rates of the ITG mode are smaller for the helical system
as shown in Fig. 1(a), where the complete stabilization
occurs at §; = 0.8 %.

4. Summary

In this work, we have investigated electromagnetic
effects on the linear ITG mode in helical systems with
finite B. Higher f increases magnetic fluctuations and
gives more oscillatory profiles of eigenfunctions, which
results from the multiplier effect of the helical magnetic
ripples and the coupling to electromagnetic shear Alfvén
waves. Thus, the growth rate of the ITG mode for the
helical system decreases with increasing f; and keeps
smaller values than for the tokamak case.

Here, effects of collisions, trapped particles,
impurities, and sheared electric fields are not taken into
account. Also, another branch of unstable modes, which
is associated with the kinetic Alfvén mode, was
discovered by Dong et al. [7] although it is not found
here yet. These subjects remain as future tasks.
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Fig. 3 Normalized eigenfunctions e¢/T, and evy,AicT, in
the helical system with g,/e, =1, L =2, M =10 for
g=2,8=-1,6=0,0=0,k;7=0.651n=7.=3, ¢,
= 0.3, and 7, = 1 for two cases of § = 0.001 %
[(a),(b)] and B = 0.5 % [{c).(d}]. The horizontal axis
represents the covering space of the ballooning
angle 6.
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