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Linear properties of ion temperature gradient (ITG) modes in helical systems are studied. The
real frequency, growth rate, and eigenfunction are obtained for both stable and unstable cases by
solving a kinetic integral equation with proper analytic continuation performed in the complex
frequency plane. Based on the model magnetic configuration for toroidal helical systems like
the Large Helical Device (LHD), dependences of the ITG mode properties on various plasma
equilibrium parameters are investigated. Particularly, relative effects of V B-curvature drifts
driven by the toroidicity and by the helical ripples are examined in order to compare the ITG

modes 1n helical systems with those in tokamaks.
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Introduction

§1.

The ion temperature gradient (ITG) modes are one of
drift wave instabilities. Many works have been done on
the I'TG modes since they are considered a cause of the
anomalous ion heat transport in high temperature core
regions of tokamak plasmas.-?) Recently, the Large He-
lical Device (LHD) of National Institute for Fusion Sci-
ence succeeded in generation of the high ion temperature
T;(0) > 3 keV by means of neutral beam injection.®) Ob-
served ion temperature profiles are steeper than density
profiles. Thus, the ITG modes are expected to become
unstable and drive the anomalous transport in helical
systems as well.

Sinece tokamaks have the non-uniforrmty of the mag-
netic field (toroidicity), the magnetic V B-curvature drift
motions of particles occur and the convective mechanism
causes the instability which 1s more unstable than that
driven by the acoustic mechanism in slab systems.> %) In
helical systems such as LHD, the drift motions are driven
not only by the toroidicity but also by the helicity (he-
lical ripples). The magnetic field strength for the large
aspect ratio helical system is given by

BfBy=1-—¢cos8 — ¢ cos{Lf — M), (1.1)

where By 1s the magnetic field strengih on the magnetic
axis, # and ( represent the poloidal and the toroidal an-
gles, respectively, and L and M are the poloidal and
toroidal period numbers of the helical fields, respectively.
For example, L = 2, M = 10 for the LHD and L = 2,
M = 8 for the Compact Helical System (CHS).”) Here,
¢t = /R € 1 ( r: the minor radius, R: the major ra-
dius) and ¢, (o< 7F) represent the parameters associated
with the toroidicity and helicity, respectively.

For tokamaks (e, = (), the ITG mode is localized
like a Gaussian function in the outer region of the torus
—m/2 < 6 < 72, which is called the bad curvature re-
gion since the ton drift motions in this region destabilize
the ITG mode. This local destabihization 1s brought by

the toroidicity. For helical systems (e; # 0), the equi-
librium depends not ouly on & but also on ({, and the
distribution of bad curvature regions become more com-
plicated due to the helicity combined with the toroidic-
ity. Another important feature of the helical systems
1s the negative magnetic shear in contrast with the posi-
tive magnetic shear of the conventional tokamaks. These
characteristics are expected to bring about different ef-
fects on the ITG mode.

In this work, in order to to take account of kinetic
effects such as wave-particle interactions and finite ion
gyroradii, we use the ion gyrokinetic equation®®? to ob-
tain the dispersion relation and the mode structure of
the linear electrostatic I'T'G mode in the LHD-like he-
lical system, which is compared with the tokamak ITG
mode. Recently, similar gyrokinetic analyses have been
done on the ITG mode in the helias configuration'® and
in the quasi-axisymmetric stellarator.!!) Here, assuming
the low B{= the ratio of the plasma pressure to the mag-
netic pressure} large aspect ratic toroidal plasma, we
clarify the effects of the ion V B-curvature drift motion
in the helical system with the model magnetic field given
by eq. (1.1).

The rest of this work is organized as follows. In § 2, the
dispersion relation of the linear ITG mode in the helical
system is derived as a kinetic integral equation from the
ion gyrokinetic equation, the adiabatic electron assump-
tion, and the quasineutrality condition. In § 3, results
from numerical solutions of the integral equation are pre-
sented to show dependences of the ITG mode proper-
tles on wvarious plasma equilibrium parameters such as
the helical ripple intensity, safety factor, magnetic shear,
ballooning angle, poloidal wavenumber, temperature and
density gradients. In § 4, conclusions are given.

§2. Dispersion Relation of ITG Modes

In this section, a kinetic mtegral equation to give the
dispersion relation of the I'TG mode in the helical system
is derived. Here, we consider the linear electrostatic ITG
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mode in a high temperature plasma and neglect colli-
sional effects on the dispersion relation. The electrostatic
potential perturbation is written as ¢ o exp{ —iwt) with
a compiex frequency w = w, +1iy. Electrons are assumed
to adiabatically respond to the electrostatic perturba-
tion. Then, the electron density perturbation is given
by #n. = (e¢/T.)nqg, where ng denotes the equilibrium
density, —e represents the electron charge, and 7, is the
equilibrium electron temperature.

The ion distribution function is written as f; =
noFar + 6f;. Here, the equilibrium part is assumed
to be given by the Maxwelhan distribution function
Fy = 7732077 exp(—v?/v};), where the ion thermal
velocity is give by vr; = (21}/111,-)1/ ? with the equi-
librium ion temperature T;. The perturbation part is
given by éf; = —(ed/T;)noFrr + £ exp(—i ki - p), where
p =bxo/Q (b= B/B) is the ion gyroradius vec-
tor, and €% = eB/(m;c) is the ion gyrofrequency. The
non-adiabatic part of the distribution function & is de-
termined by the linear gyrokinetic equation®®

¢

(w—wp +iU"b-V) h = (w—w.p) T
k3

Jo(kLp) moFar,
{2.1)
where wp =k -vp, wer = wai[ 1+ {(v/vr:)? —3/2} ],
% = LnfL7i, Ln = —npldno(r)/dri”!, and L, =
—T:[dTi(r)/dr]~t. Here, vp = ;' (v?l +v2/2) b x
B~'VB is the ion ¥V B-curvature drift velocity, Jy is
the Bessel function of order zero, w.; = —7, lw.. is
the ion diamagnetic drift frequency, 7. = T./T; is
the ratio between the electron and ion temperatures,
wee = ckgT./(eBL,) is the electron diamagnetic drift
frequency, and ky is the poloidal wavenumber.

In the present work, following Dong et ¢l'? and
Romanelli,®) effects of the magnetic configuration are
taken intc account only through the ion V B-curvature
drift motion. Trapped particle effects are neglected here
since mainly the passing ions drive the ITG modes. We
consider a large aspect ratio and low J toroidal system,
for which the magnetic field strength is given by eq. (1.1).
Then, the ion V B-curvature drift frequency is given by

wp = 2(Lafr)wn( 0] +01/2 )0k
X | efcosf + 58 — 0;)sinf}

+ Len{cos(LO — MC)+5(6 — 6x) sin(L8 — MO)} |,
(2.2)

where § = (r/q)dg/dr is the magnetic shear parameter.
In eq. (2.1}, the ballooning representation'* %) is used,
and the perpendicular wavenumber vector 1s written as
ki = ko (Va+6:Vyg). Here, g(r) is the safety factor, @ =
{ —q# 1s the label of the magnetic field hne, and k, = —n
represents the toroidal mode number, which is related to
the poloidal wavenumber as ks = ng/r. Using the in-
dependent variables (g, «,#) as the spatial coordinates,
{2.1) becomes the ordinary differential equation with re-
spect to . Integrating the gyrokinetic equation (2.1)
along the field line with the boundary conditions h{¢ —
+o0) = 0, and substituting it into the quasineutrality

condition én; = —(e¢/Ti)ng + [ dPvJo(kLp)h = én. =
{e¢/T.)no, we obtain the integral equation,

(145 ) eew= [ ek peer) @3

—od V211'
with

0 —jwT )

K(k, k') = “i] w,..edr—\/gi.___e—(k—k y2/4x
—oo va(l+a)VA

e 3 m(k — £)? 29
x[w*ere+1_2"‘+ dax  (1+a)
k3 + k7 Bk, I ’
<1 T2(ltan  (Itornl To(kL, kL), (24)

where I, = L( kB k /{1 +a)] ) (7 = 0,1) are
the modified Bessel functions of j-th order, A =
(WeeT)?(3€n/9)2/Tet, €n = LnfR, k = 3ks(f ~ 62),
E = §k9(9' - 6];), Pn(k_}_,ki) = Ig( kj_ki/[(l-[—
ayre] Yexpf —(k% + KF)/2r.(1 + a)], k2 = ki + k2,
B2 =kZ+ k2 and

a=1—i2Ln/r)r Sweer/(6 — )
x ( e [(§+ 1)(siné ~ sin &)
~5{(8 — bx) cos — (& ~ Bx) cos'}

+ el - M) | (s - Mg +1}
x {sin{(L — Mq)0 — Ma] —sin[(L — Mq)¢' ~ Mal}
~ 54 (6 = 62) cos( (L — M) — Me)

(0 — ) cos{ (L — Mg)§' — Ma )} ] ) .
(2.5)

Here, the wavenumber variables kg, &, and &’ are nor-
malized by p;! (ps = /2Te/m: /) and en(r) o< v is
used.

The integral equation (2.3) with the boundary condi-
tions ¢{f - +oo) = 0 determines the complex-valued
eigenfrequency and eigenfunction of the ITG mode for
the helical system. If we put e = 0, the integral ITG
mode equation (2.3) with egs. {2.4) and (2.5) reduces to
the one given by Dong, et al for the tokamak case.!?)
Compared to the tokamak case, the dispersion relation
for the helical system depends on additional parameters
enfer, L, M, and o, Then, the eigenfrequency is written
as

W:W(q,é,Gk,a,kg,ﬂi,fn,fe,€h/€t,L,M). (2'6)

In the next section, ¢q. {2.3) is numerically solved to in-
vestigate dependences of the ITG mode real frequency,
growth rate, and structure on these parameters. Qur
numerical code can calculate both positive and negative
growth rates with proper analytic continuation of the
dispersion relation in the complex frequency plane.!518)
Detailed procedures for the analytic continuation are
shown in Ref. 18).
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§3. Numerical Results

In this section, we numerically solve the integral equa-
tion (2.3) with the boundary conditions ¢(§ — o0} = 0
to obtain the real frequency, growth rate, and eigen-
function of the ITG mode for the helical system with
L = 2 and M = 10 (corresponding to the LHD case)
As the standard parameters for the numerical calcula-
tion, we use L = 2, M = 10, e;fe: = 1, ¢ = 2,
i=-1, =11 =3,6=03,0, =0, a =0, and
kspr. = 0.65. Here, pri = v7, /S is the ion thermal gy-
roradius. These parameters except for ¢, are chosen such
that they correspond to those at the magnetic surface
r/a = 0.6 of the typical NBI-heated hydrogen plasma in
LED with B = 2.75T, T:(0.6a) = T.(0.6a) = 1.6keV,
n{0.6a) = 0.7 x 10**m~3, 3(0.6a) = 0.12%, R = 3.6m,
a = 0.6m, and Ly, = 0.36m. Very flat density profiles
(€n = Ln/R ~ o0) are observed in the LHD'®) although
we use ¢, = 0.3 (L, ~ 1m) here. The flat density profile
case is treated later in § 3.8. The field line o = 0 passes
through the point where magnetic field strength B has
its smallest value on the magnetic flux surface. Also,
6 = 0 is the poloidal angle where the radial wavenum-
ber k, vanishes since k, = 8kg(0 — 8;). Therefore, the
ITG mode is considered to become the most unstable for
@ = 0 and #; = 0. As seen later, the growth rate has
a peak around the poloidal wavenumber kgpr, = 0.65.
Then, using the LHD parameters shown above, we ob-
tain wyee = 1.8 x 10%sec™ !, waeen = 0.54 x 10%sec™?, and
Xo =27 /ks = 2.0 x 1072m for kepp: = 0.65.

Here, we write the nondimensional factor, which rep-
resents the poloidal structure of the V B-curvature drift
frequency, as

G(8) = cos — 5(8 — 6 )sind
—(enfes) L [ cos ( (L—Mgq)d — Ma)

~3(6 — 65 sin ( (L~ Mq)8 —Mo:) ] ,
(3.1)

which we call a curvature factor hereafter. It should be
noted that, for kg > 0, the sign of G(#) is opposite to that
of wp in eq. (2.2) because Lyw,; < 0. For G(8) > 0, the
poloidal ion ¥V B-curvature drift motion at the poloidal
angle 8 is in the same direction as the ion diamagnetic
rotation. Such a peloidal region is called a bad curvature
region because the destabilization of the modes occurs
there. On the other hand, in the good curvature region
(G(8) < 0), the ion magnetic drift is in the direction of
the electron diamagnetic direction, and the modes are
stabilized. For the helical system with ex/e; ~ 1 and
L < Mg, the connection length between adjacent good
and curvature regions is roughly given by Rg/M.

In the following subsections, we investigate depen-
dences of the ITG mode properties on the equilibrium
parameters in the regions around the standard parame-
ters.

3.1  Helical ripple effects
Effects of the parameter ¢, /¢ on the normalized real
frequency w,/w,, iw, = Re(w)], the normalized growth

rate 7/w.. [y = Im{w)], and the eigenfunction ¢{8) =
¢r + i¢, are shown in Figs. 1 and 2. The parameters
used here are the same as the standard ones (see the first
paragraph of this section) except for €5 /¢;. The case of
m = 4 is also plotted in Fig. 1. No helical ripple case
€5 /e, = 0 corresponds to the negative shear tokamak.
With increasing ¢p /e¢, the fine spatial structure of helical
ripples appears and the connection length between adja-
cent good and bad curvature regions becomes shorter as
seen from G{#) in Fig. 2. The large helical ripples can
produce the good curvature region even in the outside of
the torus. Then, the eigenfunction enters not only the
bad curvature region but also the good curvature region.
That results in the monotonic decrease of the growth
rate v with increasing ¢z /¢;. On the other hand, the real
frequency are weakly dependent on ¢ /¢;, and keeps the
negative sign, which implies the wave propagation in the
ion diamagnetic direction.
Using the ballooning transform,'®

&(r,8,¢)
+oo
= > (0 +27j) exp[-in{¢ — g(r)(8 + 275 — 6u)}],

(3.2)

we obtain the three dimensional distribution of the elec-
trostatic potential ¢(r,8,() from the one dimensional
eigenfunction #(#). In eqg. (3.2), the radial dependence
of ¢(r,8,¢) are considered only through ¢(r) = ¢(r;} +
(3¢/7)(r — r;) where r, denotes the radial position of
a given magnetic surface. Thus, the three dimensional
structure give by eq. (3.2) is valid only in the neigh-
borhood of the magnetic surface » = r;. The poten-
tial distribution ¢(r,#,() in the region (1.8 < ¢ < 2.2,
0 < ¢ < 27/5) around the ¢ = 2 surface, which corre-
sponds to Fig. 2 (b-1) (the case of the standard parame-
ters), is shown in Fig. 3, where the torcidal mode number
is determined from ks = ng/r = 0.65p7} as n = 56. We
can see the poloidal localization of the mode structure
accompanied with its radial extension.

8.8 Effects of the safety factor q

Figure 4 shows the normalized real frequency and
growth rate as a function of the safety factor ¢ (the ro-
tational transform is given by ¢+ = ¢~*}. The parameters
used here are the same as the standard ones (see the first
paragraph of this section) except for ¢. Also, the nega-
tive shear tokamak case with the same parameters except
for €5 /€; = 0 is plotted in Fig. 4. The growth rate for the
helical case (e5/ex = 1} is smaller than for the tokamak
case due to the stabilization effect of the helical ripples
as explained in the previous subsection. We can see that
the real frequency is weakly dependent on ¢ although the
growth rate becomes smaller for smaller ¢ (larger ¢) for
both the tokamak and the helical cases. Asseenin Fig. 2,
for both cases, the width of the eigenfunction along the
field line scales by the connection length R2g between the
inside and outside of the torus. Therefore, the effective
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Fig. 1. Normalized real frequency w,/wx«e (top) and growth rate
Y{wee (bottom) as a function of e fe; for L = 2, M = 10, ¢ = 2,
5==1,0,=0 a=0,n =3, 4 ¢, = 0.3, and kgpr; = 0.65.

(»-2) G(®)
SRS

- 0 n

Fig. 2. Eigenfunction ¢(f) = ¢,+i¢; and curvature factor G(d)
for epfer = 0 (a-1,2), epfer = 1 (b-1,2), and ¢y fer = 2 (e-
1,2). Here, § = 0 and § = %7 correspond to the outermost and
innermost points on the toroidal magnetic surface, respectively.
The other parametersare L =2, M = 10,¢=2,8= -1,0, =0,
a=0,n =3, en = 0.3, and kgpp; = 0.65.

Electrostatic Huet uation o

Fig. 3. The three dimensional distribution of the real part of the
potential function ¢(r, 8, ¢) in the region (1.8 < ¢ € 2.2,0<( <
27 /5) around the g = 2 surface. The potential values are shown
by colors. The same parameters as in Fig. 2 (b-1) are used.

parallel wavelength k7' ~ Rq and the parallel phase ve-
locity w/ky of the mode are reduced when ¢ decreases.
Then, the Landau damping becomes stronger, which is
considered a stabilization mechanism for smaller g.

3.9 Effects of the magnetic shear §

Figure 5 shows the normalized real frequency and
growth rate as a function of the magnetic shear param-
eter 5. The parameters used here are the same as the
standard ones (see the first paragraph of this section)
except for 5. The negative shear tokamak case with the
same parameters except for €3 /¢; = 0 is plotted in Fig. 5.
It should be noted that the validity of the ballooning rep-
resentation is lost in the limit § — 0 although the real
frequency and growth rate for § = 0 are plotted in Fig. 5.
We see that, for both tokamak and helical cases, the
growth rate has a peak at 5, ~ 0.42 in the positive shear
region. As |§ — 5,| increases, the growth rate monoton-
ically decreases, and the growth rate for negative shear
§ < 0 is smaller than for positive shear § > 0 with the
same |5|. The same tendency has been observed in the
works on negative shear tokamaks.!®2%2) The real fre-
quency for § > 0 takes more negative values than for
§ < 0. Figure 6 shows the eigenfunction ¢(0) = ¢, +i¢;
and the curvature factor G(6) for both tokamak and heli-
cal cases with § = 1,0.5, —1. It is understood from Fig. 6
that the reduction of the growth rate for the negative
shear case is due to the reduction of the bad curvature
region in the torus outside.

3.4 Effects of the ballooning angle 0

Since k, = §kg(6—0), 0% represents the poloidal angle,
at which the radial wavenumber k, vanishes and accord-
ingly the finite gyroradius stabilization effect is weakest.

—_— 4 —
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Fig. 4. Normalized real frequency wy fwse (top) and growth rate
v wae (Dottom) as a function of the safety factor ¢ for L = 2,
M=10,s= -1, efes = 1,8, =0, =0, 3, = 3, €q = 0.3, and
k¢pr. = 0.65. The negative shear tokamak case with the same
parameters except for e, fe; = 0 is pletted by the dotted line.

Thus, the mode tends to be poloidally localized around
¢ = #;. Also, when we consider a rotating plasma, it is
important to take account of #z-dependence ??2%) Fig-
ure 7 shows the normalized real frequency and growth
rate as a function of f;. The parameters used here are
the same as the standard ones (see the first paragraph of
this section) except for 6. The negative shear tokamak
case with ¢, /e; = 0 is also plotted in Fig. 7. It is seen
in Fig. 7 that the real frequency is a slightly decreas-
ing function of #;, which is a contrast to the case of the
positive shear tokamak.'® The growth rate of the helical
ITG mode is always smaller than that of the correspond-
ing tokamak ITG mode. They are both significantly re-
duced for 8; — =/2 when the toroidal destabilization
does not work well at the poloidal angle of the mode
localization. For the parameters used here, the helical
ITG mode structure has a similar width along the field
line to that of the tokamak ITG mode, and therefore the
poloidal mode shift due to the #i-variation affects the
stability more effectively than the o-variation as shown
in the next subsection.

Frequency(0./,.)

Growth Rate(y/®,.)

Fig. 5. Normalized real frequency wy fws. (top) and growth rate
Y fwee {bottom) as a function of the magnetic shear parameter
§for L=2,M=10,g=2, epfe: =1, 0 =0, =0, = 3,
en = 0.3, and kgpp, = 0.65. The negative shear tokamak case
with the same parameters except for ¢, /e; = 0 is plotted by the
dotted line.

8.5 Effecis of the field line label o

The non-axisymmetry of the helical system causes the
c-dependence of the linear mode properties. We vary o
within a toroidal period —n/M < a < 7/M (M = 10).
Figure 8 shows the normalized real frequency and growth
rate as a function of @. The parameters used here are
the same as the standard ones (see the first paragraph
of this section) except for . We find that there is little
dependence of the real frequency and growth rate on o.
The curvature factor G(#) is shown for o = 0, 7/20, 7/10
in Fig. 9. The weak o-dependence shown in Fig. 8 is
interpreted as follows. In our model of the magnetic
field strength, eq. (1.1), variation of o is reflected in the
helical ripple phase shift. Since the ITG mode for the
standard parameters extends in the whole region of the
torus outside {—7/2 < ¢ < 7w/2) like for the tokamak
case, the small helical phase shift (< 27/M) caused by
varying o changes little the average effect of the helical
ripples ont the mode stability as expected from Fig. 9.
However, we should note that our magnetic field model
is valid only for low 4 values and that high # effects such
as the Shafranov shift are not treated in it. If these high
B effects are included, larger a-dependence may occur.

_57
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Fig. 6. Eigenfunction ${¢) = ¢,+i ¢, and curvature factor G(4)
for the tokamak cases ¢;/e; = 0 with 5 = 1 (a1, 2), 3 = 0.3
(b-1, 2), 3 = —1 (c-1, 2}, and for the helical cases ¢, /¢, = 1
with § =1 (d-1, 2}, 5=0.5 (e-1, 2), 3 = —1 (e-1, 2). The other
parameters used hereare L =2, M =10, ¢ =2, ., =0, ¢ = 0,
M =3, € = 0.3, and kgpp, = 0.65.

3.6 Dependence on the polordal wavenumber

Figure 10 shows the normalized real frequency
wrkg prifw.e and the normalized growth rate vkopr:/wee
of the helical ITG mode as a function of the nor-
malized poloidal wavenumber kgpr;. Here, we employ
wae(kepr:)~! as the normalization unit for the frequency
in order to remove the wavenumber dependence from
the unit. For the LHD case mentioned earlier, we ob-
tain wie{kepr:)™! = 2.77 x 10%°sec™'. The parameters
used here are the same as the standard ones (see the
first paragraph of this section) except for kypr;. With
increasing kgprp;, the real frequency keeps its negative
sign (the ion diamagnetic rotation) and its absolute value
increases monotonically. We find the lower and upper
boundaries in the poloidal wavenumber region for unsta-
ble modes (7 > 0). The maximmm of the growth rate is
given around kg pp; = 0.65, and this is why this polcidal
wavenumber is taken as the standard one for the calcu-
lations in the previous subsections. The stable modes,
which exist in the low and high poloidal wavenumber re-
glons, are considered to play the role of the energy sink,
which is necessary for the nonlinear saturation of the

IT'G modes.

0 T I T T i
Ag 0.2 -
g
2 04| .
g | Tokamak
% .0-6%-‘\—-
= Helical
S (e ]
=

g
=
=
]
-4
-
=
3
=]
Ry
O 1] 1 L 1 1
0 0.1 02 03 04 05
6/

Fig. 7. Normalized real frequency wy fuw.. {top} and growth rate
+fwee (bottom) as a functionof @ for L = 2, M = 10,9= 2,5 =
—Liepfer =1 =0,1 =3 ¢n = 0.3, and kgpp, = 0.65. The
negative shear tokamak case with the same parameters except
for ¢y, f¢; = 0 is plotted by the dotted line.

3.7 Temperature gradient effects

Figure 11 shows the normalized real frequency w, fw..
and growth rate y/w.. as a function of r;. The param-
eters used here are the same as the standard ones (see
the first paragraph of this section) except for 7;. As s
increases, both the growth rate and the absolute value
of the real frequency increase monotomnically. Since our
numerical code can calculate both positive and negative
growth rates by proper analytic continuation of the dis-
persion relation, we can clearly identify the critical
value ;. for which the growth rate vanishes.

3.8 Density gradient effects

Let us recall that the parameter ¢, = L./R =
—np/(R dng/dr) is inversely proportional to the den-
sity gradient. Thus, we investigate the density gradi-
ent dependence of the ITG mode properties by varying
€n. Hollow density profiles are often observed in heli-
cal systems. Then, there exists a core plasma region,
in which dnfdr > 0 and accordingly ¢, < 0. Here,
both cases with positive and negative ¢, are consid-
ered. Since the density gradient also appears in the
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Fig. 8. Normalized real frequency wy /wae (top) and growth rate
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kgpr, = 0.65. The negative shear tokamak case with the same
parameters except for ¢ fe; = 0 is plotted by the dotted line.
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are different although the connection lengths between adjacent
good and bad curvature regions are almost the same. The other
parameters used here are I, = 2, M = 10, epfer = 1, ¢ = 2.
§=-1,6, =06, 2 =0, =3, ¢n = 0.3, and kgpr, = 0.65.
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Fig. 10. Normalized real frequency kgpriwr/wee {(top) and
growth rate kgpr,y/wee (Pottom) as a function of the normal-
ized poloidal wavenumber kgpr, for L = 2, M = 10, ¢ = 2,
s=-lefa=L8=0a=0,n =234 and ¢ =03

definition of #, = L,/Lt,, we impose the constraint
n/en = RfLp, = 10 to fix the temperature gradient.
This constraint /¢, = B/Ly, = 10 is chosen since it
is given for the case of the standard parameters. The
parameters used here are the same as the standard ones
(see the first paragraph of this section) except for €, and
n,. The density gradient effects are shown in Fig. 12,
where the normalized real frequency wy /(w.s€n) and the
normalized growth rate v/{w..€,) are shown as a func-
tion of ¢,. Here, we employ the new normalization unit
Wwae€s in order to remove the density gradient dependence
from the unit. We should note that the ¢, variation
from €, = +0 (—0) to ¢, = +oo (—oo) corresponds to
the density gradient variation from dng/dr = —oo (+c0)
to dng/dr = —0 (+0). We find from Fig. 12 that the
growth rate has a peak at the negative density gradient
with ¢, = 0.23 for the helical case (¢, = 0.27 for the toka-
mak case). For more flattened negative density gradient
€n > 0.23, the growth rate becomes smaller. Further-
more, increasing the density gradient from dng/dr = +0
to +oo, the growth rate continues to decrease. Similar
en-dependence of the real frequency is found although it
has no peak in the region ¢, > 0. The hollow density
profile is considered to be more stable against the ITG
mode than the normal profile with the same temperature
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$=-1, epfe: =1, 0, =0, a = 0, €, = 0.3, and kgpp; = 0.65.

gradient. Using the dimensional parameters at the mag-
netic surface rfa = 0.6 of the typical NBl-heated plasma
in LHD with the flat density profile (&, = L,,/R — o0},
the real frequency and growth raie of the ITG mode
are evaluated from Fig. 12 (w..e, = .54 x 10%sec™1) as
wr = —1.9 x 10%sec™! and v = 1.6 x 10%sec™!, respec-
tively.

§4. Conclusions

In this work, we have investigated the linear ITG
modes in helical systems. Using the ion gyrokinetic
equation, the adiabatic eleciron assumption, and the
quasineutrahty condition, the IT'G mode dispersion re-
lation is derived as an integral equation, where effects
of toroidal and helical magnetic ripples are taken into
account through the ion VB-curvature drift frequency.
By numerically solving the integral equation with the
proper analytic continuation performed, the real fre-
quency, growth rate, and eigenfunction are obtained for
both stable and unstable cases. The numerical results
have shown dependences of these linear ITG mode prop-
erties on various parameters including the helical ripple
intensity, safety factor, magnetic shear, ballooning an-
gle, poloidal wavenumber, temperature and density gra-
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Fig. 12. Normalized real frequency wr f(weeen) (top) and growth
rate v/ (weeen) (bottom} as a function of ¢,, under the constraint
mfen = —[Ti7dT;fdr]R = 10 for L = 2, M = 10, ¢ = 2,
§ = -1, Ch/t‘.t =160 =0, =0, and kepri = 0.85. The
negative shear tokamalk case with the same parameters except
for 3, fe; = 0 is plotted by the dotted line. Here, the ¢, variation
from ey, = 40 (-0} $0 €5 = + 00 (—) corresponds to the density
gradient variation from dngfdr = —oo (+oo} to drefdr = —0
{(+0).

dients. Typical parameter values used here are given by
considering the LHD experiment. Also, the characteris-
tics of the I'TG mode in the helical system are compared
with those for the tokamak case with the same parame-
ters except for no helical ripples.

Due to the helical ripples, the connection lengths be-
tween adjacent good and bad curvature regions are re-
duced, and the good curvature regions also appear even
in the outside of the torus. Then, the ITG modes for
the case of finite helical ripples are more stable than for
the corresponding tokamak case. The eigenfunctions for
the helical case spread in the whole torus outside re-
gion hike those for the tokamak case, although the for-
mer are rippled by the helical magnetic structure. For
both tokamak and helical cases, the negative magnetic
shear reduces the bad curvature region and accordingly
the growth rate.

The field line label effects are not so obvious as the sta-
bilizing effects of varying the ballooning angle paratneter.
Stronger dependence on the field line label may happen
if we consider other effects suck as the Shafranov shift
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which are not included in our magnetic field model here
In order to treat this problemn more accurately, more de-
tailed magnetic field model should be used. Also, effects
of nonadiabatic electrons, trapped 10ns, collistons, impu-
rities, and sheared radial electric flelds, which are not
treated in this work, remain as future problems. How-
ever, we believe that the results obtained here give the
basics of further studies on microinstabilities in helical
systerns.
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