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Abstract. Fully kinetic assessments of the stability properties of toroidal drift

modes have been obtained for cases for the Large Helical Device (LHD). This

calculation employs the comprehensive linear microinstability code FULL, as

recently extended for nonaxisymmetric systems. The code retains the important

e�ects in the linearized gyrokinetic equation, using the lowest-order \ballooning

representation" for high toroidal mode number instabilities in the electrostatic

limit. These e�ects include trapped particles, FLR, transit and bounce and mag-

netic drift frequency resonances, etc., for any number of plasma species. Results

for toroidal drift waves destabilized by trapped electrons and ion temperature

gradients are presented, using numerically-calculated three-dimensional MHD

equilibria. These are reconstructed from experimental measurements. Quasilin-

ear 
uxes of particles and energy for each species are also calculated. Pairs of

LHD discharges with di�erent magnetic axis positions and with and without

pellet injection are compared.
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1. Introduction

A comprehensive kinetic code for linear microinstabilities in tokamaks, the FULL code[1, 2],

has been generalized[3] to nonaxisymmetric geometry for application to stellarators. This

extended version has previously been applied to the Large Helical Device[4] (LHD) for a single

case[5]. Here we apply it to two pairs of LHD discharges, with di�erent magnetic axis positions

and with and without pellet injection. This version of the FULL code is interfaced with the

three-dimensional MHD equilibrium code VMEC[6, 7], which works in VMEC coordinates. The

resulting MHD equilibrium is transformed into Boozer coordinates[8] by the TERPSICHORE

code[9], and the quantities needed along a single chosen magnetic �eld line are constructed by

the VVBAL code[10]. The FULL code implements a high-n (toroidal mode number) kinetic

calculation employing the lowest-order ballooning representation. It includes trapped particles,

�nite Larmor radius e�ects to all orders, banana orbital dynamics, bounce and transit and mag-

netic drift frequency resonances, equilibrium shaping e�ects, etc., for all species. The FULL code

numerically locates all of the particle turning points along the magnetic �eld line, so that all

classes of trapped particles are included automatically, including both toroidally-trapped and

helically-trapped classes. The current nonaxisymmetric version of the FULL code �nds linear

growth rates and real frequencies in the electrostatic, collisionless limit for any unstable root

(not necessarily the most unstable), and also calculates the quasilinear 
uxes of particles and

energy for each included plasma species, in terms of an externally-speci�ed nonlinear saturation

level.

Here, we will compare two pairs of LHD experimental discharges. One pair is matched except

for magnetic axis position. The other pair consists of a pellet-injection discharge with a matching

no-pellet discharge. These kinds of discharges in LHD are compared from an experimental point

of view in Ref. [11]. For all of these discharges, we employ experimentally reconstructed MHD

equilibria for LHD, with experimentally derived density and temperature pro�les. All of the

calculations here include electrons, background hydrogen ions, carbon and oxygen impurity

ions, and hot hydrogen beam ions with a slowing-down equilibrium distribution function. All

of the other species have a Maxwellian equilibrium distribution function. However, separate ion

temperature pro�les are not available for these discharges, so we take Tj = Te for all species j

except the hot beam species. All of the eigenfunctions are mainly localized within the toroidal

magnetic �eld well around � = 0, and overlap only a few helical wells. We choose ballooning

parameter �0(� �k) = 0 for all of the cases here. This choice maximizes the linear growth rate.

Also, the dependence on the magnetic �eld line label � � � � q� is generally weak for these

cases and we arbitrarily choose � = 0. The linear instabilities considered are the toroidal drift

modes (trapped-electron modes (TEM) and ion temperature gradient (ITG) modes).
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2. Magnetic Axis Shift Comparison

The �rst pair of discharges consists of discharge 11369 at t = 2:2 s and discharge 16727 at t =

1:1 s. Discharge 11369 is inward-shifted with Rma ' 3:60 m, while discharge 16727 is standard

with Rma ' 3:75 m. Shot 11369 has better total transport than shot 16727. The neoclassical

transport can account for most of the di�erence in the core region (s ' (r=a)2 < 0:65). In other

words, the anomalous transport in the core may be comparable in the two shots. The better

transport in shot 11369 in the peripheral region (s > 0:65) cannot be explained directly by the

neoclassical transport di�erences. The major di�erence in pro�les is that �ei � d ln Ti=d ln ne =

�e � d ln Te=d ln ne is high in the edge region for shot 11369 (= 2.6 at s = 0:79), while �ei = �e

is smaller for shot 16727, (= 1.0 at s = 0:79).

The ballooning representation input function jB(�)j on the chosen magnetic �eld line on a

chosen magnetic surface (s = 0:79) is shown in Fig. 1(a) for shot 11369, with the ballooning

representation[10] form of k2
?
(�) shown in Fig. 1(b) and the curvature k? �fb�[(b�r)b]g shown

in Fig. 1(c). The corresponding functions for shot 16727 are shown in Figs. 1(d)-1(f). There are

no drastic di�erences between the two shots for these input functions, except that the magnetic

�eld strength minima for successive helical wells all have about the same value in Fig. 1(a) for

shot 11369. This property is known to generally improve the neoclassical transport[12]. The

magnetic �eld strength in Fig. 1(d) for shot 16727 does not have this property. This can account

for some of the di�erences in neoclassical transport between these two shots. Illustrative orbit

extents in � are shown in Figs. 1(a) and 1(d) for toroidally and helically trapped particles.

Results are shown for the linear growth rate 
 and the real frequency !r versus �ei = �e for

collisionless electrostatic toroidal drift modes in Fig. 2(a) for s = 0:61 and k?(� = 0)�i = 0:50

for shot 11369, and in Fig. 2(b) for s = 0:625 and k?(� = 0)�i = 0:24 for shot 16727. In these

�gures, the total pressure gradient is held �xed as �ei = �e varies, so that the density gradient

decreases as the electron and ion temperature gradients increase, and vice-versa. Di�erent roots

are found for the two shots, namely a TEM-ITG hybrid mode (this hybridization is typical in

tokamaks) for shot 11369, and to separate TEM and ITG modes for shot 16727. Whether or

not hybridization of the TEM and ITG roots will occur generally seems to depend more on

the density and temperature pro�les, and less on the magnetic structure, for each case. For

shot 11369 in Fig. 2(a), as �ei = �e increases from zero, the growth rate for the TEM-ITG root

decreases and then saturates, and the corresponding real frequency moves from the electron to

the ion diamagnetic direction. This root is unstable at the experimental value of �ei = �e. For

shot 16727 in Fig. 2(b), the growth rate and the real frequency for the TEM root both decrease

with increasing �ei = �e, until the mode goes stable. The ITG root is unstable only above a

criticial value of �ei = �e, and is the only one unstable at the experimental value of �ei = �e.
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The variations of 
 and !r with k?(� = 0)�i / n are shown in Figs. 2(c) and 2(d) for the

TEM-ITG root for shot 11369, and for the ITG mode for shot 16727, with the experimental

values of �ei and �e. The eigenfrequency has a growth rate peak for k?�i(� = 0) ' 0:2 for the

TEM-ITG and ITG roots for the two shots.

The behavior of 
 and !r with s for both shots is shown in Figs. 2(e) and 2(f). The modes

are radially localized to the outer part of the cross-section for both shots, where the density

gradient has its normal sign, but are stable in the inner region, where the density gradient

is reversed. The real frequencies of the TEM-ITG root for shot 11369 do not vary strongly

with radius, while that for the ITG root in shot 16727 makes a transition from the ion to

the electron diamagnetic direction with increasing s, suggesting that it acquires an increasing

trapped-electron contribution with increasing s. For s < 0:8, the growth rate for the TEM-ITG

root for shot 11369 is the largest, and for s > 0:8, the growth rate for the ITG root for shot

16727 is the largest. More of the di�erences in the results for the two shots appear to come from

the di�erences in density and temperature pro�le shapes, and thus in the �ei = �e pro�les, than

from the di�erences in magnetic curvature due to the di�erent magnetic axis positions. These

growth rate di�erences possibly suggest a higher level of anomalous transport for shot 16727

in the outermost region (s > 0:8) relative to shot 11369 due to these density and temperature

pro�le di�erences. E�ects of multiple-helicity magnetic �elds produced by the inward axis shift

on the ITG mode, compared with the neoclassical ripple transport, are investigated in Ref.

[13], where it is also concluded that the con�nement improvement with the inward axis shift

cannot be accounted for by results of a linear ITG mode analysis, just from the magnetic �eld

di�erences.

The FULL code also calculates quasilinear particle 
uxes �j and total energy 
uxes Qj for

each species. The energy 
uxes Qj include the convective part. The electron energy 
uxes Qe

are always positive (outward). For ratios of 
uxes, the unknown nonlinear saturation level for

the mode divides out. Flux ratios, normalized to Qe, are shown in Fig. 3(a) for shot 11369

and Fig. 3(b) for shot 16727. The electron heat 
ux (unity on this plot) is dominant at low

�ei = �e, and the main ion (hydrogen) heat 
ux at high �ei = �e. There are reversed (inward)

particle 
uxes for shot 11369 at high �ei = �e, but not for shot 16727. An outward energy 
ux

with an inward particle 
ux for a species means that hot and cold particles of that species are

interchanging. The impurity 
uxes seem to be small and the hot beam species 
uxes seem to

be negligable for these cases.

The hollow density pro�le for shot 11369 reduces p0 in the interior, below its critical value,

because the density gradient and the temperature gradient o�set one another. Arti�cial varia-

tion of the local pressure gradient (with a �xed MHD equilibrium) is employed in Fig. 3(c) for

s = 0:34, showing the approach to the marginal value, which is well above the experimental
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value. Arti�cial variation of the impurity fraction (or Zeff ) is shown in Fig. 3(d) for shot 11369,

and arti�cial variation of the impurity density gradient in Fig. 3(e). The expected moderate

variation of the growth rates is seen in both of these plots.

In the experimental comparison of these kinds of discharges in Ref. [11], as the magnetic

axis radius Rma is decreased from 3.75 m to 3.60 m, it is seen (cf. Fig. 4(c) there) that there

is a larger factor of improvement in the electron thermal conductivity at larger minor radii

and a smaller factor of improvement at smaller minor radii (though there is some improvement

everywhere). This experimental trend shows some correspondence to the results here, where the

case with Rma ' 3:75 m appears to be the most unstable in the outermost part of the plasma,

while the case with Rma ' 3:60 m appears to be the most unstable somewhat further into the

plasma, as seen in Fig. 2(e).

3. Pellet Injection Comparison

For the other pair of cases, we use experimentally reconstructed MHD equilibria for LHD shot

11849 at t = 2:565 s and shot 17120 at t = 4:000 s. Shot 11849 is a pellet shot, and shot 17120

is a non-pellet shot for comparison, both with Rma = 3:6 m. The major di�erence in pro�les

is that the hollow region in the electron density, which reduces the total pressure gradient, is

much wider for the non-pellet shot, so that the pressure gradient stays large much further in

from the edge for the pellet shot than for the non-pellet shot. The ballooning representation

input function jB(�)j on the chosen �eld line on the chosen magnetic surface (s = 0:51) is shown

in Fig. 4(a) for shot 11849, with k2
?
(�) in Fig. 4(b) and the curvature k? � fb� [(b � r)b]g in

Fig. 4(c). The corresponding functions are shown in Figs. 4(d)-4(f) for shot 17120. Illustrative

trapped particle regions are shown in Figs. 4(a) and 4(d).

Results are shown for the linear growth rate 
 and the real frequency !r versus �ei = �e in Figs.

5(a) and 5(b), for s = 0:51 for both shots. One root is found for pellet shot 11849, corresponding

to a TEM-ITG hybrid mode, and two roots for non-pellet shot 17120, corresponding to separate

TEM and ITG modes.The growth rates for the TEM-ITG root for shot 11849 and for the TEM

root for shot 17120 decrease substantially with increasing �ei = �e and then saturate. The

growth rate for the ITG root for shot 17120 increases gradually above a critical value. At the

experimental value of �ei = �e for shot 17120, the growth rates of the TEM and ITG roots are

comparable. The real frequencies of the TEM root and of the ITG root for shot 17120 remain

in the electron and ion diamagnetic directions, respectively, while the real frequency for the

TEM-ITG root for shot 11849 makes a transition from the electron to the ion diamagnetic

direction with increasing �ei = �e, as is typical for these hybrid roots.

The variation of 
 and !r with k?(� = 0)�i or n is shown in Figs. 5(c) and 5(d) for the

TEM-ITG root for shot pellet 11849 and for the ITG and TEM roots for non-pellet shot 17120,
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for the experimental values of �ei and �e. All three roots have growth rate maxima in the range

k?(� = 0)�i = 0:2 to 0.4. Tokamak cases generally have growth rate maxima for drift modes

in the range for k?(� = 0)�i from 0.2 to 1.0, and these particular LHD maxima are at the

lower end of that typical range, as was also the case for the results in the previous section.

The behavior of 
 and !r with r=a (i.e.,
p
s) for both shots is shown in Figs. 5(e) and 5(f).

The modes are radially localized to the outer part of the cross-section for both shots, where

the density gradient has its normal sign, but are stable in the inner region, where the density

gradient is reversed. However, the mode extends in further radially for pellet shot 11849, and in

general has a higher growth rate in the interior. The 
ux ratios are shown in Fig. 6(a) for pellet

shot 11849 and Fig. 6(b) for non-pellet shot 17120. Again, the electron heat 
ux is dominant at

low �ei = �e, and the main hydrogen ion heat 
ux at high �ei = �e. There are reversed particle


uxes for both shots at high �ei = �e. Again, the impurity 
uxes seem to be small and the hot

beam species 
uxes seem to be negligable for these cases.

Experimentally, in Ref. [11] (cf. Fig. 6(b) there), it is found that there is a substantially

higher level of anomalous electron thermal conductivity deep in the plasma core for a pellet

discharge compared to a corresponding gas pu� discharge. This corresponds to the result shown

here in Fig. 5(e) where the pellet discharge 11849 has a clearly larger linear growth rate level

than the corresponding non-pellet shot 17120 in the plasma interior.

4. Conclusions

We have converted the existing tokamak (axisymmetric) linear microinstability code FULL to

a stellarator (nonaxisymmetric) code, with the same kinetic e�ects included, in the electrostatic

limit. Results have been obtained for linear growth rates and real frequencies, as well as for

quasilinear particle and energy 
uxes, for collisionless electrostatic toroidal drift modes for

four LHD discharges. The most general conclusion here is that there are indeed modes that

we calculate to be linearly unstable for these discharges, which could be responsible for the

experimentally-observed anomalous transport described in Ref. [11]. The anomalous transport

associated with these linear instabilities would have gyro-Bohm scaling, and that is what is

mainly observed in the experimental results in Ref. [11] (cf. Fig. 2(d) there), so that these are at

least consistent. However, the neoclassical transport also shown in Fig. 2(d) of Ref. [11] has close

to gyro-Bohm-like scaling also, except at the very edge of the plasma, where the neoclassical

transport has closer to Bohm scaling. In this region, the experimental transport still has gyro-

Bohm scaling, which is thus inconsistent with the neoclassical transport, but is consistent with

the anomalous transport that would be expected from the kind of linear instabilities calculated

here, and which are generally unstable in this radial region. In particular, unstable TEM and

6 Nuclear Fusion, Vol. , No. ()
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ITG roots, as well as TEM-ITG hybrid roots, have been obtained here, which also have some

properties in common with tokamak results. Future extensions to the FULL code may include a

fully electromagnetic version, inclusion of a rotation model, etc. We would also like to improve

the collision model used in the FULL code[3] and further investigate collisional e�ects, which

are normally expected to be stabilizing, on these instabilities in the LHD device. We plan to

apply the nonaxisymmetric FULL code to additional cases for LHD and for other existing or

planned stellarators.
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