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Abstract

Dependences of plasma transport on the rotational trans—
form angle and the shear as well as the plasma parameters are
studied using JIPP Ib stellarator which equips both £=2 and
£=3 helical windings. Afterglow plasmas produced by electron
cyclotron resonant heating and P.I.G. discharge are used.

The properties of the resonant losses observed in the
afterglow plasmas in the rational cases of the /=2 stellarator
field are investigated and the shear effect on the resonant
losses is examined by superposing the £=3 helical field. It is
found that the plasma loss is due to the onset of dissipative drift
instability including toroidal effects. The observed properties
of the fluctuations such as the frequency, the wave propagation

etc. can be explained by the instability. The introduction of
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weak shear (shear length Lg ~ 300cm ) reduces the resonant loss
in our experimenial conditions. When the instability is
suppressed, the confinement time becomes long (7 =~ 60 ~ 200ms ,
Te =— 0.6 eV, By = 0.8 ~ 3 kG) .

Ohmic heating of plasma is carried out with a programmed
ve?tical field for equilibrium. The density is about 5 X 10”
cm 2 and the conductivity temperature is about 120 eV. The
plasma current is limited by (¢y+c¢p )/ 27<0.5, where ¢ and ¢
are the rotational transform angles due to the plasma current

and the helical field, when ch//27f<:O-5- The confinement time

is around that of pseudo—classical one.

§1. Introduction and Experimental Arrangement

Dependences of plasma transport on the properties of
magnetic configuration of stellarator field as well as the
plasma parameters are studied using JIPP Ib device. This
device is a modification of JIPP Ia of an £=3 stellarator (1)
and is a hybrid stellarator which equips both £=2 and £=3
helical windings, so that the rotational transform angle ¢ and
the shear parameter 0 are variable independently (3) (c//2nﬁg
0.6, 0=(a%2/27R)d¢,/dr=0~0.1). The maximum toroidal field
is 4 kG and the major radius is R=50cm. The inner radius of
the stainless steel vacuum vessel
is 7 cm. The ¢£—=2 helical winding
with the field period m=4 has a
minor radius of 12.8 cm with 29
kilo—ampere—turns and £=3 helical

winding has a minor radius of 9.5

cm with 14.5 kilo—ampere —turns

Fig-1. Schematic drawing of
JIPP Ib stellarator with (=
2 and {=3 helical windings.

(see Fig.1l).



The plasmas are produced by electron cyclotron resonant heating

at frequencies of 2.45, 4 and 9 GHz. and by P.I.G. discharge

using a smallelectron emission filament. The base pressure is
—7 . . .

around 6X 10 torr. The species of filling gases are hydrogen,

helium, neon. argon and xenon. The degree of ionization is

2~0.2%- The electron density n, and the temperature T, of
the plasma thus produced are 109“‘1010 em ® and 0.5 ~3 eV,
respectively.

The ohmic heating of plasma is carried out using an air
core coil with the flux of about 0.02 V—sec and the self—
inductance of 1.3mH. Two capacitor banks of about 25 kJ and
60 kJ are arranged for the time shaping of the induced voltage.
An electron source with the applied voltage of 2kV and the
emission current of 0.3 A is used for preionization until 0.2
ms before starting discharge.

As previously reported [1)J{2), convective cells are
obscrved in afterglow plasma of ECRH, right after switching
off the microwave power. These convective motions are damped
rapidly with time constant of 0.4~ 0.1 ms in the case of argon
or xenon plasmas due to the ion perpendicular viscosity (23.
After decay of the convective cells, the inward static radial
electric field appears and the density fluctuations with the
frequency near electron diamagnetic drift frequency appear in
the plasma. The fluctuation is due to the E XB instability (4]
which tends to the dissipative drift instability when k,
becomes finite (5). The inward static radial electric field
decreases and the direction-of E. is reversed. Then the
fluctuations fade out and the observed confinement time becomes
long in the non—rational case of the rotational transform angle

and is about 60 ms when the toroidal field is B, =0 .87kG.

_5_



§2. Resonant Loss
When this device
configuration,

glow xenon plasma in the rational

transform angle.
of the plasma and the observed

confinement time is one order of

magnitude smaller than that of

the non—rational case as was

observed in the experiments of

the references (6) (7). 1In Fig.

2a, the confinement of the xenon

plasma is shown as a function

of the rotational transform angle-.

The sharp dips are observed
in the plotted curve at the

rational transform angles.

When the shear is introduced

by superposing the £=3 helical

field t=2

in addition to the

helical field, the observed reso—

nant losses at the rational

transform angles are reduced.

Figure 2b and 2c¢ show such

experimental results in the

conditions that the ratio of the

¢=3 helical coil current Ipg to

the £{=2 helical coil current

I,2 is kept to be 0.5 and 0.75,

respectively, while the rotational

transform angle is given by th//zﬂ

=0.013 (I,,/B )% + 1.14x10 2.2

(I,3/B)%Cr in em, I, in KAT.

h

— 4 —

in Afterglow Plasma and Effect

is operated as

These fluctuations

of Shear

the /=2 stellarator

low frequency fluctuations appear in the after —

cases of the rotational

cause a8 large diffusion
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Fig.2. The dependence of the

confinement time 7 of xenon

plasma on the rotational trans—
form angle at the outmost mag—
while the ratio

(=2
is kept to be O,

netic surface,
of ampere—turns of (=3 to
helical coils
0.5 and 0.75, respectively.
The toroidal field is B=1.4
kG and the filling pressure of

xenon is p0=l-4X10_5torr-



B, in kG). From these figures, one sees that the dip—structure

of the curves of confinement time versus the transform angle
becomes smooth and the confinement time increases when the
shear is introduced. The dependences of the confinement time

~

and the fluctuation level n on

the shear are shown in Pig.3, o
T P-P
(ms) ) Mo
where the transform angle is kept I 04
_ I
to be constant (th/27t~—0.5) at Lo T
501 '\
the plasma boundary. When the L *\ 0.2
L
shear parameter is made to be 3
| »_ n/n,
larger than 0.01~ 0.015 at the 0 : e
0 025 05 075 Ins/Inz
conditions of lh/27'r=O.5 and 0015 0.04 0.05 ®
B, =0 .87 kG, the resonant losses Fig.3. The dependence of the

confinement time T and the
and fluctuations are suppressed. fluctuation level T./n near the
boundary on the shear parameter
V=a/R(ac/2n)~(a2/27R) d¢/dr

in the direction of the electron at the rational case (Ch/27T:

0.5) with B=0.87kG.

The fluctuations propagate

diamagnetic drift and they have

the poloidal mode number m=2

in the case of Ch/27'(:1/2 and m=3 in the case of (h/271=1/5,
respectively. The toroidal mode number is n=1. The parallel
component of the propagation vector k,,:[m(th/Zn)—n]/R is
small near the rational cases. From the observed stabilizing
shear parameter (6=~ 0.01), we find the critical value of k,
for stabilization by use of the relation k,=k) ( r/27R)(d¢ dr ) &r
=(m/27R)(d¢dr)Ar, where &r is the extent of the region of
high level fluctuation. The value of k, is 1.5~2X 10 % em !

in the case of m=2 and this is approximately equal to the

value of k,,Z(m/R Yo,/ 27 estimated from the width &¢ of the dip
in the curve of the confinement time.

The observed frequency, with the correction of the Doppler

shift of the rotation due to the radial electric field, is very

_5_



low compared with the electron diamagnetic drift frequency

Wy o+ That is. @ obs YR i (O-Z“‘O-B))(w*e, where @ o ~ 2 x108
rad-secgl, wp ~ —1 X 10% rad-sec ! (the sense of the E. X B

drift is opposite to that of the electron diamagnetic drift )

and w, ., ~1~2X 10% rad.sec ' in the case of m=2 and B, = 0.87kG.

on the rotational

The dependence of the observed frequency w ..

transform angle is shown in Fig.4a. Figure 4b shows the observed
correlation time of ion saturation
3 -l
currents of two probes located at w _(IO S)
the inner and outer positions in a

5
. . 4 F
cross section. The correlation 3
time becomes long only near the 2} “\“h\u

rational transform angle.
1

O 1 1 1 1 .
The phase of density fluctuation l/61/51/4 173 172 trs2m
~ T (ms
n advances by around 45° to that of corr| M )
40t

the potential fluctuation @ (that is

T o exp (—in /4 fg) and the particle 20l
loss flux <f;(~—ikL$L/Bt:> estimated - ;}\’J
(0] L i I 1

from the experimental results is 176 1/51/4 /3 172 (/27T

consistent with the observed confine— Fig.4. The dependence of the

. frequency w of the fluctua—
ment time. i .
tions on the rotational transform

The distributions of the density angle. The correlation time
Teorr of the ion saturation

and the floating potential over a currents of two probes located a

X . at the inner and outer position
plasma cross section at different

in the same cross section. The
times are measured by a movable toroidal field is B=0.87kG.
probe. The density distributions

of the xenon plasma in the rational case at eh//2n1=0.5 and the non—

rational case lh//2ﬂ120.56 are shown in Figs.ba and H5b, respectively.



The effect of collisions

with neutrals on the fluctua—

tions is examined by increase

of background neutral

pressure. When the gas

is increased, the fluctuations

disappear and the resonant

losses are suppressed as 1is

shown in Fig.6.

The resonmant loss 1is

observed more clearly in cases

of the stronger toroidal

magnetic field. The width of

the

resonance becomes narrower

and the resonances at larger

values of 27,/¢} appear as is

shown For

in Fig.7.

these

(ms)

X 3x IO-sTorrx/
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04 0.5 (/27
Fig.6. The dependence of the

T on the
the
transform angle
¢,/ /2m=0.5. The parameters
are filling gas

confinement time
Xenon gas Ppressure near

rotational

pressure and
the toroidal field is By = 0.8%7
kG.

xenon gas

pressure

Fig.5.
tribution of

xenon plasma at

times in the

nire)at t=056

n(re)at t=05

Two dimensional dis—
the density of
the different

rational case of

ch//2ﬂ120.5(1eft hand side ) and
the non—rational case of ¢} /27

0.56 (right hand
The numbers
in arbitrary unit.
field
of wall

side).

in the figures
The
is 0.87kG and

are
toroidal
the radius

is 7 cm.
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experiments, the neon pla§ma produced by the P.I.G. discharge is
used.

These experimental results are interpreted in terms of
dissipative drift instability including toroidal effects. The

dispersion is given by

. 2 .
wye, + ik,D, w*e—-(Te//Ti )b (w+ iv;)
= k]
w + ik2D, — €9 w*e//xr w + b(w + iv;)
where ! is the scale of the density gradient and D” = Te/meye’

e =r/R, b = kip?‘ v, is the collision frequency of the ions
and neutrals. O denotes the degree of the amplitude variation
of the density fluctuation along the poloidal direction and is
a quantity less than unity. We find the unstable wave with

Imw ~ Rew S:O.Bw*e in the region kﬁD”//w*e<i1 that is k” <:1O_3

—1
cm

§3. Experiment of Ohmic Heating with Programmed Vertical Field
Ohmic heating of plasmas confined in the circular stel—
larator field is carried out with a programmed vertical field.
When the vertical field Bv::O. the plasma current increases
with time and the peak value is limited by (c¢y + ch)//2n<iO.5,
where ¢; and ¢, are the rotational transform angles due to the
plasma current and the helical field, respectively. In this
case, it is observed from the measurements of magnetic probes
that the plasma ring shifts outward. The skin time of the
stainless—steel vacuum vessel is about 1.8 ms. When the dc
vertical field of 20 G is applied, the plasma current rises
more slowly and the peak value is smaller than that of the case

of Bv=0, but the plasma current is maintained without rapid drop.

_8_..



In order to keep the plasma
ring in equilibrium, the verti—
cal field is changed in time with
the variation of the plasma

carrent. Fig.8 shows the time

variation of the plasma current

and the programmed vertical field.

In this case the peak value of

the current increases to the limit

of (CI“¥£h)//2ﬂ:§O-5 and the plasma

current is maintained satisfactory.

The average density of the L
helium plasma measured by an 8 mm IOO_
microwave interferometer is about [ ©

O 1 SR S | X L 1 L
2 —_—

5 X ]_O1 em 2 and the average 5 t(ms)
conductivity electron temperature
is 120+ 20eV assuming that the Fig.8. The time variations of

the ohmic heating current I_ (in

ffective Z value is 2. The ion P

ettective value 18 <. e 10 kA), the loop voltage Vi (in volt),

h i field B

t emperature of helium plasma the observed vertical reld M

(in G) inside the stainless vac—

measured by Doppler broadening uum vessel and the conductivity

electron temperature Tg. The

toroidal field is 4 kG and the
rotational transform angle of

the £{=2 stellarator is (h//zﬂ':

the beginning. The estimated O.1. The filling pressure of

of HeIl line (468BA) is about

30 eV at around 1.5msec after
helium gas is 107* torr.

energy confinement time of

electron is around 0.3 ms which

is approximately equal to the pseudo—classical one.

When the rotational transform angle th//2n of the outmost
magnetic surface is smaller than 0.4, the plasma current is
limited by the condition (¢ + q])//ZHIS;O.ﬁ( see Fig.9). When
qv/zﬂ is larger than 0.4~ 0.5. there is a tendency to follow

the condition (¢ + lh)//27r§;2//5 or 1.
—9 -
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stellarator field and the

torr.
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