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A radial profile of plasma potential is successfully controlled by the use of circular concentric seg-
mented electrodes at both ends in a simple axisymmetric electron cyclotron resonance mirror plas-
ma. An enhancement of radial nonambipolar ion transport is clearly observed under a condition
where the ion Larmor motion is strongly modified by a radial electric field directed outward.

PACS numbers: 52.55.Jd, 52.25.Fi, 52.50.Gj

There has been an increasing interest in the role of
plasma potential in magnetic plasma confinement de-
vices, such as mirrors, stellarators, and tokamaks.
Especially, it is of crucial importance in tandem mirror
machines to control axial and radial profiles of plasma
potential in order to attain the necessary plasma con-
finement for a fusion reactor.! It is also basically quite
interesting to control plasma potential profiles and in-
vestigate plasma transport influenced by strong electric
fields. Radial ion transport and its reduction by float-
ing segmented endplates was recently reported by
Simonen et al? and Inutake et al3> According to their
results, the scaling of nonambipolar radial confine-
ment time 7NA is TNA = (3 kV2 ms)/¢? and *NA= (20
kV ms)/¢, where ¢ is the central plasma potential
with respect to the grounded vacuum chamber. In the
experiments, a radial electric field was considered to
play an important role. But there has been no clear
answer to the reason for the difference between the
two works. Besides, it is difficult to measure real pro-
files of a radial electric field in those big machines. To
know more details of the phenomena, some prelimi-
nary measurements on the potential control and relat-
ed radial transport have been made in Constance B*
and Phaedrus® experiments.

This report presents radial plasma potential profiles
controlled by biasing circular concentric segmented
targets at both ends in a simple axisymmetric electron
cyclotron resonance (ECR) mirror plasma. We also
demonstrate an enhancement of nonambipolar radial
ion transport with an increase in the radial electric field
directed outward.

Measurements are carried out in the straight section
of the Qr-Upgrade machine of Tohoku University,
which is shown schematically in Fig. 1(a). An axial
profile of the magnetic field B, also shown in Fig.
1(a), yields a magnetic field of mirror ratio 2.88. The
distance between the mirror points is about 100 cm.
The vacuum chamber, the diameter of which is 20.8
cm, is grounded electrically. A 6-GHz microwave with
500 W power is injected into the chamber through a
waveguide situated 32.5 cm from the mirror midplane
perpendicular to the chamber axis. An electron-
cyclotron-resonance layer is located 20 cm from the
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midplane, where B=2.14 kG. An axisymmetric plas-
ma is produced by this resonance under Ar gas pres-
sure of 5% 1073 Torr. The plasma is terminated at tar-
gets placed at the east and west ends of the machine,
as shown in Fig. 1(a). The axial distance between the
targets is 140 cm. Each target consists of three circular
concentric segmented electrodes [see Fig. 1(b)] whose
diameters are 4, 10, and 17.5 cm, respectively. The
segmented electrodes are biased at ¢7(a/B/y) in-
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FIG. 1. (a) Schematic of experimental setup and axial
profile of magnetic field B. Targets are placed at east and
west ends. Small Langmuir probes, A, B, C, D, and Z,
which are also used as emissive probes, are inserted radially
and axially. Mirror ratio is 2.88. (b) Targets consisting of
three circular concentric segmented electrodes.
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dependently, where ¢;(a/B/y) represents that the
bias potentials of the inner, middle, and outer elec-
trodes are «, B, and y V, respectively. Small movable
Langmuir probes, which can be also used as emissive
probes, are inserted radially and axially to measure the
plasma parameters and their fluctuations.

When all of the segmented electrodes are grounded,
axial and radial profiles of the plasma density n are
measured as shown in Fig. 2. Around the mirror
center, n=3x10" cm™3, electron temperature
T,=15 eV, and ion temperature 7; <1 eV. Appreci-
able spatial variations of 7, and 7; are not recognized.
The plasma potential ¢ is observed to change slightly
in the range less than or approximately a few volts
along the magnetic field. In Fig. 2, the plasma is
found to be well trapped in the mirror field, being
bounded by the magnetic field lines which intersect
the chamber wall at the mirror midplane. Even if all
of the segmented electrodes are floated (floating po-
tentials are 1.3, 1.3, and 3.5 V for the inner, middle,
and outer electrodes, respectively), the profiles of n
are almost the same as in Fig. 2.
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FIG. 2. Axial and radial profiles of plasma density n» when
all segmented electrodes are grounded electrically. Mi-
crowave power = 500 W. Ar gas pressure = 5x 1073 Torr.
Solid lines are obtained by measurement of ion saturation
currents of Langmuir probes. Open circles show the values
obtained from the characteristics of Langmuir probes. A, B,
C, and D correspond to the positions of the probes in Fig.
1(a).
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In order to change a radial profile of plasma poten-
tial ¢, different bias potentials are applied to the seg-
mented electrodes. Figure 3 demonstrates typical ex-
amples of controlled radial potential profiles and corre-
sponding density profiles around the mirror midplane.
Here the segmented electrodes are biased in the same
way at both ends. Hill- and well-shaped potential pro-
files are found to be successfully formed. The hill-
shaped potential profile is formed when the segmented
electrodes are biased in the way a > 38> vy. On the
other hand, the well-shaped profile is formed by the
opposite combination of the bias potentials, i.e.,
a < B < vy. A gradual change of the potential profile is
observed between the hill- and well-shaped profiles.
Even near the chamber wall, the plasma potential
depends on the potential applied to the segmented
electrodes. It must be remarked that «, B, and y are

(a)

30 I
B |
= - 1
Z ok ! $4(20/0/-20)
- LR (15/0/-15)
Foo= (10/0/-10)
- Lok (5/0/-5)
U S S (0/0/0)
SR (-5/0/5)
i (-10/0/10)
Wl (-15/0/15)
okl (-20/0/20)
0 10
r (cm)

_ $1(20/07-20)
™ (15/0/-15)
'e 3 (10/0/-10)

0 (5/0/-5)
a4 2 (0/0/0)

o (-5/0/5)

% 1 (-10/0/10)

= (-15/0/15)

e 0 (-20/0/20)

0 10
r (cm)

FIG. 3. (a) Controlled radial profiles of plasma potential
¢ and (b) corresponding profiles of plasma density n.
¢r(a/B/y) represents that bias potentials of inner, middle,
and outer electrodes are «, B, and y V, respectively.



VOLUME 56, NUMBER 17

PHYSICAL REVIEW LETTERS

28 APRIL 1986

always much smaller than the plasma potentials in
front of the corresponding electrodes. In the case of
the hill-shaped profile, n is found to decrease as the
potential slope becomes steep. The result is closely re-
lated to nonambipolar ion transport mentioned below.

The measurements above suggest that the plasma is
characterized by the flux tube along the magnetic field.
Let us consider the plasma in the flux tube terminating
at the inner electrodes at the east and west ends.
Under our situation, the total electric current flowing
out from the plasma inside this flux tube is always
zero. Thus, a radial electric current /™ from this flux
tube can be estimated by measurement of axial electric
currents ;" flowing into the inner electrodes at the
both ends. The same amounts of current (Z"/2) are
measured to flow into the east and west electrodes. In
Fig. 4, I'™ (= —[j"), estimated in this way, is plotted
as a function of the radial electric field E, at a radial
position r =3 cm around the mirror midplane, where
the boundary of the flux tube is located. When the ra-
dial electric field is directed inward (E, <0), " is
negative and is found to saturate even if |E,| is in-
creased. On the other hand, in the case of the outward
electric field (E, > 0), /" increases drastically with an
increase in E,.

When E, is positive, Ii® is due to electron currents
flowing into the inner electrodes at the both ends. In
this case, /" can be ascribed to a radial ion flow from
the flux tube considered. This is confirmed by mea-
surement of radial ion currents toward the wall. It is
reasonable that these nonambipolar electron and ion
losses result in the decrease of » for large values of E,
in Fig. 3(b). In general, the nonambipolar radial ion
speed v, is represented by use of E, and V,n (radial
density gradient), i.e., v, =u,;E, — D,(V,n)/n, where
w; and D; are the ion mobility and diffusion coeffi-
cient, respectively, for the nonambipolar radial ion
flow, and u;= (e/T;) D, (e is the electric charge of an
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FIG. 4. A relation between radial current /" from a flux
tube terminating at inner electrodes and radial electric field
E, at the boundary of this flux tube. Closed circles show ob-
served values. The solid line is given by Eq. (1).

ion). For the hill-shaped potential profiles in our ex-
periment, however, w;E,/[D,(V,n)/n]l>>1 and
thus v, =u;E, at r=3 cm. On the other hand, we
have the relation /" = 2walenv, between I/® and v,,,
where @ (=3 c¢m) is the characteristic radius of the
flux tube and /is the characteristic length of the plas-
ma column, which is given to be 40 cm by the half-
width of the n profile in Fig. 2(a). Thus, the ion mo-
bility and diffusion coefficient are estimated from the
measured parameters by the relation wf®'=(e/
T;) Dg*® = (I)"/ E,)/2mwalen. In the case of small radi-
al electric field (|1E,| < 1.5 V/cm), wf*® and D are
roughly estimated to be 0.22 m?/s-V and 0.22 m?/s
(T,=1 eV), respectively. Then, the effective ion col-
lision frequency v; for momentum transfer is estimat-
ed from the expression given by the classical transport
theory® as

v=uf(T;/e)/pt=12x10°s7",

where p;=0.42 cm. In our case, v; is mainly due to
the ion production provided by ionization and the ion-
neutral collisions including charge-exchange collisions,
i.e., v,=v;+v,, where v; and v, are the ionization
frequency and the ion-neutral collision frequency,
respectively. The value v,=12x10° s~! estimated
roughly above is considered to be reasonable because
v;=4x10% s~ and v, = 5% 10% s~ ! under our experi-
mental condition.

When E, is increased, however, u£*' and Df*P' are
enhanced up to values five times as large as the classi-
cal values mentioned above. Small low-frequency
fluctuations (< 10 kHz) are observed, depending on
E,, in the range of the fluctuation 7/n < 3%. But,
there is no correlation between the fluctuation and /™.
Thus, the fluctuations are not connected with the radi-
al ion transport observed in the experiment. For such
a large electric field yielding the enhancement of radial
ion transport, the ion velocity is so large that the iner-
tia term Mv- Vv (ion convection) cannot be neglect-
ed in the equation of ion motion. In this case, if v; is
small, the azimuthal ion speed v;4 is given by the rela-
tion

vig=(w,r/)[— 1+ (1 —dwg/w,)?],

where a parabolic radial potential ¢e r2 is simply as-
sumed, w, (=eB/M) is the ion cyclotron frequency,
and wg [=E,/(rB)] is the precessional frequency of
E xB drift motion. In the presence of the ion collision
for momentum transfer, even if v, is small, the ions
move radially with the speed v, expressed by

v, = Wwr/2)[-1+(1-d0g/w,) V2. )

When wgp << oy, Eq. (1) yields the result that u;
=(e/M)(v;,/wk) [=(e/T)pHv,;] is independent of
E,. But Eq. (1) predicts a strong dependence of u; on
E, for wg/w, > 0.1 which corresponds to the observed
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criterion £, > 2 V/cm in our experiment. Substituting
v;=12x10* s~! in Eq. (1), we can calculate I°
(=2mrlenv;,) at r=a, which is shown by a solid line
in Fig. 4. It can be found that the result is quite con-
sistent with the observed values of 1,"’, showing the
importance of the ion convection for radial ion trans-
port in our case.

In an ECR plasma, there is no electric current asso-
ciated with plasma production and electric currents are
always caused by nonambipolar particle transport.
This situation is suitable for experimental investigation
of plasma transport. We have demonstrated measure-
ments of controlled potential profiles and related ion
transport in a simple axisymmetric ECR mirror plas-
ma. The radial slope of a hill-shaped potential profile
has been shown to be successfully controlled, and
even a well-shaped profile has been realized, by adjust-
ment of the bias potentials applied to the circular con-
centric segmented targets at both ends of the machine.
The result is the first demonstration of such a drastic
control of radial plasma potential profile. A main
difference between our experiment and the previous
tandem-mirror experiments might be that a relatively
high-density plasma is in contact with the targets, pro-
viding a better line-tying mechanism, in our experi-
ment. In fact, the potential change is observed to be-
come large with a decrease in R,,. An enhancement of
the nonambipolar radial ion transport has also been
clearly observed by increasing radial electric field
directed outward. This enhancement is due to the ion
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convection under a strong radial electric field. The
phenomenon is quite interesting in the consideration
of plasma transport and is also of significant impor-
tance in future fusion research.
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