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Potential Structure Modified by Electron Cyclotron Resonance in a Plasma Flow
along Magnetic Field Lines with Mirror Configuration
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A plasma potential structure is modified by the electron cyclotron resonance (ECR) in a collisionless
plasma flow along magnetic field lines with simple mirror configuration. In the presence of a single
ECR point at the bottom of the magnetic well, there appears a potential dip (thermal barrier) around this
point, being followed by a potential hump (plug potential) in the downstream side. The result in this
simplified configuration gives a clear-cut physics to the formation of field-aligned plug potential with

thermal barrier. [S0031-9007(98)05529-X]

PACS numbers: 52.58.Qv, 52.35.Nx, 52.50.Gj, 52.55.Jd

Plasma-potential formation in inhomogeneous magnetic
fields i$ of great interest in conjunction with field-
aligned particle acceleration, plasma confinement, and
heat-transport reduction. In space plasmas, a field-aligned
potential difference has been predicted to be generated
by different pitch-angle anisotropies of electrons and
jons along converging magnetic field lines [1], which
was demonstrated in particle simulations [2] and in
laboratory experiments [3]. The field-aligned potential
difference due to double layers [4] has been proposed to
play an important role in the aurora phenomena which
have often been accompanied by intense wave emissions
around the local electron cyclotron frequency [S]. In
fusion-oriented plasmas, concepts of a plug potential with
thermal barrier (plug/barrier potential) [6] and a thermal
dike [7] have been proposed in order to realize the
plasma confinement necessary for tandem-mirror devices
and to reduce the heat transport in tokamak divertors,
respectively. According to the original tandem-mirror
scenario for the plug/barrier potential formation [8,9], a
neutral beam injection (NBI) producing sloshing ions is
necessary, in additién to the electron cyclotron resonances
(ECR) at two positions with different magnetic fields
in the end mirror cells. The recent experiment on the
GAMMA 10 [10], however, indicates that this potential
structure is formed without NBI in the presence of the
two ECR points, although a physical mechanism of the
potential formation has been unsolved. Actually, it is
difficult to measure the overall field-aligned potential
profiles in such a big fusion-oriented mirror device as the
GAMMA 10 [8-11], and, thus, it has long been claimed
to make an investigation under a simplified situation to

clarify an essential mechanism of the potential formation

due to the ECR.

In the presence of the ECR under a magnetic mir-
ror field, the field-aligned magnetic force, —uVB, acting
on electrons increases, enhancing the electron trapping in
the magnetic well, where u is the magnetic moment of
electrons and VB is the gradient of B in the direction
parallel to magnetic field lines. Then, there appears an
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electrostatic force acting on ions under the condition of
charge neutrality. This mechanism provides a straightfor-
ward formation of a plug potential with thermal barrier in
a plasma flowing along magnetic field lines with mirror
configuration. Here we demonstrate this simple scenario
for the plug/barrier formation. The physics of plug-
potential formation is the same as that in the double-layer
formation triggered by a small potential dip in current-
carrying plasmas [12]. In our paper, in contrast to the
double-layer formation, the scale length is much larger
and the potential dip is produced by the mirror trapping of
electrons in the plasma flow without electric current.

~ A plasma is produced by surface ionization of potas-
sium atoms on a 5.0-cm-diam hot tungsten plate under
an electron-rich condition and is confined by a mag-
netic field B of a few kG in a single-ended Q machine
[13], as shown schematically in Fig. 1. Ions are accel-
erated by a potential drop of the electron sheath in front
of the hot plate which is grounded electrically, together
with a 20.8-cm-diam vacuum chamber. There is a grid
(0.03-mm-diam wire, 50 mesh/in.) at a distance of 40 cm
from the hot plate, which is biased negatively with respect
to the hot plate. A step potential ¢, is applied to the
grid so as to increase the grid potential up to the plasma
potential in order to inject a plasma flow along the mag-
netic field [3]. A small Langmuir probe is used to mea-
sure plasma parameters and their axial profiles. Under our

WAVEGUIDE WITH k
|NSULATOFI1 ATFRONT =—B  HOT rLATE
Z

!
PROBE

GRID E@f

FIG. |. Schematic of experimental setup. A plasma column,
S cm in diameter and 310 cm long, . is produced by surface
ionization.
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conditions, the plasma density n,0 = 1 X 10° cm™, the
electron temperature T.o = 0.2 eV, the ion temperature
T;o < T.o, and the ion flow energy E;p = 10T.o/e. A
background gas pressure is 4 X 1077 Torr. The plasma
is collisionless in the sense that collision mean free paths
of electrons and ions are longer than the plasma length.
The experiment is carried out under a simple magnetic
mirror configuration which is shown in the top figure in
Fig. 2. The bottom of the magnetic well is located at
the machine center (z = 0 cm). Mirror ratios R; and
R, in the downstream (z < 0) and upstream (z > 0)
regions are defined as ratios of B around z = —70 cm
and z = 100 cm, respectively, to that at z = Ocm. A
microwave with frequency @ /27 = 6 GHz and power
P, = 0-1W is launched into the plasma through a
circular waveguide. The window of the waveguide is
covered with an insulator which terminates the plasma
column at z = —150 cm. The microwave propagates
toward the hot plate (z = 160 cm) in the region of
w/wce < 1 and the ECR takes place in the vicinity of
w/wee =1 (wee/2m: electron cyclotron frequency) at
z = 0 cm (other situations are found in Ref. [14]). A

B (kG)
Ll N T m r #

20

10

Jos (LA)

¢ (V)
R

L&

) 1. 1 i L i

=20 0 20 40

1

-40
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FIG. 2. A typical example of plasma flow plugging due to
the ECR, together with magnetic field configuration. This
shows profiles of J.; (electron saturation current of the probe)
and ¢ (plasma potential) at + = 0.6 ms in the plasma flow
injected at ¢ = 0 ms along the magnetic field with R; = 1.68
and R, = 1.30 for P, = 0 W (dotted lines) and 0.5 W (solid
lines).

subscript O stands for the parameters in the case of P, =
0 W. Time resolved measurements are made by using a
usual box-car sampling technique with time resolution of
about 1 us, where probe-current pulses are averaged in a
synchronous detection mode.

A typical example of the results in this experiment is
presented in Fig. 2. Here, the plasma flow is injected at
t = 0 ms along the magnetic field with Ry = 1.68 and
R, = 1.30 for P, = 0 W (dotted lines) and 0.5 W (solid
lines). J.s is the electron saturation current of the probe,
which is proportional to the electron density multiplied by
the electron thermal speed, and ¢ is the plasma potential.
The axial J.s and ¢ profiles at the radial center, which are
shown at t+ = 0.6 ms in this figure, demonstrate clearly
that the plasma flow is almost plugged by the potential
structure produced by the ECR. This drastic plugging
is also observed for the profiles of the plasma density
obtained from J.s. The potential structure consists of
a potential dip A¢4(<0) formed at z = O cm and a
subsequent potential hump A¢,(>0) along the plasma
flow. Here, Ay and A, are measured with respect
to the potential in the upstream region, where ¢ is almost
constant spatially, being independent of P,.

In Fig. 3, we present temporal evolutions of the Jes
(solid lines) and ¢ (solid lines with closed circles) pro-
files under the same conditions as in Fig. 2. Once the
plasma front arrives at the ECR region, a clear increase
of J.s in the ECR region and a drastic decrease of Je; in
the downstream region appear together with a formation
of the potential dip followed by the potential hump along

20 0 20
Z (cm)

Z (cm)

FIG. 3. Temporal evolutions of Je (solid lines) and ¢ (solid
lines with closed circles) profiles after the plasma flow is
injected at t = 0 ms for P, = 0.5 W.
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the plasma flow. After the potential dip (= —6T.o/e)
is formed at t+ = 0.2-0.3 ms, A¢, is found to de-
crease temporally, gradually approaching a constant value
(= —4T,0/e). On the other hand, the value of Ad,
has the maximum (=10T,y/e) at ¢t = 0.6 ms which cor-
responds to the time necessary for the ion flow to ar-
rive at the potential-hump position. At > 0.6 ms, A¢,
decreases temporally and approaches a constant value
(=3T,0/e) at t = 1.0 ms. On the other hand, J. at
z = 0 cm increases monotonously, approaching a con-
stant value at ¢ = 1.0 ms. This decrease in A¢, during
the increase in J. is ascribed to a change of the plasma in
the upstream region after the ion reflection due to A ,.
The ion reflection results in a reduction of the plasma flow
speed, and then a smaller value of A¢, can be sufficient
for plugging the plasma flow. There appear density fluc-
tuations of /i, /n, = 0.1-0.2, especially at t = 0.6 ms in
our simple mirror geometry, which might also give rise to
a decrease in the flow speed.

The potential structures at the time ¢ = 0.6 ms, when
A, has the maximum value, are presented with P, as
a parameter in Fig. 4, where Ry = 1.68 and R, = 1.30.
For P, =0 W, a small potential dip (= —Te.o/e) is
recognized in the magnetic well, agreeing with the result
in Ref. [15]. In the case of P, # 0 W; however, even
for P, = 0.1 W, there appears a clear modification of the
potential structure. An increase in T, is also observed at
aboutz = Ocmfor P, # O W.

Dependences of A¢, and A¢y on P, at ¢t = 0.6 ms
are presented for R; = 1.68 and R, = 1.30 in Fig. 5(a).
With an increase in P,, both A¢, and —A ¢, increase,
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-3} 4
X . " 2 1 4o
0 Y T T T T T T

o (V)
b L
£
[}
o
w
L 2

-3
_-_4 L1 PR N L L
T —rT T T T
or OPu=0w
«P,=0.8 W

—1F -

S ]

< < ¢

L

i b i 1 ] " 4 i

-40 20 0 20 40
Z (cm)

FIG. 4. Spatial profiles of ¢ at t+ = 0.6 ms with P, as a
parameter in the case of R; = 1.68 and R, = 1.30.
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gradually saturating for P, > 0.5 W. For P, = 0.8 W,
we have eAdy = —7 T, and eAd, = 12 T,o, which
is of the order of the ion flow energy Ep. T, at z =
0 cm increases in a quite similar way and yields a large
difference of 7, between the upstream and downstream
regions. T, = 40T, and eAp, = 03T, are found for
P, =08 W. This T, increase, due to the ECR, is
confirmed by a modified directional energy analyzer to be
dominant in the direction perpendicular to the magnetic
field, resulting in the anisotropic electron temperature.
The perpendicular electron temperature is a key factor
which links A¢, with P,, as found in the experiment
on GAMMA 10 [16].

In Fig. 5(b), A¢, and —A ¢ are plotted as a function
of Ry att = 0.6 ms for P, = 0.8 W, where Ry = R, >
1 is kept. Both A¢, and —A ¢, increase with an increase
in Ry, being followed by a gradual saturation. An effect
of R, on the potential formation is also measured at
R; = 1.68. But no appreciable changes of A¢, and
—A ¢y are observed even when R, (>1) is increased up
to 1.68, indicating that the results are independent of R,
as far as Ry = R, > 1 is kept. Thus, we can obtain
almost the same results as in Fig. 5(b) even with keeping
Ry = R, (>1) (mirrors are symmetric with respect to

=0 cm).

The increase in P, and/or R; enhances the T,
anisotropy and electron trapping around the ECR point,
and thus —Ad¢, increases, being accompanied by an
increase in A¢, under the charge neutrality condition.
Furthermore, A¢, always saturates gradually around
E;o/e, plugging most of the ions so as not to pass through
the magnetic well region. This is because the electrons

L " PR | n i i 1
1 1.5 2
Ryq

FIG. 5. Potential dip A¢, and hump A¢, at t+ = 0.6 ms
(a) as a function of P, for R; = 1.68 and R, = 1.30 and
(b) as a function of Ry (=R, > 1) for P, = 0.8 W.
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are well trapped and —A ¢, is large enough for most of
the electrons to be reflected.

As described above, the potential structure observed
consists of a potential dip around the ECR point and a
subsequent potential hump along the plasma flow. This
structure is almost the same as that in the tandem-mirror
scenario with the dual ECR performance in the end mir-
ror cells. In our experiment, the electrons accelerated by
the ECR in the direction perpendicular to the magnetic
field are decelerated and reflected by — VB in the axial
direction. The electrons reflected, which are again accel-
erated at the ECR point, cannot return to the upstream
region, being trapped in the magnetic well. This mirror
trapping of electrons induces the potential dip around the
ECR point. The depth is large enough to prevent cold
electrons, which are supplied from the hot plate, from
merging with hot electrons in the ECR region. Thus, the
potential dip formed works as a “thermal-barrier” poten-
tial. Jons are not directly affected by the ECR. But, in
order to satisfy the charge neutrality condition, a potential
hump, a so-called “plug” potential, the height of which
is large enough to reflect most of the ions flowing along
the magnetic field lines, is formed in the downstream side.
As a result, there appears a density decrease in the down-
stream region, i.e., the potential structure produced pro-
vides a “dike” potential against the plasma flow.

Our physics of the barrier/plug potential formation can
also be applied to plasmas with the ion flow energy
much smaller than the ion temperature. In this case,
however, the flow energy E;o has to be replaced by the
ion temperature T; parallel to the magnetic field. It is to
be remarked that A¢,/E;q observed in our work is of the
same order of A¢,/T; in the GAMMA 10 experiment,
although A¢, and E;g in the Q machine are much smaller
than A¢, and 7; in such a big fusion-oriented device as
the GAMMA 10.

In conclusion, in a collisionless plasma flow under a
simple magnetic mirror configuration, a potential structure
with a potential dip followed by a subsequent potential
hump is formed by the ECR at the bottom of the magnetic
well. Our experiment clearly demonstrates a formation of
the plug potential with thermal barrier under a quite simple
axisymmetric mirror configuration. The mechanism of the
potential formation is based on the electron heating and
trapping due to the ECR in the magnetic well under the

charge neutrality condition. It is not necessary in our
potential formation to take into account the conventional
scenario for the tandem-mirror devices, which needs two
ECR points: the one for barrier formation and the other
for plug formation. In our experiment, a single ECR
point is sufficient to provide the plug/barrier potential
structure. This work gives a clear physics to the formation
of field-aligned plug potential with thermal barrier in a
quite simplified way.
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ABSTRACT

Thé formation of a plasma potential is experimen-
tally investigated in a fully-ionized collisionless plasma
flow along converging magnetic-field lines in the pres-
ence of a single ECR point. When the ECR occurs
in the region of converging region, the potential profile
is observed to be drastically modified. The resultant
potential structure consists of a negative potential dip
and a subsequent positive potential hump working as a
plasma-flow dike potential, which persists in the steady
state when the ECR point is located in a region of good
curvature of the magnetic configuration. However, this
potential structure temporally collapses when the ECR,
point is located in a bad curvature region. The phe-
nomenon is considered to be caused by low-frequency
flute and drift instabilities.

I. INTRODUCTION

A series of studies have been made on electrostat-
ic potential formation along inhomogeneous magnetic
field lines theoretically,! numerically? and experimen-
tally.> As concerns improvement of particle and energy
confinements in a open-ended device, a concept of tan-
dem mirror* has been proposed as a means to plug
ions. In the original tandem mirror proposals, use of
neutral beam injection (NBI) producing sloshing ion-
s and the electron cyclotron resonances (ECR) at two
positions with different magnetic fields is considered to
form the plug/barrier potentials.>*® However, it has
recently been reported that the formation of these po-
tentials can be made without NBL7 Furthermore, a
basic experiment in a laboratory plasma demonstrates

that a single ECR point at the bottom of the magnetic -

well is sufficient to provide the plug/barrier potential-
5.8 In these experiments, however, it is not elucidated
whether the plug/barrier potentials are formed when
an ECR point is located in a gradient region of a mag-
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netic field in the absence of magnetic well. In order to
clarify essential features of the problem, it is important
to make investigations on detailed potential structure
due to local ECR. under rather simplified configura-
tions. '

In this paper, measurements are performed on bar-
rier/plug potentials in the presence of the single ECR
point located in a gradient region of a simple converg-
ing magnetic fleld. The potential profiles are demon-
strated to be formed, depending on a mirror ratio and
input microwave power for ECR. In Sec. I, experimen-
tal apparatus and methods are described. Experimen-
tal results are presented in Sec. III and are discussed
in Sec. IV, Conclusions are included in Sec. V.

II. EXPERIMENTAL APPARATUS

A fully-ionized plasma is produced by surface ion-
ization of potassium atoms on a 5.0-cm-diam hot tung-
sten plate at one end (2 = +160 cm) of a single-ended Q
machine® 1% under an electron-rich condition, as shown
schematically in Fig. 1. Ions are accelerated by a po-
tential drop of the electron sheath just in front of the
hot plate which is grounded electrically, together with
a 20.8-cm-diam vacuum chamber. Ion flow energy Eig
depends on the sheath potential which can be varied
by changing the hot-plate power. There is a tungsten
grid (0.03-mm-diam wire, 50 mesh/in.) at a distance
of 40 cm from the hot plate, which is used as a gate of
a plasma-flow injection. In order to inject the plasma
flow along the magnetic field, a step potential ¢, up
to the plasma potential is applied to the grid which is
biased negatively with respect to the hot plate.3

A small movable Langmuir probe is used to mea-
sure a plasma, potential ¢ profile in addition to electron
temperature T, and plasma density n, profiles. Un-
der our conditions, the plasma density nyo is around
1 x 10° cm™3, the electron temperature T, is approxi-
mately 0.2 eV, the ion temperature Ty < Teo and the
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Fig. 1. Schematic of experimental apparatus and con-
verging magnetic-field configuration.

ion flow energy FEi = 1 ~ 2 eV. A background gas
pressure is 5 x 10~® Pa. Since the collision mean free
paths of electrons and ions are longer than the plasma
length under such a condition, the plasma is considered
to be collisionless from this point of view. Typical mag-
neti¢ field configurations are also shown in Fig. 1. The
magnetic field has a 50-cm-length gradient region sand-
wiched between a 170-cm-length and a 80-cm-length
flat regions. The magnetic field is changed- so as to
vary a mirror ratio R,, which is defined as ratio of
the magnetic-field strength in the strong region B, to
that in the weak region By. A microwave with fre-
quency w/27 = 6 GHz and input power P, =0~ 1W
is launched into the plasma through a circular waveg-
uide located on the opposite side of the hot plate. The
window of the waveguide is covered with an insulator
which terminates the plasma column at z = —150 cm.
The microwave propagates toward the gradient-field re-
gion (ECR region) satisfying the condition w/w. < 1
and the local ECR takes place at the ECR point (in
the vicinity of w/w.. = 1), where w,. /27 is the elec-
tron cyclotron frequency. A subscript 0" stands for
the parameters without microwave injection.

In- addition to R,,, we define a new parameter
Rc = Bg/Bg, where Bg and B denote magnetic-
field strengths at the ECR point and at an inflection
point of the magnetic-field line, respectively. The in-
flection point is roughly determined by calculating Bc =
(Bm+ By)/2. According to the definition of R¢, Rg >
1 indicates that the field strength at the inflection point
is larger than that at the ECR point, namely, the E-
CR point is located in the bad curvature region. The
situation of Rc < 1, on the other hand, means that
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the ECR point is located in the good curvature region.
To clarify dynamics of the plasma particles accompa-
nied by the potential formation, we measure spatial and
temporal evolutions of the plasma parameters. Here,
time resolved measurements are performed by a usual
box-car sampling technique.

III. EXPERIMENTAL RESULTS

Figure 2 gives axial plasma potential ¢ profiles at
the radial center in the steady state together with elec-
tron density n. and electron temperature T, profiles
with Ry = 1.30 and Rc = 0.98 for P, = 0 W (open
marks) and 0.5 W (closed marks). The potential ¢ is
almost constant spatially ini the upstream region, be-
ing independent of P,. This constant potential value
is a standard against which the spatial variation of ¢
is measured. For P, = 0 W, a small increase in ¢,
the hight of which is of the order of T.q/e is observed
along the converging magnetic field, agreeing with the
result in Ref. 3. For P, = 0.5 W, on the other hand,
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Fig. 2. Spatial profiles of plasma potential ¢, electron

‘ temperature T, and electron density n. in the
steady state with R, = 1.30 and Rc = 0.98
for P, = 0 W (open marks) and 0.5 W (closed
marks).
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there appears a negative potential dip A¢y4 around the
ECR region, being accompanied by a drastic positive
potential hump A¢,. Here, A¢, and Agy are potential
differences from ¢ at z = 100 cm. The value of ~A¢qy
is about 4T.q/e, which is enough large to insulate the
hot electrons in the ECR region from the cold electrons
coming from the source region. The electron temper-
ature T. increases around the ECR region, and the T,
difference between the upstream and downstream re-
gions is maintained, which demonstrates the A¢q func-
tion as a thermal barrier. Thus, the potential dip can
be called "barrier” potential. The value of Ag, is about
7T.o0/e, which is of the order of Ejo. Since Agy is able
to reflect almost all the ions, the potential hump can be
called "plug” potential. The electron density n. profile
for P, = 0.5 W shows that a stagnation of electrons
is generated in the ECR region and the subsequent s-
teep density drop is formed in the downstream region.
These phenomena clearly demonstrate that the plasma
is almost plugged by A¢,, which works as the plug po-
tential. Since the increase in T, is generated by ECR,
the increase in electron temperature perpendicular to
the magnetic field T., is expected to be dominant. In
order to measure anisotropic T. a modified directional
energy analyzer is used, a collector of which is sensitive
to the electron motion perpendicular to the magnetic-
feld lines. As a result, the T, increase is confirmed to
be mainly caused by the increase in Te..

Figure 3 shows A, as a function of time in the
cases of Rc = 0.98 and 1.07 with P, = 0.5 W and
R = 1.30, where the plasma flow is injected at t =
0 msec. For Rc = 0.98, it is found that A¢, increases
as time goes by and persists in the steady state. For
R¢c = 1.07, on the other hand, A¢, initially increases

0.5 1 1.5 2
t (msec)

Fig. 3. Potential difference A¢, as a function of time
with R, = 1.30 for P, = 0.5 W. Closed and
open circles denote the cases of Rc = 0.98 and
1.07, respectively.
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Fig. 4. Potential difference A¢, as a function of F, in
the steady state with R,, = 1.30 in the cases
of Rc = 0.98 (closed circles) and Rc = 1.07
(open circles). '

and has the maximum value, the hight of which reach-
es TT.o/e at t = 0.6 msec which corresponds to the
time necessary for the ion flow to arrive at the ECR
region. After that, Ag, is observed to decrease gradu-
ally and to have a small value (~ T,o/e) in the steady
state. This difference of the A¢, evolutions between
Rc = 0.98 and 1.07 cases is related to low-frequency
oscillations, which is described in Sec. IV.

Dependences of A¢, on P, in the steady state with
R, = 1.30 are presented in Fig. 4. For Rc = 0.98, the
values of Ag, apparently increase with an increase in
P,. For Rc = 1.07, however, Ag¢, does not increase
and attain to a value much smaller than for Rg = 0.98
even if P, is increased up to 1 W. At ¢ = 0.6 msec,
on the other hand, it is experimentally confirmed that
Ag, for both Rc = 0.98 and 1.07 increase in the same
way as for R¢c = 0.98 in the steady state.

Figure 5 gives A¢, as a function of Rg with Rnm
kept constant (= 1.30) for P, = 0.5 W. At ¢ =
0.6 msec, the value of A¢, gradually increases with
an increase in Rg. Since B, increases as R¢ is in-
creased under the condition that R, is kept constant,
an effective mirror ratio R.g = Bm/Br rather than
R, = Bn/Bo is closely related to the potential forma-
tion when ECR occurs. Thus, the increase in Ag, is
considered to be caused by the increase in R.g. In the
steady state, on the other hand, A¢, increases with
an increase in R in the same way as at £ = 0.6 msec
but suddenly decreases over R¢c 2 1.0. According to
the definition of R, these experimental results indi-
cate that A¢, persists in the steady state when the
ECR point is located in the good curvature region but
Ag, collapses in the steady state when the ECR point
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observed to collapse over R,, > 1.5, where R exceeds

IV. DISCUSSIONS

The potential structure is observed to consist of a
negative potential dip around the ECR point and a sub-
sequent positive potential hump, as shown in Fig. 2. A
physical meaning of the phenomena is as follows. When
the plasma arrives at the ECR point, the electrons ac-
celerated perpendicularly to the magnetic field by ECR
are axially decelerated and reflected by —uV B force,

Kaneko et al. PLASMA-FLOW DIKE POTENTIAL DUE TO LOCAL ECR
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Fig. 5. Potential difference A¢, as a function of R¢ at
t = 0.6 msec (closed circles) and in the steady
state (open circles) with R, = 1.30 for P, =
0.5 W.

is located in the bad curvature reglon

In Fig. 6, A¢, is plotted as a function of Rm with
changing B,, at a fixed value of By = 1.8 kG for
P, = 0.5 W, where Ry is also indicated on the up-
per abscissa. In this case it is to be noted that Rg
simultaneously increases with an increase in Rn,,. At
t = 0.6 msec, the value of A¢, sharply increases as
R is increased and gradually saturates for R, 2 1.5.
In the steady state, however, the potential structure is

R
1 ° 12
1 ] T i
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—_ - 4
> | ]
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Fig. 6. Potential difference A¢, as a function of R,
with changing Bn at a fixed value of By =
-1.80 kG at ¢t = 0.6 msec (closed circles) and in
the steady state (open circles) for P, = 0.5 W.
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where 4 is the magnetic moment of electrons and VB
is the gradient of B in the direction parallel to magnetic
field lines. Since the decelerated electrons are stagnat-
ed around the ECR point, the potential dip is formed
by these stagnated electrons there. On the other hand,
the ions are not directly affected by the ECR and might
pass through the ECR region. Thus, the positive po-
tential which axially decelerates and reflects the ions is
expected to be formed in order to maintain the charge
neutrality condition in the resonance and downstream
regions. Since A¢, reaches about 77,0 /e which is equal
to the value equivalent of ion flow energy E;q, almost all
the ions, which are accelerated by the electron sheath
in front of the hot plate, are reflected by this positive
potential. As a result, the plasma density decreases in

the downstream region owing to the formation of the

dike potential against the plasma flow.

As shown in Fig. 4, the value of Ag, for Rc = 0.98
in the steady state increase with an increase in P,.
The increase in P, enhances the T. anisotropy, or an
increase in T, as already described above. Since the
amount of the reflected electrons increases with an in-
crease in T, , A¢, which is thought to reflect ions in-
creases in order to maintain the charge neutrality con-
dition. Furthermore, A¢, always saturates gradually
around E/e, plugging most of the ions not to pass
through the magnetic gradient.

In Fig. 5 and Fig. 6, A¢, increases with an increase
in R¢ or Rp,. Judging from our scenario of the poten-
tial formation due to ECR, the effective mirror ratio
R.g(= Bm/BRr) is a key parameter which links A¢,
with magnetic-field strength. In Fig. 7, A¢, is plotted
as a function of R.g in the cases of changing R at a
fixed value of Rm (closed circles) and changing R, at a
fixed value of By (open circles). A¢, increases with an
increase in R.g and saturates around Ejp/e in the same
way in both cases. This result clearly demonstrates
that the increase in R.g, or the decrease in a loss-cone
angle enhances the electron stagnation around the E-
CR point, and thus, 44, reasonably increases under
the charge neutrality condition.

Figure 3 shows that the potential structure is sus-
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Fig. 7. Potential difference Ag, as a function of R.g
at ¢ = 0.6 msec for P, = 0.5 W in the case
of changing Rc at a fixed value of R, (closed
circles) and changing R, at a fixed value of By
(open circles). o

tained in the steady state for R¢ < 1, while the poten-
tial structure for Rg > 1 gradually collapses as time
goes by. The A¢, dependence on R¢ is given in de-
tail in Fig. 5. It is experimentally confirmed that drift
type and fluit type instabilities are observed to be en-
hanced when the ECR point is located in the region
of bad curvature, i.e. in the case of Rg > 1. These
low-frequency instabilities seem to induce the plasma
diffusion in the radial direction and the collapse of the
potential structure. This collapse phenomenon agrees
with the experimental results under the magnetic-well
configuration,® where ECR point is located at the bot-
tom of the magnetic-well in the bad curvature region.
In the case of Rg < 1 the instabilities are suppressed
to some extent but still remain, which is considered to
result in the density decrease over the whole plasma
column as shown in Fig. 2.

V. CONCLUSIONS

Potential profiles are measured in a collisionless
plasma flow along a simple converging magnetic field
in the presence of the single ECR point. The potential
structure observed consists of the negative potential dip
Ay around the ECR point and the subsequent posi-
tive potential hump A¢,. Adgy is about —4T.q/e which
insulates the hot electrons from the cold electrons com-
ing from the source region, and A¢, reaches the value
equivalent of the ion flow energy (E;), which plugs
almost all the ions. A combination of 4¢, and Ay re-
sults in diking the plasma flow. Although the potential
structure in the case of R < 1 persists in the steady
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state, the potential structure in the case of Rg > 1
temporally collapses as low-frequency flute and drift
instabilities are observed to grow. Qur experiment has
demonstrated a clear mechanism for potential forma-
tion due to local ECR under the situation that the ECR
point is located in the gradient region of the quite sim-
ple configurations of magnetic field. This mechanism
could be applied for the understanding potential pro-
files in complicated situations such as in tandem-mirror
devices.
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ABSTRACT

A plasma’potential formation is investigated in a

fully ionized collisionless plasma flow in the presence of

electron cyclotron resonance (ECR) heating (ECRH)
under simple diverging magnetic-field configurations.
When ECR takes place in a diverging region, there
appears a strong potential drop along the field lines,
which results from a field-aligned electron acceleration,
being accompanied by an effective ion acceleration so
as to maintain the charge neutrality condition in the
downstream region. Time-resolved measurements are
performed in order to clarify dynamics of the potential
formation.

I. INTRODUCTION

Charged particle acceleration by —uV) B force in
plasmas has been recognized to be a basically impor-
tant process in conjunction with ion conic formation in
the ionosphere,!'? expansion of the solar wind,? plasma
thrust* and iop impinging in reactive plasma process-
ing,% where u and V| B are magnetic moment increased
by various kinds of heating mechanisms and field gradi-
ent parallel to magnetic field lines, respectively. Since
a heating method or mechanism applied in these in-
vestigations predominantly heat electrons or ions, the
resultant force of —uV B is expected to induce charge
separation, leading to a plasma potential formation a-
long inhomogeneous magnetic-field lines.® This view-
point plays a crucial role, for example, in discussing
details of the ion conic formation mechanism such as
heating perpendicular to magnetic-field lines and up-
welling of the plasma along the auroral field lines.}2
To our knowledge, however, no clear-cut experimental
result on a relation between —uV) B charged-particle
acceleration and potential formation has been reported.
Here our concern is to clarify details of the potential
formation and a relation between potential structure
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and —uV| B particle acceleration due to local electron
cyclotron resonance (ECR) heating (ECRH).

In this paper, measurements are performed on a
potential formation accompanied by particle accelera-
tion in the presence of the single ECR point located in
a gradient region of a simple diverging magnetic field.
In Sec. II, an experimental apparatus and methods are
described. Experimental results and discussions are p-
resented in Sec. ITI. Conclusions are included in Sec. IV.

II. EXPERIMENTAL APPARATUS

The experiment is performed with a fully-ionized
plasma which is produced by surface ionization of potas-
sium atoms on a 6.0-cm-diam hot tungsten plate at one
end (z = +160 c¢m) of a single-ended Q machine”™8 un-
der an electron-rich condition, as shown schematically
in Fig. 1. lons are accelerated by a potential drop of
the electron sheath just in front of the hot plate which
is grounded electrically, together with a 20.8-cm-diam
vacuum chamber. Ion flow energy E; depends on the
sheath potential which can be varied by changing the
hot-plate power. There is a tungsten grid (0.03-mm-
diam wire, 50 mesh/in.) at a distance of 40 cm from
the hot plate, which is used as a gate to inject a plas-
ma flow. To the grid which is biased negatively with
respect to the hot plate, a step potential ¢, up to the
plasma potential is applied in order to inject the plasma
flow along the magnetic field.

A small movable Langmuir probe is used to mea-
sure plasma parameters including an electron energy
distribution function and their axial profiles. An ion
energy distribution function is measured by a direc-
tional electrostatic energy analyzer. Under our condi-
tions, the plasma density n, is around 1 x 109 cm =3,
the electron temperature T, is approximately 0.2 eV,
the ion temperature Ty < T.o and the ion flow energy
Eip ~ 2eV. A background gas pressure is 5 x 10~3 Pa.
Under such a condition, the collision mean free paths
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Fig. 1. Schematic of experimental apparatus and di-
verging magnetic-field configuration.

of electrons and ions are longer than the plasma length
and, from this point of view, the plasma is collision-
less. Typical diverging magnetic-field configurations
are shown in Fig. 1. The magnetic field has a 50-cm-
length gradient region sandwiched between a 80-cm-
length and a 170-cm-length flat regions. The magnetic
field is changed so as to vary the degree of field diver-
gence R;! (reciprocal of so-called mirror ratio R,,) in
the range of 1 ~ 3, which is defined as ratio of the
magnetic-field strength in the strong region to that in
the weak region. :

A microwave with frequency w/2r = 6 GHz and
input power P, = 0 ~ 1 W is launched into the plas-
ma through a circular waveguide located on the op-
posite side of the hot plate. A waveguide window is
covered with an insulator which terminates the plasma
column at z = —150 cm. The microwave propagates
toward an ECR point (w = w.) from the weak to the
strong magnetic-field strength regions, where w, /27
is the electron cyclotron frequency. In this situation,
the wave approaches the ECR point from its cutoff-
point side, and the wave amplitude might decrease in
the evamescent region. In our experimental condition
of low ny, however, the evanescent region is very nar-
row (~ 0.1 cm) in comparison with the wave length
(= 5 cm) because of the condition wpe € we,, where
Wpe /27 is the electron plasma frequency. Thus, the
wave passes through the evanescent region by a tun-
neling effect? 1® and ECR can take place beyond the
cutoff point. A subscript "0” stands for the parame-
ters without microwave injection. To clarify dynamics
of the plasma particles accompanied by the potential
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formation, we measure spatial and temporal evolutions
of the plasma parameters. Here, time resolved mea-
surements are performed by a usual box-car sampling
technique. '

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

Measurements of axial profiles of plasma poten-
tial ¢, electron density n. and electron temperature
T, at the radial center are performed in the steady s-
tate with R;;! = 1.95 for P, = 0 W (open marks)
and P, = 0.5 W (closed marks) as shown in Fig. 2.
Here, arrows at z = 50 cm indicate the position of
ECR point. ¢ is almost constant spatially in the up-
stream region for both P, =0 W and 0.5 W. In the
downstream region from the ECR point, on the oth-
er hand, ¢ strongly decreases along the plasma flow
for P, = 0.5 W. This profile is similar to that of the
magnetic-filed strength. The absolute value of this po-
tential drop |Ag|, which is the potential difference be-
tween the upstream (2 = 100 cm) and downstream
(z = —100 cm) regions, is more than 15 V. The po-
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o

Fig. 2. Spatial profiles of plasma potential ¢, electron
density n. and electron temperature T, in the
steady state with R;''= 1.95 for P, = 0 W
(open marks) and 0.5 W (closed marks).
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tential drop A¢ is expected to lead to the acceleration
of ions towards the downstream region as will also be
described later. n. decreases along the magnetic-field
lines even for P, = 0 W, and n. in the downstream
region becomes 40 % of that in the upstream region.
This is because the cross section of plasma column in
the downstream region becomes about twice that in the
upstream region in the case of Ry;' = 2 and the amoun-
t of electron acceleration parallel to the magnetic field
attains to 1.2 times by transferring the perpendicular
energy of the isotropic electrons to the parallel energy.
For P, = 0.5 W, on the other hand, n. drastically de-
creases beyond the ECR point, where n. i3 smaller than
neo by an order of magnitude. This decrease in n, will
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Fig. 3. Energy distributions of electrons F.(V.) and
ions parallel to the magnetic field Fy (Ve) in the
steady state with Rt = 1.95 for (a) P, =0 W
and (b) P, =0.5 W at typical axial positions.
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be discussed in the present section in connection with
the drop of ¢. T. in the downstream region from the
ECR point increases along the magnetic-field lines for
P,=05W. T, = 30T, is attained at z = —50 cm,
which is caused by the heating due to ECR and the
conversion of the perpendicular energy into the paral-
lel energy.

The electron energy distribution function F.(V,)
and ion energy distribution function parallel to the
magnetic field Fy (Ve) are obtained from the first deriva-
tives dI./dV,,}' where I. is the current flowing to the
probe or a collector of the energy analyzer and V. is
the voltage of the probe or the collector applied with
respect to the hot plate. Axial variations of F,(V,)
and Fy(V.) with R;l = 1.95 are typically shown in
Fig. 3, where both the peak heights are adjusted to
the same value because our attention is focused on V.
yielding the peaks. F(V:) and Fy(V;) for P, =0 A
are almost the same in the upstream (z = 100 cm) and
downstream (z = —35 cm) regions (Fig. 3(a)]. Here V.
yielding the peak of Fe(V:) indicates the plasma po-
tential ¢ (= —2 V) which coincides with the result in
Fig. 2. V, yielding the peak of Fy(V.) shifts from that
of F,(V.) toward the positive value of V, by about 2 V.
This difference of V; shows that the initial ion flow en-
ergy Eip =~ 2 eV is generated by the electron sheath
in front of the hot plate. No appreciable difference
of F,(V.) and Fy(Ve) in the upstream region is found
between the cases of P, = 0 W and 0.5 W. In the
downstream, on the other hand, F,(V,) is measured to

A
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0 0.5 1 1.5
t (msec) :

0 0.5 1 1.5
t (msec)

Fig. 4. (a)Average electron energy E. and (b) plasma
potential ¢ as a function of time with Rl =
1.95 for P, = 0.5 W. Open and closed marks

denote values at z =100 cm and z = —100 cm,
respectively.
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greatly shift to the negative value of V, and to consist
of electrons with a higher temperature of T, ~ 30T.q
[Fig. 3(b)]. This peak shift corresponds to the plasma
potential drop |Ad| ~ 15 V in Fig. 2. Since V, yielding
the peak of Fy(V;) does not change even in the down-
stream region, i.e., it relatively shifts from the plasma
potential (the peak of F,(V;)) toward the largely posi-
tive value of V,, the ions turn out to have a directional
energy parallel to the magnetic field, forming the ion
beam flowing downstream. The parallel ion energy E;,
which is defined as the V, difference between the peaks
of Fe(V.) and Fy(V.), is found to be nearly equal to
the value equivalent of |Ag|. Judging from the above,
the ion acceleration is closely related to the potential
formation.

In order to clarify dyna.rmcs of the potential forma-
tion, time-resolved measurements of (a) average elec-
tron erergy E, and (b) plasma potential ¢ after injec-
tion of the plasma flow at ¢ = 0 msec are performed
for P, = 0.5 W at z = 100 cm (open marks) and
2 = —100 cm (closed marks), as shown in Fig. 4. Here
we apply the average electron energy E, instead of the
electron temperature T,, which is obtained from the s-
lope of the semi-log plots of the I. — V. characteristics
in the tail region of the electron distribution, because
the electron energy distribution is not thermalized in
this time scale after perpendicular heating by ECR and
energy transformation through —uVy B force. Thus E,
and T, are used in the temporal and steady sta.te cas-

0.125 .
0.15
/""’ os
035 t (msec)
() '. ™
- aQ0
a0 & o

¢
~.Izov

AN

-100 0 ECR 100
Z (cm)

Fig. 5. Temporal evolution of axial plasma potential
profile ¢ after the plasma flow is injected at
t = 0 msec with R;;! =1.95 for P, = 0.5 W.
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es, respectively. When a front of-the plasma-flow pulse
arrives around the ECR point (¢ = 0.15 msec), E, in
the region downstream from the ECR point is mea-
sured to be extremely high up to E./T.g > 102, which
is due to proceeding electrons heated by ECR, while
almost no change of E, is observed in the upstream re-
gion. In this case, ¢ in the downstream region is mea-
sured to become extremely negative while there is no
change of ¢ in the upstream region, where the spatial
difference between them attains to |Ad| > 60 V. As
the bulk plasma continuously passes through the ECR
point (¢ 2 0.23 msec), E. and | A¢| gradually decrease,
approaching a steady state (JAd| ~ 15V, T. ~ 5 eV).
It can be seen from this figure that the decrease and
the increase in ¢ correspond to the increase and the
decrease in E., respectively.

Figure 5 presents a temporal evolution of axial ¢
profile for P, = 0.5 W. A kind of ambipolar potential
with a large potential difference (e]Ad|/Tw > 102?) is

(a) . .

80 |- | @ t=0.23 msec .
o steady state

4
~ 60 .
\>’ E |
— 1
g 40 1
20 1

OQ I L

0 0.5 1

Py (W)

80 [ [* 1=0.23 msec
| | 0A steady state

— [ 1~
960 4
=t 13
40t 1=
_3‘_ | Jjun
Q
20 F .
A
- .
0 L L
1 2 3

Fig. 6. Potential differences |A¢| (circles) and parallel
ion energy E; (triangles) (a) as a function of P,
with R;! = 1.95 and (b) as a function of R‘
for P, = 0.5 W. Closed and open marks denote
va.lues at t = 0.23 msec and in the steady state,
respectively.
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observed to extend over a long distance towards the
region downstream from the ECR point when the ECR,
of front electrons in the expanding plasma is initiated
(t £ 0.23 msec). Then the potential gradient is found
to be localized ahead of the ECR point, the potential
drop A¢ to be gradually filled up after the arrival of
the bulk electrons (¢ > 0.23 msec) and the steady state
potential structure is finally formed (¢ > 1 msec).

In Fig. 6(a), |A¢| at ¢ = 0.23 msec and in the
steady state are plotted as a function of P, with R;;! =
1.95. Both transient and steady state |A@| increase
with an increase in P,, being followed by a gradual
saturation. In this case, E, at ¢ = 0.23 msec and 7, in
the steady state in the downstream region increase in
a quite similar way to |A¢|, which indicates that |A¢|
is closely related to E. and T,. Dependences of [Ag|
on R;! at t = 0.23 msec and in the steady state for
P, = 0.5 W are presented in Fig. 6(b). The potential
drops are linearly enhanced with an increase in R;!.
According to measurements of the ion energy parallel
to the magnetic field lines F; in the steady state (see
Fig. 3), it is found that ions are greatly accelerated
along the field lines to attain to E; corresponding to
e|A¢| (open triangles). In this figure, E; is observed
to be larger than e[A¢| by a few eV, which can be
explained by adding the initial ion flow energy E;p =~
2 eV to the value equivalent of potential drop e|Ag|.

Let us briefly mention the mechanism of the poten-
tial formation. As described above, the large potential
drop is observed in the region downstream from the E-
CR point under the diverging-field configuration. At
the ECR point, the electrons are accelerated by the E-
CR in the direction perpendicular to the magnetic field,

and are accelerated in the axial direction by —uVB.

force along the magnetic-field lines. n, in the down-
stream region drastically decreases as shown in Fig. 2
because of the conservation of the electron flux, while
ions are not directly affected by the ECR. Thus, the
strong ambipolar potential leading to the ion accelera-
tion is considered to be formed so as to maintain the
charge neutrality condition in the region downstream
from the ECR. point. _

When P, and R;;! are increased, the electron en-
ergy perpendicular to the magnetic field increases and
the conversion of the perpendicular energy into the par-
allel energy is enhanced, which cause the increase in
the electron energy parallel to the magnetic-field lines.
Thus, the potential drop |A¢| which accelerates the ion
along the magnetic field is selfconsistently increased.

IV. CONCLUSIONS

Our experiment demonstrates that the local ECR
in the diverging magnetic field results in the formation
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of the strong potential drop along the field lines, which
is promoted by field-aligned electron acceleration lead-
ing to effective ion acceleration so as to maintain the
charge neutrality condition downstream from the ECR
point. Furthermore, it is clarified that the average elec--
tron energy and the potential drop transiently increase
by several times that in the steady state. This work
could give useful ideas to clarify the mechanism of the
ion conic formation and to control the ion energy ac-
celerated by the potential drop due to local ECR.
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