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Abstract

Diffusion and oscillations of helium and neon plasmas
have been examined in a glass chamber. The method of the
eXperiment is the same as in the experiment in a metal
chamber [1].

The diffusion coefficient and the behavior of the os-
cillations in the plasma is quite the same as in the case
of metal chamber. When W.iTin < 1, there are no oscilla-
tions in the plasma density, and the diffusion is classi-
cal. When wt > 1, oscillations appear in the plasma densi-
ty and the diffusion becomes anomalous and o.3% times Bohm
diffusion.

The shape of the flucbuation of the plasma potential is the
same over the plasma volume and the fluctuating electric
field is very small (< 0.2 mV/em), when wt < 1. When wt > 1,
the fluctuation of the plasma potential becomes turbulent
and the amplitude of fluctuating electric field becomes
large (3 3 mV/cm).




I. Introduction

Usually, the diffusion of a plasma in a glass chamber
differs from that in a metal chamber. In the experiment
of Geissler [2, 3], the diffusion is anomalous and of Bohm-
type in the case of a metal chamber, whereas it is classi-
cal in the case of a glass chamber. In his method of ex-
periment, the usual method of decay time measurement of an
afterglow plasma, the electrons arrive at the axial wall
and the ions arrive at the radial wall and both recombine
on the metal wall. On the other hand, in the spread-out
time measurement [1] the plasma has not yet arriveiat the
radial wall. Therefore, the influence of the chamber wall
to the plasma diffusion in the decay time measurement must
be different from that in the spread-out time measurement.
The axial diffusion is only a small correction for obtaining
the diffusion coefficient across the magnetic field from
the spread-out time. The radial wall must have no influence
on the spread-out time. For this reason, it is expected that
in the present experiment the diffusion coeffi-
cient across the magnetic field in a glass chamber 1s simi-
lar to that in a metal chamber. This supposition is exa-
mined by doing an experiment with a glass chamber inserted
into a metal chamber.

IT. Experimental Apparatus

A glass cylinder of 17 cm inner diameter and 70 cm long
is inserted into a metal vacuum chamber (Fig. 1). The mag-
netic field is uniform within ¥ 1 % inside the glass chamber.

The method of the plasma production and the vacuum con-
dition is the same as reported earlier [1). The plasma is pro-
duced by an electron beam pulse with acceleration voltage
of 400V, beam current of 0.1 ~ 0.5 mA, and 1 msec pulse

width. The base pressure is 3 x 10"8 torr; spectroscopically




pure helium flows continuously through the system at a
pressure of 20 to 100 m torr.

The ion density is measured by a circular Langmuir
probe of 4 mm in diameter, which is biased to -2.7 volt
with respect to the grounded metal chamber.

A fork-type probe shown in Fig. 2 lies in a plane per-
pendicular to the magnetic field. A Langmuir probe is in-
serted into the same plane, azimuthally displaced from the
fork-type probe by 900. This fork probe is movable in the
radial direction and can be rotated around its axis. When
this probe is horizontal (the B-field is vertical), it
picks up the fluctuating electric field in ©-direction.
When it is placed in vertical position, it picks up the
fluctuating electric field in z-direction. This probe is
either held approximately at plasma potential, or floated
over a 100 pF capacitor.

ITI. Experimental Results

Plasma Potential

The floating potential of the plasma is measured by the
Langmuir probe which is in series with a 100 MQ resistor.
Some examples are shown in Fig. 3. Because the electron tem-
perature is very low (300 OK), the plasma potential is near-
ly equal to the floating potential. The plasma potential is
a function of position, magnetic field strength, time after
the ionizing pulse, and is usually from -0.2 to -0.8 volt
with regard to the ground potential. (The anode of the
electron gun and the metal vacuum chamber are grounded). In
the case of the metal chamber, the plasma potential, which
was +0.3 ~ +0.5 V with respect to ground potential, was not
strongly dependent on the magnetic field strength and was




rather uniform in space. In the case of the glass chamber,
the plasma potential is strongly dependent on the magnetic
field strength as seen in Fig. 3 and the potential distri-
bution is not uniform in space (Fig. 3A). Because the time
constant of the measuring circuit is large (> 10 msec),the
fluctuation of the plasma potential cannot be observed by
this method. For the measurement of the fluctuating plasma
potential, the probe is connected to the oscilloscope
through a 100 pF capacitor.

The Dependence of the Diffusion Coefficient on the Magnetic

The diffusion coefficient is measured by the spread-
out time of the plasma as explained in [1]. The ion satu-
ration current into the Langmuir probe, which is located
off the central axis of the chamber, is very small at first
and reaches maximum as the plasma diffuses outwards, and
then decreases as the plasma decays. The time T at which
the ion current becomes maximum is related to the diffusion
coefficient D, in the formula T = r2/4DL , Wwhere r is
the distance between the probe and the axis. The dependence
of the diffusion coefficient on the magnetic field strength
is quite similar to the case of the metal chamber. When
WoiTip < 1, where w4 is the ion cyclotron frequency and
Tig 1s the collision time between the ions and neutral atoms,
the spread-out signal is very smooth and agrees well with
the theoretical prediction (Fig. 4). The dependence of the
spread-out time LS on the magnetic field strength is pro-
portional to the square of the magnetic field (Fig. 5). The
experimental data for various gas pressures can be expressed
in a simplified way when Ts/p is expressed as a function of
B/p. The experimental points lie on a single curve and those
fit well with the classical ambipolar diffusion (Fig. 6),but
the theoretical values of the classical ambipolar diffusion
(Ts/p)amb are reduced by a factor of 9.
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In the case of the metal chamber, ('rs/p)exp was one-tenth
of (Ts/p)amb' The absolute values of diffusion coefficient
in the glass chamber are quite similar to the values in
the metal chamber, and the dependence of the diffusion co-
efficient on the magnetic field strength in both cases
agrees with the classical diffusion.

When U, e

probe signal (Fig. 7). The spread-out time over neutral

> 1, irregular oscillations appear in the

gas pressure'Ts/p is proportional to B/p instead of (B/p)2
(Fig. 8). The numerical value is

(Ts/p)exp - EQLQE % :

x10

From the relation D) = r2/4TS, the diffusion coefficient is

ulf: 1 ckT

3 _ [0}
= 4.4 x 10 5 - 03 X175 eB (T = 300 “K),

(Dl)exp

i.e. the diffusion coefficient is about one-third of the
Bohm diffusion coefficient. In the case of the metal
chamber, the diffusion coefficient was about 0.4 times
Bohm diffusion.

Diffusion in Neon Gas

The plasma potential in neon gas plasma is mainly po-
sitive (Fig. 9). Similarly to the case of helium gas, in
the case of neon gas the spread-out signal is very smooth
when wtr < 1 (Fig. 10). In neon gas, the critical magnetic
field for the anomalous diffusion and the appearance of the
oscillation is much higher than that in helium gas, because
(u7)y, 1s 3.2 x 107 (B/p) and (wr)y, is 8.3 x 1072(B/p).




When wt > 1, the oscillation appears in the spread-out
signal: (Fig. 11).

When the Langmuir probe is positively biased, one ob-
serves electron current to the probe. In this case the re-
sult is very similar to the case of the ion diffusion. When
W,3Tin < 1, the spread-out signal of electrons has regular
form (Fig. 12). When w7, > 1, the spread-out signal con-
tains oscillation (Fig. 13). However, the frequency of the
oscillation is much higher than the case of the ion current.
When a part of the spread-out signal is displayed with a
faster time sweep, one can observe the frequency of this os-
cillation (~ 2 ke)(Fig. 13A). The dependence of the diffu-
sion coefficient on the magnetic field strength in the case
wT > 1 is also Bohm-type (Fig. 14). The numerical values are
very near to the values in the case of the ion current.

Oscillations in the Plasma

Two Langmuir probes are inserted into the chamber in a
plane perpendicular to the magnetic field and 90 degrees
apart. Each probe signal is introduced to a dual-beam oscillos-
cope through a 100 pF capacitor. In this measurement, osci-
llations can be observed even when wt < 1. When wt > 1, the
amplitude of this oscillation becomes a little larger and
its frequency Dbecomes lower. An example is shown in Fig.15
when wrt < 1. Oscillations appearing in these two probes are
completely the same. The input impedance of both probes are
exactly the same. Using a faster time sweep, it is still
difficult to observe the time lag between the signals (Fig.
16). In the case of Fig. 16, the time lag 1s shorter than




10 /usec and the distance between the probes is 5.7 cm,
and the phase velocity in @ - direction is larger than
5.7 em/10 ,usec &b x 105 em/sec. This phase veloclity
is faster than the ion thermal veloclty ~1 x 105 cm/sec.

When the magnetic field strength is large and wrt is
larger than about 3, the oscillation amplitude becomes
a little larger, but it is still smaller than thermal
energy of the plasma. The oscillation frequency becomes
lower and the oscillations in both probes are quite
different in form (Fig. 17).

The fluctuating electric field in the plasma is
measured by a fork probe. Each branch of the fork probe
1s inserted into one of the two inputs of the oscillos-
cope, and the difference of the floating potentials is
measured. The plasma potential is very near to the floa-
ting potential; therefore the output of the differential
amplifier displays the fluctuating electric field. When
wt > 1, the oscillation of the fluctuating electric field
is different from the oscillation of the density fluctu-
ation measured by the biased Langmuir probe (Fig. 7).

When the fork probe is in a plane perpendicular to
the magnetic field, the amplitude of the oscillation is
large (Fig. 18). When the fork probe is in a plane para-
llel to the magnetic field, the amplitude of oscillation
is small (Fig. 19), i.e. the fluctuating electric field is
mainly in the 7'~ direction.

The amplitude of the fluctuating electric field is
extremely small when wt < 1 (Fig. 20). On the other hand,
the amplitude of the fluctuating plasma potential is not
so small even when wt is smaller than 1 (Fig. 21). The
ratio of the amplitude of the fluctuating electric field
at wr = 5 to that at wr = 0.8 1is much larger than the
ratio of the amplitude of the fluctuating plasma potential
at wT = 5 to that at wr = 0.8 (Figs. 20, 21). When wt < 1,
the oscillation of the plasma potential is uniform in space
(Figs. 15, 16).




Therefore, the fluctuating electric field, the difference
of the plasma potential in different position , is ex-
tremely small. When wt > 1, the oscillation of the plas-
ma potential becomes turbulent in space. Therefore, the
fluctuating electric field becomes large.

Oscillations appearing in each branch of the fork probe
are also observed separately. When the fork probe is in the
plane perpendicular to the magnetic field, the oscillations
have different forms (Fig. 22). Therefore, the fluctuating
electric field, which is the difference between these sig-
nals, is large in this plane. When the fork probe is in a
plane parallel to the magnetic field, the oscillations have
nearly the same form (Fig. 23) and the difference between
the oscillations, the electric field, is small.

In the z-direction, however, the wave length of the
fluctuating plasma potential is very large.The oscillations
in the metal chamber are quite similar to the oscillations
in the glass chamber. An additional measurement was possible
in the metal chamber: another Langmuir probe was inserted
at the end of the uniform magnetic field. The distance bet-
ween the probe in the midplane and the end probe is 35 cm.
The floating potentials appearing in these two probes are
displayed on a dual-beam oscilloscope (Fig. 24). The phase
difference is about /2, i.e. in the tube length (70 cm)
there is a half wave length. The phase velocity in z-direc-
tion is about 35cm/80/usec ~ 4 x 102 cm/sec.

The frequency spectrum is measured by a spectrum analy-
ser. The Langmuir probe is connected to a spectrum analyser
through a 100 pF capacitor. When wr - 1, the frequency is
about 2 ke (Fig. 25). When the magnetic field is stronger,
the frequency becomes lower (Fig. 26) and lower (Fig. 27).
However, it is difficult to get a quantative functional
relation between the oscillation frequency and the magnetic
field strength or wr.




Discussion

The diffusion of the afterglow plasma in a glass
chamber seems to be the same mechanism as that in a metal chamber.
Therefore, in this afterglow plasma the short circuit effect
proposed by Simon [4] is not applicable.

When wtr < 1, there is no oscillation in the spread-
out signal and the diffusion is classical. There is a
small amplitude oscillation in the plasma potential.The
oscillations appearing in two Langmuir probes, which are
separated by 90 degrees, are completely the same. The
amplitude of the fluctuating electric field is negligible
small.

When wt < 1, the dependence of the diffusion coeffi-
cient on the magnetic field strength is classical, but
the absolute value is 9 times as large as the classical
value. One may attribute this factor to the effect of
electron temperature. However, if one wants to explain
this factor by the higher collision frequency of the elec-
trons, one must assume the electron temperature as about
2700 °K. This temperature is too high for the electron
temperature of an afterglow plasma. The numeri -
cal value of the classical diffusion coefficient in the
present experiment is still open to question.

When'mT > 1, oscillations appear in the spread-out sig-
nal and the diffusion becomes anomalous and Bohm-type.The
oscillation amplitude in the plasma potential becomes large.
The oscillation in a probe is quite different from that in
the other probe. The amplitude of the fluctuating electric
field is very large. The oscillation in the plasma becomes
turbulent. The regular oscillation of the plasma potential
in the case wt < 1 does not affect the diffusion. The tur-
bulent oscillation of the fluctuating electric field en-
hances the plasma diffusion anomalously.

The present experimental results contradict Geissler's
results [2]. Recently, Geissler [5] reported that when the




end plate of the metal chamber is electrically floated
against the side wall, the diffusion becomes classical
ambipolar diffusion and that the loss of high energy tail
of the Maxwellian distribution of electrons plays an im-
portant role in the anomalous diffusion of the afterglow
plasma. In the present experiment, however, the diffusion
in a glass'chamber is still anomalous when wt is larger
than 1.

In a metal chamber, Geissler obtained 2.2 times Bohm
diffusion, whereas the anomalous diffusion in the present
method is 0.4 times Bohm diffusion. In the present experi-
ment, sometimes the oscillation amplitude grows in the
later parts of the decay (Fig. 28). The usual decay time
measurement is carried out in the later period of the decay,
whereas the present method is concerned with the earlier
spread-out period where the oscillation amplitude is
smaller. Therefore, the present method yields a smaller dif-
fusion coefficient.

The density gradient of the plasma is steeper in the
period of spread-out than the decay period. Nevertheless
the oscillation amplitude is sometimes larger in the decay
period. Also the oscillation frequency is not strongly de-
pendent on the magnetic field strength. Therefore, these os-
cillations are most likely not drift waves Y e T Vn )i

k B n

Zhilinsky et.al. [6] obtained an interesting result
in a decay time measurement in a glass chamber. They demon-
strated that when the tube radius of the chamber becomes
larger, the diffusion coefficient becomes smaller and
approaches the classical value. This result indicates that
the plasma becomes stable against the drift instability when
Vn/n is not too large. In the present experiment, the probe's
radial position corresponds roughly to Zhilinsky'!s tube
radius. However, here, even when the probe is 6 cm off the
central axis, oscillations are observed in the spread-out




signal when wt is larger than 1.

Golant [7] pointed out that the potential difference
between the biased Langmuir probe and the grounded metal
chamber will cause a E_ x B, drift. (In the present ex-
periment there is a metal chamber for the purpose of the
vacuum chamber outside the glass cylinder). This drift will
enhance the drift instability. In the present experiment,
positive or negative potential is applied to a probe and
the fluctuation in the plasma potential is measured by
the other probe. The oscillation amplitude becomes a little
(~ 1.5 times) larger when the bias potential 1s applied to
the first probe. However, the frequency spectrum in the se-
cond probe does not change when the potential is applied
to the first probe. This implies that the potential applied
to the probe has no essential effect on the instability in
the present experiment.

In concluding, it should be emphasized that the ano-
malous diffusion is closely correlated to the turbulent
fluctuation of the electric field in the plasma [8]. When wr
> 1, the turbulent oscillation of the fluctuating electric
field appears and the diffusion becomes anomalous.

The author thanks heartily Drs. von Gierke, Blau,
Grieger, Tasso, Golant,and 2Zhilinsky for theilr helpful
advices and interesting discussions.
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Fig. 3 The plasma potential as a function of time.
Time base, 70 msec; vertical scale, 0.2 /div;
p=5Xx 1072 torr; r = 2 cm. The magnetic field
strength is 0.5, 1.5, and 3 kgauss, fespectively.
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Fig. 3A The plasma potential as a function of position.

wt = 2.5, B) = 1.5 kgauss, p = 5 X 10_2 torr,

100 msec after the ionizing pulse.
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time. wt = 0.8, B0 = 1 kgauss, p = 1 x 10 “torr,

r = 2 cm. Vertical, 0.1 wA/div; horizontal,

5 msec/div.

The spread-out signal in the case of wt > 1.
wt = 5.2, B, = 1.9 kgauss, p = 3 X 10°2
r = 2 em. Vertical, 0.03 pA/div; horizontal,
5 msec/div. Upper trace: fork probe signal,
10 mV/div.
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The plasma potential in neon gas. Time base,
100 msec/div; vertical scale, 0.2 V/div;
p=3x 1072 torr, r = 2 cm. The magnetic field
strength is 0.75, 1.5, and 3 kgauss, respectively.
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The spread-out signal in neon gas. wt = 0.35,
BO = 0.55 kgauss, p = 5 X 10_2 torr, mues Hubr cm.
Vertical; 0.1 pwA/div; horizontal 10 msec/div.
Upper trace: fluctuation of plasma potential

2 mV/div.
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Fig. 11 The spread-out signal in neon gas. wt = 4.8,
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Fig. 12 The spread-out signal of electrons. wr = 0.8,
B, = 0.5 kgauss, p = 5 X 1072
Vertical, 3 wA/div; horizontal, 5 msec/div.
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Fig. 15 The correlation of oscillations of plasma
potential in two probes. wt = 0.8, B, = 0.5
kgauss, p = 5 x 1072 torr, r = 2 cm.
Vertical: 4 mV/div; horizontal, 0.5 msec/div.
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Fig. 16 The phase difference between oscillations in
two probes. wt = 0.8, B, = 0.5 kgauss,
p=5%x 1072 torr, r = 4 cm.

Vertical, 2 mV/div; horizontal, 0.1 msec/div.




Fig. 17 Oscillations in two probes. wt = 5.0, BO: 5 kgauss,
P=5x 10_2 torr, r = 2 em. Vertical, 2 mV/div;
horizontal, 0.5 msec/div.
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Fig. 18 The fluctuating electric field perpendicular
to the magnetic field.
wr = 1.2, B = 0.38 kgauss, p = 2.5 x 10"
r = 4 em. Vertical, 2mV/div; horizontal,

C torr,

5 msec/div.




Fig. 19

Fig. 20
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The fluctuating electric field parallel to the
magnetic field.

wr = 1.2, B, = 0.38 kgauss, p = 2.5 x 1072 torr,

r = 4 cm. Vertical, 2 mV/div; horizontal, 5 msec/div.

The oscillations in the fluctuating electric field.
Time base 2 msec/div; vertical gain 2 mV/div,
p=5xX 1072
From top to bottom 0.5, 1.5, 3.0 kgauss,
wr = 0.8, 2.4, 4.8.
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Fig. 21 The oscillations in the plasma potential.
Time base 2 msec,div, vertical gain 4 mV/div,
p=5%Xx 1072 torr, r = 2 cm. From top to bottom
0.5, 1.5, 3.0 k gauss, wr = 0.8, 2.4, 4.8.
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Fig. 22 The oscillations appearing in each branch of
the fork probe. b 90o
RS S1dRg B L= 0.38 Kgaiss', (pea.5 R lo_gtorr,
r =4 em, vertical, 2 mV/div; horizontal,
5 msec/div.




Fig. 23

Fig. 24
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The oscillations appearing in each branch of

the fork probe. Q= b

wr = 1.2, B = 0.38 kgauss, p = 2.5 x 10_2 torr,
r = 4 cm, vertical, 2 mV/div, horlzontal,

5 msec/div.
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Wave propagation in z-direction. A probe is lo-
cated at the midplane of the apparatus and the

other is located at the axial end of the chamber.
P =5bx 10“2
Vertical, upper trace (end probe) 2 mV/div.,

torr, Bo = 1.25 kgauss, wt = 2.

lower trace 4 mV/div; horizontal, 0.2 msec/div.




Fig. 25

Fig. 26

The frequency spectrum of the fluctuation of

plasma potential.

wt = 0.8, B, = 0.5 kgauss, p = 5 x 1072 torr.

Central frequency, 2 kHz; dispersion 500 Hz/div;
vertical gain 10 mV/div. The upper trace is the
fluctuation of floating potential.

Vertical 4 mV/div; horizontal 0.5 msec/div.
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The frequency spectrum in a stronger magnetic
field.

Central frequency, 2 kHz; dispersion, 500 Hz/div;

vertical gain 50 mV/div; p = 5 X 1072 torr.

B0 = 2 kgauss; wt = 3.3. The upper trace 1s the
fluctuations of floating potential. Vertical,

10 mV/div; horizontal 0.5 msec/div.
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Fig. 27 The frequency spectrum in a stronger magnetic
field.
Central frequency, 2 kHz; dispersion, 500 Hz/div;
vertical gain 50 mV/div; p = 5 X 1035 torn; B =
3 kpauss; wt = 5.
The upper trace 1s the fluctuations of floa-
ting potential. Vertical, 10 mV/div; horizontal,
0.5 msec/div.

Fig. 28 Sometimes the oscillation amplitude grows during
plasma decay.
wr = 4,1; B,
Vertical, 10 mV/div; horizontal, 5 msec/div;
Lower trace, spread-out signal.

2

=lkgauss; p = 2 x 10°¢ torr:
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