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Experimental Investigation of a Low Frequency Instability
in a Modified Penning Discharge (Q-PIG) *

F. KLaN
Institut fiir Plasmaphysik, Garching bei Miinchen

(Z. Naturforsch. 25 a, 263—273 [1970] ; eingegangen am 28. November 1969)

Low frequency oscillations observed in a modified PIG discharge were identified as fluctuations
of the electron temperature. These oscillations only occurred under certain conditions (low gas pres-
sure, relatively high magnetic field), whereas at high pressure and low magnetic field strength the
plasma was remarkably stable; this is why the discharge is referred to as a “quiescent” PIG
(Q-PIG) discharge. This paper describes measurements for obtaining a detailed picture of the two
modes of the discharge. A qualitative explanation of the phenomena observed is obtained using the

energy balance of the electron gas.

1. Introduction

The Penning (or PIG) discharge is subject to
various kinds of instabilities. Both high frequency
instabilities of the two-stream type! and low fre-
quency drift instabilities >3 have been found and
investigated. This paper describes the experimental
investigation of a Penning discharge with modified
electrode geometry. This discharge differs as follows
from other Penning discharges treated in the litera-
ture:

1. There exists a stable state with extremely low
electron temperature.

2. The radial electric field is very small in spite of
the high operating voltage.

3. There is an instability of very low frequency
which disturbes the electron temperature, while

the electron density remains constant in time *.

By contrast, in most PIG discharges both the elec-
tron temperature and the radial electric field strength,
and hence the azimuthal E x B drift of the charged
particles, are more than ten times as high. The in-
stabilities were identified as perturbations of the
plasma density, the electron temperature being as-
sumed to be constant.

This paper describes in Sect. 2 the basic mecha-
nism of a Penning discharge. In the next three Sec-
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tions (3 to 5) the modefied electrode geometry and
the special properties of the so-called Q-PIG are
discussed and some technical details are given. Sect. 6
is concerned with the measurements which have been
performed in order to determine the temperature
and density distributions in the periodically oscil-
lating state. The conditions for the transition from
this unstable state to the stable one are discussed in
Sect. 7, whereas in Sect. 8 the axial extension of the
temperature distribution is investigated. The next
two sections describe two additional experiments;
one of them is concerned with the external excita-
tion of a temperature oscillation (9), the other deals
with a particular method to measure the radial elec-
tric field (10). A qualitative explanation of the ex-
perimental results is presented in Sect. 11 and in
Sect. 12 the Q-PIG discharge is compared with other
discharges.

2. Mechanism of a Penning discharge

An electrode geometry frequently used for Pen-
ning discharges is shown in Fig. 1. A similar model
serves as the basis of, for example, the calculations
of Hon 8. In stationary operation with cold cathodes
the ions impinging on the cathodes result in the
emission of secondary electrons which are accele-

3 K. I. THOMASSEN, Phys. Rev. Lett. 14, 587 [1965].

4 This instability was first reported at the 8th Conf. on Phe-
nomena in Ionized Gases in Vienna 3; other experiments ¢
and theoretical investigations 7 were reported at the 9th
Conf. P.I.G. in Bucharest 1969.
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Fig. 1. Electrode geometry of a conventional PIG discharge.

rated in the cathode fall region to energies of more
than 100 eV. ‘At sufficiently low neutral gas pres-
sure — Penning discharges are frequently operated
at pressures of 10 to 100 mTorr — the mean free
paths are so long that fast electrons can advance to
the opposite cathode almost without loss of energy.
Because of the symmetry of the electrode geometry
the electrons oscillate back and forth between the
two cathodes and are prevented by the magnetic field
from escaping radially. By ionizing the neutral atoms
the electrons trapped in this way produce a plasma
which occupies the hatched region in Fig.1. The
ions of this plasma move parallel to the magnetic
field and reach the cathodes, where they are neutral-
ized. The electrons, on the other hand, have to dif-
fuse perpendicularly to the magnetic field in order
to reach the anode, i. e. their transverse mobility is
severely impaired. In a PIG discharge with the elec-
trode geometry of Fig.1 a radial electric field of
several V/cm builts up which forces the electrons
to move towards the anode. At the same time this
field together with the axial magnetic field causes
an E x B drift of the charged particles in the azi-
muthal direction which sets the whole plasma in ro-
tation relative to the neutral gas at rest. As a result
of the different interaction of the electrons and ions
with the neutral gas, any density fluctuation will
produce local charge separation. The resulting space
charge field is directed in such a way that the plasma
is driven radially outwards. HoH® and SiMoN°®
have shown that this situation will lead to instability
if the radial electric field and hence the rotational
velocity of the charged particles is sufficiently high.
In general, the low frequency instabilities observed
in many Penning discharge can readily be explained
in terms of this mechanism.

9 A. SimoN, Phys. Fluids 6, 382 [1963].

F.KLAN

3. Modified Penning discharge

In order to avoid the instability just described,
the electrode geometry of Fig. 2 was chosen. In such
a geometry the electric field is essentially concentrat-
ed in the cathode region, whereas the actual plasma
is almost free of electric fields. This was confirmed
by measurements. However, the discharge mechanism
is still the same as in conventional Penning dischar-
ges because a direct discharge between a cathode

°g° anode

anode
\ cathode

cuthod{ /

Fig. 2. Electrode geometry of the modified PIG discharge
(Q-PIG).

and its anode is not possible owing to the smallness
of the gap (~1 mm) and the low gas pressure
(p~=30 mTorr). This geometry was used for a sta-
tionary helium discharge the parameters of which
varied within the following ranges:

p= 20... 100 mTorr, B= 200...600 gauss,
Up,=500...1000V, ne= 102...101 ¢cm3,
i3=100...1000 mA, T.=1500...12000 °K;

here U, is the operating voltage and 4 the discharge
current, the other symbols having their usual mean-

ing.

4. The Special Properties of the Modified
Penning discharge

At high pressure (p=~60 mTorr) and low mag-
netic field (B==300 gauss) the plasma looks very
quiescent and stable. This impression is also con-
firmed by the oscillograms of the discharge current,
operating voltage, and floating potential of electro-
static probes. The electron density was measured
with microwaves and Langmuir probes, and the elec-
tron temperature was determined from the current-
voltage characteristic of a Langmuir probe. Both
parameters were measured as a function of the ra-
dius; for the density this yielded a function decreas-



LOW FREQUENCY INSTABILITY IN A MODIFIED PENNING DISCHARGE

ing monotonically outwards, similar to a zeroth or-
der Bessel function, while the temperature was prac-
tically independent of the radius, but extremely low
(approx. 2000 °K). Because of its similarity to al-
kali plasmas (stability, low temperature) the modi-
fied Penning discharge is referred to as Q-PIG (Q
= quiescent, PIG = Philips ionization gauge). If the
pressure is lowered, the properties of the discharge
change appreciably. The floating potential of the
probe is now no longer constant in time, but exhibits
periodic fluctuations with a frequency of about
1 kHz; similar fluctuations are also observed in the
discharge current and in most of the other para-
meters. The change from the stable state (A) to the
periodically oscillating state (B) occurs suddenly at
a certain pressure; it can also be induced by in-
creasing the magnetic field at constant pressure. If
the magnetic field is increased or the pressure re-
duced even more, the discharge assumes a highly
turbulent state (C). An irregularly flickering lumi-
nosity and incoherent high and low frequency fluc-
tuations of the probe potential are observed. Since
no reliable experimental results could be expected
in this “chaotically unstable” state, only the states A
and B were investigated. One of the main purposes
of this investigation was to find the cause of the un-
usually coherent and reproducible signals in state B.

5. Some Technical Details of the Q-PIG
discharge

The arrangement of the cathode system is shown
in Fig. 3. The actual cathode is a molybdenum disc
welded into a stainless steel support ring. The support
is mounted on an aluminium block which can be cooled
with water. An aluminium case for holding the anode

insulating material

§ | E/measuring ring
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Fig. 3. Arrangement of the watercooled cathode systems.

is slipped over the whole cathode block (see Fig. 4).
The anode itself is an aluminium ring 10 mm thick with
an inner (anode) diameter of 50 mm. Anode ring and
cathode disc are separated by a gap of 1 mm only.

Two such systems are incorporated in a vacuum ves-
sel consisting of three parts (Fig.4). In the centre
there is an aluminium ring with four side ports through
which probes, microwave antennae and the like can be
admitted; one of these apertures was usually used for
connecting the pumping system. Two glass tubes with
an inner diameter of 102 mm form vacuum tight con-
nections on each side of the central ring. The ends of
these tubes also form vacuum tight connections with
the electrode systems. The total length of the vessel is
approximately 80 cm, the distance between the catho-
des approximately 50 cm.

6. Experimental Investigation of the Q-PIG
Plasma

The most important plasma parameters, density
and electron temperature, were measured in the
stable state (A) first. The details will be dispensed

vacuum system

Fig. 4. Arrangement of the discharge tube.
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with here in favour of the more interesting measure-
ments in state B. (For a detailed account of all mea-
surements see 1. In this state Langmuir probes
showed periodic fluctuations of the ion saturation
current but in the beginning it was not known, whe-
ther the plasma density or the electron temperature
or perhaps both quantities were fluctuating. For
largely negative probe potentials we have:

Ly anT; (1)

where 7, is the ion saturation current, n is the ion
density and T, is the electron temperature. In most
instabilities the density is disturbed, while the elec-
tron temperature remains constant in time. In this
case the fluctuations in the ion saturation current
are a measure of the fluctuations in density. In or-
der to check whether the assumption of constant
electron temperature is in fact satisfied, the tempera-
ture was measured first at a fixed point as a func-
tion of time. The method used is illustrated in
Fig. 5. The probe is kept at a negative potential of

Langmuir

pulse
generator

“Ye
anode "
probe
voltage
b (Uﬁ) fp(r) i_

Fig. 5. Block diagram of the electronic system used for the
time resolved measurement of the electron temperature.

about —10 V by a d. c. voltage source. A current i,
flows through the resistance R, and causes a voltage
drop which is recorded on the upper trace of a dual-
beam oscilloscope (Telekironix 555) as a function
of time. In state B we therefore obtain a signal that
is proportional to the periodic fluctuations of the
probe current. Furthermore, in the lead to the probe
there is a pulse generator for producing triangular
voltage pulses with variable amplitude between 0 V
and 60 V. The rise and fall times of the pulse can be
set independently between 3 usec and 10 msec, while
the pulse repitition rate can be chosen arbitrarily
by means of an external trigger signal. In the time
resolved temperature measurements in state B the
trigger signal was derived from the periodic fluc-
tuations of the probe signal which were fed to the

10 F. KrAN, Lab.-Ber. IPP 3/92 [1969].
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upper trace of the oscilloscope. In addition, the spe-
cial time base of the oscilloscope used allowed an
arbitrary time delay of the voltage pulse at the probe
with respect to the original signal of the probe cur-
rent. The second trace of the oscilloscope was now
used to record the current voltage characteristic of
the probe. Here the horizontal deflection of the trace
was controlled by the probe voltage, the vertical de-
flection by the probe current. It was thus possible to
record the probe current on one and the same screen
both as a function of time and, at a fixed time, as a
function of the probe voltage; a typical oscillogram
is shown in Fig. 6. Here the time taken to traverse
the part of the characteristic essential for determin-

Fig. 6. Typical oscillogram of the probe current as function
of time (upper trace, horiz. 0.2 ms/cm) and as function of
probe voltage (lower trace, horiz. 1.43 V/cm).

ing the temperature, viz. the exponential part of the
characteristit, was scarcely more than 10 usec, as
careful investigations have shown. This time is,
however, so short relative to the characteristic time
of the fluctuations of the probe current (approx.
200 wusec) that the method described may be re-
garded as “quasi-stationary”. The characteristics,
photographed with a Polaroid camera, were evaluat-
ed like stationary probe characteristics, and so prac-
tically instantaneous values of the electron tempera-
ture are obtained at any desired instant of time de-
pending on the time delay of the trigger signal. A
typical example for the evaluation of such a probe
characteristic in the periodically oscillating state (B)
is shown in Fig. 7.

The result of these temperature measurements
over a period of the probe current signals was ex-
tremely surprising. It was found that there were
highly pronounced fluctuations of the electron tem-
perature with the same frequency and phase as those
of the probe current and floating potential. The re-
lationship between electron temperature and floating
potential is shown in Fig. 8, where the circles are
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Fig. 7. Half-logarithmic plot of a typical probe characteristic.
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Fig. 8. Normalized floating potential and electron temperature
as function of time (T being the reciprocal of the frequency
of the periodic fluctuations).

the temperatures measured at the various times,
while the solid curve represents the floating poten-
tial normalized so that Ugp,x — Ugmin just equals
(k/e) * (Tmax — Tmin) - It is immediately obvious that
the experimental points practically coincide with the
normalized floating potential, i. e. the floating poten-
tial is a measure of the electron temperature. This
well-known fact (cf., for example ') was now used
to measure the time fluctuations of the electron tem-
perature at various points in the plasma in a much
more simple way. The direct method described above
was used to “calibrate” the floating potential in
units of temperature: At each radius the temperature
in the maximum and minimum was determined from
the probe characteristic; the intermediate values
were then simply taken from the normalized floating
potential curve.

Comparison of the probe signals at various radii
shows that the frequency is almost independent of
the position of the probe. This means that the time
dependent electron temperature measured at each

11 J, C. HosEa, J. Appl. Phys. 37, 2695 [1966].
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point can be transferred into one and the same co-
ordinate system rotating with that frequency. This
then gives an electron temperature distribution as a
function of the radius and a polar angel @, which is
plotted in Fig. 9. Here the closed curves represent

Fig. 9. Polar diagram of the transverse distribution of the
electron temperature.

the isotherms of the electron gas measured in eV.
The whole distribution rotates clockwise if the mag-
netic field is pointing into the drawing plane. If the
magnetic field is reversed, the direction of rotation

) £ [kHz]

B [Gauss]
200 400 600 800

f [kHz]

0 T +

0 500 1000

Fig. 10. Frequency of instability as function of magnetic field
and discharge current.
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is also reversed. The rotational frequency depends
only slightly on the gas pressure; it decreases with
increasing magnetic field, but increases with rising
discharge current (Fig. 10).

A very similar picture is obtained if the ion satu-
ration current is transferred to a polar diagram
(Fig. 11). The closed lines here represent curves of
equal current. In addition to the electron tempera-
ture distribution we may now determine the electron
density distribution by substituting the values of i,
and T, from the diagrams in Figs. 9 and 11 point
by point in Eq. (1). This equation yields only a re-
lative distribution of the density; the absolute values
were determined by comparison with microwave
measurements (see 1°). Surprisingly, this evaluation

0—¢p

i,(r,e)
[mA]

Fig. 11. Polar diagram of the transverse distribution of the
ion saturation current.

ne (r,9)
[1012 erid]

+180

Fig. 12. Polar diagram of the transverse distribution of the
plasma density.
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yielded an almost rotational symmetric electron den-
sity distribution as shown in Fig. 12. The condition
under which all of these measurements were made
were as follows: helium gas pressure 26 mTorr,
discharge current 100 mA, mean electron density
1.3 X 102 em ™3, magnetic field 400 gauss.

7. Experimental Determination of the
Instability Boundary

Whether the stable state (A) of the plasma or the
unstable state (B) appears depends strongly on the
pressure and magnetic field. As the change from
state A to state B occurs very suddenly, it was not
difficult to determine experimentally the boundary
between the two by varying the pressure and mag-
netic field. The change from A to B occurs at some-
what lower pressure than the reverse process under
otherwise equal conditions. Although this hysteresis
does not matter very much, the critical values of
pressure and magnetic field always refer to the
change from the stable to the unstable state (A— B).
The discharge current was kept constant, while (1)
the pressure was varied at constant magnetic field
and (2) the magnetic field was varied at constant
pressure. The transition points thus obtained are
plotted in Fig. 13 in a 4, B plane; here 4 is the mean
free path of the electrons for elastic collisions with
neutral helium atoms, which is inversely proportio-
nal to the gas pressure p:

2 [em] =57/p [mTorr] .

The measurements showed a distinct relationship be-
tween 4 (or p) and B: The larger 4, i.e. the smal-
ler the pressure, the weaker is the magnetic field at
which transition takes place and vice versa. Above a
pressure of about 70 mTorr, i. e. below a mean free
P\

B8

Fig. 13. Transition points between state A and B, plotted in a

A, B plane (4 being the mean free path for elastic collisions

between electrons and neutrals, B being the magnetic field
strength).
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path of 0.8 cm, the plasma remains stable; the same
is true below a magnetic field of 200 gauss. This is
indicated in the figure by a horizontal and a vertical
“asymptotic” line. The relation between 4 and B is
discussed qualitatively in a later section; a quanti-
tative comparison with the theory is made in a fur-
ther paper.

8. Investigation of the Axial Structure
of the Electron Temperature Distribution

The measurements that yielded the transverse dis-
tributions in Fig. 9, 11, and 12 were made in the
midplane of the discharge. The extent of these phe-
nomena in the axial direction was investigated with
two axially displaced probes (Fig. 14). The probes

\

|

mid - plane
R P a -
ﬂ g
% P'
A
cathode

anode

Fig. 14. Arrangement of the axially separated, movable probes.

P, and P,, mounted on a shaft 20 cm apart, could
both the shifted axially and swept through the plas-
ma, thereby covering a large part of the plasma
volume. A comparison was made of the oscillograms
of the floating potential of the two probes at various
radii and in various z positions. The oscillograms
were almost identical in all cases, as the typical ex-
ample in Fig. 15 shows. From this it is concluded
that the distributions measured in the centre extend
almost unchanged to the cathodes and that there is
no spiralling.

Fig. 15. Comparison of the time varying floating potentials of
the two axially separated probes (horiz. 0.2 ms/cm).
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9. Behaviour of a Temperature Perturbation
in the Stable Plasma

The experiments described so far have shown that
an anomalous, rotating temperature distribution sets
in if the pressure or magnetic field exceeds a certain
limit. It therefore seemed interesting to introduce from
outside a small temperature disturbance of similar
structure before this limit is reached, i.e. still in the
stable state, and investigate its behaviour. For this pur-
pose the following experiment was carried out: A small
coaxial probe was placed at a point in the plasma at
which the amplitude of the temperature fluctuations
usually has a maximum (i. e. at r = 20 mm). The probe
was connected by a coaxial cable to a microwave gene-
rator (frequency 1.7 to 4.1 GHz) which could be con-
trolled with pulses of arbitrary length and frequency.
The electrons could thus be brought locally for short
times to temperatures up to 30% above the equilibrium
temperature. Both the spatial concentration and the
magnitude of the temperature rise were measured with
a second probe; the region of elevated temperature
extended perpendicularly to the magnetic field for
about 1 cm, while the magnitude of the temperature
rise was limited to values below 10% by reducing the
microwave power.

Figure 16 shows a block circuit diagram of the set-
up used. The Langmuir probes LP; and LP, were for
detecting the fluctuations of the floating potential by
means of the travelling temperature perturbation pro-
duced by the heating probe. The result of this experi-

heating probe —I
microwave
oscillator

pulse
former

I

trigger-
pulse-
enerator

square-
wave-
generator

Fig. 16. Block diagram of the electronic system used for the
local heating of the electrons.

ment is presented in Fig. 17. The upper trace in each
oscillogram shows the fluctuations of the floating po-
tential of one of the probes LP that are caused by a
short microwave pulse (lower trace). The frequency of
the damped oscillation (f = 1 kHz) is practically equal
to that of the temperature fluctuations in state B; the
direction of rotation of the temperature perturbation is
also in agreement, as comparison between the signals
from LP, and LP, showed. The lower the gas pressure
(i. e. the longer the mean free path) the less damped
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are the signals. If the pressure drops below a certain
limit, the oscillations are undamped. In this case the
local heating can be switched off without the oscilla-
tions disappearing. If the pressure is further decreased,
the amplitude rises quickly and state B is reached. It
was possible in this way to induce low amplitude tem-
perature fluctuations that behave very much like the
spontaneous, non-linear temperature fluctuations in
state B. This result is important for the theoretical
investigation of the instability since it justifies a linear
approximation which will be used in a following theore-
tical treatment.

Fig. 17. Damped oscillations of the floating potential of a
Langmuir probe (upper trace, horiz. 5 ms/cm) caused by a
local microwave heating pulse (lower trace).

10. Measurement of the Radial Electric Field
in the Q-PIG Plasma

Because of the electrode geometry of a PIG dis-
charge one can expect an electric field directed towards
the axis. Together with the axial magnetic field this
field causes a drift in the azimuthal direction that is
of great importance in interpreting the experimental
results. Some effort was therefore expended in measur-
ing this quantity. Direct measurement of the azimuthal
velocity from the Doppler shift of spectral lines (see 1)
failed because the resolution of the spectroscope turned
out to be too low. Determination of the field strength
from the potential distribution proved to be very errone-
ous; at best the potential measurements allow the di-
rection of the electric field to be determined. The poor
reproducibility of these measurements is apparently
due to surface effects on the probes that result in slow

F.KLAN

changes of the floating potential. A rotating double
probe was therefore used. Its basic design is shown in
Fig. 18. The probe could be shifted through the plasma
so that any radius in the plasma could be reached. By
uniformly rotating the probe about its axis with a fre-
quency of 2 Hz it was possible to eliminate the disturb-
ing influence of the surface effects almost completely.

Fig. 18. Scetch of the rotating double probe.

The amplitude of the a.c. voltage picked up from two
sliding contacts remained constant for long periods.
The maximum field strength measured at, for example,
r =~ 20 mm (where the temperature maximum usually
occurred) was 0.14 V/em. At B=400 gauss this corre-
sponds to a rotational frequency of 2.8 kHz.

If the field strength is to be determined from the
difference between the floating potentials of two pro-
bes, one has to assume that the temperature is constant
in space and time. This measurement was therefore
only possible in the stable state. Comparison, however,
between the behaviour of an externally introduced tem-
perature perturbation with the spontaneous temperature
fluctuation occurring in state B shows that the two sta-
tes A and B are not basically different from one an-
other. In particular, the mechanism that causes the ro-
tation of the temperature distribution is most likely the
same in both cases, as can be deduced from theoretical
considerations. It is therefore assumed that the actual
value of the electric field strength in state B does not
deviate essentially from that in state A.

11. Qualitative Interpretation of the
Experimental Results

The experiments have shown that the states A
and B of the Q-PIG plasma differ mainly with re-
spect to the electron temperature distribution per-
pendicular to the magnetic field. It was also found
that the plasma rotates in the same direction and
with approximately the same frequency as the region
of elevated temperature in state A or the anomalous
temperature distribution in state B. Essentially two
questions have thus to be answered, namely what
causes the anomalous temperature distribution in
state B and why does it move in the direction of the
E x B drift? In the present paper, which is con-
cerned mainly with the experimental material, only
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a few basic aspects are dealt with; a more detailed
discussion is reserved for the theoretical paper being
in preparation.

One important experimental result was the ex-
tremely low electron temperature. Even in the maxi-
mum of the temperature distribution (see Fig.9)
the energy of the electrons is still far from sufficient
for ionizing neutral helium atoms. For this reason
alone there must therefore be a second electron
group of much higher energy. It can be shown that
these fast electrons are capable not only of ensuring
the necessary formation of new charge carriers, but
also of heating the slow electrons®. Furthermore,
it was estimated that this heating mechanism exceeds
other possible mechanism such as ohmic heating by
more than an order of magnitude.

Since the thermal energy of the “cold” electrons
is not sufficient either for exciting neutral helium
atoms, practically only elastic collision of electrons
with ions and neutral particles take place. The en-
ergy thereby transferred to the heavy particles per
cm® and sec thus represents the only energy loss of
the electrons. The temperature of the cold electrons
is therefore essentially governed by the equilibrium
between the heating by the fast electron group and
the cooling by elastic collisions with the heavy par-
ticles. The energy balance in this case can be for-
mulated as follows:

H:3Iun(vei+ven) k(Te_Ti) (2)

where H denotes the energy transferred by the fast
electrons to the cold electrons per cm® and sec, « the
ratio of electron to ion mass, n the plasma density,
vei and ¥, the collision frequencies for elastic colli-
sions between the cold electrons and ions or neutral
particles, k£ Boltzmann’s constant, and T, and T; the
temperatures of the electrons and ions. In addition,
we set T;==T}, (temperture of neutral gas) for sim-
plicity. The heating rate H is independent of T,
since the energy of the fast electrons is practically
always large compared with the thermal energy of
the cold electrons (see also 1°). However, owing to
the temperature dependence of the collision frequen-
cies, the right hand side of Eq. (2) depends on the
electron temperature in very different ways, depend-
ing on which collisions predominate. For low tem-
peratures and high densities (7, = 2000 °K, n = 1012
cm™3) v, is of the order of 108 sec™?, while for a
neutral gas pressure of 30 mTorr 7., is only of the
order of 107 sec™!. Therefore, in the Q-PIG plasma
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collisions between electrons and ions should be high-
ly predominant in state A, i. e. owing to T > T; the
right hand side of Eq. (2) should essentially be pro-
portional to 7.~ "2 In this state, however, the elec-
tron temperature is unstable in principle for, be-
cause of the temperature independence of H, every
increase of T, leads to less cooling and hence to ex-
cessive energy input, i.e. to a further increase in
temperature. Let us now consider the development
of a local increase in electron temperature. Along
the magnetic field lines this perturbation can spread
out easily until uniformity is reached. We therefore
confine ourselves to the energy balance perpendicu-
lar to the magnetic field. If we take into account a
transverse heat flux, q., the energy equation has to
be extended by the divergence of this heat flux,
qu=
H=3 un(ve+ve) k(Te—T;) —Vqe. (3)
The term Y q, is proportional to (¥e; + ¥en) T and
inversely proportional to B? (for »/w, <1). The
right hand side of Eq. (3) thus depends on two para-
meters in addition to T, viz. the ratio of the colli-
sion frequencies ¥.;/Ve, and the magnetic field. These,
however, are the very parameters that were varied
for determining the point of transition between the
states A and B (see Fig.13) because at constant
temperature and density one has ¥e/Ve, <4 < 1/p.
The curve of the experimental points can in fact be
explained qualitatively in terms of Eq. (3): For
very high neutral gas pressure (4 small) the stabiliz-
ing effect of the electron-neutral collisions predomi-
nate in the first term of Eq. (3) so that the second
term becomes superfluous and the magnetic field
has no influence. If, on the other hand, the electron-
ion collisions predominate at low neutral gas pres-
sure, a local rise in temperature may possibly be
prevented by means of the thermal conduction per-
pendicular to the magnetic field, and so in a certain
pressure range the transition points depend on the
magnetic field as well. If, finally, the ratio ¥/, is
very large, it depends almost solely on the thermal
conduction, i. e. on the magnetic field, whether any
temperature perturbation present can be destroyed
quickly enough, in accordance with the observation
that at low pressure the transition then depends only
on the magnetic field and scarcely on the pressure
any more. This simple discussion can qualitatively
explain the experimental points in Fig. 13.
It remains the question of the motion of the tem-
perature perturbation. At the first glance one might
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think of a drift wave like propagation of this per-
turbation in the electron gas. On the other hand, it
may also be localized in the electron gas and simply
caught up in the rotation of the plasma. The accu-
racy with which the radial electric field was measur-
ed is not sufficient to determine the state of motion
of the temperature perturbation from the experimen-
tal observations alone. The experimental results do
not disagree, however, with the assumption of a
quasi-stationary temperature distribution fixed in
the electron gas, an assumption that is largely con-
firmed by the theory.

12. Comparison of the Q-PIG Discharge
with other Discharges

There are several types of discharges that are
comparable with the Q-PIG discharge in various re-
spects. The alkali plasmas already mentioned work
at low electron temperatures and the drift instabili-
ties are somewhat reminiscent of the instability oc-
curring in the Q-PIG discharge, but that is where
the similarity ends. For one thing, the plasma pro-
duction mechanism is basically different and, for an-
other, the electron and ion temperatures in Q-ma-
chines are in general equal. Nevertheless, tempera-
ture instabilities may possibly occur in alkali plas-
mas as well under certain conditions, e. g. when the
ion temperature is artificially reduced by adding
rare gas (see BLAU et al. 12).

It is true that the presence of electron groups of
various energies is especially characteristic of PIG
discharges, but they have also been observed in other
discharges. SCHLUETER '3, for example, found two
electron groups in a RF discharge in hydrogen, one
group of high energy and low density, another of
low energy and high density. The temperature of the
latter was about 0.2 eV, similar to that of the cold
electrons in the Q-PIG.

Another type of discharge with two different elec-
tron groups is the negative glow discharge. A special
form of this discharge involving a brush-shaped
cathode was developed by PERssoN ! and investi-
gated in more detail by MosBURG 5. The plasma of
such a discharge is produced by a wide beam of fast

12 F, P. Brau, E. GuiLivo, M. Hasumr, and N. D’ANGELO,
Phys. Fluids 10, 1116 [1967].

13 H. SCHLUETER, Z. Naturforsch. 16 a, 972 [1961].

14 K.-B. PERssoN, J. Appl. Phys. 36, 3086 [1965].

15 E. R. MosBURG, Phys. Rev. 152, 166 [1966].
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electrons, that are accelerated in the cathode fall
region, and is almost free of electric fields. The
electrons have a temperature of 0.05 to 0.1 eV and
a density of 102 cm™3, i. e. collisions between elec-
trons and ions premodinate here as well, despite the
relatively high neutral gas pressure. The elevation
of the electron temperature relative to the neutral
gas is ascribed to a heating mechanism in which
metastable helium atoms transfer their energy to the
electrons by collisions of the second kind. No con-
fining axial magnetic field was used in this dis-
charge.

In none of the discharges described were instabi-
lities observed in which the electron temperature is
disturbed. The drift instabilities occurring in alkali
plasmas were identified as density fluctuations and
therefore differ in character from the instability in
the Q-PIG. There is no mention of instabilities in the
other papers quoted; but there was evidently no in-
tention of looking for any.

A good number of papers on PIG discharges (see
references cited in 1%) deal with low frequency in-
stabilities in particular. Most authors describe them
as density fluctuations without, however, proving
that the electron temperature thereby remains con-
stant. Apparently they all assume that the electron
temperature is constant, particularly in the two theo-
retical papers again quoted here under ® and . Only
in very few cases is it suggested that the electron
temperature may also fluctuate, e. g. by BINGHAM
et al. 16. Tt was recently demonstrated by ZAKRZEW-
SKI et al.” that the electron temperature in a PIG
discharge can fluctuate periodically; the paper, how-
ever, is concerned mainly with the method of mea-
surement itself and gives no indication of the cause
of the observed phenomenon.

13. Summary

In a PIG discharge with modified electrode geo-
metry (Q-PIG) low frequency oscillations (=1 kHz)
were observed and identified as fluctuations of the
electron temperature. The oscillations only occurred
under certain conditions (low gas pressure, relati-
vely high magnetic field), while the plasma was ex-

16 R. L. BingHAM, F. F. CHEN, and W. L. HarrIEes, Rept.
Princeton Univ. MATT-63.

17 7. ZakrzEWSKI, C. BEAUDRY, and C. G. CLOUTIER, Rev. Sci.
Instr. 39, 1507 [1968].
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tremely stable at high pressure and low magnetic
field. Near the boundary between the stable and un-
stable states it was possible to induce similar oscil-
lations of the electron temperature in the stable state
as well. A qualitative interpretation of the observed
phenomena is obtained from the energy balance of
the electron gas, taking into account the thermal
conduction perpendicular to the magnetic field. Al-
lowance should be made, moreover, for the fact that
the entire plasma rotates in the E x B direction.
This model allows the behaviour of the plasma to be
explained qualitatively. Finally the Q-PIG discharge
is compared with both conventional PIG discharges
and various other types of discharges.
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Zur Rayleigh-Taylor-Instabilitit eines rotierenden Wasserstofflichtbogens
im axialen Magnetfeld

H.F.DOBELE

Institut fiir Plasmaphysik, Garching bei Miinchen
(Z. Naturforsch. 25 a, 273—282 [1970] ; eingegangen am 28. November 1969)

The Rayleigh-Taylor instability of a rotating hydrogen arc in an axial magnetic field is investi-
gated with allowance for electrical conduction, heat conduction and viscosity. The r-depending part
of the perturbation was assumed to be in the form of a half-period of a standing wave. The cor-
responding dispersion relation is derived in the WKB-approximation and is solved numerically.
In contrast with the case without dissipation, the frequencies and growth rates of the different
modes depend on the parameters of the unperturbed plasma column. The calculation shows, in
qualitative agreement with the experiment, that with increasing magnetic field the highest growth

rate passes successively to the next higher mode.

I. Einfiihrung

In einer friiheren Veroffentlichung?! ist iiber das
Auftreten von Rayleigh-Taylor-Instabilititen an
einem rotierenden Wasserstofflichtbogen mit Hohl-
anode in einem axialen Magnetfeld berichtet wor-
den. Der Bogen brannte bei etwa 3 —4 Torr iiber
eine Linge von 12 cm zwischen einer Wolfram-
kathode und einer rohrformigen Anode aus Kupfer.
Die Stromstéirke betrug fiir die meisten Messungen
1600 A. Magnetfeldstirken bis 28 kG konnten er-
reicht werden. Die Rotation wird hervorgerufen
durch die j x B-Kraft, die mit der radialen Strom-
dichtekomponente in der Anode verbunden ist. Die
Rotationsgeschwindigkeit wurde aus dem Doppler-
Effekt der Linie 3995 A des in geringer Menge zu-
gefiigten Stickstoffs bestimmt. Sie erreicht am Bo-
genrand den Wert 2,8-106 cm/sec. Die Instabilitit
zeigt sich in Form von periodischen Lichtintensitats-

Sonderdruckanforderungen an Dr. H. F. DOBELE, Institut
fiir Plasmaphysik, D-8046 Garching bei Miinchen.

schwankungen der vom Bogenrand ausgehenden
Strahlung. Die beobachteten Frequenzen liegen je
nach Magnetfeldstirke zwischen 0,9 und 1,45 MHz
und entsprechen den Moden m =4 (bei 16 kG) bis
m="T (bei 26 kG). Die Amplituden erreichen maxi-
mal 10% des Intensititsmittelwertes. Die verschiede-
nen Moden wurden durch ,,end-on“-Beobachtung der
Phasenlage der Signale am Bild des Innenrandes
der Anode mit zwei Photomultipliern und nachfol-
gender Korrelationselektronik identifiziert. Man fin-
det, daB die azimutale Wellenzahl m in der Weise
von der Magnetfeldstirke abhangt, dal mit steigen-
der Feldstiarke nacheinander hohere Moden auftre-
ten. Durch Beobachtung der Storungen unmittelbar
vor beiden Elektroden findet man, da8 bei voll aus-
gebildeter Instabilitdt keine mef3bare Verschraubung
besteht; d.h. es liegt eine ,Flute“-Instabilitdt vor
mit parallel zu den Magnetfeldlinien verlaufenden
Storungen.

! H. F. DOBELE, Z. Naturforsch. 24 a, 1249 [1969].



