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A strong electric field applied to a toroidal plasma in a magnetic field produces an intense runaway
electron stream, consisting of essentially all the electrons of the plasma. However, after an initial normal
acceleration, the electrons experience less-than-normal acceleration followed by deceleration and dis-
ruption of the stream. Intense bursts of microwave radiation occur during the current pulse. The
observed time of disruption is compared with the value expected from the theory of the two-stream
instability. Reasonably good agreement is found. Average ion and electron temperatures have been

determined.

1. Introduction

Many investigations have been carried out recently
on the wave-plasma interactions which occur when a
low density electron stream passes through a relatively
high density plasma. Agreement between experimental
observations and some of the theoretical predictions
indicates that these phenomena are beginning to be
understood. In this paper we report an investigation
of wave-plasma interactions involving an intense
stream of runaway electrons. This stream consists
of essentially all the electrons of the plasma and is
produced by applying a strong electric field to a
plasma in a torus. Preliminary work /l1/ showed
that the runaway electrons do not continue to accele-
rate in a normal manner and that the stream is
disrupted soon after its formation. Measurements of
the current and the electron concentration /2/ show
the behaviour of the stream from the time of its
formation until its disruption. The observed behaviour
is compared with the predictions of the theory of
the two-stream instability. Spectroscopic measure-
ments provide some information on the manner in
which the plasma oscillations affect the thermal
energy of the plasma.
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2. Experimental System

The interior of the glass torus (Fig. 1) is coated
with a thin layer of graphite giving a resistance of
100 ohms per cm length around the chamber. Argon
and xenon gases have been used at pressures from
10~# to 103 Torr. An azimuthal magnetic field (Bs)
is provided by 18 solenoidal coils (not shown in
Fig. 1) uniformly spaced around the torus. One
pulsed operation of the system begins with the appli-
cation of this magnetic field. When the magnetic
field is near its peak value the plasma is formed
by inductively coupling a 3 Mc/sec rf field into the
chamber to iomize the gas. The rf duration is of
the order of a few hundred microseconds. The ampli-
tude decays with time so that adjustment of the rf
duration controls the plasma concentration at the
moment the rf is turned off and the accelerating
electric field E® is applied. The accelerating field is
provided by an air-cored betatron winding /[3/
connected in series with two 5-uF capacitor banks.
The circuit gives an oscillatory electric field at a
frequency of 116 kc/sec. Most of the observations
are made during the first quarter-cycle (&~ 2 u sec).
Plasma switches [4/ in the betatron circuit have a
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Fig. 1. Experimental system. 1 — Rogowski coil; 2 — microwave open waveguide transmitting and receiving antennae; 3 —
double electrostatic probe; 4 — diamagnetic coil.
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closing time of the order of 0.2 u sec. The accelerating
field becomes strong compared with the critical
runaway field /5/ shortly after the switches are
triggered.

A Rogowski coil is used to measure the current
flowing around the torus. The electric field is measured
by a pickup loop placed close to the betatron winding.
This gives the form of the betatron electric field;
the absolute magnitude is obtained by a calibration
procedure which makes use of a pickup loop inserted
around the interior of the torus. The electron concen-
tration and temperature at the beginning of the
acceleration phase (end of rf pulse) are determined by
measurements with a microwave interferometer, a
movable double electrostatic probe and a diamagnetic
coil. Windows in the graphite coating of the torus,
adjacent to the open waveguide (3 Ge/sec) transmitting
and receiving antennae, facilitate the microwave
transmission through the plasma and the measure-
ment of the phase shift introduced by the plasma.
Assuming a constant electron temperature across the
torus as indicated by early afterglow measurements
/6] the saturation probe current during the rf
discharge, measured by an ac method /7/, determines
the relative electron density (approximately a cosine
shape) across the torus. (Because of difficulty in
measuring the “equivalent resistance” of the plasma
during the rf discharge it was not possible to determine
the electron temperature with the probes.) A 50-turn
shielded coil wound around the torus is used to
measure the diamagnetic signal corresponding to
ionization of the gas during the application of the
rf field /8/; this measurement determines the product
(nTe. ) where n is the electron concentration and T
is the temperature corresponding to the electron
motion perpendicular to the magnetic field By . If we
assume that the electron energy is equally distributed
among the three degrees of freedom (i. e. a Maxwellian
velocity distribution) during the rf discharge and
substitute for the density the electron temperature the
saturation probe current then leads to value determi-
ned by the microwave interferometer then the electron
temperature is found to be 10eV (in argon gas).
By using this value for the values for the electron
density in agreement with those determined by the
microwave phase shift measurement. This agreement
is important because of the uncertainties which are
generally involved in microwave free-space diagnostic
measurements made under conditions for which the
dimensions of the plasma are comparable with the
wave length of the transmitted microwave signal.

Other diagnostic techniques which have been
employed include the use of detectors for x- and
microwave-radiation as well as Fabry-Perot and
prism optical spectrometers.

3. Experimental Results
3.1. GENERAL OBSERVATIONS
The various waveforms observed during the

formation and disruption of the runaway electron
stream are shown in Fig. 2. The results were obtained
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using argon at a pressure of approximately 0.4 x 10-3
Torr. The current reaches a maximum at approxi-
mately 0.4 usec and then falls to practically zero
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Fig. 2. Observed waveforms.

even though the electric field is still large. The
measured electron concentration is closely constant
during the first microsecond after the application of
the electric field E? so that the decrease in current
is not connected with a loss of electrons to the walls
of the torus. Therefore, the disappearance of the
current indicates an anomalously high resistance.
Intense bursts of microwave radiation appear during
the current pulse. The radiation is detected by an
open waveguide receiver feeding directly into a
crystal detector. The time of occurrence of the micro-
wave radiation is found to depend on the frequency
although a detailed study of the radiation spectrum
has not yet been carried out. X-rays are observed
/1/ during the disruption of the current. Absorption
measurements indicate that the x-rays are produced by
electrons of energy approximately 100 keV; measure-
ments of absolute intensity show that only relatively
few (of the order of 19%)) of the total number of
electrons are involved in x-ray production. The last
waveform in Fig. 2 shows the signal from a photo-
multiplier placed in the focal plane of a quartz prism
spectrometer. The waveform was generally the same
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for all of the more intense optical emissions — which
always originated from singly-ionized atoms.

3.2. ELECTRON STREAM BEHAVIOUR

From a knowledge of the current and the electron
concentration, the average drift velocity around the

torus [v (£)]oss can be determined. (Since the electron
density is nearly constant over the duration of the
current pulse, the average drift velocity has the same
time variation as the current). From the measured
electric field E®, corrected for the self-field associated
with the observed rate of change of current, the
actual electric field E can be determined as well as
the velocity [v (¢)] 5.4 which this field would pro-
duce if the acceleration were normal. Fig. 3 shows the
ratio F (f) = d/dt [v (!)]ovs/d/dt [v ()] . 4. for three
different values of azimuthal magnetic field Bs. In
each case the plasma concentration at the center of
the chamber was 1.5 x 1011 cm~3 and the line density
corresponded to » = 0.49 (v is the number of electrons
in a slice of the stream of thickness equal to one
classical electron radius rg; v/ry is the number of
electrons per unit length around the torus).

The average kinetic energy of the electron drift

motion around the torus W, (f) reaches a value of
1 to 2keV at the peak current. Fig. 4 shows the

ratio of W), (f) to the total energy Wr(t) = (»/rg)~1 x
t
[ E1dt supplied by the electric field.
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It is evident from Figs. 3 and 4 that the stream
behaviour is not dependent on the strength of the

magnetic field. The values of F(¢) and Wy (¢£)/ Wz ()
become less reliable as ¢ — 0 because of the decreasing
signal-to-noise ratio in the measurements of I and E®.
However, it is clear that these ratios are approxi-
mately unity initially and decrease with time.

Considering all of the experimental observations,
we arrive at the following conclusions. The electrons
accelerate initially in a normal manner and then
after a time of approximately 0.1 x sec, they experience
less-than-normal acceleration followed by deceleration
and disruption of the stream. As evidenced by the
burst of microwave radiation this behaviour is
presumably due to the onset of plasma oscillations
which grow at the expense of the energy of drift
motion and lead to the anomalous resistance observed.
During the disruption of the stream a relatively small
fraction of the electrons continue to be accelerated
to high energies and produce x-rays when they strike
the chamber walls.

Anomalously high resistance and the emission of
x- and microwave-radiation have been observed in
other toroidal plasma experiments /9, 10/. The
detailed behaviour of the runaway electron stream
ftom the moment of application of the accelerating
field has not been reported previously. This behaviour
can be compared with the theory of the two-stream
instability (section 4).
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Fig. 3. Ratio F of the observed and normal acceleration for different magnetic fields. w,, = e Ba /m is the electron cyclotron
frequency. wp, is the average electron plasma frequency.

51 Proceedings II



402

3.3. SPECTROSCOPIC MEASUREMENTS

The spectroscopic measurements which have been
made so far are not time-resolved but represent an
average over the duration of the optical emission.
The ringing betatron circuit, as it is operated to
produce the waveforms of Fig. 2, gives relatively
large current oscillations in the plasma after a few
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Fig. 4. Ratio of the average electron drift energy and the total
energy supplied.

microseconds. During the development of this large
ohmic current the plasma concentration increases by
one or two orders of magnitude, there is little runaway
current (as evidenced by the absence of x-rays) and
the optical emissions are relatively much more intense
than during the earlier runaway phase. In order to
minimize the contribution of the ohmic current to
the light detected the betatron circuit was critically
damped. With this arrangement the waveforms of
Fig. 5 were observed. These results were obtained
using xenon at 0.3 x 103 Torr. The optical emission
detected is Xell 5419 A. There is no longer a clear
break between the runaway and ohmic current.
However, the detection of x-rays shows that part
of the early current is due to runaway electrons.

Photographed line spectra taken with the prism
spectrograph showed that most of the optical emis-
sions were from singly-ionized atoms. Averaging over
the upper levels associated with the observed spectral
emissions indicates an electron temperature of
approximately 22 eV.

Measurements of Doppler broadening were made
in three mutually perpendicular directions, — the
vertical direction (perpendicular to the plane of the
torus), the radial direction and the tangential direction
(tangential to the center-line of the torus). These
measurements were made with a Fabry-Perot inter-
ferometer. Filters were used to isolate the spectral
line of interest. The ring pattern was photographed
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and scanned with a microphotometer. The etalon
employed was actually designed to have a high
reflection coefficient in the 5900 A region and gave
a rather low finesse of 9 for the Xell 5419 A emission.
However, this was not serious since the Doppler
broadening observed (Fig. 6) was comparatively
large. The Doppler broadening observed in the
radial and vertical directions was larger than in
the tangential direction and cannot therefore be
explained by the motion of ions in thermal equilibrium.
It is possible that mass motion associated with dif-
fusion and drift in the inhomogeneous magnetic field
is responsible for part of the broadening in the radial
and vertical directions although it has not been
possible to give a quantitative explanation in terms
of these effects /[11/.
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Fig. 5. Observed waveforms with betatron circuit critically
damped.

The Doppler broadening observed in the tangential
direction includes small contributions from the radial
motion since the light collected comes from a finite
length of plasma in the torus. The accelerating
electric field also contributes to the ion motion in
the tangential direction. Making the small corrections
for these effects we find that most of the broadening
observed in the tangential direction is due to some
type of ion motion in the tangential direction. This
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could be either thermal motion or collective (wave)
motion or a combination of the two. If we assume
it is entirely thermal motion this gives the ion tempera-
tures shown in Fig. 6. The temperature increases with
accelerating field. It is relatively independent of
pressure and increases only slowly with magnetic
field.
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Fig. 6. Doppler broadening and ion temperatures. Capacitor

voltage (abscissa) is proportional to the peak accelerating
field of Fig. 5 (1 kV =310 V/m).

It must be emphasized that these results represent
averages over the time that the light is emitted and
therefore are weighted heavily by emission from the
high density ohmic current phase. The ion (and
electron) temperature near the time of disruption of
the runaway current may be much larger than the
average values observed. Time-resolved measurements
will be carried out in order to check this possibility.

4. Discussion

The observation that the electrons accelerate in a
normal manner initially indicates that some form of
collective interaction between electrons and ions is
responsible for the subsequent stream behaviour.
Even though the experimental observations cannot
exclude the possibility that there is a small number
of slow electrons through which a large number of
runaway electrons are streaming, momentum conser-
vation does exclude the possibility that the runaway
electrons are slowed down by interacting with the
relatively few slow electrons.

This suggests that the disruption of the runaway
electron stream is, at least in the early stages, a
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consequence of growing longitudinal plasma oscil-
lations associated with the two-stream instability
(electrons interacting with ions). Longitudinal oscil-
lations should not depend strongly on the strength
of the magnetic field — in agreement with experimental
observations.

The experimentally observed time of disruption
(?1)ops, defined as the time at which the kinetic energy
of the streaming motion becomes just one-half of the
total energy supplied, is approximately 0.25 u sec
(Fig. 4). It is found that (¢;)oys is not only independent
of By but also independent of the peak accelerating
electric field as determined by the capacitor voltage
in the betatron circuit. These observations can be
compared with the theory of the two-stream insta-
bility /12, 13/.

The maximum growth rate of the instability
is /12/

(4.1)

m 1/3
s SR

where a; is the imaginary part of the complex
frequency w, m and M are the electron and ion
masses, wpe is the electron plasma frequency. Maxi-
mum growth occurs for v = wpe/k, where v is the
electron stream velocity and k is the wavenumber
of the growing oscillation. The energy of oscillation
is built up through amplification of free plasma
oscillations initially present prior to the application
of the accelerating field. As the stream velocity
increases the wavenumber experiencing maximum
growth decreases. Taking into account the duration
of amplification of a wavenumber k the fluctuation
energy is built up by the factor exp t where

of
= 65 342215 (1’;) wen(EL: (4D

and E is the accelerating electric field. (This result
is a factor of 2 larger than that obtained previously
/12, 13/. The change comes from taking into
account the area under the dispersion relation plot
for a vs (kv — wpe) which turns out to be twice the
area of the “square top” function used previously to
approximate the dispersion relation). The total
fluctuation energy can be calculated by integrating
over the range of k-values (or z-values). Due to the
exponential dependence on 7 the total fluctuation
energy is very sensitive to changes in the maximum
value of 7 included in the integration. Thus it turns
out /13/ that for a wide range of conditions disruption
is expected for 7; ~ 40. Substituting this value in
Eq. (4.2) and putting k = wpe/v gives

1/3
W52 R Rl e

(v/E), ~ W

4.3)
at disruption where the average plasma frequency

wpe = 2v12 ¢/b has been used; c is the speed of
light and b is the radius of the stream. Taking
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?
v = (e/m) [ E (f) dt shows that for any given form
0

of E(t) the expected time of disruption (1)tpeor is
independent of the magnitude of the electric field —
in agreement with experimental observations. Substi-
tuting the actual electric field (betatron plus self-
-inductance field), m/M = 1.37 x 10-5 (for argon),
vy =049 and b =0.024 m (the effective stream
radius taking into account irregularities in the chamber
and bumpiness in the magnetic field) gives (¢1)tneor =
~ 0.67 u sec compared with (#;)gps = 0.25 y sec. Some
of this discrepancy could be explained if for some
reason the initial energy of plasma oscillations were
much larger than the energy of free (undamped)
oscillations assumed in the theory.

Two points should be noted. First the theory
employed for the two-stream instability is linearized
whereas non-linear effects will appear during the
last few plasma periods /12/. The second point is
that the theory applies to an infinite plasma and is
valid only for wavenumbers which are large compared
with the reciprocal of the plasma dimensions. Solving
Eq. (42) with 7; =40 and E; =3kV/m gives
(*X1)Theor = 70 m~1 for the minimum wavenumber.
This is to be compared with 1/ ~ 40 m~! so that
the infinite plasma theory should be reasonably good.
If k& becomes smaller than 1/b finite beam size effects
considerably reduce the effectiveness of the insta-
bility /13/.

Future work will include a study of the microwave
radiation and a measurement of the time of disruption
for different plasma densities. This should determine
more conclusively whether or not the two-stream
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instability is responsible for the behaviour of the
runaway electron stream.
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