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Experimental Study of a Toroidal Plasma under the Conditions
for Adiabatic Budker-Buneman Instability
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Conditions suitable for the adiabatic electron-ion two-stream instability have been
created in a toroidal plasma. Observed anomalous resistivity, turbulent heating rates,
and ion plasma oscillations are in favorable agreement with the recent theoretical pre-
dictions.
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The Budker-Buneman instability" was pre-
dicted some twenty years ago and is considered
to play important roles in turbulent heating' and
space plasma. ' The instability requires an elec-
tron drift velocity far exceeding the thermal ve-
locity. However, this condition cannot be easily
realized in laboratory plasmas. Usually strong
electric fields higher than the Dreicer critical
field are applied to accelerate electrons but this
only results in partial free acceleration accom-
panied by efficient turbulent heating of electrons,
and consequently the drift velocity never exceeds
the thermal velocity by a factor of more than 2.
This phenomenon has been confirmed both in
computer simulations and in a toroidal experi-
ment. ' An instability related to the Budker-
Buneman instability has been observed in a plas-
ma having electrodes. ' In this case, however,
electrons are continuously replenished, and one
of the most important aspects of the Budker-
Buneman instability, namely turbulent heating
of electrons and ions, cannot be studied in such
a system. The instability and its several non-
linear aspects predicted by Buneman can only be
studied in a plasma well confined, and having no
external electric field. The latter requirement
is necessary because the numerical simulation
done by Bune man was on a re Laxation proble m
without any external fields. Therefore, conven-
tional turbulent-heating experiments having pulse
length much longer than the characteristic growth
time of the instability are not really suitable for
studying the instability in a clear-cut manner.

The present study has been motivated not only

by creating experimental conditions suitable for
the instability, but also by the recent advance-
ment in theoretical understanding of the instabil-
ity. ' Major theoretical findings are these: (a)
The so-called Buneman frequency ~, = —,'(m/2M)' '
x ~~ (m/M is the electron/ion mass ratio, &u~,

the electron plasma frequency) is not an observa-
ble quantity because of strong nonlinear frequen-

cy modulation. (b) In addition to well expected
electron heating, ions too can gain a kinetic en-
ergy in excess of 10'/o of the initial electron drift
energy. (c) The anomalous collision frequency
scales as (m/M)'" rather than (m/M)~'. ' All
of these predictions are in favorable agreement
with experimental observations as mill be shown.

The plasma betatron" used in the experiment
has a major radius of 19 cm, a minor radius of
3 cm, toroidal magnetic fields up to 4 kG and
initial electron densities controllable in the range
4 X10"to 1 &10"cm '. An argon plasma is pre-
pared by an rf discharge. The increase in the
electron density during the interval of interest
(300 nsec) is at most 20@, due to additional
ionization of neutrals. The filling pressure is
(0.3-0.5) x 10 ' Torr. " A betatron-type poloidal
magnetic field configuration is produced by four
windings, which are energized by a 7.5-nF, 30-
kV capacitor bank. The primary current is crow-
barred at the quarter period, approximately 130
nsec. The electric field pulse thus created has
a half-width of about 100 nsec, and the peak
vacuum intensity of up to 50 V/cm. " Such a
short pulse will accelerate electrons freely at
least initially. Experimentally, it has been
found that electrons are freely accelerated for
the first 100 nsec. Diagnostics include Rogowsky
coil, Langmuir probes, 2-cm microwave inter-
ferometer, electron-energy analyzer, and optical
spectrometer for ion-energy measurements.

Figure 1 shows observed loop voltage (before
inductance correction) and total plasma current
(top photograph). The lower diagram shows the
electric field (after induction correction), the
electron drift velocity calculated from measured
total current and electron density (skin effect is
negligible), and the electron drift velocity ex-
pected from free acceleration, for the case of
initial electron density of 5x10" cm '. The free
acceleration lasts for about 100 nsec, followed
by departure from free acceleration and a rapid
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FIG. 2. Example of measured electron perpendicular
energy distribution. Same conditions as Fig. 1, t = 0.32
p, sec.

IOO 200
TIME FROM THE START OF E (NSEC)

300

FIG. l. (a) Loop voltage and plasma current. n,
(average initial electron density) = 5&& 10' cm, Bz
= 1.6 ko. (b) Deduced electric field, corresponding
free-acceleration drift velocity, measured (through I&
and n,} drift velocity, initial thermal velocity (dashed
line), and n, (t).

current collapse. The initial electron thermal
velocity corresponding to the electron tempera-
ture measured by double Langmuir probe during
rf discharge is indicated by the dashed line in the
figure. It can be seen that the electron drift ve-
locity exceeds the initial thermal velocity by a
factor of at least 7 which should be sufficient for
the Budker-Buneman instability to be operative. "
Also, after the end of free acceleration, the
plasma is essentially free of the electric field
thus making itself adiabatic (isolated from ex-
terna, l energy source).

The electron-energy analyzer'4 can only sam-
ple the energy perpendicular to the magnetic
field. Figure 2 shows the energy distribution ob-
served at 320 nsec under the same condition as
Fig. 1. As previously observed in the same de-
vice,"the electron distribution is remarkably
Maxwellian. Furthermore, the measured thermal
energy agrees well with the energy input provided
an isotropic Maxwellian is assumed. IThe prob-
lem of electron heating perpendicular to a strong
(&u«, electron cyclotron frequency, ) u „elec-
tron plasma frequency) magnetic field has recent-
ly been resolved" for the case of current-driven

ion acoustic instability. It has been demonstrated
that cross-field heating is as effective as paral-
lel heating, and temperature equilibration is ex-
tremely rapid governed by the anomalous colli-
sion frequency. |

Figure 3 shows the total energy input, the elec-
tron drift energy, expected thermal energy den-
sity, measured thermal energy density, and the
collision frequency, calculated from v = (eE
—m V~)/m VD, where VD is the drift velocity and

VD its time derivative. Complete thermalization
of the initial electron drift energy can be clear). y
seen. Also, the agreement between the expected
and measured thermal energy contents ensures
that the plasma is loss free at least during the
first 300 nsec. The classical collision frequency
dominated by electron-neutral collisions is of
the order of 5 x10'/sec, which is too small to
explain the observed rapid and complete thermal-
ization. We believe that this anomalous rapid
thermalization is due to the onset of the Budker-
Bue nman instability.

Unfortunately, identification of the instability
cannot be done through frequency spectrum of
fluctuations since as mentioned before the linear
Buneman frequency corresponding to the fastest
growing mode is expected to be unobservable be-
cause of severe nonlinear frequency modulation. '
During one period of oscillation (2~/~ s) the in-
stability will have e-folded by a factor of 5.4 x10'
I =exp(2~&3)] in field and 3 x10' in energy. Since
the thermal level of fluctuations is of the order
of 5 &10 ' and energy deposited in the plasma is
only 40 times the initial thermal energy, it is
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FIG. 3. (a) Energy input, electron drift energy, and
expected thermal energy. Dots indicate measured
(through T, and n, ) electron thermal energy density.
Same conditions as Fig. 1. (b) Time evolution of the
electron collision frequency.

expected that nonlinearity and saturation set in
before one Buneman oscillation is completed.
(Note that the instability saturates when the fluc-
tuation level becomes of the order of 0.1X elec-
tron drift energy. ') However, in the aftermath
of the instability, or after thermalization is com-
pleted, strong ion oscillation is expected to
develop. ' The oscillation frequency is close to
the ion plasma frequency ~z, , and of incomplete
standing-wave nature.

Langmuir probes were used to detect potential
fluctuations. An example is shown in Fig. 4
(inset). Note that during the first 200 nsec, no
oscillations are seen. Oscillations start at about
200 nsec, and persist afterward. The frequency
spectrum obtained by averaging five oscillograms
indicates relatively coherent oscillations with a
frequency close to the ion pla. sma frequency. fz,

'
in the figure indicates the ion plasma frequency
corresponding to the initial peak plasma density,
which is approximately 2n„andf8 indicates the
Buneman frequency. The frequency has been ob-
served to exhibit the expected ~n, dependence.

With use of two Langmuir probes, attempts
have been made to detect the propagation nature
of the oscillations at the ion plasma frequency.
No continuous phase shifts with the probe separa-
tion have been detected in any direction (parallel
or perpendicular to the toroidal magnetic field).
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FIG. 4. Example of measured fluctuation (inset) and
frequency spectrum. Probe location 2 cm from the
outer wall. f&, and fs are the ion plasma and Buneman
frequency corresponding to the initm/ peak electron
density.

This seems to indicate that the fluctuations are
largely standing-wave nature, although definite
conclusions cannot be drawn at the present stage.

As shown in Fig. 1, the electron drift velocity
exceeds the initial thermal velocity as early as
20 nsec, and the condition for the hydrodynamic
Budker-Buneman instability ( Vs ~ 6v @ ) becomes
satisfied at about 100 nsec. One then expects
that oscillations (exponentially growing) at f&

are to be observed starting at about 100 nsec.
However, it should be recalled that the frequency
fs is that of the fastest growing mode charac-
terized by the resonance condition, k V~ =up, .
Therefore, if the drift velocity changes rapidly,
a particular mode with a definite wavelength can
hardly grow. Only when the drift velocity ac-
quires a (quasi) steady value will the instability
set in to destroy the current. The effective onset
time of the instability may then be estimated as
160-200 nsec, before which no oscillations at fs
are expected.

The ion energy distribution both parallel and
perpendicular to the magnetic field has been
measured spectroscopically by monitoring the
4806-A Ar II line. Because of the low densities
employed, observation was possible only at 0.5
p.sec or later, well after the collapse of the elec-
tron drift. The observed distribution is strong-
ly anisotropic, accompanied by preferential ion
heating along the toroidal direction with an ef-
fective temperature of 50 eV under the same
conditions as Fig. 1. The observed parallel dis-
tribution is, however, hardly Maxwellian, indi-
cating a relatively long relaxation time for ions.

Finally, we note that the observed maximum
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collision frequency 3 &10'/sec [ Fig. 3(b)] com-
pares favorably with the theoretical value' (m/
M) (u = 1.4 X 10'/sec.

In conclusion, we have created in a toroidal
plasma conditions suitable for studying the adia-
batic Budker -Buneman instability. Complete
thermalization of electrons is observed followed
by the appearance of relatively coherent ion oscil-
lations at frequencies close to the ion plasma
frequency. The results are in general agreement
with the recent theoretical predictions.
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