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Experimental and theoretical studies of the nonresonant lower-hybrid beam-plasma
instability have been carried out. The instability has a maximum growth rate when the
phase velocity of the wave along the magnetic field lines is comparable to the electron
thermal velocity. Electron heating associated with this instability has also been ob-

served.

The injection of high-energy neutral beams into
tokamaks and mirror machines is of considerable
interest for the purpose of auxiliary heating.'
Theories on possible microinstabilities associat-
ed with these systems have also been reported
recently.? In this Letter I wish to report experi-
mental observations and theoretical analysis of
the nonresonant lower-hybrid beam-plasma in-
stability. The experimentally measured proper-
ties of the instability are in good agreement with
the theory. As the instability developed into satu-
ration electron heating was observed, indicating
loss of energy from the ion beam.

I shall first describe the properties of the low-
er-hybrid beam-plasma instability when an ion
beam [with velocity U (v;<U <v,) which is greater
than the ion thermal velocity v;= (T;/M )" but
less than the electron thermal velocity v,=(T,/
m)Y 2] traverses a homogeneous plasma at right
angles to the confining magnetic field. The main
features of the instability are as follows: (1) The_J
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characteristic frequency and growth rate are
comparable to the lower-hybrid frequency. [Here
the parameters are such that the ions are effec-
tively unmagnetized, and so the lower-hybrid fre-
quency is wiy=wy; (1 +®,,2/Q,2) 2, where w,;,
Wye, and Q, are the ion plasma frequency, elec-
tron plasma frequency, and the electron cyclo-
tron frequency, respectively.] (2) The instability
has a maximum growth rate when the phase veloc-
ity, w/k), along the magnetic field lines is com-
parable to the electron thermal velocity. (3) The
instability spectral volume (in w-k space) de-
creases with increasing ion-beam temperature.
(4) This instability is insensitive to the change

of the electron-ion temperature ratio, 7,/T;.

(5) As the instability develops, plasma heating
may take place.? _

The linear, electrostatic dispersion relation
for a homogeneous plasma with an isotropic Max-
wellian distribution and an ion beam (also with a
Maxwellian distribution) traversing at right an-
gles to the confining field lines is*
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where @=w/wy, B=F(Q,/w,,)(1+w,,2/Q 22, & |
=kyp,, T, is the ion-beam temperature, n=N,/N,
is the beam-to-plasma density ratio, 0= (b, /)

X (M /m)"2, v, is the beam thermal velocity, U is
the beam velocity, and Z’ is the derivative of the
plasma dispersion function. In arriving at this
dispersion relation I have assumed the following:
(1) Q; <lwl<Q,; (2) kLp;>1, where p, is the ion
gyroradius; (3) kyp,<«1 and k, p, <« 1, where p, is
the electron gyroradius. This dispersion rela-
tion has been numerically analyzed on the comput-
er for various parameters of interest to the pres-
ent experiments. McBride et al.® have recently
made a detailed theoretical study of a similar
dispersion relation for the case of relative stream-

ing of electrons and ions across a magnetic field
but without a beam. Figure 1(a) shows a typical
plot of the maximum growth rate (maximized
over %,®) y*/wy versus 6 for different values of
beam velocities. From these plots we find that
the maximum growth rate occurs when w/k is
comparable to the electron thermal velocity, in
agreement with previous investigations.® We also
note that the spectrum of instability is generally
quite broad, extending from the region of reson-
ant lower-hybrid waves (6<0.2) to nonresonant
lower-hybrid waves (0<3), and finally damps out
after passing through the region of ion acoustic
waves (6>3). However, as the spread of the
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FIG. 1. Plots of the maximum growth rate versus 6 (a) for different values of U/v; and (b) for different values of

T, /T,.

beam width is increased (i.e., its temperature)
we see in Fig. 1(b) that the instability region de-
creases. For waves with small 6 the growth rate
is more sensitive to the change of the slope of the
beam distribution and thus decreasing the slope
(i.e., increasing the beam temperature) decreas-
es the growth rate. However, we notice in Fig.
1(a) that the instability is not sensitive to changes
in the electron-ion temperature ratio.

Physically, we can view the instability evolving
in the following way. The slow space-charge
wave on the ion beam is a wave which carries
negative energy; i.e., when the beam passes
through a lossy medium (in the present case elec-
tron Landau damping along the magnetic field
lines), energy is extracted from this wave caus-
ing it to grow in amplitude. Since the growth rate
of the instability is maximum when the parallel-
wave phase velocity of the nonresonant mode is
of the order of the electron thermal velocity, we
expect efficient energy transport from the beam
to the bulk of the electrons via Landau damping.

The experiments were performed with the Bell
Telephone Laboratories linear plasma device;
its properties.and plasma parameters have been
described previously.® In-the present experiment
the following plasma parameters were used: den-
sity, N,=(5-50)X10° cm"3; magnetic field, B,
<500 G; temperatures, T,=3-TeV, T;<0.2 eV
for helium, neon, and argon gases. The plasma
was collisionless for the waves studied. A sketch
of the experimental setup is shown in Fig. 2(a).
The main plasma column was 200 cm long and
approximately 14 cm in diameter. A separate
plasma was produced adjacent to the main plas-
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ma column for the purpose of ion-beam extrac-
tion. The two plasmas, which could be held at
independent plasma potentials, were separated
by a fine, negatively biased grid of 5 cm in width
and an adjustable length, L <100 cm. An array
of n beams (in the sketch, n=4) was also made
such that each beam had a length I=L/z. This
was done to impose a fixed value of k) in the ex-
periment. The beam voltage could be varied up
to 100 V, while the operating beam density was
N,/N,<0.1. From electrostatic-energy-analyzer
measurements, it was found that the ion beam
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FIG. 2. (a) Simplified schematic of the experimental
setup. (b) Instability spectrum for argon plasma,
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FIG. 3. (a) Interferometer trace for A, (top) and A (bottom) of the unstable mode corresponding to Fig, 2.
(b) Interferometer traces of A ; for He (top) and Ar (bottom); the arrow indicates the location of the ion-beam

source.

had an energy spread of AV,/V,~0.04. Figure
2(b) shows a typical spectrum for the case of ar-
gon gas when the plasma parameters (w;,/w,~1,
Ufv,~15, T,/T;~40, T,/T,~5, and N,/N,=~ 0.05)
were adjusted for maximum instability growth
rate. Similar spectra were also observed for he-
lium and neon gases. Interferometer traces of
the most unstable mode corresponding to that of
Fig. 2(b) are shown in Fig. 3(a). The perpendicu-
lar wavelength is given by the top trace, while
the wavelength (here ! was adjusted to be 20 c¢m,
and there was an array of three beams) along the
field lines is given by the bottom trace. From
these measurements and the plasma parameters,
we find (/k)M /m)*'2~1.5, w/ky~v,~10° and
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w/wp=1.5, in good agreement with the predic-
tions of the linear theory for maximum growth
rate. As the beam penetrates into the plasma we
expect the unstable mode to grow in space for a
distance comparable to the ion-beam gyroradius,
beyond which it starts to damp. This behavior
was observed by measuring the unstable wave
amplitude with a probe, as it moved away from
the beam source. Interferometer traces illustrat-
ing this effect are shown in Fig. 3(b) for the case
of He and Ar plasmas. (The corresponding axial
wavelengths for these waves were 20 and 200 cm,
respectively.) I have also studied the spatial
growth rate by modulating the ion beam at differ-
ent frequencies. As expected, the fastest growth
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FIG. 4. (a) Plot of unstable wave frequency versus beam voltage (solid curve from theory). (b) Plot of the max~
imum growth rate versus the beam density (solid curve from theory).
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rate occurred when the modulation frequency was
close to the most unstable wave frequency excit-
ed from background noise by an unmodulated ion
beam. As the beam voltage was increased, an
increase in the real frequency [see Fig. 4(a)] was
observed for the most unstable wave in accord
with the linear theory. By pulsing the beam at

a fixed accelerating voltage, I was able to mea-
sure the temporal growth rate as a function of
the beam density. A comparison between the
measured values and the theory is shown in Fig.
4(b). As the instability developed into saturation,
electron heating was measured. Plasma heating
and the associated nonlinear saturation mecha-
nisms will be reported elsewhere.

In conclusion, I have observed the nonresonant
lower-hybrid beam-plasma instability in a linear
plasma device. The measured properties of the
instability agree well with theory. It has been
noted that because of this instability, part of the
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ion-beam energy will be consumed to heat the
eleetrons.
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FIG. 2. (a) Simplified schematic of the experimental
setup. (b) Instability spectrum for argon plasma.



