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FIG. B. Saturation spectra of three hyperfine compo-
nents of an iodine line near 5900 A: upper part, satur-
ated-dispersion spectrum; lower part, saturated-ab-
sorption spectrum. Experimental conditions: angle be-
tween the beams, 18 mrad; frequency sweep rate, 0.9
MHz/sec; time constant, 0.1 sec.
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We study experimentally the interaction of an electron beam modulated near the lower-
hybrid frequency with a longitudinally magnetized inhomogeneous plasma. At high levels
of beam modulation above a certain threshold, the beam pumps the parametric decay in-
stability into the lower-hybrid wave and ion-acoustic wave, and correspondingly plasma
heating takes place rapidly. The instability threshold is determined in a parameter
space. These results are compared with theory, and reasonable agreement is obtained.

The interaction of a modulated electron beam
with a longitudinally magnetized plasma is one of
the most familiar themes in plasma physics. By
use of the collective and internal interaction,
several linear and nonlinear phenomena have
been studied. In particular, the interaction near
the lower-hybrid frequency td U& is of considerable
interest from the viewpoint of plasma heating,
since the electrostatic instabilities at w = wLH

have large growth rates together with a high lev-
el of saturation. ' In fact, rapid plasma heating

has been reported in such a beam-plasma sys-
tem."No established theory, however, has
been made for the heating mechanism. Modulat-
ing the beam by a high-power transmitter, we
have proposed recently ' that the energetic ion
production above appears to be due to the lower-
hybrid parametric mode conversion that is pumped
by the beam, rather than due to beam-plasma in-
stabilities or linear mode conversion. In this
Letter, we wish to present in detail these exper-
imental results on the nonlinear interaction in the
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FIG. 1. (a) Oscillation frequency f and (b) amp]. j-
tude y versus modulation voltage of transmitter V
with P =3.4x10 Torr, V~=300 V, andBO ——830 G. The
data were taken in the 8-1 device. Upper sideband
waves to the f mode were omitted for simplicity.

modulated electron-beam-plasma system.
The experiments were done in the Osaka Uni-

versity 8-1 and 8-2 linear devices. ' The cylin-
drical vacuum chamber (stainless steel) of:the
former was 10 cm in i.d. and 85 cm long, and
that of the latter was 32 cm in i.d. and 23 cm long
in the central part, while it was 13 cm in i.d. and
120 cm long in the outer part. The electron beam,
obtained by a magnetron injection gun of perve-
ance G =10 ', was modulated by a 1-kW cw trans-
mitter, and injected into a magnetic mirror.
Here, the transmitter output was connected in
series to the dc power supply of the electron gun.
The mirror ratios were R =1.1 and 2.2 for the
8-1 and 8-2 devices, respectively. The electron
beam injected produces a low-density argon plas-
ma. In addition to beam injection, plasma could
a1so be generated by a microwave discharge
(2.45 GHz, 1 kW) in the B-2 device. Typical
beam and plasma parameters were beam voltage
V, =0.1-1.0 kV, beam current I,&400 mA, beam
radius r, =8 mm, argon pressurep =(1-7)X10 '
Torr, plasma density n = (0.2-6)&& 10' cm ', plas-
ma radius (half-width of radial density distribu-
tion) r~ & 3 cm, magnetic field strength (at the
midplane of the machine) B,= 0.3—1.5 kG, elec-
tron temperature T, ~~ (parallel to B,) = 5-15 eV,
and ion temperature T,„(perpendicular to B,)
= 4-10 eV. The temperatures above are those in
the absence of beam modulation.

Typical. experimental results are shown in Fig.
1, where (a) the frequency and (b) the amplitude
of oscillations are plotted versus modulation volt-
age of the transmitter V . In the absence of beam
modulation, we see the presence of low-frequen-
cy oscillation at - 60 kHz (f, mode), which is al-
most twice the ion cyclotron frequency f„(=3. 2

kHz). Since there exists a crossfield current
under this condition, "we guess that the f, mode
appears to be the crossfield-current-driven ion-
acoustic wave propagating nearly perpendicular
to Bp In addition, density measure ment yields
n=7. 8&&10' cm ' for this case. Thus, we esti-
mate that the electron cyclotron frequency f„
(= 2.3 GHz) is much larger than the electron plas-
ma frequency f~, (=0.25 GHz); hence, the exper-
iment corresponds to the low-density case, f„'
» f~, '. For this case, the lower-hybrid frequen-
cy f~ should be approximated by the ion plasma
frequency f~, (=0.92 .MHz). Here, we apply a
low-frequency mdiaE electric field by modulating
the electron beam at f =0.96 MHz (p f&H). &f we
increase the modulation voltage, the f, mode
first starts to be suppressed. In addition, there
appears the lower sideband (f, ) to the f mode.
With the further increase in V above a certain
threshold voltage V, , strong low-frequency tur-
bulence tends to grow; namely, at V & V, =105 V,
these wave amplitudes strongly grow, and there
appear frequency shifts of the modes excited. ~'
The frequency conservation law, f„=f, +f» is
seen to be satisfied.

Figure 2(a) shows the ion and electron temper-
atures versus modulation frequency. As seen
here, plasma heating resonantly takes place at
f =1.1-1.3 MHz. Since we know fr=0.92 MHz,
the resonant heating above appears at - (1.2-1.4)
&& f„„. Figure 2(b) shows the ion and electron
temperatures versus modulation voltage for the
resonance condition. In the absence of beam
modulation, we see T,-~=15 eV and T, ~~—- 9 eV.
Such a considerable ion heating seems to be due
to the crossfield current. ' As the modulation
voltage increases, ions and electrons come to be
heated rapidly. At high levels of beam modula-
tion, where low-frequency turbulence has devel-
oped strongly (cf. Fig. 1), substantial ion and
electron heating takes place up to T,.~ = 45 eV and

T,~~-—25 eV. Though argon ions are estimated to
have gyro orbits comparable to or larger than
the plasma size in such a hot-ion plasma, these
hot ions could be confined radially by a negative
plasma potential. '

Next we have measured the instability thresh-
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FIG. 2. (a) Ion (T~&) and electron (7', ~~) temperatures
versus modulation frequency f„with p =3.3x 10 Torr,
VI=300 V, and V (rms) =142 V. (b) Iou (T;~) and elec-
tron (T,I) temperatures versus modulation voltage for
the resonance condition with p =3.2x 10 5 Torr, V&
=400 V Bp =830 G and f =960 kHz, The two results
above were taken in the B-1 device.
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FIG. 3. Critical drift velocity of electrons u, over
which parametric instability takes place, normalized
by ion-acoustic speed c, versus modulation frequency
f with p =3x 10 I Torr, VI =200 U, B& ——860 6, ~~
=2m(2x 10 ) sec ~, &u~ =2v[(0.6-1.0)x 10 ] sec
=2x105 sec ', and y, =105 sec '. The results obtained
experimentally (e), taken in the B-2 device, are com-
pared with those predicted theoretically, i.e. , I,/c,
(dashed line), uI/c, (dash-dotted line), andi&(=u&+uI)/
c, (full line).

oM in some parameter spaces. ' Typical experi-
mental results are shown in Fig. 3 versus modu-
lation frequency, where the ordinate is the ratio
of the drift velocity of electrons u =E„/8, (E„
being the radial electric field strength) to the ion-
acoustic speed c,. In the above, the value of E„
was calculated by Poisson's equation as

where m and e are the electron mass and charge,
respectively. As seen in Fig. 3, the threshold
becomes very low at f &f«. In addition, the
threshold drift velocity is on the same order as
c,. For the off-resonance condition, however,
the threshold tends to increase rapidly.

From the phase-shift measurements, we ob-
served for the above conditions that the f, mode
propagated almost perpendicularly to B„with the
phase velocity of the order of c, , v»' -—9x &p3

m/sec & c,= 5x 10' m/sec. The phase velocity
parallel to 8, was less than the electron thermal
velocity, o~~~'-—2x 10' m/sec «er, = 1.3X 10' m/
sec. The momentum conservation law was sat-
isfied by m, +m, =m=0, where Im, ,, ) =1. Here,
m, m„and m, are the azimuthal mode numbers
of the f„, f, , and f, modes, respectively. Even
for the case V =0, the f, mode is present. Typ-
ically, we may write for the f, mode f,/f„=2-6.
From, these results, we consider the f, mode to
be the ion-acoustic wave. On the other hand, we
have identified the f, mode with the lower-hybrid
wave. ' Thus, the nonlinear interaction found
above appears to be due to the lower-hybrid par-
ametric mode conversion that is pumped by the
beam.

Now we theoretically estimate the threshold,
and compare it with the experimental data. Ac-
cording to a theory of parametric instability in a
homogeneous plasma, ' the threshold drift veloc-
ity is given by

tg'Y,&, 4( ), y„'+2y,Y, + ~, ' —(w„—v„)')'
C OP LHCV l COO ~l +~ s

where ~, is the angular frequency of the pump field, ~, and ao, are those of the natural modes of the f,
»d f, modes, and y( and y, are those of the linear damping rates of these modes, respectively U'sing.
the experimental parameters, we have calculated the threshold by Eq. (2), and plotted it as a dashed
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line in Fig. 3. Here, we supposed that the damp-
ing rate of the f &

mode was a result of Landau
damping of both electrons and ions, whi. le that of
the f, mode was due to Landau damping of elec-
trons and electron-neutral collisions. As seen
in Fig. 3, the threshold is resonantly reduced in
the lower-hybrid resonance band of 0.6 to 1.0
MHz. In the above, the beam-produced plasma
is very inhomogeneous in space, and hence the
lower-hybrid frequency may change from 0.6 to
1.0 MHz corresponding to the radial density in-
homogeneity; for the condition of Fig. 3, we ob-
served n=7&10' cm at the center, and it re-
duced to almost half this value at r= 2 cm. The
threshold estimated above, however, is seen to
be lower than that observed. As the modulation
frequency is far away from the resonance band,
we see that the threshold increases rapidly as a
result of the frequency mismatch.

In order to elucidate the discrepancy found
above, we consider the effect of density inhomo-
geneity (wave-number mismatch). Theoretically,
this has already been done, "and the threshold
of the resonant decay instability in the inhomo-
geneous plasma is written as

u~ 2v2u), ~y
'~' l

where L„ is the local density-gradient scale
length, and k is the wave number of the decay
waves. Using the experimental parameters, we
obtained the numerical estimate by Eg. (3), as
shown as a dash-dotted line in Fig. 3. From Fig.
3, we see that in the resonance band the thresh-
old increases compared with that for the homo-
geneous plasma. In addition, the threshold grad-
ually decreases as the modulation frequency in-
creases. The resulting threshold may be ob-
tained by summing Egs. (2) and (3), and is plot-
ted as a full line in Fig. 3. In the resonance band

layer, the threshold is determined by the effect
of density inhomogeneity, while the effect of
frequency mismatch dominates the threshold in
the off-resonance region. In the resonance band,
the threshold drift velocity is on the same order
as c, . As seen in Fig. 3, the theoretical curve
thus determined is in good agreement with the

experimental data.
From these studies, we may conclude that rap-

id heating of ions as well as electrons in the
modulated electron-beam-plasma system is
ascribed to the lower-hybrid parametric mode
conversion that is pumped by the beam. The res-
onant decay instability into the lower-hybrid wave
and ion-acoustic wave took place in the inhomo-
geneous magnetoplasma. " Although ion quasi-
modes should appear to have a lower threshold
than the above process, "we could not observe
it in these experiments. The instability thresh-
old obtained experimentally was in good agree-
ment with that predicted by the theory only tak-
ing the effect of the density inhomogeneity into
account. With extension of the studies above,
it appears to be possible to achieve more ener-
getic ion production on a large scale in a torus
by modulating a relativistic electron beam near
the lower-hybrid frequency.
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