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Turbulent-like Spectrum of Ion Waves in a Beam-Plasma System*
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A quasi~one-dimensional spectrum of ion waves excited by a slow-electron beam is in-
vestigated experimentally. The power spectrum in a region of spatial wave decay is

found to fall off with increasing frequency as f

nonlinear theories.

The spectrum of electron waves generated by a
beam-plasma interaction was studied experimen-
tally by Apel,’ and consequently the power of
peaks at harmonics of the fundamental frequency
was found to be proportional to f "*5*%% in a spa-
tially decaying region. This result is in good
agreement with the power law with respect to the
plasma turbulence,®® if all waves have the same
phase velocity. In this Letter, it is reported
that the power spectrum of ion waves in a spatial-
ly decaying region is not proportional to f ~°, but
to f ~23:02

The experiment is carried out in a cylindrical
Pyrex tube 7.6 cm in diameter and 45 cm long.
The Ar plasma is produced by a dc discharge in
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FIG. 1. Typical ion-wave spectra after careful cali-
bration. Open circles, at x=4 cm from the gun; closed
circles at x=9 cm. A maximum-peak shift toward low
frequency with increasing x was observed, and in a de~
cay process, a smaller slope occasionally appeared in
a narrow part near the peak as exhibited in S. Watanabe
and H. Tanaca [J. Phys. Soc. Jap. 26, 1331 (1969)] (not
appearing in this figure).

2302 The result is compared with some

the plasma source and is diffused into the inter-
action region (16 cm long) along a magnetic field
of 120 G. The ion gyroradius is greater than the
plasma diameter. The plasma density is in the
range 108-10° cm ™3, and the electron tempera-
ture is about 3 eV. The background pressure of
Ar gas is 0.4-1.6 mTorr. Instabilities of ion
waves are generated by a slow-electron beam of
diameter 5 mm at the gun. The feature of the
gun, which has been described in detail else-
where,* is that it can produce an electron beam
with a slow velocity of the same order as that of
thermal electrons in a plasma, and the velocity
can be controlled independently of the beam den-
sity in the range 0-20 eV. The signals of ion
waves are received from a movable plane probe
of a molybdenum plate (1 mm?), which is faced
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FIG. 2. (a) Maximum intensity P,, normalized by
noise intensity Py plotted versus x. (b) Exponent ¢ of
the power spectrum U; (<f %) in the high-frequency por-
tion (@ <0). This graph indicates that « is close to
= 2.3 in the decay region. (c) Electron beam density N,,
normalized by the background electron density N, ver~
sus x. The beam velocity is about 4 eV, which is near-
ly equal to the electron temperature of the plasma. Ar
gas pressure, 8 X107 Torr.
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FIG. 3. Dependence of the maximum intensity on
beam velocity. Open circles, x =3 cm (growing posi-
tion); closed circles, x=9 cm (decaying position).

to the gun and coated on the rear side, and anal-
yzed on a Stoddart NM25T radio interference and
field intensity meter (covering frequency range,
150 kHz to 32 MHz). In this experiment, the
probe bias is floating, because the potential ap-
plied to the probe results in the acceleration of
the slow-electron beam. The influence of the
floating probe immersed in the beam on the beam
velocity or spectrum is negligible.

A previous experiment* with this gun has
shown that at a small distance from the gun, i.e.,
in the spatial growth region, the unstable-stable
boundary as a function of beam velocity and fre-
quency is adequately described by a dispersion
relation derived by applying the theory estab-
lished by Jackson,® and the instability generated
within the boundary is identified with the so-
called ion-acoustic wave mode.

Typical spectra of ion waves, which are for
the same modes as described above, are shown
in Fig. 1 in the frequency range 150-500 kHz.
Above 500 kHz up to the ion plasma frequency
(1.1 MHz), ion waves are so strongly damped
that their power is not observed distinctly. From
the electrostatic dispersion relation of ion waves,
the wave number of ion waves below 300 kHz is
small compared with the Debye wave number (%
<kp). Maximum peaks appear in the vicinity of
150 kHz, below which the spectrum decreases
with decreasing frequency. Here, the discussion
of the power spectrum is focused on the region
of small wave number but above the frequency of
the maximum peak. In Fig. 2, the spatial varia-
tion of the spectrum along the axial distance is
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FIG. 4. Influence of neutral gas pressure on the tur-
bulent state.

shown. As the distance x from the gun increases,
spatial growth is first observed, followed by de-
cay at x = 6 cm. Note that in the decaying region
the exponent o of the power U, at large f (U;cf %)
is roughly —2.3+0.2. Figure 3 shows the rela-
tion between the saturation level and beam veloci-
ties. In the growth region, the maximum intensi-
ty of the fluctuation first increases, followed by
decay with increasing beam velocity. This ten-
dency is evident from the dispersion relation for
three-component plasma.* However, in the tur-
bulentlike region, i.e., in the decaying region,
the maximum intensity first increases rapidly
with the beam velocity, but soon approaches a
constant value independent of the variation of the
beam velocity. Moreover, the value of the expo-
nent o in the turbulentlike state remains in the
range from -2 to — 2.5 when the pressure is
changed, keeping the electron density constant,
while the maximum intensity is somewhat varied
(Fig. 4). This suggests that the slope of the tur-
bulent spectrum is not mainly dominated by elec-
tron- or ion-neutral collisions, but its intensity
is affected.

Vedenov? and Kadmotsev® have given theoreti-
cal and reasonable arguments for the existence
of the power spectrum of ion-acoustic waves in
the strong turbulent state as f ~* and f “* In(f,;/f),
respectively, However, these evaluations, based
on three-dimensional grounds, give too small a
slope to be applied to our results. The spectrum
obtained experimentally is rather quasi one-di-
mensional; or, in other words, the wave number
is almost along the beam direction, as shown in
Fig. 5. This suggests that the above evaluations
are not appropriate for the explanation of the ex-
periments. Another theory associated with the
spectrum of ion waves is that of Nishikawa and
Wu.” They predicted that once the fluctuation has
grown to a certain level, the trapping of an elec-
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FIG. 5. Dependence of the maximum intensity on
radial direction in the turbulentlike region (x=7 cm).

tron in a potential of ion waves may set in and
serve as a saturation mechanism, while Coulomb
collisions of electrons are very efficient in sup-
pressing the trapping. In other words, a statis-
tical balance between the trapping and Coulomb
collisional effects determines a saturation state.
Therefore, the saturation level should be indepen-
dent of the beam velocity and collisions with neu-
trals., The power spectrum, based on such con-
siderations as the assumptions of the quasi-one-
dimensional case and k2 <kp, obeys the following
relation”:

Uy | fo°dl1%% exp(- 21/1,) cos (1)

where the notation is the same as in Ref. 7. The
right-hand side of the above equation is plotted in
Fig. 6, which shows the power decaying with in-
creasing frequency as f >3, The experimental
value of the exponent & and its independence of
both the beam velocity and collisions with neu-
trals are consistent with this prediction. More-
over, considering that the trapping condition

wy/ws = (M/m)*(m\2)V4>1,

given in Eq. (10) of Ref, 7 (which is a necessary
but not satisfactory condition for trapping) is ea-
sily satisfied for our experimental parameters,
the results presented here seem to support the
new prediction, including the trapping effect of
electrons in an ion-wave potential trough. How-
ever, it is somewhat questionable whether the
theory of Nishikawa and Wu is applicable to our
experiments for the following reasons: (1) Ac-
cording to the theory, collisions with neutrals
are not effective for the determination of satura-
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FIG. 6. Power spectrum of ion waves calculated from
the theory of Nishikawa and Wu (Ref. 7).

tion level; but in the experiment, as shown in
Fig. 4, this collisional effect is not negligible
even though the slope has not been affected.

(2) The condition & «<kp is not necessarily satis-
fied in the vicinity of 300 kHz.

In conclusion, we have observed an ion-wave
spectrum whose slope closely resembles the re-
sult of Nishikawa and Wu. However, further con-
siderations, especially those including the effect
of ion-neutral collisions, are needed to interpret
the experimental results, because such collisions
in a partially ionized plasma are expected to con-
tribute to the determination of saturation level
and the stabilization mechanism.
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