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average plasma characteristics that takes place
in a length scale I.=U,At, where U, is the vel-
ocity of the front and At is its duration on the
oscilloscope trace. Typically the front arrives
in a time 0.8 psec. Thus U, =—8x10' cm/sec
and 1.—= 0.35 cm after allowing for the 1.6-mm
probe diameter. (Note that this is an upper
limit for I. since the shock may have slowed
down before reaching the probes, and the re-
sponse time of the circuit is about 10 ' sec. )

The length 1.=0.35 cm contrasts mith colli-
sion mean free paths in air at 25 p. which are
of order 10 cm. If we tentatively identify the
sharp front as due to an ion wave shock, we
see from Eq. (2) that an ion density N, —= 10"-
10" cm ' would give a shock thickness I.S=—0.3-0.1 cm, in reasonable agreement with
what is observed. A density of 10"/cm3 cor-
responds to a degree of ionization in the glow
discharge at 25 p of -1%.

Using the relation I=AeNe(KTe/2vme)'~' for
the current to the positive probe of area A. ,
the observed 1-A signals are obtained if we
assume that behind the shock front (subscripts

Ne 2 = F 1 = 4 x 10 '/cm and Te 2 = 5 x 10' 'K.

The high electron temperature T 2 should drop
rapidly further behind the shock because of
thermal conduction into the colder driver plas-
ma of LiD, but this effect on the probe current
is overcome by an increase in electron densi-

ty as the LiD plasma arrives at the probe.
We are grateful to Mr. E. Jacobsen, Jr. ,

for his generous and imaginative support of
this work, and to Mr. J. Maloy who engineered
much of the apparatus.
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EXCITATION OF ELECTRON-PLASMA WAVES BY THE INTERACTION
OF AN ION BEAM WITH A PLASMA*
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Institut fur Plasmaphysik, Garching bei Munchen, Germany

(H,eceived 16 Fegruary 1967)

This paper reports the interaction of an en-
ergetic beam of ions with a plasma that is pro-
duced by the ion beam.

The experimental arrangement is given in

Fig. 1. From a duoplasmatron ion source sur-
rounded by an insulator, a beam of hydrogen
ions is extracted by an accelerating electrode.
The beam is focused and divided into mass com-
ponents by a magnetic lens. Through the en-
trance aperture, 2 cm in diameter, practical-
ly only particles of one component enter the
plasma chambe r. Negative-potential electrodes
in front of and behind the plasma chamber pre-
vent the electrons from leaving the plasma cham-
ber along the beam. The neutral gas press~re
in the plasma chamber can be varied by a gas
leak. In all experiments hydrogen was used.
The pressure in the drift space depended a lit-
tle on the gas pressure in the plasma chamber.
Because the beam current, entering the plas-

ma chamber, changed smoothly with the pres-
sure in the drift space, an automatically driv-
en gas leak in the drift space was provided which
always adjusted the pressure to a given value
(about 6x10 ' Torr). The beam current, en-
tering the plasma chamber, was measured by
a movable calorimeter.

The plasma chamber had an outer diameter
of about 20 cm, was 125 cm in length, and was
made of stainless steel. The end plates were
of iron. The whole plasma chamber could be
used as a cavity. Two loops were used to ex-
cite a TM mode. The quality Q of this cavity
for these modes was about 500. In addition
there was a Langmuir probe and, at the end
of the chamber, a pin probe for detecting ex-
cited frequencies.

Normally the experiment was performed with
a H, beam, because the highest currents at
that time were achieved with H, +. Some exper-
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FIG. 2. (a) Square root of the frequency shift of the
cavity (crosses) and detected frequencies (dots) as a
function of pressure. Insert«. assumed density profile;
, beam radius and b, plasma radius. (b) The experi-
mentally obtained frequencies and the calculated plas-
ma frequency as a function of the square root of the
frequency shift.
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FIG. 1. Experimental arrangement setup.

iments have been done with H . The maximum
currents through the 2-crn aperture varied for
H,

+ between 15 and 25 mA for 30 to 40 keV.
Beam densities were about 10' cm

Two types of experiments were performed.
In the first one the variation of rf signals, picked
up by the pin probe and detected with a Hewlett-
Packard wide-band spectrum analyzer, was
studied, under varying pressure conditions.
In the second one the plasma density was mea-
sured as a function of the neutral gas pressure
by the phase shift of the cavity, when it was
excited in the TMpyp mode.

The results of the experiments with the H, +

beam are given in Fig. 2. The points are the
frequencies of the waves excited at pressure
p. The scale for the frequencies is found on
the right-hand side of the ordinate axis. The
crosses give the square root of the frequency
shift of the cavity, excited in the lowest TM
mode TMo,o. The scale for this is given on
the left-hand side of the ordinate axis of Fig. 2.
This frequency shift is proportional to the plas-
ma density. The square root of the shift is,
then, proportional to the plasma frequency.

These experimental observations can be ex-
plained by the following ideas. The ion beam
is injected into the discharge region from the
duoplasrnatron source, whereupon it produc-
es a plasma in the discharge region by collid-
ing with the background gas. The beam then
interacts with the plasma by the double-stream
interaction mechanism. The familiar one-di-
mensional dispersion relation for the beam
moving with a velocity vp through a plasma is

(d + CO
e pi

2
—=0

where &upg is the ton-plasma frequency of the
beam, ~e is the electron-plasma frequency
of the plasma, &up~ is the ion-plasma frequen-
cy of the plasma, and &u and k are the frequen-
cy and wave number of the interaction. To main-
tain charge neutrality we have

n n ~ +pl
pO'

where ne is the electron density, n~ is the plas-
ma-ion density, and npg is the beam-ion den-
sity. Temperature effects have been neglect-
ed because measurements with Langmuir probes
have shown that the temperature of the plasma
electrons is smaller than 1 eV.

A solution of the dispersion equation for real
k with &upi' neglected compared with &ue' is shown
in Fig. 3 (see also Imshennik and Morozov').
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FIG. 3. Dispersion equation for cold bea, m and pla, sma, .

The normalized frequency 0=&v/~e is given
as a function of the normalized wave number
K=kvO/~e. It can be seen that 0 is complex
for K & 1. The imaginary part of 0 of the com-
plex solution has a maximum for K= 1. For
this value of K me find 0= 1, too. It folloms
that 0=K or ~ = kv„which is the Cherenkov
condition for the excitation of waves. The growth
rate results from the interaction of the space-
charge waves of the beam with the electron
plasma oscillations. Because of this interac-
tion of the ion beam with a plasma we expect
to find waves in the experiment with the elec-
tron plasma frequency. As can be seen from
Fig. 2(b), where we have plotted the excited
frequencies against the square root of the fre-
quency shift, these frequencies are proportion-
al to the square root of the frequency shift.
From this it follow's that the frequency is a
function of the square root of the density, that
is, of the plasma frequency. In order to ver-
ify that the excited frequency is the electron-
plasma frequency itsen, we had to determine
the density in the beam region quantitativel. y.
For this purpose we had to assume a density
profile. For higher pressures it seemed re-
alistic to assume a profile where the density
depends only on the radius and obeys the fol-
lowing diffusion equation:

DV'z+ v.v =0
i Pb

(D = diffusion coefficient, v; = ionization frequen-
cy). This diffusion law is fulfilled as long as
electric fields are unimportant. In this equa-
tion D is assumed as inversely proportional
to the pressure and v, as directly proportion-
al to the pressure. From this it follows that
the density should vary proportionally with
the square of the pressure. The plasma fre-
quency or the square root of the frequency

shift should then be proportional to the pres-
sure. This is found experimentally [Fig. 2(a)]
for the higher pressure region. The excited
frequencies as well as the square root of the
frequency shift lie for higher pressure on straight
lines through the origin. For lower pressures
the values lie above the straight lines. In the
intermediate pressure range the plasma den-
sity (as found by the frequency-shift measure-
ments) is comparable with the beam density.
In this situation space-charge forces become
important and the above diffusion equation is
no longer satisfied.

The solution of the diffusion equation shows
that the density outside the beam varies as

lnx -lnb
0Olna -lnb '

This logarithmic variation mas also found ex-
perimentally, when we determined the depen-
dence of the ion saturation current to a Lang-
muir probe on the radius.

If we now assume a constant density in the
beam region (see insert in Fig. 2), plasma fre-
quencies can be calculated which very close-
ly approximate the measured frequencies. This
can be seen from Fig. 2(b). There the plasma
frequencies, calculated from the frequency
shift of the resonator with the described den-
sity profile, lie on the thick line. From this
we deduce that the ion beam really has excit-
ed waves with the electron-plasma frequency,
as mas expected from theory.

The amplitude of the oscillations was high-
est for the pressure between 2 and 3~ 10 4 Torr.
For higher pressures the amplitude decreased
to zero. This may be the effect of collisions.
We have made some measurements with a pro-
ton beam, too. Similar results mere obtained,
but in this case we also detected the excited
frequencies at higher pressures and densities.

In conclusion, we should like to thank Dr.
von Gierke and Dr. von Hagenom for their en-
couragement and valuabl discussions, and P. Ul-
bricht and G. Weber for their assistance in
setting up the experiment and in performing
the measurements.
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