JOURNAL OF APPLIED MECHANICS AND TECHNICAL PHYSICS 33

INTERACTION OF ELECTRON AND ION BEAMS WITH A POTASSIUM PLASMA
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Numerous theoretical and experimental works have been devoted
to the interaction of charged-particle beams with a plasma [1]. Prac-
tically all the experiments with electron beams, however, have been
performed with plasmas produced by the beam itself. There have been
no experiments with fast ion beams (Vﬂi > Ves Where vTe is the
thermal velocity of the plasma electrons).

In this paper we investigate the interaction of electron and proton
beams with a highly ionized potassium plasma created independently
of the beam.

Description of the apparatus. A diagram of the apparatus is shown
in Fig. 1. The vacuum chamber is a water-cooled stainiess steel tube
1 15 cm in inside diameter and 144 cm in length. The tube is con-
nected with vessel 2 by flange 3, which has a window withamoveable

" shutter and 2 "gradient tube” 4. When the shutter is closed and the
pressure in vessel 2 is 10™ Torr the pressure in the tube can be brought
to 1072 Torr by regulation of inleakage. This means that the apparatus
can be used for work with a plasma produced by the beam itself. The
working pressure in the tube with the shutter open and no inleakage is
1107 Torr.

The magnetic field, directed along the tube axis, is produced by
coil system 5. The coils are powered by current puises ~15 msec in
duration. The magnetic field can be varied from 0.6 to 6 kOe. The
field inhomogenety along the axis does not exceed 2% . The length
of the homogeneous field region is ~100 cm.

Fig. 1. Diagram of the apparatus: 1) tube; 2) vessel with electron

(iom) gun; 3) connecting flange; 4) "gradient tube™; 5) magnetic

field coils; 6) ionizer with potassium atomizer; 7) movable tung-

sten grid; 8) electron (ion) gun; 9) lens of electron (ion) gun;

10) magnetic probe; 11) dipole probe; 12) stub probe; 13) Lang-
muir probe.

The alkaline plusma is produced by thermal ionization of potas-
siumn vapor on tungsten ionizer 6; 4 cm in diameter, at a temperature
of ~2000° K. The jonizer is situated in the homogeneous field region.
The plasma column is limited in length by movable grid 7, which is
usually ~50 em from the ionizer. A potential equal to that of the
plasma is applied to the grid. The plasma density is greatest on the
axis and decreases radially. The distribution of plasma density by
radius and length is shown in Figs. 2 and 3. The plasma densities in
the experiments ranged from 1°10% to 7°10* cm® (the density was
measured on the column axis at 10 cm from the ionizer).

The electron beam is produced by a three-electrode gun, mounted
in vessel 2 outside the magnetic field. The gun produces electron
pulses of 100 gsec. The beam energy is 2-23 keV and the maximum
current in the ionizer region is ~300 mA (current density ~1 mA/cmz).
The beam diameter is 6 mm, and the energy spread, determined by
means of an electrostatic analyzer, is ~1%. The displacement of the
beam relative to the tube axis, determined with a fluorescent screen,
does not exceed 2 mm.

In work with ion beams the electron gun is replaced by a particular
ion source. One of them—a pulsed hydrogen-arc source, developed
under the supervision of G. 1. Dimov~had the following parameters:

beam energy 1.5~6 keV, current in ionizer region 20 mA (current den-
sity ~40 mA/cm?), beam diameter 7-8 mm, and pulselength 100 usec.
The second source~a "duoplasmatron”-had the following parame~

ters: beam energy 20-50 keV, cwrrent in ionizer region 30 mA (cur-
rent density ~40 mA/cm®), beam diameter 9-10 mm, and pulselength
100 psec. In both cases the beam was injected exactly along the axis.
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Fig. 2. Radial distribution of plasma density
n in relative units.

The plasma density was measured with single Langmuir probes 13,
which could be moved in a radial direction.

The high-frequency oscillations in the plasma were measured by
stub, dipole, and magnetic probes 10~12. As measuring receivers we
used P5~1-P5~7 receivers, which cover the frequency range of 20~
7000 mHz and have a sensitivity of 10™ 10 107 W, as well as a se-
lective amplifier, which could measure frequencies in the 0.5-25 mHz
range and had a sensitivity of 107 w.,

Experimental Results. It has been shown in several investigations
of the interaction of an electron beam with a plasma [2~6] that in~
stability at the electron-cyclotron frequency is excited in a low-den-
sity plasma formed by a beam (wpe < wie). Excitation occurs in a
limited region of magnetic fields and beam energies. As a control
experiment we repeated the experiment in [2], whose parameters
were: beam eneigy 1-4 keV, current 50 mA, beam diameter 5 mm,
magnetic field 500~2000 Oe, pressure 1072 t0 10~ Torr, and legnth
of interaction region L-= 40-cm.

The parameters of our experiment were: beam energy 3 keV, cur~
rent 50 mA, diameter 6 mm, magnetic field 6002500 Oe, pressure
4-6-10"% Torr, and length of the interaction region 50 cm. Practi-
cally the only difference was that the beam was pulsed, with a pulse
length of 100 ysec.
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Fig. 3, Diswibution of plasma density n by length z; z = 0
is the coordinate of the ionizer,

We obtained satisfactory agreement with the experiment in [2].
In fact, in the range of magnetic fields from 1~2.5 kOe we observed
excitation of the cyclotron frequency in a certain region of frequencies
and close to it. A typical oscillation spectrumn is shown in Fig. 4. The
maximum amplitudes, measured by the stub probe (length 6 mm,
diameter 0.5 mm), reached 0.5 mW in the region of the beam axis
(the passband of the measuring receiver was 3 mHz). The plasma
density was not measured in these experiments.

In the investigation of the interaction of an electron beam with a
potassium plasma the parameters of the plasma and beam were chosen
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so that the following inequalities were satisfied: vy > Ve, Oy » Ny,
Fre> foe-
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Fig. 4. Spectrum of oscillations of the beam plasma;
H=15%k0e, p=4.1-10"% Torr, 1=60mA, U=
=3 kV.

Here vy = 2.5-8.5 - 10° cm/sec is the electron-beam velocity (2-
23 kV); v = 2.4+ 10" cm/sec is the thermal velocity of the plasma
electrons; my = 1-3+10° cm™ is the electron-beam density (I = 100
mA); ny = 170+ 10° em™ is the plasma-electron density; fye = 0.8-
2.2-10° mHz is the Langmuir-plasma frequency; f = 1.7-6 10° mHz
is the electron-cyclotron frequency (H = 0.6-2.2 kOe).

In such conditions we might have expected excitation of cyclotron
instability, as well as instability in the region of plasma frequencies
[1,7,8]. Cyclotron instability actually was discovered at low mag-
netic fields (H < 1.2 kOe) and high energies (~18~20 keV) of the beam
electrons. A continuous spectrum of lower frequencies, extending to 150
1560~200 mHz, was excited simultaneously with the cyclotron fre-
quency. Typical spectra are shown in Fig. 5. The relationship between
the observed frequency of the peak and the magnetic field was in good
agreement with the theoretical relationship (Fig. 6). The oscillations
were localized close to the axis of the plasma column and occupied
a region about 1 ¢m in diameter (Fig. 7).
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Fig. 5. Spectra of oscillations of alkaline plasma

at different magnetic fields; n = 1.3 10" cm ™,

I=60mA, ug=20KkV, 1) H = 0.6 kOe, 2) H =
= 0.8 kOe, 3) H = 1.1 kOe.

The amplitude of the oscillations at cyclotron frequency increased
with increase in the plasma density (Fig. 8) and in the beam current
(Fig. 9), but decreased with increase in the magnetic field (Fig. 10).
The maximum amplitudes observed in this experiment did not exceed
107" W (for the same probe and the same measuring receiver as in the
case of the "beam” plasma).

By means of the movable grid, which limited the length of the
plasma column, we were able to vary the column length from 66 to
34 cm. The relationship between the cyclotron-frequency amplitude
A (in relative units), measured with the fixed stub probe, and the
column length L in cm is shown in Fig. 11 (the probe was 20 cm from
the ionizer). The figure shows a distinct periodicity in variation of the
amplitude with column length; the period is Ay = vo/fie.

We did not find characteristic frequencies, in the region of plasma
frequencies or of multiples of them, which depend on the plasma
density, despite the fact that in a search for the optimum conditions
for their excitation we recorded families of spectral curves at dif-

ferent magnetic fields and electron-beam energies, The magnetic
field was varied from 0.7 to 2.5 kOe at steps of 0.4 kOe and the beam
energy was varied from 2.5 to 23 keV at steps of 3~4 keV. The plasma
density was 1-10" cm™ and the beam current was 60 mA. We did
not find any changes in the nature of the spectra nor in the power of
the emission. Typical spectra are shown in Fig. 12. The maximum
amplitude did not exceed 10~ 1o 10" w. with increase in plasma
density the spectrum boundary shifts a little toward higher frequencies
and the amplitudes of the oscillations increase slightly. With increase
in beam current the amplitudes increase almost in proportion to the
current,

In the investigation of the interaction of an ion beam with the
plasma the conditions were the same as for the electron beam: vy > Ve
ng > 1y, and fl—le > foe (in most cases).

Here vy = 5+ 10'=1-10° cm/sec (energy 1.5-6 keV); n; = 2.5 -
-10°=5-10° em™ (current 20 mA); vy = 1.8+ 108-2.8 - 10° cm/sec
(energy 20~-50 keV); my = 9~ 10°-14 - 10° em™® (current 30 mA); np =
=2-10" cm™,; fye = 1400 mHz; fiy, = 560-7000 mHz (200-2500 Oe).

We found no excitation of oscillations in the frequency range 3~

4000 mHz.
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Fig. 6. Excited frequency as a func-
tion of magnetic field. The straight
line is fHe = eH/2rme, ny = 1.2~

10" ¢m™, I=60 mA, Uy = 20 kv.

A beam of faster ions (20~50 keV) excited relativel_}r low-frequency
oscillations (up to 2.5-3 mHz) with amplitudes of ~10™ W in the
plasma. These oscillations were not investigated in the experiment
under consideration, but we can assume that they are due to ion-
plasma frequencies.

Discussion of the results, Theoretical investigations by a number
of authors of the interaction of a charged-particle beam with a plasma
have shown that the plasma-beam system is unstable in relation to
oscillations which usually are longitudinal and lie at frequencies close
to the characteristic frequencies of the plasma, such as the electron-
cyclotron frequency wHe. the electron-plasma frequency wQ, the
"hybrid" frequency (wHewHi)I/z, etc. [1]. The question of the inter-
action of a bounded beam with a plasma of the same diameter in a
magnetic field was examined in [7]. The unbounded problem was
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Fig. 7. Radial distribution of

cyclotron-frequency ampli-

tude; H = 0.6 kOe, ng = 1.3

‘10 em™; 1= 60 ma, U, =
=20 kV.

discussed in [8]. It was shown in both cases that the instability-ex-
citation mechanism can be the Cerenkov effect or an anomalous
Doppler effect. The excited frequencies lie close 10 wyye 2nd wy
(wye > woe). Similar conclusions were formed in [9] in an exami-
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nation of the interaction of a "thin" beam with a plasma of large
diameter. Since the oscillations in the case under consideration are
concenurated in the region occupied by the beam we can legitimately
use the solution obtained for 2 beam and plasma of equal diameter {7].
The expressions for the increments of the oscillations near wQe
and wyy, for the two excitation mechanisms are:
condition for Cerenkov resonance w = kzVp
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condition for Doppler resonance w ® k,;vy — wye

Tm w,, =~ %( %Ekza‘)% ~ oy
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where €, is the plasma frequency of the beam; k,, is the longitudinal
component of the wave vector; v, is the velocity of the beam particles;
)‘p is 2 numerical parameter on the order of 1 to 2.4; a is the beam
radius.
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Fig. 8. Cyclotron-frequency amplitude as
function of plasma density; H = 0.6 kOe,
1=60 mA, Uy =20 kV.

The numerical values of the increments for the parameters cor-
responding to our experiment have the same order of magntiude for
all four cases: Imw ~ 1-5-10° sec'l, and the ratio of the value of
Imwy for the Cerenkov mechanism to that of Imwyy for the Doppler
mechanism is approximately 2.

Thus, we can expect excitation of oscillations in the regions of
electron, cyclotron, and plasma frequencies.

In fact, we found that in the case of interaction of an electron
beam with a potassium plasma, oscillations were excited in the region
of the electron-cyclotron frequency in a fairly narrow interval Of =

~ 100 mHz.
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Fig. 9. Cyclotron~frequency am-

plitude as afunctionof beam cur~

rent; Uy = 20 KV, ng = 9+10° ecm™?;
1)H =0.6 kOe; 2) H =1 kOe,

The wavelength of these oscillations was measured in an experi-
ment which the length of the plasma column was altered. It is obvious
that excitation of longitudinal oscillations in a system of bounded
length will entail excitation of standing waves with a wavelength which
satisfies the condition L = nA = nvph/f(n = 1,2,3,...).
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Fig. 10. Cyclotron-frequency
amplitude as a function of
magnetic field: ng =1.3- 10*
em™, 1= 60 mA, Uy = 20 kv,

In our experiments with a given magnetic field the excited fre-
quency was constant f =fHe. If L varles smoothly this condition can
be fulfilled only when the phase velocity of the wave changes. How-
ever, when the phase velocity "drifts” from the beam-~particle veloc-
ity the amplitude of the oscillations will decrease owing to reduction
of the increment. When AL =X, i.e., L = AL=(n - 1)\, Yph again
approaches v, and the amplitude again increases to the maximum value
Thus, the experimentally determined Apy actually gives the wavelength.
We found that A = vy/fHe (measured value A = (4.6 + 0.4) cm, cal-
culated A = 4.5 cm), from which it follows that oscillations at the elec-
tron-cyclotron frequency are excited by the Cerenkov mechanism. We
note that the weak dependence of the amplitude of the maxima on
the column length can be due to the absolute nature of the instability,
and this agrees with theoretical hypotheses [9].

gy Lexley oy 10

il
/3..
A ANERN

5 9% EZ 65

p—
9

g
J

Fig. 11, Cyclotron-frequency ampli~

tude as a function of column length:

H=0.6KkOe, o, =9-10° cm™; 1=
=50 mA; Up = 18 kV.

We might have expected that variation in the oscillation ampli~
tude with different parameters would correspond to variation in the
increment with them. In fact, we found that, like the increment,
the amplitude increased with increase in beam current and plasma
density. However, variation in the amplitude with v; and H differed
from that expected. Instability was observed only at high beam veloc-
ities (18-20 kV), whereas Im wie ® 1/v%/°. The amplitude of the
oscillations decreased sharply with increase in the magnetic field,
and Im wHe ® Hl/s,

In the region of plasma frequencies, according to [7,9], oscilla-
tions will be excited in the region of wye and below—w ¥ wyekza
(kza < 1) with increasing increments as w = wye. Above wge the
spectrum will be cut off fairly sharply.

In the experiment we observed excitation of oscillations in a very
wide frequency region (Af ~ 800 mHz), within which the plasma fre-
quencies lie. In this region, however, we found no peaks whose fre-
quencies might depend on the density. The observed peaks did not
depend on any of the parameters (1, H, vg, i) and presumbly depended
on the frequency characteristic of the probes. The observed shift of
the upper (fairly sharp) boundary of the spectium with increase in
density §* ~n /%) was much less than expected (f* = n/Y.

We can postulate that the difference from theory in this case is
due to the existence of a longitudinal gradient of plasma density,
directed so that the beam moves toward an increase in density. In
this case the change in wye along the beam can be significant, and
the excited waves can be reflected from the region of greater density.
All this will lead to broadening and smoothine of the spectrum.
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Fig. 12. Spectra of oscillations of alkaline

plasma with different densities: H = 1.5 kOe;
1=80mA; Up=3.5kV; 1)ng=9-10° em™;
2 ny=1.7-10" cm™; 8) ny = 7-10% cm™.

When an ion beam passes through the plasma the oscillations will
develop with smaller increments due to the greater inertia of the beam
ions (in the formulas given above Q¢ is replaced by @yi), but the in-
crease in the oscillations along the beam (for convective instability)
will be approximately the same as in the case of an electron beam,
owing to the increase in the time of beam-plasma interaction. We
cannot at present explain the absence of excitation of high-frequency
oscillations in the experiment.

The authors thank B. N. Zolotov and N. P. Mukhortov for assis-
tance in the work.
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