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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 (v0i >> VTe, 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 stainless steel tube 
1 15 cm in inside diameter and 144 cm in tength. The tube is con- 
nected with vessel 2 by flange 3, which has a window with a moveable 
shutter and a "gradient tube" 4. When the shutter is closed and the 
pressure in vessel 2 is 10 "5 Tort the pressure in the tube can be brought 
to 10 -2 Torr by regulation of inleakage. This means that the apparatus 
can be used for work with a plasma produced by the beam itseIf. The 
working pressure in the tube with the shutter open and no inleakage is 
1 �9 10 "6 Tort. 

The magnetic finld, directed along the tube axis, is produced by 
coil system 5. The coils are powered by current pulses ~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. 
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Hg. 1. Diagram of the apparatus: 1) tube; 2) vessel with electron 
(ion) 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 alkallne plasma is produced by thermal ionization of potas- 
sium vapor on tungsten ionizer 6; 4 cm in diameter, at a temperature 
of -2000 ~ K. The ionizer is situated in the homogeneous field region. 
The plasma column is limited in length by movable grid 7, which is 
usuatly ~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" 109 to 7 �9 101~ cm s (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 
pares of 100 #see. The beam energy is 2-23 keV and the maximum 
current in the ionizer region is ~300 mA (current density ~1 m A / c m 2 ) .  

The beam diameter is 6 ram, 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 ram. 

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, L Dimov--had the following parameters: 

beam energy 1.5-6 keV, current in ionizer region 20 mA (current den- 
sity ~40 mA/cmZ), beam diameter 7-8 ram, and pulselength 100 ~see. 
The second source--a "duoplasmatron"-had the following parame- 
ters: beam energy 20-50 keV, current in ionizer region 30 mA (cur- 

0 rent density ~4 mA/cm ), beam diameter 9-10 ram, andpulselength 
100 #see. 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 PS- l -P8-7  receivers, which cover the frequency range of 20- 
7000 mHz  and have a sensitivity of 10 -11 to 10 -z~ W, as well as a se- 

lective amplifier, which could measure frequencies in the 0.5-28 mHz 
range and had a sensitivity of 10"x2 W .  

Experimental Reaults, 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 (WOe < ~He)- Excitation occurs in a 
limited region of magnetic fields and beam energies. As a control 
experiment we repeated the experiment in [23, whose parameters 
were: beam energy 1-4 keV, current 50 mA, beam diameter 5 ram, 
magnetic field 500-2000 Oe, pressure 10 -2 to 10 -a 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 ram, magnetic field 600-2600 Oe, pressure 
4-6 �9 10 -a Tort, 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/~sec. 
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Fig. 3. Distribution 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 w.e observed 
excitation of the cyclotron frequency in a certain region of frequencies 
and close to it. A typical oscillation spectrum is shown in Fig. 4. The 
maximum amplitudes, measured by the stub probe (length 8 ram, 
diameter 0.5 ram), 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 inequal i t ies  were satisfied: v 0 >> VTe, n 0 >> hi ,  

]He  > foe- 
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Fig. 4. Spectrum of osci l la t ions of the beam plasma; 

H = 1.5 kOe, p = 4.1 "10"s Torr, I = 60 i n k ,  U 0 = 

= 3 k V .  

Here v0 = 2 .5-8 .5  �9 l0  s c m / s e c  is the e l ec t ron -beam ve loc i ty  ( 2 -  

23 kV); VTe = 2.4" 107 c m / s e c  is the the rmal  ve loc i ty  of the plasma 
electrons; n 1 = 1 - 3  �9 108 cm -s is the e l ec t ron -beam density (I = 100 

mA); no = 1--70" 10 s cm -3 is the p l a sma-e i ec t ron  density; ,foe = 0 .3 -  
2.2 �9 109 mHz is the Langmuir -p lasma frequency; ]He = 1 �9  �9 l 0  s mHz 

is the e lec t ron-cyc lo t ron  frequency (H = 0 .6 -2 .2  kOe). 
In such conditions we migh t  have  expected exc i t a t ion  of cyclotron 

ins tabi l i ty ,  as wel l  as ins tabi l i ty  in the region of p lasma frequencies 

[1, 7 ,8 ] .  Cyclotron ins tabi l i ty  ac tua l ly  was discovered at  low m a g -  
ne t i c  fields (H < 1�9 kOe) and high energies (~18 -20  keV) of the beam 

electrons.  A continuous spectrum of lower frequencies,  extending to 150 

150-200  mHz,  was exc i ted  s imultaneously with the cyclotron fre- 

quency.  Typ ica l  spectra are shown in Fig. 5. The relat ionship between 

the observed frequency of the peak  and the magne t i c  f ie ld  was in good 
agreement  with the theore t ica l  re la t ionship (Fig. 6). The osci l la t ions 

were loca l ized  close to the axis of the plasma column and occupied 

a region about 1 cm in d iamete r  (Fig. 7). 
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Fig. 5. Spectra of osci l la t ions of a lka l ine  p lasma 
at different m a g n e t i c  fields; no = 1.3 �9 101~ cm -s, 

I = 6 0 m A ,  u o =20  kV, 1) H =  0 .6kOe ,  2) H = 

= 0 . 8  k O e ,  3 )  H = 1.1 kOe. 

The ampl i tude  of the osci l la t ions at  cyclotron frequency increased 

with increase  in the p lasma density (Fig. 8) and in the beam current 
(Fig. 9), but decreased with increase in the m a g n e t i c  f ield (Fig. 10). 
The m a x i m u m  ampl i tudes  observed in this exper iment  did not exceed 
10 -7 W (for the same probe and the same measuring rece iver  as in the 
case of the "beam"  plasma)�9 

By means of the movab le  grid, which l imi t ed  the length of the 
plasma column,  we were able  to vary the co lumn length from 66 to 
34 cm.  The relat ionship between the cyclot ron-f requency ampl i tude  
A (in r e l a t ive  units), measured with the fixed stub probe, and the 

co lumn length  L in cm is shown in Fig. 11 (the probe was 20 cm from 
the ionizer)�9 The figure shows a dis t inct  per iodic i ty  in var ia t ion  of the 
ampl i tude  with co lumn l eng th  the period is X H = v0/fHe. 

We did not find character is t ic  frequencies,  in the region of p lasma 
frequencies or of mul t ip les  of them,  which depend on the p lasma 
density,  despite  the fact  that  in a search for the op t imum conditions 
for their  exc i t a t ion  we recorded fami l ies  of spect ra l  curves a t  dif-  

ferent magne t i c  fields and e lec t ron-beam energies.  The magne t i c  
f ield was varied from 0.7 to 2.6 kOe at steps of 0.4 kOe and the beam 

energy was varied from 2.5 to 23 keV at steps of 8 - 4  keV. The plasma 
density was 1 �9 10 *~ em -s 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. Typ ica l  spectra are shown in Fig�9 12. The m a x i m u m  
ampl i tude  did not exceed 10 -9 to 10 "t~ W. With increase  in plasma 

density the  spectrum boundary shifts a l i t t l e  toward higher frequencies 
and the ampl i tudes  of the osci l la t ions increase s l ight ly.  With increase 

in beam current the ampl i tudes  increase almost  in proportion to the 
current.  

In the invest igat ion of the in terac t ion  of an ion beam with the 
p lasma the conditions were the same as for the e lect ron beam:  v0 > VTe, 

no > hi ,  and ]He > foe (in most  cases). 
Here vo = 5" 107-1 �9 108 c m / s e c  (energy 1 .5 -6  keV); n I = 2.5 �9 

�9 109-5 �9 10 cm -s (current 20 ink);  vo = 1.8 �9 108-2 8 �9 10 c m / s e c  

(energy 20-50  keV); n 1 = 9" 10s-14 �9 109 cm -s (current 30 mA); n o = 
= 2-1010 cm'3;  foe = 1400 mHz; f i l e  = 560-7000  mHz (200-2500 Oe). 

We found no exc i t a t ion  of osci l la t ions in the frequency range 3 -  
4000 mHz.  
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Fig. 6. Excited frequency as a func- 
t ion of m a g n e t i c  field. The straight 

l ine  is f i l e  = eH/2~rmc, n o = 1.2 �9 
�9 1 0 1 ~  cm -s, I = 6 0 m A ,  U 0 = 2 0 k V .  

A beam of faster ions (20-60  keV) exci ted  re la t ive!~ low-frequency 
osci l lat ions (up to 2 .5 -8  mHz) with ampl i tudes  of ~10-  W in the 

p lasma.  These osci l lat ions were not inves t iga ted  in the exper iment  
under considerat ion,  but we can assume that  they are due to ion-  
p lasma frequencies�9 

Discussion of the results. Theore t ica l  invest igat ions by a number 

of authors of the in terac t ion  of a cha rged-pa r t i c l e  beam with a p lasma 
have  shown that  the p l a sma-beam system is unstable in re la t ion  to 
osci l la t ions which usually are longi tudina l  and l i e  at  frequencies close 
to the charac ter i s t ic  frequencies of the p lasma,  such as the e lect ron-  
cyclotron frequency Wile, the e lec t ron-p lasma frequency woo, the 
"hybrid" frequency (WHe~OHi) l /z ,  etc.  [1].  The question of the inter-  
act ion of a bounded beam with a p lasma of the same d iamete r  in a 
magne t i c  f ield was examined  in [7].  The unbounded problem was 
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Fig. 7. Radial  distr ibution of 
cyclo t ron-f requency a m p l i -  

tude; H = 0.6 kOe, no = 1.3" 
�9 i0  z~ em-S; I = 60 mA, U s = 

= 20 kV. 

discussed in [8].  It was shown in both cases tha t  the ins tab i l i ty -ex-  
c i ta t ion  mechan i sm can  be the Cerenkov effect  or an anomalous 
Doppler effect.  The exci ted  frequencies l i e  close to Wile and we 
(Wile > CO0e). S imi la r  conclusions were formed in [9] in an e x a m i -  
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nat ion of the in terac t ion  of a "thin" b e a m  with a p l a sma  of la rge  

d iameter .  Since the osci l la t ions in the case under considerat ion are 

concentra ted  in the  region occupied by the beam we can  l e g i t i m a t e l y  

use the  soNtion obta ined for a beam and p lasma of equal  d iamete r  [7].  

The expressiom for the increments  of the  osc i I l a t iom near ~OOe 

and torte for the two exc i t a t ion  mechanisms are: 
condit ion for Cerenkov resonance to ~ kzv0 

~e ~ O~oeO.~,za~ ] ~ 

condit ion for Doppler resonance r ~ kzv 0 - Wile 

Qo ( Woekza~ '/~ no V~ n~ V' 
lm COOe .-~ ~- ~ ~  L----~} ~ vot/-------~ - ' 

~2o ~OekZ a noZ/:n~ % 
Im mile ~ T O H e  Z------p ~ ~ ' 

where O0 is the p lasma frequency of the beam; k z is the longi tudina l  
component  of the  wave vector; v0 is the ve loc i ty  of the beam particles;  
kp is a numer ica l  pa ramete r  on the order of 1 to 2.4; a is the beam 

radius.  
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Fig. 8. Cyclotson-frequency ampl i tude  as 
function of  p lasma density; H = 0.6 kOe, 

I = 6 0 m A ,  U 0 = 2 0 k V .  

The numer i ca l  values of the  increments  for the parameters  cor-  
responding to our exper iment  have  the same order of magn t iude  for 
a l l  four cases: Imto ~ 1 -5  �9 l 0  s sec "1, and the rat io of the value of 
Imto H for the  Cerenkov mechanism to tha t  of Imw H for the Doppler 

mechan i sm is approx imate ly  2. 
Thus, we can expec t  exc i ta t ion  of osci l la t ions in the regions of 

electron,  cyclotron,  and plasma frequencies.  
In fact,  we found tha t  in the case of in teract ion of an e lect ron 

beam with a potassium plasma,  osci l la t ions were exci ted  in the region 
of the e lec t ron-cyc lo t ron  frequency in a fair ly narrow in terval  Z3] 

100 mHz.  
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Fig. 9. Cyclot ron-f requency am-  
pl i tude as a function of b e a m  cur-  
rent; U0 = 20 kv ,  no = 9 -109 e r a ' s ;  

1) H = 0.6 kOe; 2) H = 1 kOe. 

The wavelength  of these osci l la t ions was measured in an exper i -  
ment  which the length of the p lasma column was al tered.  It  is obvious 
that  exc i t a t ion  of longi tudina l  osci l la t ions in a system of bounded 
length wi l l  en ta i l  exc i ta t ion  of standing waves with a wavelength  which 
satisfies the condit ion L = nk = nvr~h/f(n = 1, 2 ,3  . . . .  ). 
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Fig. 10. Cyclotron-frequency 
ampl i tude  as a function of 

magne t i c  field: n o = 1.a "10 ~~ 

cm "~, I = 60 mA,  U 0 = 20 kV. 

in our exper iments  with a g iven  m a g n e t i c  field the exci ted  fre- 

quency was constant ~ = f i l e .  If L varies smoothly this condi t ion can 
be fuIfi l led only when the phase ve loc i ty  of the wave changes.  How- 
ever, when the phase ve loc i ty  "drifts" from the b e a m - p a r t i c l e  ve loc-  

i ty  the ampl i tude  of the osci l la t ions wi l l  decrease  owing to reduct ion 

of the increment .  When AL = X, i . e . ,  L - AL = (n -- 1)k,  Vph again 

approaches v0 and the ampl i tude  again  increases to the m a x i m u m  v a n e  
Thus, the exper imen ta l ly  determined k H ac tua l ly  gives  the wavelength.  

We found that  k = v0/fHe (measured value  L = (4.6 • 0.4) cm,  c a l -  
cu la ted  k = 4.5 era), from which i t  follows tha t  osci l la t ions at  the e lec-  

txon-cyclot ton frequency are exc i ted  by the Cerenkov mechan ism.  We 
note  tha t  the weak  dependence of the ampl i tude  of the m a x i m a  on 

the co lumn length  can be  due to the absolute nature of the ins tahi l i ty ,  

and this agrees with theore t ica l  hypotheses [9].  
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Fig. 11. Cyclotron-frequency ampl i -  
tude  as a function of co lumn length:  

H = 0.6 kOe, no = 9 '109 cm-3; I = 

= 5 0 m A ;  U 0 = 1 9 k V .  

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 0 and H differed 

from that  expected,  instabi l i ty  was observed only at  high beam ve loc-  

i t ies  (18-20  kV), whereas Irn Wile ~ 1/Vo z/a. The ampl i tude  of the 

osci l la t ions decreased sharply with increase in the m a g n e t i c  field,  

and tm torte ~ H1/z. 
In the region of p lasma frequencies,  according to [7, 9],  osc i l l a -  

tions wi l l  be exc i ted  in the region of COse and below--w =~ to0ekz a 

(kza < 1) with increasing increments  as to -~ ~0e. Above CO0e the 
spectrum w i l l  be cut  off fair ly sharply.  

In the exper iment  we observed exc i ta t ion  of osci l la t ions in a very 

wide  frequency region (Af ~ 800 mHz), within which the plasma fre- 
quencies l ie .  in this region,  however, we found no peaks whose fre- 

quencies  migh t  depend on the density.  The observed peaks did not 
depend on any of the parameters  (no, H, v0, nD and presumbly depended 
on the frequency character is t ic  of the probes. The observed shift of 
the upper (fair ly ~harp) boundary of the spectrum with increase in 
densi ty ~* ~ n 0 1 /  ) was much  less than expec ted  (3 c* ~ n0:t/z). 

We can  postulate  that the difference from theory in this case is 
due to the exis tence  of a longi tudina l  gradient  of p lasma density, 
directed so that  the beam moves toward an increase  in density.  In 
this case the change in to~e along the beam can be significant, and 

the exc i ted  waves can be ref lected from the region of greater  density. 
All  this w i l l  lead to broadenln~ and smoothin~ of the snectrum. 
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Fig. 12. Spectra of oscillations of alkaline 
plasma with different densities: H -- 1.6 kOe; 
I = 80 mA; U 0 = 3.6 kV; 1) n0 = 9"109 cm'~; 
2) no =1.7"101~ cm-S 3) n0=7"101~ c m  "s. 

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 ~0e is replaced by g20i), 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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