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The conditions for periodicity of the spatial distribution of plasma oscillation intensity upon excitation by 
an electron beam are investigated. 

It is established that periodicity is observed in the presence of a boundary reflecting primary or emitting 
secondary electrons which form a reflected wave. If there is no such boundary, then the oscillations build 
up in accordance with the principles of the theory of convective plasma instability. 

Merril l  and Webb [1] first discovered that in gas discharge tubes at low pressure, regions of intense plasma 
osci l la t ion and regions scattering of  primary electrons emit ted  from the cathode have a spat ia l ly  periodic 
structure. A theory to account for these results was developed in [2] on the basis of the notion of  veloci ty  
modulat ion of primary electrons on passage through an osci l la t ing double layer at the boundary of  the 

plasma and bunching near the focal plane (in much the same way as in a klystron). Later [3, 4] i t  was 
noted that per iodic i ty  of  osci l la t ion intensity distribution is observed in some cases, but not in others. 

In [5] it  was shown that the presence of a second boundary electrode affects the nature of  intensity distr i-  
bution ( the first boundary is the cathode) if  it reflects primary electrons or emits secondary electrons and 
thus leads to the formation of ref lected waves. When the in tere lec t rode distance exceeded the mean  free 
path of  beam electrons in the gas, the osci l la t ion distribution had the form of  a smooth curve with a maxi-  
mum somewhere in the central  region between the electrodes.  However, when the distance between elec-  
trodes is less than the mean  free path, per iodic i ty  appears, as described in [1]. Theory [2] does not r e -  
f lect  this aspect of  the phenomenon, since it assumes that the medium is bounded only on one side (semi- 

bounded) in the direct ion of motion of  the beam.  

It is of  great  interest from the theore t ica l  viewpoint  to have  information on the spatial  distribution of  the 
oscil lat ions,  since this makes  i t  possible to draw conclusions concerning the nature of  plasma instabi l i ty  
as a result of  which the osci l la t ions are excited.  In this ar t icle ,  experiments are described that  confirm 

the role of ref lected electrons in the formation of a per iodic  osci l la t ion intensity.  Moreover, data  on the 
buildup of  oscil lat ions are presented and a comparison is made  with the conclusions of  convect ive instabil-  

it), theory. 

Experimental .  The plasma was produced in discharge tubes of three types f i l led with argon at a pressure of 2-8 m i -  

crons. Tubes of types i and 2 had a plane oxide  or pressed cathode 3 m m  in d iameter  and a plane anode 30 mm in d i -  
ameter .  The d iamete r  of the glass vessel was 70 mm.  Oscil lat ions were exci ted by primary electrons acce le ra ted  in the 
region of  the cathode drop in an almost  uniform stream. Electrons from the cathode in i t ia l ly  moved in a para l le l  beam 
and subsequently, at a distance of  several  mm,  underwent strong scattering in a narrow gas layer .  Sometimes in front of  

the scattering zone, the beam was observed to converge to a node. 

In the type 1 tube, the electrodes were located para l le l  to each other and 18 cm apart.  At the pressures used this 
distance was three t imes greater than the mean  free path for beam electrons 

/ ~ 1 !  with energies of  several tens of  eV. 

r j 
In the type 2 tube, the anode was located in a side branch. At a dis-  

S tance of 200 m m  from the cathode surface a plane e lect rode was placed in 

the path of the primary electrons; this e lec t rode  took the form of  an a lumi -  
- ~  reflector,  which could be oriented at different angles to the direct ion of num 

the in i t i a l  t ra jec tory  of  these electrons. 

A type 3 tube is shown schemat ica l ly  in Fig. 1o It was used for study- 

ing the osci l lat ions associ:ated with passage of  an auxi l iary  beam of  electrons 

from an external  source through the plasma. The basic plasma was produced 
Fig. 1 in a tube 75 m m  in d iameter  using two oxide cathodes 1 and two anodes 

made  in the form of  a wire ring 2; the e lect ron beam is formed with the aid 

of  an electron gun 3 loca ted  in a branch of the tube.  In contrast to experiments [6], the path of the beam electrons was 

not bounded by surface ion layers. 

All  three types of  tube were equipped with a moving probe. Oscil lat ions were recorded by means of  the probe 
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and investigated using a superheterodyne receiver. 

Measurements. (a) Role of reflected wave in producing periodicity. In [5], to clarify the role of reflected primary 
electrons or secondary emission electrons in the formation of peaks in the oscillation intensity distribution curve, the 
authors used either a reflector to throw the incident electrons back into the plasma or a grid placed in front of the anode. 

lO~ , Different potentials relative to the plasma could be applied to these electrodes. 

I I : '  [ " ~  ( ~ l  In the present study, in investigating tube 2, thecountercurrentforrnedbyre-  
.~.1 . . . .  I lrlA 1 l i '  fleeted and secondary electrons was led off to one side of the axis of rotation of the 
"I t ~ t t  lrx I i ]  reflector. Tile reflector was either at a floating potential or at a potential negative 

I �9 ! ~? I~  j ~r'~ by a few volts relative to the cathode. A change in reflector potential has no effect 
0 �9 ' " I i on the oscillation frequency. The oscillation intensiVy distribution along the discharge 
I I1! I ~ I axis for two different cases, a) when the reflector plane is perpendicular to the direc- 

6Ol, " x , - / ~  ~ ~ , I \ [ tion of the primary beam and b) when the reflector forms a 45 angle with thedirec-  
I Io/ [ b~ I lion of the primary beam, is shown in Fig. 2, where f = I000 Mc, i = 58 ma, p = 5 

201 )7~'1 , ~  microns. It is clear that whereas in the first case there is a distinct periodicity of in- 

O[ ~ ~'( ; [ r'mr~go ' tensity;~::~tJ::'w~; t::t ~ : n ~ ; e o ~ h : r :  : ~ a ~ l  period measured under different 
conditions agrees quite well with that computed from the formula 

Fig. 2 
l = Vo.I I. (1) 

Here v0 is the beam electron velocity, f is the observed oscillation frequency. 

The corresponding data are presented in the table. 
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Here t ~ are the experimental values of the spatial period, l r are values computed 
from formula (1). 

If the wave phase velocity is computed from these data according to the formula v = 2lf, it proves to be roughly 
twice as great as the beam velocity. In this connection, we recall that in Kofoid's experiments [7] with counter beams 
the phase velocity was also found to be greater than the beam veloci- 
ty. At the same time, under other experimental conditions* he found ~6 
that for argon these velocities approximately coincide, while for xenon d, mml - -  / ~ "  

. the ratio of the phase velocity to the beam velocity was 0.58. 

(b) Distance from cathode of zone of maximum oscillation 
intensRy. According to [2], the distance from the beam modulation 
zone to the focusing zone, which is identified with the region of maxi- 
mum oscillation intensity, depends on the beam and plasma parame- 
ters in accordance with the relation 

38 ,/ ~ 
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d = mvo 8 / o ok'T  (2) 

Here T e is the plasma electron temperature, w 0 is the Langmuir 
frequency of the plasma electrons, and k is Boltzmann's constant. 

In [8], where experiments were carried out with a beam and an 
independently produced plasma, the relationship between d and w0 
was verified; the results obtained agree qualitatively with formula ('2). 

For a plasma produced in tube 1, the oscillation intensity dis- 
tribution given by curve b in Fig. 2 is typical; at a certain distance 

Fig. 3 
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*M. J. Kofoid, "Plasma oscillations," Preprint, 1963. 
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from the cathode, the intensity begins to increase rapidly, reaching a maximum at some point and subsequently decreas- 
ing again. 

According to klystron theory, the length d must coincide with the distance from the edge of  the cathode space- 
charge sheath to the point of  maximum intensity. 

The distance from the cathode to the oscillation maximum is shown as a function of  the beam electron velocity 
for tube 1 by the curve in Fig. 3, where f = 500 Me, i = 22 ma, p = 5 microns. Clearly. the observed relationship is 
much less strongly expressed than would follow from formula (2). 

The initial sections of  the distribution curves correspond to an exponential increase in oscillation intensity. The 
coefficient y is determined from thes sections for several values of the beam electron velocity v0. Variation of  v0 at con- 
stant current is obtained by varying the cathode heater current*. The corresponding results are plotted in Fig. 4, where 
f = 500 Me, i = 22 ma, p = 5 microns. 

If the intensified oscillation is a result of  convective instability of  the medium, then the coefficient y is expressed 
by the formula [9]: 
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Here v T is the mean thermal velocity of the plasma elec-  
trons, a is the Langmuix frequency of  the beam electrons. 

In our experiments, the velocity v 0 exceeded the thermal 
velocity v T by a factor of 3-6. The curve in Fig. 4 shows the de- 
pendence of  y on the beam electron Velocity as given by formula 
(3); the points correspond to measured data. The calculated curve 
is tied to the experimental results at the point v0 = 6 �9 10 s c m /  

/see. Clearly, at high velocities formula (3) accurately expresses the observed relationship, at least qualitatively. At 
near-thermal velocities, however, the theoretical curve and the experimental data tend to diverge. This may be be-  
cause formula (3) was derived for beam velocities much greater than the mean thermal velocity. 

(c) Experimental results using tube 3. Whereas in tubes 1 and 2 the plasma was produced and controlled by an elec-  
tron beam, in tube 3 the basic plasma was produced by an independent method. Here it was possible m observe two 
forms of plasma interaction: a) oscillations in the auxiliary beam before passage through the plasma; and b) no oscilla- 
tions in beam or plasma; they result from beam-plasma interaction. In 

both cases we investigated the relationship between oscillation intensity O i 7 ~  
at fixed frequency and current in the basic plasma (the charge carrier ~ ! I 
density in the plasma was almost linearly dependent upon the current). 
The results are given in Fig. 5. Curve a in this figure was obtained from 
measurements at a beam oscillation frequency f = 785 Mc and pressure 
p = 6 microns; curve b was obtained at f = 460 Mc and p = 10 microns, 
for the case of  no oscillations in the beam before interaction with the 
plasma. It is clear from Fig. 5 that the nature of  the relationship is the 
same for both forms of  interaction. The intensity at a given frequency 
reaches a maximum at a perfectly definite current. Plasma frequency 
calculations from electron concentration measurements made with a 
Langmuir probe showed that the intensity maximum is reached at a fre- 
quency close to the plasma electron oscillation frequency. 

Experimental data obtained for interaction between plasma and a 
modulated beam agree with the results of  the theoretical analysis [10] 

for an unbounded plasma. 

0 
8 1~ '16 t~ m m  

Fig. 6 

Figure 6 shows a typical  oscillation intensity distribution curve for case b. Case a has the same kind of distribu- 
tion, but the position of the maximum on the curve is shifted in the direction of  the point at which the beam enters the 
plasma. This may be because in case a the initial level of  the amplified signal is higher. 

Thus, in experiments with tube 3 amplification of  perturbation waves by a mechanism associated with convective 

*The beam electrons acquire energy in the cathode drop. If the cathode operates in the so-called forced regime, 
the cathode drop necessary for maintaining a constant discharge current increases with decrease in the cathode heater 

current. 
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plasma instability was observed in both cases of  beam-plasma interaction [11-13]. In tubes 1 and 3, the length of  ~ e  
beam-plasma interaction space was quite great. In these tubes there was no counter electron current capable of  produc- 
ing feedback. Therefore absolute instability did not arise. 
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