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We have studied the interaction of an electron beam with an independently formed plasma, 
an interaction leading to an appreciable change in the electron energy and to the excitation 
of plasma oscillations. The observed data can qualitatively be interpreted by assuming 
that the electrons form clusters and that these clusters interact coherently with the plasma. 

THE phenomenon of the so -called anomalous scat
tering, which consists in that electrons passing 
through a plasma experience a strong interaction 
leading, in particular to the occurrence of anoma
lously fast electrons, was already described by 
Langmuir .1 In a careful study Merrill and W ebb2 

established the connection between this phenome
non and the plasma oscillations and in a number 
of later papers further experimental studies of 
this effect were made3- 6 or attempts were made to 
interpret Merrill and Webb's experiments.7- 10 

Notwithstanding the progress made in both direc
tions, this problem has not lost its urgency and a 
further elucidation of it is not only required as 
far as an additional analysis of the physical phe
nomena is concerned, but also with respect to ob
taining new experimental data. 

The method applied in the present research 
enabled us to analyze more thoroughly the elec
tron beam which passes through the plasma. It 
was also more flexible since it allowed us to 
change independently the plasma parameters and 
those of the electron beam passing through the 
plasma. This possibility was, for instance, al
ready present in the work of Polin and Gvozdover11 

and of Looney and Brown, 3 but was not used in the 
direction in which we are interested. 

THE METHOD 

The apparatus studied was a glass tube T 
(Fig. 1) which had a lateral branching tube 0. 
Using a liquid-mercury cathode and a system of 
anodes, one can form a plasma in the mercury 
vapors along the tube T. By changing the current 
Ia in the circuit of one of the anodes, we could 
change the concentration of charges of this plas
ma, usually within the range from 1 x 109 to 1.5 x 
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FIG. 1. Diagram of part of 
the experimental apparatus. 
E - oxide heater cathode; 
PA- probe analyzer; G and 
C - grid and collector of the 
probe analyzer. 
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1011 em -a. We took care that that part of the ap
paratus which contained the liquid-mercury cath
ode was removed from the· plasma region studied; 
the liquid cathode was in the coldest position and 
at constant temperature, so that condensation of 
mercury at other, hotter places was avoided; the 
mercury vapor pressure was p :::::: 10-3 mm Hg. 

As an electron source we could use a tungsten 
filament, a tantalum heater cathode, or an oxide 
heater cathode E. In that part of our research 
which is described here we used mainly an oxide 
cathode. By applying an appropriate potential dif
ference between the anode and the emitter E, we 
could introduce an electron beam into the plasma. 
The notation used in the following, for instance, 
E = 50 v, means that the cathode potential rela
tive to the anode was -50 v; the energy of the 
electrons entering the plasma was in fact less 
by 2 v (anode drop ) . 

In all similar investigations1•2•4•5•11 the analysis 
of the velocity of the velocity of the electrons pass
ing through the plasma was performed by plotting 
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the normal probe characteristics. Since in that 
case the division between the fast primary elec
trons and the "plasma electrons" is impeded and 
since at high energies of the primary electrons a 
strong distortion may arise due to the secondary 
emission from the probe, we employed for such 
an analysis a modulation of the electron beam in 
conjunction with use of probe-analyzer PA. The 
latter consisted of a collector C and a grid G 
(diameter 1.5 mm, wire diameter 10 t.t, width of 
the square mesh of the grid 50 t.t) which screened 
it from the plasma. A relatively small negative 
grid potential U ac produces an over lap of it 
with the ionic film and a delay of the main flow 
of the plasma electrons. A sufficiently large 
positive collector potential (for instance + 100 v 
relative to the grid) does not allow the positive 
ions from the plasma to fall upon the collector; 
the collector potential was so chosen that a change 
in it did not produce a change in the collector cur
rent. On the collector may impinge: fast primary 
electrons which cannot be delayed by the grid for 
a given potential Uac• a small fraction of the 
plasma electrons, and some fraction of the sec
ondary electrons knocked out of the grid. The 
last two components of the collector current are 
weakly affected by the characteristics, and even 
less in the case of a modulation of the electron 
beam. The above-mentioned low-frequency modu
lation was realized in such a way that the cathode E 
periodically, during 1/40 sec, was at a chosen nega
tive potential, and during the next 1/40 sec at a 
potential close to the plasma potential. The cur
rent in the collector circuit was in that case meas
ured by means of a narrow-band smplifier ( fre
quency 20 cps, band width 2 cps ) and all effects 
connected with the unmodulated plasma in the 
main discharge were not affected by the charac
teristics. In Fig. 2, curves 1 and 2 show the de
pendence of the collector current on the retarding 
grid potential PA- Uac obtained for a small value 
of the electron beam current Ie, when there is no 
anomalous scattering. The fact that the collector 
current becomes equal to zero for a potential less 
than 50 v can be explained by the contact potential 
difference between the grid and the oxide cathode. 
The drop in potential between the loops of the grid 
was estimated, and in the most unfavorable case 
was not more than 1 or 2 v. For small retarding 
potentials of the grid ( U ac < 20 v) the behavior 
of the characteristic was discontinuous, for obvi
ous reasons. The probe-analyzer with a grid of 
the given geometry could therefore not be used 
for small beam energies. In that case, and also 
in other cases when the P A cannot be used for 
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FIG. 2. Dependence of the current in the collector (PA) cir
cuit on the potential of the grid of that probe (Ia = O.S amp, 
E =SO v, 1 =SO mm). 1 - Ie = O.OS; 2- le = 0.8; 3- le = 1.2; 

4 - le = 1.6S; S - le = 2.2S; 6 - le = 3.8; 7 - le = 6; 
8- Ie = 13 rna. 

different reasons, one can use a normal cylindrical 
probe P with simultaneous modulation of the elec
tron beam. The modulation by itself allows us to 
separate the probe current of primary electrons 
(more exactly, the current of the primary beam 
and the modulated components of the plasma cur
rents) from the probe current, which is connected 
with the unmodulated plasma of the main discharge. 

To indicate the oscillations and to measure 
their frequency, it was most useful to use a double
wire line connected to the cylindrical probe P 
(length 5 mm, diameter 150 t.t). The latter served 
also for a measurement of the plasma parameters. 

In conclusion we note that both probes were 
movable and could be placed at any point in space, 
and their position could be fixed with an accuracy 
of 0.2 mm. By means of a small motor one could 
give the probe P a continuous, uniform motion 
and determine the spatial distribution of the in
tensity of the oscillations by an EPP-09 recording 
instrument with a synchronized moving tape. 

ANOMALOUS SCATTERING. THE LIMITING 
CURRENT 

In Fig. 2 the delay characteristics are given for 
different beam currents Ie ( E = 50 v, Ia = 0.5 amp ) 
corresponding to a particle concentration n = 1.6 
x 1010 in the plasma. The ordinates of all curves 
are normalized at the point Uac = 40 v. The probe
analyzer was at a distance l = 50 mm from the 
cathode. When the beam current is small, say 
Ie = 0.05 - 0.8 rna or less, all curves lie on one 
another (curves 1, 2). When, for the same beam 
currents, the particle concentration in the plasma 
of the main discharge is increased to n ~ 1 x 1011 , 

the form of the characteristics is not changed. 
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Only beginning with the above-mentioned maximum 
concentration can one notice in the characteristics 
a small increase in ·loss, which can be assumed to 
be the result of a diffractive scattering connected 
with Coulomb interaction, as an estimate shows. 
More important effects were observed when the 
beam current was increased. As is clear from 
Fig. 2, starting from some value of the current 
Ie (curve 3), there appear electrons undergoing 
a la.rge loss and also electrons with an energy ap
preciably higher than their original energy (Lang
muir1 was the first to show that these effects set 
in at large beam currents ) . 

The strong interactions observed at large cur
rents Ie are accompanied by a diffractive scatter
ing of the beam. The particular curves of Fig. 2 
were treated as follows. The dependence on the 
beam current of the ratio of the probe currents 
for a value Uac near the threshold and one some
what less [for E = 50v, the ratio Ic (Uac = 47v) 
to Ic (Uac = 40v)] was determined. Starting with 
some value of the beam current Ie, the value of 
this ratio rises steeply and the corresponding 
value of Ie is a limiting current I lim. It is of 
interest to determine the dependence of the limit
ing current on the beam parameters and the param
eters of the plasma with which the beam interacts. 
The data obtained are given in the table. These 
data correspond to an electron energy E = 50 v. 
The most important consequence of this table is 
the independence of tl)e limiting current on the 
charged-particle concentration in the plasma. We 
note that for a cathode diameter of 5 mm and E = 
50 v a beam with a current Ie = 1.0 rna produces 
along its track a plasma with a concentration of 
charges n ~ 5 x 108 em - 3, so that the independ
ence of llim from Ia, which we have established, 
corresponds to a wide range of values for the 
charged particle concentration in the plasma. The 
table discloses some dependence of the limiting 
current density on the cathode diameter, but since 
the measurements were performed only on cath
odes of three different diameters, it is premature 
to insist on this sort of dependence. An analysis 
of similar curves shows that the magnitude of the 
limiting current increases approximately linearly 
with the electron energy. 

The problem of the spatial location of the re
gion where the observed anomalous scattering 

takes place is of interest. We cannot use the 
probe-analyzer in that case, since near the cath
ode it shows a strong perturbing action on the 
plasma. We therefore used the probe P simul
taneously with modulation of the electron beam. 
By taking the probe characteristics at different 
distances from the cathode, we could plot 
Ic(55)/Ic(40) =f(Z), where Ic(55) and Ic(40) 
are the currents at the probe for grid potentials 
Uac of 55 and 40 v respectively (electron energy 
E = 50 v), and l is the distance from the cathode. 
Such a dependence is given in Fig. 3 for different 
beam currents Ie, all above the limiting current. 

0,4 
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FIG. 3. Dependence of the relative number of anomalously 
fast electrons on the position of the probe (Ia = 0.5 amp, 
E = 50 v). 1 - Ie = 1.6; 2 - Ie = 3.8; 3 - Ie = 7 .4; 4 - Ie = 

12.4; 5 - Ie = 30 rna. 

It follows from this figure that an increase of the 
electron energy occurs in a certain zone. When 
the beam current Ie is increased, this zone ap
proaches the cathode and its width decreases. We 
could detect this zone by a somewhat different 
method and establish that it possesses a structure, 
for instance, it may consist of two separate zones. 

The foregoing characteristics of the delay due 
to the observed diffractive scattering of the beam 
enable us to analyze the electrons only as far as 
the normal velocities are concerned and cannot 
serve to determine the total energy losses of the 
electrons. A specially developed method, which 
will be described elsewhere, made it possible to 
determine that for electron beam energies E = 50 
to 125 v and for a current larger than the limiting 
value the average total energy loss of the electrons 
through the interaction with the plasma is 10 to 20%. 

In conclusion we note that when the beam cur
rent is larger than the limiting value, one can ob
serve an increase in the noise level in the plasma. 

eahl'J'Jeo!ndjla•O.OSamp, n•l.6·109 1 Ia•O.Samp, n•l.6·10101 

its w;;eter, I lim• rna f .ilim• rna/em• ,.I lim• rna \ ilim• ma/em2 

Ia • 5 amp, n• 1.6·1011 

Ilim• rna \ ilim• rna 

Oxide, 3 0.9-1.1 12.7-15.5 0.6-0.8 8.5-11.3 0.5-0.7 7-9.9 

" 5 1-1.2 5.1-6.1 0.8-1.2 4.1-6.1 1,1-1.6 5.6-8.2 
10 7-9 8,9-11.5 6-8 7.6-10 5.6-6,6 7.6-10 

Ta, 50.7-1.1 3.6-5.6 1-1.3 5.1-6. 7 0.6-1,5 3.1-7.7 
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It was impossible to establish "monochromatic" 
oscillations in the general case. 

EXCITATION AND QUENCHING OF PLASMA 
OSCILLATIONS 

The occurrence of anomalously fast electrons 
can be explained by the production of microwave 
oscillations. However, in the general case one 
does not succeed in establishing monochromatic 
oscillations, as was mentioned above. To find 
such oscillations the condition Ie > llim is nec
essary, but not sufficient. Only by an appropriate 
choice of Ie and E one can find such conditions 
that monochromatic oscillations are produced. In 
those cases one observed an easily expressed os
cillation zone, the position and width of which de
pend both on the beam current (this was estab
lished in reference 2) and on the charged-particle 
concentration in the plasma of the main discharge. 
In Fig. 4 we show the spatial distribution of the 
intensity of the oscillations for different beam 
currents, and in Fig. 5 similar curves for differ
ent currents in the main discharge, Ia, In the 
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legends to the figures we have also given the rela
tive intensities of the peaks (lose). It is clear 
that an increase in the beam current strength as 
well as an increase in the current of the main dis
charge causes the vibration zone to come closer 
to the cathode and also to become narrower. A 
complete analogy with the influence of these pa
rameters on the width and position of the scatter
ing zone (see Fig. 3) was observed. It follows 
from Fig. 5 that an increase in the charge-particle 
concentration leads to a decrease in the intensity 
of the monochromatic oscillations produced. In 
Fig. 6 we have given the dependence of the inten
sity of the vibrations and their wavelength on the 
current of the main discharge Ia. This figure 
shows the quenching of the oscillations when the 
plasma is intensified and at the same time veri
fies the correspondence of the observed wave
lengths (experimental points) with tl;te ones cal
culated from the equation A. = 21rc/ w, where 

(1) 

and (nb + npl) denotes the concentration meas
ured while the beam passed through the plasma. 
If we substitute in Eq. (1) the concentration of 
charged particles measured without the beam we 

20 £ mm 

~mm 

20 t,mm 

FIG. 4. Spatial distribution of the oscillation 
intensity for different electron beam currents 
(Ia = 10 rna, E = 40 v). a - beam current Ie = 
13.5 rna, oscillation intensity lose = 200; 
b - Ie = 33 rna, lose = 300; c - Ie = 68 rna, 

lose= 100. 

FIG. 5. Spatial distribution of the oscillation 
intensity for different currents in the main dis
charge (Ie = 13.5 rna, E = 40 v). a - Ia = 100 rna, 
lose = 60; b - Ia = 400 rna, lose = 12; c - Ia = 
600 rna, lose = 2. 
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FIG. 6. Dependence of the wavelength and the oscillation 
intensity on the current of the main discharge Oe = 20 rna, 
E = 28 v). 

FIG. 7. The radial distribution of the oscillation intensity 
in the beam passing through the plasma for different currents 
of the main discharge (Ie = 20 rna, E = 28 v). 1 - 18 = 0.01; 
2 - Ia = 0.1; 3 - la = 0.5 amp. 

obtain the curve for A. ( npl ) . If the concentration 
were determined by the plasma produced by the 
beam itself, the line A. (nb) would be obtained. 

In Fig. 7 we show the radial distribution of the 
oscillations for different currents of the main dis
charge. It is clear that the oscillations are 
strongly damped in the direction of the periphery 
of the beam. 

INFLUENCE OF AN EXTERNAL MAGNETIC 
FIELD 

The application of an external magnetic field 
parallel to the direction of the electron beam re
duces somewhat the magnitude of the limiting cur
rent. For instance, at H = 0, E = 75v, llim = 
1.4 ma, and at H ~ 100 to 200 oe, llim ~ 0.6 ma. 
If prior to application of the magnetic field condi
tions were such that oscillations with a well de
fined wavelength were observed, the field causes 
a steep decrease in the intensity of these oscilla
tions, until it is totally impossible to observe 
them for H ~ 30-50 oe. 

DISCUSSION OF THE RESULTS 

The facts stated above, together with those al
ready known, make it possible to give the follow
ing picture of the interaction of the beam with a 
plasma. 

In accordance with the prevalent point of 
view2•5•8 we shall imagine that near the emitter E 
at the boundary of the plasma there is a localized 

modulating voltage of amplitude ~ U. According 
to the simplest klystron theory the velocity modu
lation of the electrons leads to a localization of 
electron clusters at the position 

(2) 

where v0 is the initial electron velocity, w the 
modulation frequency, and A.= 2rrc/w the meas
ured wavelength of the electromagnetic oscilla
tions. To verify the applicability of Eq. (2) to our 
case we plotted the dependence of the position of 
the localization of the center of the oscillation 
zone lose on the wavelength A.. Such a plot is 
given in Fig. 8; to obtain this we varied A. by 
changing the main -discharge current Ia. Here 
is also plotted the dependence of the position of 
the scattering zone on A. (curve 2 ) . As also in 
the experiments of Merrill and Webb,2 the oscil
lation zone is slightly shifted with respect to the 
scattering zone. In Fig. 9 we have given the de
pendence lose = f ( A.); to obtain this we. varied A. 
by changing the beam current. In all cases one 
could observe a linear dependence lose = f (A. ) , 
corresponding to Eq. (2). A comparison of the 
slope of these curves with (2) enables us to esti
mate the unknown ~U. From Fig. 8, ~U = 3.9v 
(E = 28v); from Fig. 9, ~U = 3.7v (E = 28v) 
and ~U = 5.7v (E = 41 v). As we have stated, 
there exists a complete analogy between the be
havior of the oscillation zone and the scattering 
zone in those experiments where no monochro
matic oscillations are produced. Using our data 
on the anomalous scattering, one can construct 
the dependence of the distance from the cathode 

FIG. 8. The depend-
£ h . . f l. mm ence o t e pos1hon o 

the oscillation zone (1) tO 
and of the scattering 
zone (2) on the wave- 5 
length of the observed 
electromagnetic oscil
lations (Ie = 20 rna, 
E = 28 v). 
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FIG. 9. The dependence of the position of the scattering 
zone on the wavelength for electron energies of (1) E = 41 v 
and (2) E = 28 v. 
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to the scattering zone Z1 on the quantity A.eq = 
21rc/ w where w is the frequency of the plasma 
oscillations; the latter, and hence A.eq can be 
evaluated using Eq. (1) from the experimentally 
determined particle concentration in the plasma. 
The result of such a treatment is given in Fig. 
10. The slope of the straight line enables us to 
determine D..U = 5.1 v ( E = 50 v). The value of 
D. U cannot be determined in our experiments in
dependently. We can only refer to reference 12 
where, by direct measurements, the existence of 
a variable microwave field with an amplitude of 
several volts was proved. It seems to us to be 
incorrect to compare D..U with the spread in the 
electron energy determined at large distances, 
as was done in reference 5. 

1, mm 

20 

FIG. 10. The depend
ence of the position of 
the scattering zone on 
the wavelength which is 
equivalent to the given 
plasma concentration 
(le = 5 rna, 3 = 50 v). 

50 Aeq• em 

From the data stated above we conclude that 
the ideas of the importance of phase focusing can 
be applied to all cases of anomalous scattering, 
independent of whether or not monochromatic 
oscillations are observed. In either case the 
modulation of the electron beam takes place near 
the cathode with a frequency equal to the natural 
frequency of the plasma and a consequent forma
tion of clusters leading to a strong interaction 
(vide infra ) . The difference between them con
sists only in the fact that when monochromatic 
oscillations are observed the phase relations 
are satisfied and the necessary inverse coupling 
is maintained constantly, whereas in the other 
case this does not occur. The quenching of the 
monochromatic oscillations described above 
(spreading of the frequency spectrum ) can be 
explained by a disturbance to the necessary feed
back and of the phase relations occurring when a 
sufficiently intensive plasma. is introduced. 

This quenching of the oscillations occurring 
when an intensive plasma is introduced is, ap
parently, connected with the influence of the 
latter on the modulating layer in front of the 
cathode. We shall show in another paper that 
the separation of the region of the modulation 
of the beam from the region where the beam in
teracts with the plasma makes it possible to ob
serve in the plasma not the quenching of the os
cillations, but their amplification and plasma 
resonance. 

The experimental data given here show that 
a strong interaction occurs in the region where 
the electrons bunch into clusters. It is well 
known13 that when a particle of charge q and 
mass M passes through a plasma it undergoes 
an energy loss which can be evaluated from the 
formula 

d.: CiJ•q• 1.23 mu~M - = - In --,-----c"---= 
dx u~ eqCiJ(m+M)' 

(3) 

where w is the plasma eigenfrequency, v0 the 
particle velocity (the formula in this form is valid 
for v0 < eq/n). If we assume, for instance, w = 
1 x 1010 sec-1, and q = e = 4.8 x 10-10esu, M = m, 
v0 = 2.5 x 108 em sec-1, then dE/dx = 3.5 x 10-3 

ev em - 1• The individual interaction of the elec
trons with the plasma can thus not explain the ex
perimentally observed loss. 

If we assume that in these experiments a co
herent interaction with the plasma occurs4 of 
clusters containing a charge q = Ne, where N 
is the number of electrons in a cluster then the 
change in energy per electron will be described 
by the formula 

{4) 

The number of electrons in a cluster can be esti
mated as N = 7rjS/ew where j is the beam cur
rent density and S the cross section for coher
ently interacting particles in the cluster. If we 
take jS ~ Ium ~ 1 rna and w = 1 x 1010 then 
N ~ 2 x 106, and the quantity dE/dx turns out to 
be comparable with the experimentally observed 
magnitude (dE/ dx ~ 600 ev em - 1). 

The extension of the scattering zone we shall 
take to be equal to the wavelength of the plasma 
oscillations D..x ~ A.pl ~ 21TV0 /w. The change in 
the electron energy can then be estimated as fol
lows: 

(5) 

If S > 80 , where 80 is the cathode surface area, 
the quantity w2NA.pl ..= f ( w ) . The quantity Ll.E 

turns thus out to be independent of the particle 
concentration in the plasma. This is in accord
ance with the independence of the limiting current 
on the plasma intensity, established by us. Ex
pression (4) enables us to explain also the increase 
of the limiting current with increasing initial en
ergy of the particles. 

The numerical comparisons given here cannot, 
of course, pretend to give a quantitative explana
tion of the observed facts. Indeed, the phenomenon 
is very complicated and can, in particular, not be 
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considered to be uniform; this is illustrated by our 
observations with a probe and visually of an angu
lar divergence of the beam (for Ie > I lim) behind 
the spot where the clusters are localized and by 
the splitting of the beam into separate rays .15 How
ever, it seems to us that the considerations given 
above enable us to combine a large number of ex
perimental facts into one idea about the importance 
of a bunching of electrons in clusters and about the 
coherent interaction of the latter with the plasma. 

The authors express their gratitude toN. D. 
Morgulis for discussions of the results of this 
paper. 
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