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1. INTRODUCTION

Experimental studies in relativistic plasma micro-
wave electronics were carried out from 1982 [1] until
recently [2]. Over this time, significant attention was
paid to the development of plasma sources and investi-
gations of properties of the produced plasma. The
results of our work in this direction are described in the
present paper.

The operation of a plasma microwave oscillator is
based on the effect of the Cherenkov interaction of a
high-current relativistic electron beam (REB) with a
slow eigenmode of a plasma waveguide. Slow waves
with phase velocities lower than the speed of light exist
in any plasma waveguide placed in the magnetic field.
For this reason, it seems that any plasma source can be
used in studies of microwave oscillators based on
REB–plasma interaction. However, there are two basic
experimental requirements: the arrangement of the
experiment should be simple, and the efficiency of con-
version of the REB energy into the electromagnetic
radiation should be high. To meet these requirements,
we designed a special plasma source.

It is obvious that the problem of the electron beam–
plasma interaction is simplest if a plasma is placed
inside a cylindrical metal waveguide with smooth walls
and the plasma column is uniform over its length and
azimuth. In order to study only the Cherenkov interac-
tion and exclude the cyclotron effects, we should place
the plasma into a longitudinal magnetic field so that the
following inequality is satisfied: 
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plasma frequency. Simple estimates show that, for
the generation of the microwave radiation in the centi-
meter wavelength range, plasma with a density of
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is needed. Since we study only high-fre-
quency electron oscillations, ion parameters are unim-
portant. It is necessary that the plasma be collisionless,
i.e., 
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excited oscillations, and 
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electron–ion and electron–neutral collisions. This con-
dition is easily satisfied in the experiment. Finally, in
the simplest statement of the problem, the electron
beam is assumed to be uniform over radius.

However, the latter condition (i.e., the beam unifor-
mity in the radial direction) cannot be satisfied in the
experimental microwave generator for the two follow-
ing reasons. First, there should be a gap between the
beam and plasma in the radial direction; i.e., their cross
sections should not overlap. If there is no gap, the
plasma, flowing along the magnetic field, arrives at the
diode of the high-current electron accelerator and
causes the breakdown in the diode. A thin metal foil
separating the diode from the plasma waveguide does
not produce a desirable effect, because the foil of
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m thickness causes a large spread of beam elec-
trons (

 

E

 

e

 

 ~ 500 eV) in angles, which strongly decreases
the efficiency of the Cherenkov interaction [3]. It fol-
lows that the plasma column should be hollow (with
annular cross section). The relativistic beam is usually
injected inside this plasma tube (Fig. 1). Since the REB
source with the plasma waveguide must be protected
from the action of the plasma, we should arrange a gap
between the beam and the plasma. To provide a match-
ing of the plasma waveguide with the vacuum radiating
waveguide, we should have another gap between the
plasma and the wall of the metal waveguide. Figure 1
shows the schematic of the plasma microwave oscilla-
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Fig. 1.

 

 Schematic of the relativistic microwave oscillator:
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) accelerator cathode, (
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) collector, (
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) REB, (
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) plasma,
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) metal tube, (
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) coaxial radiating horn.
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tor with the annular plasma column and the coaxial
metal radiating horn. If there is a gap between the
plasma and the metal waveguide wall, then the wave
formed in the plasma waveguide has a high radial com-
ponent of the electric field on the metal wall, and the
substantial part of the microwave energy is transported
in the gap between the plasma and the metal wall.
Thereby, we achieve a small reflection coefficient in the
transition of the wave from the plasma waveguide to the
coaxial radiating horn. This allows us to reach a fair
generator efficiency of ~20% at high output power [4].

In the present paper, we describe an annular-plasma
source meeting all the requirements stated above. The
only disadvantage of the experimental source is the
presence of azimuthal inhomogeneities, which can dis-
turb the plasma-wave structure. This complicates the
physical picture of the process and even can make it
impossible to analyze theoretically the experimental
results on the microwave generation.

In the present work:
(1) The main parameters of the annular plasma were

measured experimentally;
(2) Low-frequency plasma density oscillations were

observed;
(3) The technique for controlling the plasma radius

(without changing the relativistic-beam radius) in the
region of the REB–plasma interaction is described;

(4) A physical model that describes the processes
occurring in the plasma source is suggested.

2. SCHEMATIC OF THE PLASMA SOURCE

Figure 2 shows the schematic of the plasma source.
A filamentary cathode 

 

1

 

 from the tungsten wire
(0.8 mm in diameter) had a shape of a ring 21 mm in
diameter. The anode was a metal chamber 

 

3

 

 connected
to a collector 

 

9

 

. A solenoid 

 

4

 

 produced a uniform mag-
netic field (1.7 T) at the device axis. The plasma 

 

5

 

 was
produced by the ionization of a gas filling the chamber
(xenon at a pressure of 

 

4.5 

 

×

 

 10

 

–4

 

 torr) by an electron
beam, emitted by the thermocathode 

 

1

 

 and focused by
a strong magnetic field. A solenoid 

 

2

 

 was used to con-
trol the plasma diameter. The plasma density was mea-
sured by probes 

 

7

 

 and 

 

8

 

. The amplitude of the voltage
pulse applied to the cathode was 600 V; the pulse dura-
tion was 

 

T

 

 ~ 100 

 

µ

 

s. The discharge current (5–100 A)
increased rapidly for 2 

 

µ

 

s and reached its maximum in
30 

 

µ

 

s. The plasma density increased for 30 

 

µ

 

s (Fig. 3).
The plasma density was controlled by adjusting the
filament current and varied in the range 

 

10

 

11

 

– 5 

 

×

 

10

 

13

 

 cm

 

–3

 

.
The efficiency of a microwave generator depends

strongly on the dimension of the gap between the REB
and the plasma. For this purpose, we designed a system
for controlling the plasma radius without changing the
radius of the plasma-source cathode.

3. CONTROLLING THE PLASMA RADIUS

The system for controlling the plasma radius (Fig. 2)
is based on the use of the superposition of the main qua-
sisteady field (solenoid 

 

4

 

) and the pulsed controlling
field (solenoid 

 

2

 

). The main magnetic field, which is
uniform over the system length, confines the plasma
and the relativistic beam in the system. The controlling
field affects only the electron beam (which produces
the plasma) in the local region near the cathode 

 

1

 

.
To prevent the relativistic beam from the action of the
controlling magnetic field, the copper tube 

 

6

 

 is inserted
between the beam and the plasma. The thickness of its
wall is such that the magnetic fields are separated: the
main field of 5.4 ms duration penetrates through the
wall but the controlling field of 70 

 

µ

 

s duration does not
penetrate through it. The proper magnetic fields and the
coil positions were calculated numerically.

Let us analyze the operation of the described device.
The plasma-source cathode (

 

1

 

) is in the superposed
magnetic field 
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, where 
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 is the main field,
and 
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2

 

 is the controlling field. As the distance from the
cathode increases, the contribution from the controlling
magnetic field decreases, and the electron beam and,
consequently, the plasma produced by this beam con-
tract. The conservation law for the magnetic flux takes
the following form:
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Fig. 2.

 

 Schematic of the microwave source.

 

Fig. 3.

 

 Time dependences of the (

 

1

 

) discharge current,
(

 

2

 

) probe current, and (

 

3

 

) collector current (
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 = 4.5 
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 torr,
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 = 1.64 T, 
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 = 0).
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where 

 

r

 

c

 

 is the cathode radius, 

 

r

 

t

 

 is the outer radius of
the copper tube, and 

 

r

 

pl

 

 is the plasma radius at a large
distance from the controlling-field coil. For the annular
plasma to have the sharp boundaries, the controlling
field should be constant during the time interval
between switching-on the plasma source and the REB
injection. Figure 3 shows the time dependence of the
discharge current and current at the probe crossing the
wall of the annular plasma along radius. As is seen,
the probe current reaches a value close to a maximum
value during 30 

 

µs; i.e., this time is sufficient for pro-
ducing the maximum plasma density. For this reason,
the plasma source and the REB injection are switched-
on, respectively, 20 and 50 µs after switching-on the
controlling field. Hence, the plasma is produced in the
nearly constant magnetic field, which varies by not
more than 10%.

For the cathode radius 10.5 mm, the system
described makes it possible to vary the plasma radius in
the range from 8 to 10.5 mm. With the main and con-
trolling fields oriented in the same direction, it is possi-
ble to obtain plasma whose radius is larger than the
cathode radius. Note that the maximum and minimum
plasma radii are determined, respectively, by the input-
diaphragm 10 and the outer radius of the copper tube 6
(Fig. 2).

4. MEASUREMENTS OF THE PLASMA PROFILE

Parameters of a relativistic microwave generator
depend on the radial profile of the plasma density. This
profile was measured with the movable Langmuir
probe, whose dimensions in the radial and azimuthal
directions were δR = 0.2 mm and Lϕ = 3 mm, respec-
tively. We measured the electron saturation current for
a probe bias of 13 V. When the bias was –13 V, the

probe detected only the electrons from the plasma cath-
ode. It turned out that, for the bias +13 V, the current
was about 7 times higher than for –13 V. The current
was measured with a step of 0.25 mm along radius. The
plasma density profiles were measured for the follow-
ing parameters of the system: the controlling magnetic
field was equal to 0 and 1.04 T; the main field was
1.64 T; and the discharge current was equal to 5, 20,
and 80 A. The probe signal showed that the density
oscillations occurred primarily at the outer plasma
boundary, while they were practically absent at the axis
of the annular plasma column. The time dependence of
the probe current was well reproducible in the experi-
ments, and we could measure the density profile by dis-
placing the probe from shot to shot.

Figure 4 shows the density profiles measured at
30 µs after switching-on the plasma-source-voltage
pulse (by that time, the plasma density reaches its max-
imum) and “imprints” of the plasma and relativistic
beam at the thermosensitive paper for a discharge cur-
rent of 80 A. The profiles were reproducible if the cur-
rent exceeded a certain threshold (which was 20 A for
a controlling field of 1.04 T and 80 A in the absence of
the controlling field). If the current was below the
threshold current, we could not obtain reproducible
profiles. The density increased more rapidly when
the controlling field was switched on. The shape of the
density profiles remained constant during the plasma
creation.

Therefore, it is possible to vary the plasma density
in the experiments in two ways: either by varying the
discharge current or by varying the delay time between
the REB injection and the plasma-source switching-on
in the range from 0 to 30 µs. In order to restore the den-
sity profiles from the probe data, the probe current was
calibrated using the microwave technique described
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Fig. 4. Radial profile of the plasma density and the plasma imprint in the (1) presence and (2) absence of the controlling field (B1 =

1.64 T, B2 = 1.04 T, Idis = 80 A, P = 4.5 × 10–4 torr). Imprint 1 is for a series of three shots with the different values of the controlling
magnetic field: B2 = 1.04; 0.82, and 0.73 T.
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below. It is easy to see in Fig. 4 that, with the control-
ling field applied, the mean radius of the annular
plasma changes (from 10.5 to 8 mm), and its thickness
decreases (from 0.8 to 0.6 mm).

5. PROBE MEASUREMENTS OF THE DENSITY 
AND TEMPERATURE OF THE PLASMA

The plasma parameters (temperature, potential, and
density) were measured by the Langmuir probe cross-
ing the plasma along radius. A bell-shaped pulse with a
base duration of 15 µs was applied to the probe. The
probe signal and the voltage pulse were applied to ver-
tical and horizontal deflector plates of an oscillograph,
which, therefore, displayed the I–V characteristic of the
probe. The temperature and density of the plasma were
determined from the Langmuir-probe theory. The tem-
perature was determined from the slope of the function
lnIprobe(U).

From the probe data, for the discharge initiated at a
gas pressure of 4.5 × 10–4 torr with the discharge current
Idis = 25 A, we obtained that the plasma potential was
6 V, the temperature was 3 eV, and the plasma density
was 2 × 1013 cm–3. The microwave measurements gave
nearly the same plasma density.

6. MEASUREMENTS OF THE PLASMA DENSITY 
BY THE MICROWAVE TECHNIQUE

The absolute values of the plasma density were
measured by the microwave-resonator method. We
chose this method for the following reasons. First, this
method allowed us to measure the plasma density with-
out disturbing the geometry of the electrodynamic sys-
tem of the relativistic plasma microwave generator.
Second, for such small products of the plasma density
by its thickness that were usually obtained in our sys-
tem, it was difficult to use the interferometry technique.

An antenna was installed at the collector axis
(9,  Fig. 2). The voltage pulse was fed from the micro-
wave generator to this antenna. The antenna excited the
resonator formed by the collector and an additional

microwave reflector (11) which was placed at a distance
of 19 cm from the collector. This reflector consisted of
a diaphragm and a tube 2.2 cm in diameter and 5 cm in
length, so that the plasma was inside this tube. The
reflector was movable and could be displaced along the
axis. The power that was reflected from the antenna was
directed by a circulator into a detector, whose signal
was led to the oscilloscope.

In the absence of a plasma, the resonator length was
adjusted in such a way that there was no resonance for
the E01m mode. We assumed that other modes were
absent in this resonator (the validity of this assumption
is discussed below). In this case, all the input power
was reflected from the antenna. If a plasma with the
monotonically increasing density appeared in the reso-
nator, the dispersion characteristics of the plasma
waveguide varied with time. At some moment, when
the plasma waveguide occurred to be in the resonance
with a microwave signal, the power reflected from the
antenna became minimum. Since the plasma density
continued to increase, the waveguide was nonreso-
nance again, and the reflected signal returned to its high
level. Hence, in the oscillogram of the reflected signal,
there were a number of sharp minimums, each of them
corresponding to a certain density; to derive this den-
sity, we made some assumptions, which are described
below.

It should be noted that the version of the microwave-
resonator method used here differed substantially from
the conventional one (see, e.g., [5]). In our device, the
plasma in the resonator was nonuniform: it was a thin-
wall annular plasma column. A special computer pro-
gram was created to calculate the dispersion character-
istic of the resonator. On the other hand, because of the
small thickness of the walls of the annular plasma, we
could measure the supercritical plasma density up to
1013 cm–3 at a frequency of 10.5 GHz. We note that radi-
ation with the smaller wavelength could not be used,
since the wavelength was restricted by the diameter of
the reflector tube 11. The frequency was chosen such
that this tube was a beyond-cutoff waveguide for the
E01 mode.

To derive the plasma density from the measured sig-
nals, we made the following assumptions:

(1) The magnetic field is infinitely strong; ωBe @ ω,
ωpe, where ωBe is the electron gyrofrequency, ω is the
microwave frequency, and ωpe is the plasma frequency;

(2) The radial profile for the plasma density is given;
(3) Both the field and plasma in the resonator are

axisymmetric;
(4) Only the E01m mode exists in the resonator;
(5) The microwave radiation has a weak effect on

the plasma.
The excitation of the only E01m mode in the resona-

tor was ensured by locating the antenna at the resonator
axis, since other modes that could be excited in this
geometry did not have the longitudinal component of

0
5 10

t, µs
15–5

5

10

15

20

25
U, mV

Fig. 5. Time dependence of the signal from the microwave
detector (Idis = 80 A, P = 4.5 × 10–4 torr, B1 = 1.64 T, B2 = 0).
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the electric field at the resonator axis. We conducted the
test measurements of the signal reflected from the
antenna for different resonator lengths in the absence of
a plasma. Their results showed that the amplitude of
resonances for the E01m mode was larger by at least two
orders than that for other possible modes.

To estimate the effect of the microwave radiation on
the plasma parameters, we decreased the input power
by a factor of about 5. Although the amplitude of the
resonant minimums diminished, neither the shape nor
time positions of the minimums change. Indirectly, this
indicates that the microwave radiation weakly affects
the plasma parameters.

Figure 5 shows the typical time dependence of the
signal reflected from the antenna (here, the inverted sig-
nal is shown in which a constant voltage of 0.4 V is fil-
tered off). Zero time corresponds to the switching-on of
the plasma source. In the figure, five pronounced reso-
nant maximums are seen. The time positions of these
maximums did not shift from shot to shot and were
reproduced correct to nearly 0.2 µs, which indicates to
a fair reproducibility of discharges in the plasma
source.

The accuracy of determining of an absolute value of
the plasma density depends primarily on the accuracy
of measurements of the radial profiles of the plasma
density. We carried out a series of measurements of the
radial density profiles to diminish the error. Based on
their results, we estimate the error of the measurements
of the plasma density as ±20%.

The measurements were conducted in the absence
of a controlling magnetic field. The discharge current
was 80 A. The pressure was 4.5 × 10–4 torr. It turned out
that a probe current of 100 mA corresponded to a
plasma density of 0.5 × 10–13 cm–3, and a current of
290 mA corresponded to a density of 1.5 × 1013 cm–3.
Such a quasilinear dependence allowed us to recalcu-
late the probe current to the plasma density; the elec-
tron temperature was assumed to be constant.

7. MEASUREMENTS OF DIMENSIONS 
OF THE PLASMA-DENSITY INHOMOGENEITIES

We observed oscillations in the signals of the probes
crossing the annular plasma along radius (Fig. 6).
These oscillations, which are due to the inhomogeneity
of the plasma over the azimuth, hinder the creation of
the efficient microwave generators. We conducted a
series of experiments in order to determine the nature
of the observed oscillations.

For this purpose, we used the Langmuir probes
(7, 8, Fig. 2). After the alignment of the plasma source,
the probes were positioned at the same angle ϕ at a dis-
tance L from each other along the z-axis. In the experi-
ments, the xenon pressure was 4.5 × 10–4 torr, and the
plasma density was np ≈ 2 × 1013 cm–3. The probe cur-
rent was measured at various probe positions: the angle

between the probes was varied from 0° to 30° with a
step of 5° clockwise and counter-clockwise, and the
distance between them was L = 10, 30, 50, 70, and
100  mm. 10° corresponded to a displacement by a
1.25  mm distance at the outer wall of the annular
plasma.

It turned out that the oscillations in the signals of the
two probes are very similar. In addition, the time delay
was observed in the oscillations between these two
probes. To determine the delay time, we used the corre-
lation analysis.

We used the following procedure: in each oscillo-
gram, we found a number of times corresponding to the
extremums of the signal derivative, tj. Further, we con-
structed the following function:

Then, we determined the delay time Topt, for which the
correlation coefficient

(2)

is maximum. Figure 7 shows the delay time Topt as a
function of the angle ϕ for two distances L = 1 and
7 cm. In this case, the correlation coefficient was in the
range from 0.9 to 0.95. As is seen, Topt decreases mono-
tonically as the angle ϕ between the probes increases.
From this dependence, we can find the drift velocity of
the inhomogeneities of the plasma density: Vϕ ≈
Lϕ /∆Topt ≈ 4 × 104 cm/s, where Lϕ is the distance
between the probes in the azimuthal direction, and
∆Topt is the corresponding difference between delay
times (Fig. 7).

F t( )

1, if ti; ti 1+[ ] min–

+1, if ti; ti 1+[ ] max

0, if there is ti; ti 1+[ ]  no max or min.

=

R T( )
F1 t( )F2 t T–( ) td∫

F1
2

t( ) t F2
2

t( ) td∫d∫[ ]
1 2⁄------------------------------------------------------=

25 50 750

–0.5

–1.0

t, µs

Iprobe/Imax

Fig. 6. Signals from the Langmuir probes (∆ϕ = +10, L =
30 mm, ∆T = 0).
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The radial dimension of the inhomogeneities of the
plasma density can be found from Fig. 6. One can see
in this figure that the period of the probe-current oscil-
lations is about 10 µs; consequently, this dimension is
λϕ = 2π/kϕ = 4 × 104 × 10–5 cm = 0.4 cm. Since, in two
different curves, Topt = 0 corresponds to the different
∆ϕ* (for L = 1 cm, ∆ϕ* = 2° and, for L = 7 cm, ∆ϕ* =
22°), it follows that the density perturbations are the
helical enhanced-density structures inclined at an angle
of ~2° with respect to the z-axis. Hence, we obtain kz ≈
0.7 cm–1. Since we can observe oscillations even if the
probe crosses the entire wall of the annular plasma col-
umn, it follows that the radial dimension of inhomoge-
neities of the plasma density is larger or on the order of
∆rp ≈ 0.1 cm.

8. DISCUSSION OF THE EXPERIMENTAL 
RESULTS

In this section, we estimate roughly the rate of the
plasma-density growth and suggest the possible expla-
nations of the discrepancy between the neutral density
(1.6 × 1013 cm–3) and the electron density (~1014 cm–3).
We also analyze the nature of the plasma-density oscil-
lations.

The Rate of The Plasma-Density Growth

The gas is ionized via collisions between the elec-
trons emitted from the plasma-source cathode and neu-
trals as well as by high-frequency fields that arise as a
result of the onset of the plasma–beam instability. The
rates of both processes depend on the electron-beam
current. First of all, when we estimate the rate of the
plasma-density growth, we should take into account
that the electrons move in both directions along the
magnetic field lines (Fig. 1), because, for the electrons
with energies of 600 eV, the Larmor radius is equal to
5 × 10–3 cm. Only a portion of the total flow of elec-
trons (approximately 1/3) moves toward the collector

and produces the plasma under investigation. For a dis-
charge current of 95 A, a current of only 30 A was mea-
sured at the collector.

The exact time dependence of the rate of the
plasma-density growth can be obtained only if we
know the time dependence of the beam current, which,
in turn, depends on the plasma density. Initially, a
plasma is absent, and the electron current toward the
collector is restricted by the space charge and cannot be
larger than the limiting vacuum current of 0.3 A. The
time of the neutralization of the electron beam is
(N0σV)–1 = 0.3 µs, where N0 is the neutral density, σ is
the ionization cross section, and V is the electron veloc-
ity. After 0.3 µs, the beam charge is neutralized, and the
current can increase to the Pierce current of 1.6 A; in
this case, the beam-electron density is 1.5 × 1010 cm–3.
The further growth of the current at the collector is
associated with the screening of the cathode by the
plasma; as a consequence, the electric field is located
near the cathode surface, and the current increases,
although it remains limited by the electron space charge
of the cathode sheath. Using the simple formula for the
planar diode j = 2.33 × 10–6U3/2/d2, for the current 30 A
(or j = 60 A/cm2), we estimate the dimension of the
region in which the field is located as d = 0.2 mm.
Hence, this current is reached when the Debeye radius
becomes ~0.07 mm. For Te = 3 eV, this occurs when
np = 1011 cm–3. From these estimates, it follows that the
discharge current can increase more rapidly than the
plasma density, because it can reach its steady level at
a plasma density 100 times lower than the maximum
plasma density. We observe this effect qualitatively
(Fig. 3): the discharge current reaches a value of 0.6Imax

when the plasma density is still very small.

Taking into account the small duration of the lead-
ing front of the current pulse, we estimate the growth
time for the plasma density for the plasma pressure
4.5 × 10–4 torr and the discharge current 30 A. In such
a discharge, the electron energy distribution function
takes the form of a plateau [6]. For this reason, we can
estimate the electron energy as eU/2 = 300 eV. In this
case, the time of the electron-impact ionization is 15 µs.
This estimate is valid only if this time is much less than
the ion loss time. As is known, in such discharges, the
ion temperature is lower than the electron temperature;
for this reason, we obtain τ > L/Vi max ~ 80 µs. Hence,
the assumption on the absence of losses is valid.
In addition to the ionization of a gas by electrons emit-
ted from the hot cathode, the gas may be ionized by the
high-frequency fields arising in the plasma as a result of
the onset of beam–plasma instability. The conditions
for this instability are satisfied at np > 1.5 × 1010 cm–3.
However, apparently, this mechanism does not contrib-
ute much to the ionization, because the above estimate
for the ionization time ~15 µs agrees qualitatively with
the experimentally observed time (Fig. 3).

l = 1 cm
l = 7 cm

20 30 40–10

–8

–6

–4

–2

4

6

8

0
ϕ, deg

Topt, µs

Fig. 7. Time shift Topt as a function of the angle between the
probes (B1 = 1.64 T, Idis = 25 A).
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Ratio between the Plasma and Gas Densities

In fig. 4, the maximum values of the plasma density
are 7 × 1013 and 9 × 1013 cm–3 while the neutral density
is 1.6 × 1013 cm–3. It seems that this discrepancy could
be explained by the multiple ionization. The cross sec-
tions of the double and triple ionization of xenon are
smaller than the cross section of the single ionization
by a factor of 8 and 80, respectively. The ionization
time for the single ionization is 15 µs; consequently, for
the double and triple ionization, these times are 120 and
1200 µs, respectively. For this reason, the contribution
from these mechanisms into the plasma production dur-
ing 30 µs cannot be substantial. Thus, we observe the
discrepancy between the plasma and neutral densities,
and this effect cannot be explained by the multiple ion-
ization.

Let us consider the effect of an “ion pump,” which
can explain this discrepancy. This effect is that the ions
which are produced by the ionization of atoms entering
the beam remain inside the beam due to the presence of
the strong magnetic field. This effect can take place if
the mean free path of xenon atoms during 30 µs is
larger than the electron-beam thickness; in our case,
this condition is fulfilled: the mean free path is 6 mm
at  the room temperature, and the beam thickness is
~1 mm.

In principle, an increase in the plasma density could
also be caused by the expansion of a plasma created at
the collector. The measurements performed by two
probes located in two points along the plasma column
show that the collector plasma either is absent or moves
with a velocity greater than 107 cm/s, which seems to be
realistic. However, plasma parameters did not vary
noticeably through the long series of shots; this fact
indicates that the effect of the collector plasma can not
be decisive. 

Plasma-Density Oscillations

In our opinion, the most probable mechanism for
exciting the observed plasma-density oscillations is the
drift instability of a nonuniform plasma confined by a
strong magnetic field [7]. In the theory of the drift insta-
bility, the oscillations occurring in an inhomogeneous
plasma are analyzed and described in terms of the geo-
metrical optics. We cannot use this theory in the analy-
sis of the effects observed because the oscillation wave-
length in the radial direction is larger than the thickness
of the walls of the annular plasma column.

Under conditions when the geometrical optics can-
not be used, the excitation of the surface drift waves by
the Larmor currents in the thin surface layer of the
semispace occupied by a plasma was studied in [7]. In
a magnetized collisionless plasma, the low-frequency
oscillations can be excited if

(3)ωBi @ ν i VTi ∆rp,⁄,

where ωBi is the ion Larmor frequency, νi is the colli-
sional frequency, and VTi is the ion thermal velocity.
Because the ion temperature was not measured experi-
mentally, for estimate, we assume that Ti/Te = 0.1; then
we have VTi ~ 104 cm/s. Substituting the experimental
parameters into (3), we obtain ωBi = 2 × 106 s–1, νi = 2 ×
105 s–1, and VTi/∆rp = 6 × 105 s–1. Hence, the conditions
for the excitation of the low-frequency oscillations are
satisfied. As was shown in [8], the drift currents flowing
in the layer of a thickness equal to the ion Larmor
radius ρi in a nonisothermal plasma with Te @ Ti excite
surface ion-sound waves propagating in the azimuthal
direction. The instability should be expected in the fre-
quency interval

(4)

For this interval, the oscillation spectrum and the
growth rate of this instability were determined as

(5)

where kϕ and kz are the azimuthal and longitudinal wave

numbers, respectively; Vs =  is the sound
velocity; and VTe is the thermal electron velocity. Let us
estimate these quantities using the experimental param-
eters: kϕ = 16 cm–1, kz ≈ 0.7 cm–1; Vs = 1 × 105 cm/s;
VTe  ≈ 1 × 108 cm/s; ω ≈ 8 × 105 s–1. We obtain kzVTi ~
4 × 104 s–1, kzVTe ~ 3 × 107 s–1. The observed frequency
falls into the interval described by inequalities (4).
From (5), we obtain that the frequency of plasma-den-
sity oscillations is ω ≈ 3 × 106 s–1, and the growth rate
is δ ≈ 5 × 104 s–1. These values do not contradict the
experimental data; however, we cannot compare quan-
titatively the theory and the experiment. In a thin layer,
the spectrum (5) is probably the same but the growth
rate can increase by a factor of 2–3 due to the contribu-
tion from the drift currents from both plasma surfaces.
For the more precise comparison of the experiments
with the theory of drift oscillations occurring in a thin
plasma layer in a strong magnetic field, it is necessary
to conduct additional, both experimental and theoreti-
cal, studies.

9. CONCLUSION

The plasma source described above produces the
completely ionized annular plasma with the sharp outer
and inner boundaries. The plasma density is controlled
in the range from 1011 to 1014 cm–3. The controlling is
performed by adjusting the discharge current. The
radius of the annular plasma can be controlled in the
range from 0.8 to 1.1 cm without changing the radius of
the relativistic beam. This allows us to change the cou-
pling between the REB and the plasma in the micro-
wave oscillator.

kzVTi ! ω ! kzVTe.

ω kϕVs, δ± π
8
---

ω2

kz VTe

---------------,= =

kTe M⁄
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The low-frequency (~100 kHz) plasma-density
oscillations were observed, mostly, at the outer bound-
ary of the annular plasma column. The oscillations
amplitude decreases with decreasing the magnetic
field; when the magnetic field is lower than 0.1 T, the
oscillations disappear. These experimental results, as
well as the estimates of the growth rate and frequency
of these oscillations, lead us to the conclusion about the
onset of the drift instability.
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