
Abstract. Experimental studies in relativistic microwave elec-
tronics of plasma at the Prokhorov General Physics Institute
are reviewed. Radiation of electromagnetic waves by a high-
current relativistic electron beam injected into plasma is ex-
plored. Experimental data are compared with the results of an
analytic theory and numerical simulations. Fast electronic fre-
quency tuning of microwave radiation has been realized in an
experimental setup, which is difficult to implement in vacuum
relativistic microwave electronics. This is the main accomplish-
ment of the research from the perspective of possible uses in
various applications.

Keywords: experiment, plasma, relativistic electron beam, micro-
wave radiation, microwave oscillator, microwave amplifier, high-
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1. Introduction

Experimental plasma microwave electronics is based on the
effect of electromagnetic wave excitation in the plasma by an
electron beam. This effect was discovered in the theoretical
work of Soviet scientists Akhiezer and Fainberg [1] and
American researchers Bohm and Gross [2]. The first experi-
ments designed to detect plasma beam instability were
conducted in 1959±1960 and published in [3±5]. The authors
studied plasma radiation spectra and variation of the electron

beam distribution function in plasma±beam interactions. The
experiments were focused on solving applied problems,
including ion acceleration in electric fields excited in a
plasma and its heating associated with the development of
plasma±beam instability. Such investigations cannot be
regarded as directly related to plasma microwave electro-
nics, but this branch of microwave electronics would never
have emerged without them.

Only those experimental plasma±beam interaction studies
in which conditions are specially created for the maximum
possible conversion of the electron beam energy into electro-
magnetic radiation energy can be regarded as pertinent to
plasma microwave electronics. Microwave electronics faces
two major problems: excitation of electromagnetic waves
with maximum possible amplitudes in the plasma and the
choice of conditions for their efficient emission. The problem
of effective microwave emission from the plasma is solved
only in the framework of plasma microwave electronics.

Two types of plasma-filled microwave radiation sources
have been studied. Filling a conventional vacuum source of
microwave radiation with plasma can result in improving
some of its characteristics, e.g., increasing the radiation power
and broadening the working frequency range. Such sources
are called hybrid microwave devices. The wave excitation
mechanism in a hybrid device is identical to the mechanism
underlying the work of its vacuum analogs (traveling wave
tube, backward-wave tube, gyrotron, etc.), and therefore such
devices can work without plasma. This area of plasma
nonrelativistic microwave electronics was extensively devel-
oped in the Soviet Union [Kharkov Physico-Technical
Institute (KhFTI), Moscow All-Russian Electrotechnical
Institute (VEI)] and the USA.

We here consider only those microwave sources whose
operation is based on the excitation of eigenwaves in a
plasma-filled cylindrical metallic waveguide of constant
diameter, referred to as plasma microwave sources. These
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sources, unlike hybrid ones, have no emissions in the absence
of plasma.

The very first plasma microwave electronics experi-
ments date to 1960±1970. They were performed using
nonrelativistic electron beams with the electron energy
0:6ÿ30 keV5 511 keV � mc 2. Such studies were carried
out in many countries. An important contribution was made
by researchers from the Kotel'nikov Institute of Radio
Engineering and Electronics, Moscow [6]. Publications on
nonrelativistic plasma microwave electronics are reviewed
in [7]. This review and Ref. [6] largely deal with plasma
microwave devices incapable of having emissions in the
absence of plasma. Investigations described below are an
immediate extension of experiments in [6, 7] and differ from
them only in passing from nonrelativistic (< 30 keV, < 20 A)
microsecond (T > 1 ms) electron beams to high-current
(� 500 keV, � 2 kA) nanosecond (T < 1 ms) relativistic
electron beams.

Relativistic plasma microwave electronics experiments
were initiated at the Prokhorov Institute of General Physics
(IOF RAN) by A A Rukhadze and supported by M S Ra-
binovich. The theory of experimental plasma±beam systems
was developed by a group of researchers headed byRukhadze
[8±10]. Experiments were carried out using high-current
relativistic accelerators constructed at the Institute of High-
Current Electronics (IHCE), Siberian Branch of the Russian
Academy of Sciences, Tomsk, either independently or jointly
with IOF RAN. The results of research completed before
2001 are published in books [12, 13] and reviewed in [14]. The
experimental data were discussed including theoretical
studies [8±10, 12] and calculations based on them for
concrete experimental conditions. In addition, the experi-
mental data were compared with results of numerical
simulations performed with the use of the KARAT electro-
magnetic code [15, 16].

2. Certain facts from the theory
of interaction between a relativistic beam
and spatially bounded plasma

In experiments with a tubular plasma-filled circular metal
waveguide, a tubular relativistic electron beam (REB) was
injected into and outside the plasma. A sharp radial
boundary of the plasma and the beam was obtained by
placing the waveguide in a longitudinal magnetic field. The
magnetic field induction B was such that Oe > op, where
Oe � eB=mc is the cyclotron frequency, e is the electron
charge, m is the electron mass, c is the speed of light,
op � �4pnpe 2=m�1=2 is the plasma frequency, and np is the
plasma electron density.

The qualitative dispersion pattern o�kz� of slow plasma
waves, i.e., waves with the phase velocity lower than the speed
of light, vph < c, is shown in Fig. 1. Here, o is the frequency
and kz is the longitudinal wave number. Figure 1 presents a
family of curves describing electromagnetic wave dispersion
in a cylindrical plasma waveguide without an electron beam
for different plasma density values. The curves are overlapped
with the dispersion curve of a slow wave of the spatial beam
charge o � kzu in the approximation ob 5o, where u is the
beam electron velocity and ob is the beam plasma frequency.

The frequency of slow plasma waves is zero at kz � 0 and
equal to the plasma frequency op at kz � 1. At intersection
points of the dispersion curves of the beam wave and plasma
waves, the phase velocities of beam and plasma waves

coincide, and plasma electromagnetic waves can be excited
based on the Cherenkov mechanism, u5 vph, where vph is the
plasma wave phase velocity. As the plasma density increases
in passing from op1 to op2, the frequency of excited waves
also increases. This allows controlling the frequency of
emission from one beam current pulse to another by varying
the plasma density. When its value op0 is low, the resonance
condition is not satisfied, and the plasma wave cannot be
excited. It follows from Fig. 1 that the resonance condition
u � vph can be satisfied only at np > n �p , where n

�
p is the critical

plasma density. We note that Fig. 1 illustrates the dispersion
of only the E01 modes.

Dispersion curves of the plasma waveguide in a finite
magnetic field for concrete plasma parameters and field
strengths are presented in Fig. 2. It shows only the E modes,
because the dispersion of transverse TEmodes coincides with
the waveguide dispersion in a vacuum. Also depicted is the
curve corresponding to dispersion of a slow beam wave for
concrete REB parameters.We consider the family of curves 1,
which are slow plasma azimuthally symmetric modes E01,
E02, E03, andE04. The dispersion curves of slow plasmamodes
with a higher index lie below the E01 mode curve; this last
mode is therefore the first to be excited under transition of the
system from the stable to unstable state with an increase in
density. Excitation of this mode determines the critical value
of the plasma frequency o�p at which beam instability starts
developing:

o�p � k1ug : �1�

Here, k1 is the transverse wave number of the E01 plasma wave
and g is the beam electron relativistic factor. Formula (1) is
derived from the dispersion relation for a plasma waveguide.
First, the plasma density is found at which the plasma wave
phase velocity is equal to the electron beam speed vph � u, i.e.,
the Cherenkov resonance condition is satisfied. Formula (1)
contains only the wave number k1 because the E01 mode has
the maximum phase velocity (see Fig. 2) at kz ! 0. Only one
azimuthally symmetric mode E01 is excited if

k1ug < op < k2ug ; �2�

where k2 is the transverse wave number of the E02 plasma
wave. Substituting wave numbers k1 and k2 yields a range of
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Figure 1.Dispersion of plasma modes E01 for three plasma density values.
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plasma frequency op values within which the excitation of a
single azimuthally symmetric plasmamode E01 is possible in a
tubular plasma with a wall thickness D:

1

ln �R=rp� < o2
p

rpD
u 2g 2

<
2

1ÿ �rp=R�2
: �3�

We recall that formula (1) was obtained under the
assumption that ob � 0. An exact calculation of o�p with
experimental beam electron density values leads to small
corrections.

Figure 2 presents the family of curves 2 in addition to
family 1. At small kz, they are fast waves with the field
structure similar to that of E modes of an empty waveguide
(only azimuthally symmetric modes are depicted). The
addition of plasma at small kz leads only to an upward
frequency shift of the E mode vacuum analogs. However,
these modes become slow in the presence of plasma at large kz
and tend to �o2

p � O 2
e �1=2 as kz !1.

It follows from Fig. 2 that an electron beam can excite the
lowest axially symmetric mode E01 at frequencies in the
vicinity of point a and other modes of family 2. The lowest-
frequency mode of family 2 can be excited at point b. Figure 2
shows that the high-frequency field component reaches a
maximum value inside the plasma at r � rp and decreases
toward the axis. However, the field Ez at points a and b on the
beam radius �r � rb� decreases by the respective factor of 1.8
and 3.8, making it possible to excite only the E01 mode
without exciting waves at point b. Because the Ez field in
higher-frequency resonances of family-2 curves is practically
concentrated inside the plasma, these waves cannot be excited
by a beam with rb < rp. We note that phase velocities of
modes E01 and E02 at kz � 0 in tubular plasma differ quite

strongly (in this case, almost four-fold; see Fig. 2). This allows
a single parameter, the plasma density, to be varied within a
broad range by exciting the E01 mode without exciting E02.

At a fixed plasma density higher than the threshold one,
plasma waves are excited not only at resonance frequencies
marked as points in Fig. 2 but also in the vicinity of resonance
frequencies. Frequency dependences of the linear amplifica-
tion coefficient dk are shown in Fig. 3. Curve 1 in Fig. 3 is
calculated at the same beam and plasma parameters as the
curves inFig. 2. Calculation conditions for curves 2±4 in Fig. 3
differ from those for the first curve only in the plasma density
value.

In the linear regime, the electric field strength at each
frequency increases along the extent of plasma as E �
E0 exp �dkz�, where E0 is the field amplitude at the point
where the beam enters the plasma, z � 0. In the absence of
reflection from the ends of the plasma waveguide, the
amplification regime is realized. Figure 3 allows estimating
the linear amplification coefficient exp �dkL� and the ampli-
fier bandwidth (here,L is the plasma length). In the absence of
an input signal, the intrinsic noise of the electron beam
increases at the exit from the plasma waveguide in the
maximum frequency ranges, as shown in Fig. 3.

If coefficients of reflection of a plasma wave from the ends
of the plasma waveguide are nonzero, the device can pass into
a generation regime that develops under the condition
k1k2 exp �dkL� > 1, where k1 and k2 are coefficients of
reflection of the wave electric field from the ends of the
plasma waveguide. Generation occurs in the amplified
frequency band shown in Fig. 3 when an integer number of
half-wavelengths at frequencies o � Npu=L fit into the
plasma length.

The radii of a tubular beam and a tubular plasma do not
coincide in experiment. Because the maximum value of the
plasma wave component Ez is on the plasma radius, the
electron beam radius must be close to the plasma radius to
ensure effective plasma wave excitation. It is this electric field
component that slows down electrons and leads to beam
bunching and processes resembling those in a usual vacuum
traveling-wave tube. Moreover, a monoenergetic electron
beam is needed without an angular spread, u � uz, i.e., with
a narrow longitudinal velocity spread, which significantly
decreases the amplification coefficient dk.

3. Electron beam formation

Plasma microwave electronics experiments have been carried
out using both nonrelativistic �1ÿ20 keV5 510 keV � mc 2�
and relativistic (500ÿ1000 keV5mc 2) electron beams.

Electron beam formation is schematically depicted in
Fig. 4. Pulse voltage from the source (1) is applied between
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Figure 3. The dependence of dk on the frequency f for different plasma

density values: (1) 0.8, (2) 2.3, (3) 4.4, (4) 6� 1013 cmÿ3.
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RightÐ radial structure of the electric field component Ez at resonance

points a and b shown in the left part of the figure.

May 2019 Experimental relativistic plasma microwave electronics 467



the cathode (2) and anode (3) placed inside the vacuum
chamber (4). The cathode in the chamber is attached to an
insulator (5). Electrons emerging at the cathode are acceler-
ated in the diode gap (2±3), move by inertia in the drift gap (6),
and reach the collector (7). The vacuum chamber is placed in a
strong magnetic field B; therefore, the electron beam (8) has a
constant radius on its way from the cathode to the collector,
roughly equal to the cathode radius.

Traditional electron guns with thermionic emission
cathodes were used to form nonrelativistic beams. These
cathodes are frequently made from lanthanum hexaboride,
suitable for operation in a low vacuum. Cold cathodes
operating based on the explosive emission effect were used
in relativistic high-current electron guns [17]. This effect is due
to the autoelectron emission from cathode microspikes at the
electric field strength averaged over the cathode surface
Eav � 106 V cmÿ1. We recall that autoelectron emission
occurs at E > 107 V cmÿ1. If the voltage source generates a
sufficiently high current, the microspikes explode, and a thin
layer of dense plasma (1017ÿ1019 cmÿ3) forms on the cathode
surface. An external field applied to a plasma layer becomes
concentrated in a cathode area of the order of the Debye
radius in size and produces high densities of the electron
current emitted from the cathode. Usually, the maximum
current of a high-current relativistic electron beam is limited
by internal resistance of the pulsed voltage source (1±100 O).
Such sources generate currents up to 1MA at a diode voltage
of 1 MV. However, it proves impossible to effectively use
high-current beams in relativistic microwave electronics. For
example, the beam current is usually below 10 kA at an
electron energy of 1 MeV due to the negative action of the
beam self-charge on the efficiency of the microwave device.

To transport an electron beam in a drift chamber, a strong
uniform magnetic field is used to maintain the stability of the
beam radius. In electron guns with a thermionic cathode, the
beam current at a given voltage can be limited by the cathode
temperature and spatial self-charge if the cathode tempera-
ture is sufficiently high; in this case, the beam current depends
on the applied voltage and geometry of the gun electrodes. In
electron guns with explosive emission cathodes, the beam
current is always limited only by the spatial self-charge and
determined by the applied voltage and diode geometry. In the
first experiments, an REB formed in a flat diode with a
semitransparent anode (see Fig. 4) entered a metal drift tube
of radius R. In the schematic presented in Fig. 4, the beam
current injected into the drift chamber (6) at a fixed cathode
potential was controlled by varying the distance between the
cathode and anode. The cathode, with radius rc, and the drift
chamber were placed in a strong longitudinal magnetic field
to ensure a constant beam radius, rb � rc. In this setup, an

electric field is absent in the drift space until electrons are
injected, and the energy of all electrons entering the drift tube
is identical and equal to eU0, where e is the electron charge
and U0 is the diode voltage. The maximum current in this
setup is called the limiting vacuum current.

The expression for the limiting vacuum current I0 is [18]

I0 � mc 3

e

�g 2=30 ÿ 1�3=2
2 ln �R=rb� ; �4�

where g0 � 1� eU0=mc 2 is the electron relativistic factor,R is
the radius of the metal drift tube, and mc 3=e � 17 kA.

Clearly, the beam current in Fig. 4 must be limited at a
given cathode potential. Indeed, the beam potential negative
with respect to the drift tube walls created by its spatial charge
increases with increasing the beam current. Evidently, the
potential inside the beam becomes equal to the cathode
potential at a certain current, and a stationary electron
beam with such a current becomes impossible. These
qualitative considerations demonstrate that the beam must
be tubular far from the cathode, even if emission is possible
over the entire cathode surface, because electrons on the beam
axis are stopped under the effect of a potential equivalent to
the cathode potential as the current increases, whereas
electrons located at radius rc continue to propagate. This
phenomenon can be accounted for by the fact that the
negative potential determined by the spatial charge of the
on-axis beam is always higher in absolute terms than that at
the beam edge. Given that both emission current density and
the external magnetic field induction are infinitely high, the
tubular beam thickness is infinitesimally small. Certainly, the
tubular beam thickness in experiment is finite, but the validity
of formula (4) for the limiting current is confirmed by
experiment if Drb 5 rb, under the assumption that the
current is lower than the maximum possible current from a
high-voltage source.

Electron guns with flat diodes are practically out of use
today in experiments with high-current relativistic beams. A
new scheme operating without an anode grid or a thin foil has
been proposed. The anode grid burns out if the current
density and the beam current pulse length exceed certain
values. These constraints on the current density and pulse
duration reduce the possibility of varying the beam para-
meters.

At the initial stage of relativistic plasma microwave

electronics research, a thin metallic foil transparent to

electrons was used as the anode to separate the diode and

plasma regions. This foil constitutes a barrier that completely

blocks the penetration of plasma and electromagnetic

radiation into the diode. At the same time, it is perfectly

transparent to electrons. For example, the transparency of a

50 mm thick titanium foil to electrons with an energy of

500 keV is 0.9. However, electrons that pass through such a

foil have an appreciable angular spread, �Y 2�1=2 � 46�. It is
impracticable to use thinner foils because they burn down at

typical beam parameters (500 keV, 2 kA cmÿ2, 30 ns ë 1 ms).
The angular spread during electron propagation along the

longitudinal magnetic éeld lines is equivalent to the longitu-

dinal velocity spread of beam electrons, known to reduce the

eféciency of Cherenkov beamëplasma interaction.

Earlier experiments with thick foils revealed a resonance
dependence of the radiation power on the magnetic field [19].

1
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Figure 4. Schematic of an electron gun: 1Ðvoltage pulse source, 2Ð

cathode, 3Ðanode grid, 4Ðmetal tube, 5Ðinsulator, 6Ðdrift tube,

7Ðcollector, 8Ðelectron beam.
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The resonant values of the magnetic field corresponded to the
excitation of various fast waveguide TE modes based on the
normal Doppler effect, as in a gyrotron. Thinning the anode
foil reduced the transverse electron energy and the gyrotron
radiation intensity. Simultaneously, low-frequency radiation
was generated, whose frequency increased with the plasma
density. It became clear that anode foils are actually
unsuitable for experiments on the excitation of slow plasma
waves.

A schematic diagram of a foilless diode is presented in
Fig. 5. Electron guns of this type are called magnetically
insulated diodes. In this scheme, in contrast to that of beam
formation in a flat diode, an external electric field is present
both near the cathode and in the drift space. In this design, the
solid cylindrical cathode (2) is made of metal or graphite. It is
placed at the axis of the cylindrical vacuum chamber (3) with
radius R1, which serves as the anode of a magnetically
insulated diode; the chamber length is L1 4R1. A vacuum
chamber with radius R1 extends to the drift chamber (4) of a
smaller radius R2 < R1. A microwave source is placed in a
tube of radius R2. A solenoid generating a uniform magnetic
field B along the chamber axis is installed outside vacuum
chambers with radii R1 and R2. The electron beam is
generated on the cathode and propagates along the chamber
axis under the influence of external electric and magnetic
fields. If the magnetic field is sufficiently strong, the beam
radius is equal to the radius of the cathode. The current
strength, under the assumption of infinite current emission
density, is a function of two factors, the external electric field
accelerating electrons and the electric field of the beam self-
charge decelerating them. The current of the magnetically
insulated diode Im is given by the Fedosov formula [20]

Im � mc 3

e

1

2 ln �R1=rb�
�g0 ÿ g1�

�������������
g 21 ÿ 1

q
g1

; �5�

where g0 � 1� eU0=mc 2, where U0 is the cathode potential,
and g1 �

���������������������
2g0 � 0:25

p ÿ 0:5 is the electron relativistic factor
in the drift space.

The beam potential in the chamber of the radius R1 at a
distance z4R1 from the cathode is

F1 � mc 2

e

ÿ
g0 � 0:5ÿ

���������������������
2g0 � 0:25

p �
: �6�

The beam formed in tube 3 enters tube 4. It follows from
formula (5) that the beam current injected into the drift
chamber 4 (Fig. 5) at a fixed cathode potential can be
controlled by varying the ratio of the cathode to anode radii.

The beam potential in drift tube 4 decreases to F2. The
effect of the beam potential reduction in the tube, F2 < F1,
can be explained in qualitative terms as follows. As
electrons pass from a wide to a narrow tube, the electric
field component of the beam self-charge arises that
accelerates the electrons (see Fig. 5, bottom), resulting in a
decrease in the beam charge in accordance with the
equation Q1u1 � Q2u2, where u1 and u2 are electron
velocities in respective tubes 3 and 4. The beam potential
in tube 4 is related to the charge as F2� 2Q2 ln �R2=rb�. The
inequalities Q2<Q1 and ln �R2=rb� < ln �R1=rb� imply the
inequality F2 < F1.

The potential F2 can be found from the system of
equations

Im1 � Q2u2 ; �7�
mc 2g0 � mc 2g2 � eF2 ; �8�

F2 � 2Q2 ln
R2

rb
; �9�

g2 �
�
1ÿ u 2

2

c 2

�ÿ1=2
; �10�

where Im1 is the current formed in the magnetically insulated
diode. Equations (7)±(10) yield F2 � f �Im1; g0;R2; rb�.

We give the results of F2 calculations for the concrete
conditions of one of the experiments (described at the
beginning of Section 7): eU0 � 511 keV, g0 � 2, R1 � 2:8 cm,
R2 � 1:8 cm, rb � 0:6 cm, Im1 � 1:86 kA, eF1 � 225 keV,
eF2 � 150 keV. This means that calculating the beam
excitation of the electromagnetic field in tube 4 should take
into consideration that the kinetic energy of beam electrons is
361 keV rather than 511 keV.The beam current Im1 � 1:86 kA
in tube 4 is lower than the limiting vacuum current I0. A
change in the R1=R2 ratio leads to the sought Im1=I0
ratio. In the case under consideration, R1=R2 � 1:55 and
Im1=I0 � 0:53.

The above formulas hold for electron beam propagation
in a vacuum. Because only the kinetic energy of electrons is
converted into radiation energy upon excitation of electro-
magnetic waves, it is desirable to use a low-potential beam.
Moreover, the radiation energy is produced in Cherenkov
interactions as a result of reducing the longitudinal electron
velocity. If the beam current is slightly lower than I0 for a tube
of a radius R2, a decrease in the electron velocity during
emission can cause a beam cutoff by the spatial charge, which
sharply reduces the efficiency of the interaction. Moreover, a
tubular beam has a finite thickness under experimental
conditions, and hence electrons at different distances from
the beam axis are located at points with different potentials
and therefore have different kinetic energies. The energy
spread is large if the beam current is close to I0. The high
efficiency of a microwave source can be attained only at a
small electron kinetic energy spread, which explains why in
relativistic vacuummicrowave electronics the beam current is
low (< 0:2I0) in comparison to the limiting vacuum current.

The injection of an electron beam into a plasma leads to
neutralization of its spatial charge, which allows transporting
beams with currents much higher than the limiting vacuum
current. For example, a beam with a current eight times the
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Figure 5. Schematic of REB formation with the use of a magnetically

insulated diode: 1Ðhigh-voltage pulse source, 2Ðcathode, 3Ðanode,

4Ðdrift tube, 5Ðcollector, 6Ðelectron beam. Below is a qualitative

pattern of electric field lines of the beam self-charge.
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limiting vacuum current can be transported through a
continuous cylindrical plasma with the diameter 3 cm and
density 1013 cmÿ3 in a metal chamber 15 cm in diameter [21].
But it follows from formula (2) that beam instability is excited
at the tubular plasma density 6� 1011 cmÿ3. This means that
beam propagation in a plasma with the density 1013 cmÿ3 is
accompanied by excitation of beam instability, known to
violate the monoenergeticity of the electron beam. An
analysis of plasma wave amplification indicates that an
increase in the beam current leads to an increase in the wave
field amplitude, and a nonlinear process of beam electron
capture by the plasma wave field is initiated at a certain
current strength. As a result, maximum values of microwave
radiation from the plasma are reached, as before, in
accordance with the theory, at currents lower than the
limiting vacuum current, e.g., at � 0:45I0, if rb � rp [12].

To conclude this section, we discuss one more important
problem. High-current REBs are injected from a certain
region of a cathode plasma. The boundary of this plasma
moves in longitudinal and transverse directions both by virtue
of the thermal velocity of its particles and under the action of
an external electric field. As a result, REB characteristics
change with time.

Cathode plasma parameters are poorly known, which
explains the absence of calculations of longitudinal and
transverse diffusion. Experimental data on cathode plasma
characteristics are reviewed in [22]. The velocity of long-
itudinal motion of the cathode plasma was determined from
the breakdown time of the diode with a variable anode-to-
cathode distance. Another method is based on the ability of
the cathode plasma entering the beam to compensate its
spatial charge. As a result, a region forms near the cathode
in which the beam charge is neutralized. In the course of time,
the front of the beam neutralization region moves away from
the cathode. Measurement of the front movement speed
provides information on the cathode plasma velocity.

Both methods give vk � �1ÿ5� � 107 cm sÿ1 [23, 24]. To
prevent variation in the current of a magnetically insulated
diode during a voltage pulse, the lengthL1 (see Fig. 5) must be
larger than vkT, whereT is the duration of the voltage pulse at
the cathode. Using the longitudinal velocity value vk and
assuming thatT� 1 ms yields the diode length L1� 10±50 cm.
Plasma motion across the magnetic field increases the beam
radius. The radius increase rate v? depends on the cathode
geometry and the profile of the longitudinal guiding magnetic
field. In the case of a uniform magnetic field and a cathode
with a large lateral surface, v? � 5� 105 cm sÿ1 [24, 25]. The
cathode can be shaped as a solid cylinder (see Fig. 5) or a thin-
walled tube, which means that the beam radius increases by
5 mm in 1 ms. Such a change is frequently infeasible for the
creation of an efficient microwave source � 1 ms in duration.

Multispike cathodes have been proposed to stabilize the
beam radius by limiting the density of plasma flow from the
cathode surface [26]. When the plasma flow is limited and
npvTeSp=4 � nbuSb, a stable plasma boundary is formed from
which the electron beam current is expelled; here, np is the
plasma density, vTe is the thermal speed of plasma electrons,
Sp is the plasma cross-section area, nb is the beam electron
density, u is the longitudinal velocity of beam electrons, and
Sb is the beam cross section area. We describe the construc-
tion and present concrete parameters of one such cathode. A
cathode with an area of 1:5�103 cm2 has 500 spikes, each
having a 2 kO resistor in its circuit. A beam propagates near
the cathode in an attenuated 2 kG magnetic field and further

on in the drift chamber along a 10 kG magnetic field. Under
these conditions, a 0.7 cm thick tubular beam 4.5 cm in
diameter forms at an electron energy of 300 keV, the current
of 400 A, and the pulse duration of 25 ms.

One more method for limiting the cathode plasma radial
broadening rate consists in selecting a special cathode shape.
If the cathode is shaped like a thin disk, the beam transverse
structure remains unaltered for 700 ns (Fig. 6a) [27±29]. For
comparison, the figure shows the beam structure when the
cathode is the butt-end of a solid cylinder (Fig. 6b). Stabiliza-
tion of the REB radius with the use of a thin-disk cathode can
be explained as follows. Electron emission from a cathode
shaped as the butt-end of a solid cylinder is possible fromboth
the butt-end and the lateral surface at the radius r � rc.
Emission begins on the lateral surface with the highest
electric field. The cathode plasma moving away from the
cathode along the magnetic field lines screens the electric field
at the butt-end. Therefore, emission from the lateral surface
prevails. In a disk cathode, only the butt-end surface gives off
emissions at radii r4 rc, because the current density of
cathode plasma emission is limited and the small lateral
surface of the disk cathode is insufficient to maintain the
current of a magnetically insulated diode.

In other words, the lateral surface makes emissions in a
cathode shaped as the butt-end of a solid cylinder, thus
giving rise to a plasma layer extended along the magnetic

t � 100 nsj t � 200 nsj

15 17 19 r, mm 17 19 21 r, mm

t � 300 nsj t � 400 nsj

15 17 19 r, mm 17 19 21 r, mm

t � 600 nsj

17 19 21 r, mm

t � 500 nsj

15 17 19 r, mm

t � 700 nsj

15 17 19 r, mm

t � 800 nsj

17 19 21 r, mm

a b

Figure 6. REB density profiles at different time instants: (a) thin-disk

cathode, (b) cathode in the form of a solid cylinder butt-end.
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field line with a large plasma density gradient in the radial
direction, because the lateral surface of the cathode holds the
maximum-density plasma. In a disk cathode, dense plasma
forms on the butt-end surface at radii similar to the cathode
radius; thereafter, the plasma moves along a magnetic field
line and gives rise to tubular plasma, preventing formation
of a large plasma density gradient in the radial direction. As
a result, the transverse plasma diffusion rate is not very high
for the disk cathode, and the beam diameter is practically
stable.

It was proved in experiment that the angular spread
between the electron velocity and the magnetic field direction
during electron beam formation at the transverse-blade
cathode is insignificant. It turns out that the angular spread
does not exceed a few degrees over the entire electron flow
cross section and throughout the whole duration of a
microsecond current pulse [30]. This means that such an
electron flow meets all requirements for use in a high-power
Cherenkov microwave oscillator producing microsecond
pulses.

4. Plasma generation techniques

An electron beam passing through a gas ionizes it. This effect
underlies the design of the simplest experimental setup for the
study of beam±plasma interaction. If only the gas ionization
by fast electrons is taken into account and ionization by
plasma electrons is ignored, the plasma density is determined
from the equation

dnp
dt
� �N0 ÿ np�nbsuÿ np

t
; �11�

where s is the cross section of gas atom ionization by a beam
electron and t is the plasma decay time. Let the electron beam
parameters nb and u and the gas densityN0 be given. Then the
stationary plasma density is

nmax
p � N0

t
t� tb

; �12�

where tb � 1=�nbsu�. The condition tb 5 t being satisfied,
the beam generates a fully ionized plasma, and its density can
be controlled by varying the gas density. If the plasma density
exceeds a critical value (see Section 2), beam instability
develops and microwave fields can induce additional ioniza-
tion. If microwave fields are concentrated inside the plasma,
their contribution to gas ionization is of no significance,
because gas ionization by the electron beam alone is
sufficient.

Evidently, the results of experiments in which an electron
beam interacts with a fully ionized plasma are interpreted
most readily. It is this process that is usually considered by
theorists. When the condition tb 5 t is not satisfied, two
stages of plasma formation are observed. At the first stage,
plasma accumulation is described by Eqn (11). As soon as
the plasma density reaches a critical value, microwave fields
appear. They cause additional ionization that determines the
stationary value of plasma density: the so-called plasma±
beam discharge occurs [31, 32]. The problem becomes more
complicated when the stationary plasma density value
mostly depends on a high-frequency electric field rather
than on collisional ionization by beam electrons. The
plasma density is then not an external parameter but a
function of the properties of the phenomenon being

explored. Density relaxation fluctuations develop in the
plasma. At an optimal plasma density when the strength of
the high-frequency field is especially high, intense gas
ionization occurs [33], which, in turn, increases the plasma
density to supraoptimal values and decreases the electric
field strength. The cycle is completed when the optimal
plasma density is reached.

To summarize, the method of plasma formation at tb 5 t
is highly attractive. Plasma density is smoothly controlled by
changing the gas pressure, regardless of the strength of the
excited fields. If the condition tb 5 t does not hold, the
problem of beam±plasma interaction becomes extremely
complicated.

We turn to the question: Is it possible to have the
condition tb 5 t satisfied in a laboratory setup? We suppose
that a plasma is in a strong magnetic field, and ions with
Ti � 3� 10ÿ2 eV can leave it only for a grounded metal
electrode limiting a plasma column. The plasma decay time is
found from the formula t � L=

��������������
Te=Mi

p
. We assume that

Te � 4 eV and choose the heavy gas xenon; then��������������
Te=Mi

p � 3� 105 cm sÿ1 for L � 30 cm and t � 10ÿ4 s.
We estimate the tb values for certain typical cases and the
beam radius rb � 0:5 cm in Table 1.

The condition tb 5 t is not satisfied for nonrelativistic
beams. When the simplest plasma generation technique
by electron-beam-induced gas ionization is used, the
plasma density is determined by the processes occurring
in the plasma±beam discharge. Nor is the ionization
condition tb 5 t fully satisfied for high-current REBs.
Moreover, high-current REBs have the current pulse
length T < 1 ms5 tb, and therefore the stationary state is
not achieved. This means that the plasma density varies
during an REB current pulse and that the maximum plasma
density is np 5N0. In other words, the method of plasma
generation by an REB is poorly adapted for the purpose of
relativistic plasma microwave electronics.

Work on plasma microwave electronics was preceded by
experimental studies of the plasma±beam instability for
nonrelativistic beams, eU < 30 keV. The plasma was
created using gas ionization by an electron beam, and its
instability was studied simultaneously. This permitted, first,
detecting the plasma±beam instability in simple experiments
and, second, observing a new phenomenon: plasma±beam
discharge. Finally, the design of the experiment made it
possible to create powerful sources of noise microwave
radiation. In retrospect, however, it can be said that it
would have been useful to create plasma using an additional
source to obtain a deeper insight into beam±plasma interac-
tion physics. In such a case, plasma density becomes an
independent parameter, which facilitates the interpretation
of experimental data. An additional plasma generation
source was frequently used for the development of mono-
chromatic microwave radiation sources in nonrelativistic
microwave electronics [6].

In experiments on relativistic plasma microwave electron-
ics, plasma is also created by an additional source [34]. A

Table 1. Estimates of tb for rb � 0:5 cm.

Example eU, keV s, cm2 I, A nb, cmÿ3 tb, s

1
2
3

1
10

500

10ÿ16

10ÿ17

10ÿ18

1
10

2� 103

4:2� 109

1:3� 1010

6� 1011

1:25� 10ÿ3

1:25� 10ÿ3

6� 10ÿ5
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cathode in the form of an incised tungsten ring is placed at the
axis of a vacuum chamber and heated to� 3100 K. A voltage
pulse negative with respect to the waveguide wall (U � 600 V,
T � 30ÿ100 ms) is applied to the ring. This electron gun in a
strong longitudinal magnetic field forms a tubular electron
beam with a cross section matching the cathode shape. The
beam ionizes the gas and generates plasma by means of
collisional ionization. Test measurements showed that the
plasma density radial profile is close to the radial profile of the
electron beam density.

The pulse plasma source was usually turned on 30 ms (or
100 ms) before switching on a current pulse of the accelerator.
At the moment when the REB current was turned on, the
plasma density could be controlled by varying the gas
pressure and the cathode temperature. In different experi-
ments, the plasma density reached a maximum value for a
characteristic time of 30 or 100 ms, which allowed controlling
the plasma density at the time when the REB current was
turned on by altering the delay between switching on the
plasma source and the accelerator. Because of the small
duration of the REB current pulse, the density of the pre-
produced plasma could be considered constant during the
current pulse. This method makes it possible to electronically
remodel the plasma density for a very short time (< 1 ms).

Can such an electron beam create a fully ionized plasma?
We estimate tb � 1=nbsu for the parameters eU0 � 600 eV,
s � 1:5� 10ÿ16 cm2, I � 50 A, and S � 0:5 cm2. Then
tb � 10 ms, i.e., tb < t � 100 ms; in other words, the gas can
be fully ionized [see (16)]. This phenomenon was observed in
experiment, where the plasma density was shown to be
several-fold higher than the gas density. The difference can
be attributed to the formation of multiply ionized xenon
atoms. Another possible explanation is the ion pump effect.
An atom that happens to fall into a tubular electron beam is
ionized and kept there by the magnetic field. As a result, the
ion density in the plasma tube can be higher than the density
of neutral atoms.

The plasma thus obtained is characterized by plasma±
beam instability, as is confirmed by emission from it. But
calculations show that microwave electric fields tend to
concentrate in the cross section of the tubular plasma;
therefore, ionization by these fields does not lead to plasma
expansion. We show below that realization of a plasma tube
having very thin walls compared with the radius was of
paramount significance for the development of relativistic
plasma microwave sources.

The absolute plasma density was measured by the
resonant microwave method [34]. It was shown that the
absolute plasma density is proportional to the beam current
creating the plasma. This finding was used in subsequent
studies for measuring the relative plasma density.

5. Methods for measuring
microwave radiation parameters

In the preceding sections, we gave the REB parameters
measured in a vacuum and the plasma parameters in the
absence of an REB. There is every reason to believe that the
REB and plasma characteristics at the moment the beam
enters the plasma are known quite well. No direct measure-
ments of the REB, plasma, and electromagnetic field
parameters in the electrodynamic system of a relativistic
plasma microwave oscillator or relativistic plasma micro-
wave amplifier were made during REB±plasma interactions.

The main source of information about physical processes in
the plasma±beam system under experimental conditions is the
characteristics of its radiation.

In relativistic plasma microwave electronics, radiation is
released into the environment through a dielectric output
window. The microwave pulse envelope, radiation spectrum,
absolute microwave pulse energy, and radiation mode are
measured at some distance from the output window. The high
pulsed power of microwave radiation (5 100MW), the short
length of the microwave pulse (� 10ÿ700 ns), and the broad
radiation spectrum require new measuring techniques.

A method based on the `hot electron' effect in semicon-
ductors was proposed to study temporal characteristics of
microwave radiation [35]. Microwave radiation reaches the
receiving horn and is transferred into a waveguide. This
allows directly measuring the radiation power of the order
of hundreds of kilowatts in the waveguide without prelimin-
ary attenuation over the entire frequency range of plasma
microwave sources from 2 to 30GHz and elucidating the time
dependence of the microwave radiation power density at a
given point near the horn. But determining the total radiation
power requires knowing the microwave beam structure. The
method proved of no value for determining the total radiation
power of microwave oscillators with a broad emission
spectrum.

The total power of plasma microwave sources was
measured with the use of a wide-aperture calorimeter,
described for the first time in [36]. The calorimeter consists
essentially of a microwave dielectric chamber transparent to
radiation, filled with alcohol. It operates by registering
alcohol expansion due to its temperature increase during
heating by microwave radiation. Measurement of the total
radiation energy and microwave pulse length by a semicon-
ductor detector allows estimating the total radiation power.

A calorimetric spectrometer was used to measure spectra
in the 4±30 GHz range [37]. The device was designed as
follows. Metal disks with a diameter larger than the horn
diameter had holes cut by drilling. Because the disks were
rather thick, each hole served as a waveguide with a certain
cutoff frequency value. Measurement of the microwave pulse
energy using a set of such low-energy filters differing in cutoff
frequencies permitted determining the radiation spectrum.
The most comprehensive information about microwave
radiation parameters was obtained for plasma microwave
sources with emission in a range up to 4 GHz. Another
method for measuring characteristics of microwave radia-
tion revealed the time dependence of the electric field strength
at a given point some distance away from the emitting horn.
The electric field strength was measured using a rod antenna.
A signal from this antenna was transmitted through a coaxial
cable to the oscilloscope input with a bandwidth up to 4GHz.
Measurement of the electric field at a given point in space with
the use of an antenna yields information on the power and
energy of the microwave pulse, i.e., the data obtained with the
use of a detector. Moreover, it was possible to measure the
total radiation spectrum in a single pulse and register its
changes during this pulse. Likewise, the stability of the phase
difference between input and output signals of the microwave
amplifier could be estimated and the autocorrelation function
of noise signals was calculated.

The dynamic range of the oscilloscope and the change in
coaxial calibrated attenuators at the entrance to the oscillo-
scope made it possible to broaden the dynamic range of
radiation power measurements from 20 to 70 dB. The
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receiving antenna was typically placed on the axis of the
calorimeter 50 cm in diameter (Fig. 7), which permitted the
microwave radiation energy and the time dependence of the
electric field at the microwave beam axis to be registered
simultaneously.

6. Schematic and the underlying principles
of a relativistic plasma microwave oscillator

The first results of an experimental study with a relativistic
plasma microwave oscillator were published in 1982 [38].

A schematic diagram of the plasma relativistic microwave
oscillator is presented in Fig. 8. An electron beam forms in a
magnetically insulated diode. A negative high-voltage pulse is
incident on the cathode of the accelerator (1). The electron
beam (2) is injected along the z axis of the circular metal
waveguide (3) preliminarily filled with tubular plasma (4).
Both the beam and the plasma are in a uniformmagnetic field
B � Bz. Beam electrons have only the longitudinal velocity
component u � uz. The length of the beam and the plasma is
limited by the butt-end of the central conductor (5) of the
coaxial output emitting device (6). REB and plasma currents
pass through the collector and close the metal waveguide. In
the early experiments, the current closed through the radial
metal rods (8) in the vicinity of the horn (7). The microwaves
excited in the plasma waveguide propagate in the vacuum co-
axial waveguide and are emitted from the horn. Radiation is
recorded in the horn output region.

The diagram presented in Fig. 8 is based on the following
assumptions.

(1) The radius of the tubular plasma is greater than the
beam radius; therefore, the plasma does not enter the diode of
the high-current accelerator. An alternative method for
separating plasma and diode regions with the use of a thin
metal foil transparent to relativistic electrons and nontran-
sparent to beam electrons creating the plasma markedly
deteriorates the Cherenkov interaction efficiency.

(2) The maximum radiation power is proportional to
E 2vgr, where E is the electric field strength in the plasma
and vgr is the group velocity of plasma waves. In a plasma
wave at kz!1, we have vgr! 0, but the group velocity is
high at the resonant points where plasma waves are excited
by the relativistic electron beam. For example, do=dkz �
1:1� 1010 cm sÿ1 at the resonant point a (see Fig. 2).

(3) The difference between group velocities of the E01 and
E02 plasma waves at kz � 0 in a tubular plasma is much

greater than in a continuous cylindrical plasma of the same
radius, facilitatingmode selection; in other words, an electron
beam excites a single transverse mode E01 within a wider
range of plasma density variations.

(4) Mode selection is facilitated by choosing proper
tubular plasma and REB radii. For example, if rb < rp, it is
possible to excite modes with high Ez inside a tubular plasma
and low Ez at r � rb < rp.

(5) All transverse dimensions (those of the beam, plasma,
and waveguide) and the plasma and beam densities, as well as
the magnetic field strength, are constant over the device
length. This markedly simplifies theoretical analysis.

(6) Conditions have been created for the efficient trans-
formation of a plasma wave into a coaxial waveguide wave.
Electric field line patterns at point a depicted in Fig. 2 are
presented in Fig. 9; this qualitatively confirms the Ez�r�
distribution shown in Fig. 2.

A large fraction of the energy of the excited wave is
concentrated in the vacuum gap between the plasma and the
waveguide wall. The similarity between the field structure of
this part of the plasma wave and the structure of the
transverse TEM wave of a coaxial emitter, as well as the
high phase velocity of the plasma wave (close to the speed of
light in a vacuum), is responsible for the high efficiency of
release of the slow plasma wave energy into the coaxial
emitting device. Moreover, the field is relatively weak at the
wall of the metal waveguide (especially at short wavelengths)
and has only a radial component. This and the presence of a
strong magnetic field decreases the probability of high-
frequency breakdown at the waveguide wall.

Figure 7. Calorimeter and receiving antenna.
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Figure 8. Schematic of a relativistic plasma microwave oscillator: 1Ð

accelerator cathode, 2ÐREB, 3Ðmetal waveguide, 4Ðplasma, 5Ð

REB collector, 6Ðcoaxial vacuum waveguide, 7Ðhorn, 8Ðradial

rod.
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Figure 9. Electric field line patterns in a plasma microwave oscillator

corresponding to point a in Fig. 2. Plasma waveguide region (1), metal co-

axial waveguide (2).
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(7) The use of a coaxial emitter ensures the efficient
release of radiation in a broad frequency range.

7. Results of research
using a relativistic plasma microwave oscillator
with a 30 ns beam current pulse

The first experiments were carried out for the plasma radius
rp � 7 mm, the beam radius rb � 6 mm, the metal waveguide
radius R � 18 mm, the plasma length L � 10ÿ20 cm, the
magnetic field B � 1:2ÿ2:2 T, the plasma density np�
�0ÿ7��1013 cmÿ3, the beam electron energy eU � 0:5 MeV,
the beam current I � 2ÿ5 kA, and the REB current pulse
duration of 30 ns. The experiments were designed to study
changes in the microwave pulse energy and microwave
radiation spectrum associated with variations in plasma
density from one pulse to another and plasma length in a
separate series of experiments.

The dependence of the microwave pulse energy on plasma
density was estimated at various plasma waveguide lengths
(L � 10, 12.5, 15, 20 cm). At L � 20 cm, the pulse energy was
almost constant (0.7±0.9 J) in a wide range of plasma
densities. The total REB energy in a single pulse was roughly
30 J (500 keV, 2 kA, 30 ns), which means that the efficiency of
the electron beam energy conversion into radiation energy
was 2.5±3%. The microwave pulse duration was 20 ns, the
radiation power varied between 35 and 50MW, and the beam
power efficiency was 3.5±5%.

It was shown that for a sufficiently long extent of the
plasma (L � 20 cm), radiation appeared when the plasma
density exceeded 2:5� 1012 cmÿ3. This value was close to the
calculated critical plasma density np � 3� 1012 cmÿ3 [see
inequality (3) in Section 2] at which Cherenkov instability in
a spatially bounded plasma develops.

Radiation spectra of a plasma microwave oscillator
measured with a calorimetric spectrometer (see Section 5)
for different plasma density values and the plasma waveguide
length L � 20 cm are shown in Fig. 10 [39].

Obviously, themean radiation frequency increased from 4
to 28GHz as the plasma density varied in the range 4� 1012 ±
7� 1013 cmÿ3. A comparison of results of these experiments
with calculations in the framework of a linear theory is shown
in Fig. 11.

The gray area corresponds to the calculated dP=df >
0:3�dP=df �max. There is an excellent agreement between
theory and experiment in the small plasma density (low
radiation frequency) region. A discrepancy between theory
and experiment was observed at higher plasma densities. For
example, the radiation frequency f in experiment was 21GHz
for np � 6� 1013 cmÿ3 at Oe � 0:5op and increased with
increasing the magnetic field Oe � 0:9op to f � 27 GHz.
According to the calculations, for np � 6� 1013 cmÿ3 at
Oe 4op, the frequency is f � 32 GHz. We recall that a
branch of oscillations is excited at Oe < op with the
frequency tending as kz !1 to ��o2

p � O 2
e �=2�1=2 rather

than to op, as is the case for Oe > op [12]. This means that
the resonance frequency must decrease at a fixed plasma
density and decreasing magnetic field, suggesting that the
discrepancy between theory and experiment can be accounted
for by the fact that the condition Oe > op is not satisfied at
high plasma density.

Thus, it was proved in experiment that an azimuthally
symmetric slow eigenwave of a plasma waveguide, lowest in
terms of the radial index, is excited in a relativistic plasma

Cherenkov microwave oscillator in a wide range of plasma
densities. Seven-fold frequency tuning (from 4 to 28 GHz) at
the 30±50MWpower level was performed for the first time by
altering a single parameter (plasma density). From the
application standpoint, it is important that such tuning can
be achieved in the pulse-periodic regime of an accelerator
operating with a pulse repetition rate of 1 kHz. Time intervals
of 1 ms between pulses from the accelerator are long enough
for the plasma from the preceding pulse to decay and a new
plasma of a different density to form.

It was mentioned in Section 3 that according to calcula-
tions, the maximum radiation power is achieved at the
optimal beam current I � � 0:45I0 if rb � rp. It was therefore
interesting to study the dependence of the microwave
radiation power on the current strength. All the above results
were obtained at a 2 kA current, whereas the limiting vacuum
current was 3.5 A. The increase in the beam current to 3 kA
was not accompanied by an increase in the microwave
generation power. Assuming I � � 2 kA leads to I � � 0:57I0,
close to the calculated value I � � 0:45I0 for rb � rp.
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To conclude, an increase in the REB current in the
rb < rp geometry does not lead to increasing the radiation
power. There is a way to considerably increase the beam
current by increasing the ratio of the electron beam radius
to the waveguide radius without changing the plasma radius
(resulting in a beam radius larger than the plasma radius).
In the geometry rb > rp, the beam extends to the region
with a small longitudinal electric field component of
plasma waves (see Fig. 2) and the coupling coefficient
decreases. Passing to this geometry allows increasing the
beam current I without changing the I=I0 ratio, but the
interaction efficiency decreases because the coupling
coefficient decreases.

We turn to the description of an experiment in which the
beam radius was larger than the plasma radius [40]. The
magnetic field B � 1:2 T remained constant over the entire
plasma length up to the collector butt-end but decreased in
the coaxial waveguide region, such that the electron beamwas
incident on the outer wall of the waveguide. In a waveguide of
the radius R � 3:05 cm, a tubular plasma formed with a
length of 19 cm and the radius rp � 1:5ÿ1:75 cm. The REB
had the parameters eU � 400 keV and I � 2:5ÿ5 kA. The
radius of the tubular REB was rb� 2:05ÿ2:15 cm. The
maximum energy level of a microwave pulse W � 0:8 J
(P � 40 MW) was obtained at the REB current I � � 3:8 kA.
In other words, switching to the rb > rp geometry did not lead
to an increase in the microwave oscillator power. In this
experiment, I �=I0 � 0:48.

The spectrum of the oscillator was measured by the
superlimiting waveguide method. Radiation that passed
through the waveguides differing in cutoff frequency values
was recorded by a microwave detector. The method allowed
the spectrum to be measured with a 1 GHz resolution.
Frequency tuning was shown to be 2 GHz, with the lower
boundary above 7 GHz and the upper one below 9 GHz.
When the beam radius was larger than the plasma radius, it
was impossible to increase the microwave radiation power;
moreover, the radiation frequency was out of control,
because the coupling coefficient in the case of a large
difference between plasma and beam radii was low and
strongly depended on frequency.

The maximum power Pmax of the plasma microwave
oscillator for the electron beam energy eU � 500 keV is
estimated based on calculations [12] using two theoretical
inferences: the optimal current value for the effective
excitation of a plasma wave I � � 0:45I0 and the maximum
efficiency of the oscillator Z � 20%. This suggests the
necessity to increase I0 if a high power is to be achieved.

Unfortunately, a high I0 value is unattainable in our
plasma microwave device. It follows from Figs 2 and 8 that
the plasma wave energy is spread over the entire cross section
of the waveguide in both cases r > rp and r < rp. Therefore,
the fraction of the wave energy at r < rp must be small to
ensure effective emission of a plasma wave from the plasma
waveguide into the emitting horn. This means that the plasma
radius must be much smaller than the waveguide radius, e.g.,
rp=R � 0:3. To reach high beam±plasma-wave interaction
efficiency and retain the possibility of controlling the
radiation frequency, the beam radius must be close to the
plasma radius. At rb=R � 0:3 and eU � 500 keV, the absolute
value of the limiting vacuum current is low, I0 � 3:4 kA,
which means that the maximum theoretical power is

Pmax � 0:45eUZ � 150 MW : �13�

In plasma microwave electronics, the problem of using
strong currents of high-current accelerators at a given
electron energy remains unresolved, despite the possibility of
transporting electron beams with a current I > I0. Also, the
REB current is low compared to the limiting vacuum current.
In the most efficient vacuum microwave source, a backward
wave oscillator (carcinotron), the electron beam propagates
near the wall of the vacuum chamber. Therefore, at a fixed
eU, the I0 value is much higher than in a plasma microwave
oscillator, which allows a much higher beam current to be
used in the carcinotron than in a plasma microwave source.
However, the proximity of the beam radius to the walls of the
electrodynamic system prevents obtaining microwave pulses
of long duration (see the Conclusion for a more detailed
comparison of characteristics ofmicrowave sources in plasma
and vacuum electronics).

From the physical (but not technological) standpoint, the
simplest method for enhancing the power of a plasma
microwave oscillator consists in simultaneously increasing
the electron energy and the beam current. For example, in a
joint Russian±French experiment with the beam electron
energy of 1 MeV and beam current of 5 kA, the microwave
radiation power was P � 400 MW [41].

8. Relativistic plasma microwave oscillator
of microsecond pulses

One of the main challenges for vacuum relativistic microwave
electronics is the so-called `microwave pulse shortening' effect
[42±44], which manifests itself as follows. A relativistic
electron beam injected into an electrodynamic system initi-
ates the generation of powerful microwave radiation. After a
time, this process completely stops, even if the beam electron
current at the moment the microwave pulse is turned off does
not change. Due to this, record-breaking powers at the 1±
4 GW level were obtained in microwave pulses of 10±30 ns.
These experiments were conductedwith anREB current pulse
duration of 30 ns. The principal objective of research with
plasma microwave oscillators and a microsecond (4 1 ms)
REB current pulse duration was to estimate the possibility of
obtaining powerful microwave pulses of long duration in
relativistic plasma microwave sources.

The cause of microwave pulse shortening in vacuum
relativistic microwave electronics is the appearance of
plasma in different parts of the experimental setup. The
plasma of the explosive emission cathode propagates across
the magnetic field; it then distorts the REB shape and changes
the conditions of its optimal interaction with the electro-
dynamic structure. The plasma formed on the collector under
the effect of its electron bombardment propagates toward the
strong-current REB at a speed of up to 108 cm sÿ1 and can
penetrate into the electrodynamic structure, where it `locks in'
the radiation and keeps it inside the device. Finally, the
plasma can form on the walls of the electrodynamic structure
as a result of microwave breakdown.

Disruption of generation can result from a change in the
beam quality within 1 ms. The beam must have a constant
radius and a small electron transverse velocity spread. It was
shown in Section 3 that an electron beam formed at the
transverse-blade cathode has a stable radius.

The problem of collector plasma is equally solvable in
microwave electronics. The simplest way is to increase the
collector area for reducing the density of the energy released
by beam electrons at the collector. The plasma cannot form if
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the energy density is below a threshold value (0.1±1 J cmÿ2).
Alternatively, the collector can be placed far enough from the
electrodynamic system.

The most serious obstruction to overcoming the micro-
wave pulse shortening effect in vacuum relativistic microwave
electronics is plasma formation on the walls of electrodynamic
systems. An electron beam passing through an electrodynamic
system is partially destroyed under the action of a strong
microwave field, and only a small part of the electrons settle
on the walls. Nevertheless, electron bombardment of the walls
initiates plasma formation, and its volume rapidly increases
due to the near-wallmicrowave discharge [45]. The only way to
reduce the number of electrons settling on the walls is to
increase the distance from the electron beam to the surface of
the electrodynamic system.

In the most efficient device of vacuum relativistic
microwave electronics using a corrugated waveguide to slow
down the waves, the beam has a radius close to the waveguide
radius, because the amplitude of the longitudinal electric field
component with which beam electrons interact is especially
high near the wall and sharply decreases at smaller radii. For
this reason, the tubular beam radius must be close to the
corrugated waveguide radius to ensure the maximum effi-
ciency of the microwave device. Moreover, increasing the
distance between the beam and the waveguide wall enhances
the beam electrostatic potential and reduces the kinetic energy
of the electrons, i.e., the microwave radiation power. In real
centimeter-wave Cherenkov microwave devices of high-
current electronics, the gap between the electron beam and a
metal wall typically does not exceed a few millimeters. This
suggests the existence of a mechanism limiting the length of
microwave pulses, which is difficult to obviate in equipment
for vacuum relativistic electronics.

Fortunately, relativistic plasma microwave electronics
overcome this obstacle. It was mentioned above that in a
plasmamicrowave oscillator of coaxial geometry, the electron
beam is screened from the outside by a denser plasma located
at a distance of a fewmillimeters from the beam (see Fig. 8). In
this situation, the REB electrostatic field does not preclude
placing the electron beam and the plasma into a metal
waveguide with a radius much larger than the beam radius
in order to avoid the REB electron localization on the walls.
Moreover, the Er component of the plasma wave electric
field rapidly decreases with the distance from the plasma (see
Fig. 9), whereas the Ez component vanishes on the wall of
the waveguide with a constant radius (see Fig. 2). Therefore,
it is not difficult to eliminate the microwave breakdown on
the wall of an electrodynamic structure, which is the main
cause of pulse shortening in vacuum relativistic microwave
sources.

We turn to results obtained with a plasma microwave
oscillator producing a microsecond electron beam [46]. The
fundamental setup of this device is shown in Fig. 8. The
parameters of the oscillator were chosen so as to excite
relatively low frequencies, up to 4 GHz, in order to obtain
the most comprehensive information about microwave
radiation with the use of a high-speed oscilloscope operating
in a frequency band up to 4 GHz (see Section 5).

The parameters of the microsecond plasma microwave
oscillator areR � 6 cm, rb � 2:2 ± 2:35 cm, rp � 2:65ÿ2:9 cm,
L � 70 cm, B � 1:7ÿ2:2 T, I � 2:5ÿ1:6 kA, and eU �
500ÿ400 keV. The duration of the voltage pulse leading
front at the cathode is 40 ns, and the total pulse length is
700 ns. The voltage amplitude varies from 540 to 370 keV in

the time interval between 40 and 700 ns, which complicates
the interpretation of experimental findings.

Results of measurements of the microwave oscillator
spectrum at different time instants and its calculated char-
acteristics are presented in Fig. 12. The results of numerical
simulation were obtained with the use of the KARAT code.
Maxwell equations and relativistic equations of particle
motion were solved. The axially symmetric geometry was
used. The beam was modeled by the large particle method.
Time dependences of the electron energy and the beam
current were consistent with experimental ones. The plasma
was regarded as a linear medium with time-invariant proper-
ties.

We note that the mean radiation frequency increased with
the plasma density in both theory and experiment. We first
consider the results of calculations. The spectra consist of
lines at distinguished frequencies, which remain constant
within 1% throughout the entire pulse duration. Thus, the
distinguished frequencies are unaltered at constant plasma
density and electron energy variations in a broad range from
380 to 500 keV. Only the ratio of amplitudes of these lines
changes during a pulse.

To explain these results, we recall that excited in a plasma
oscillator is a plasma waveguide eigenwave with the fre-
quency o�kz� dependent on the plasma density and indepen-
dent of the beam parameters. Because the length of the
oscillator is limited, the longitudinal wave number kz takes
only discrete values:

kz � Np
L
� kzN ; �14�
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where N is the longitudinal mode number and L is the
oscillator length. Hence, only waves with a discrete set of
frequencies can be excited in the oscillator:

o � o�kzN� � oN : �15�

Which of these frequencies (o1 and o2 in Fig. 1) can actually
be excited depends on their closeness to the oscillator
resonance frequency o0 and the Cherenkov resonance width
determined by the instability increment do (see Fig. 2). The
resonance frequencyo0 is a function of the plasma frequency,
system geometry, and beam velocity. In the general case,
resonance frequencies can be found only numerically. The
condition for the excitation of oscillations with a frequency
oN can be written in the form

joN ÿ o0j < jdoj : �16�
Lines with frequencies satisfying condition (16) are present in
the spectrum of the plasma oscillator. Their analysis shows
that the set of allowable N weakly depends on the electron
velocity, but the efficiency of the excitation of waves with
different oN differs owing to variations in the resonance
frequency. Therefore, the peaks in the spectra obtained for
various time intervals and shown in the right part of Fig. 12
are roughly similar, even if their amplitudes differ.

If the frequency of any peak is measured, kz can be
approximately estimated using the formula

kz � o
u
: �17�

For example, for the frequency 2.6 GHz and u �
2:5� 1010 cm sÿ1, we obtain kz� 0:65 cmÿ1, and the
wavelength in the plasma l � 9:6 cm, N � 14.

We turn to experimental spectra. In the left part of
Fig. 12, they are also represented by separate lines shifted
by 0.09 GHz relative to one another, but the middle and low
spectra do not contain lines with frequencies coincident with
those in the upper spectrum. Such a discrepancy between
numerical simulation and experiment can be attributed to
changes in experimental plasma parameters during a micro-
wave pulse for a characteristic time of 200 ns. Two facts are
worthy of note. First, microwave pulses in experiment are
shorter than the voltage pulses. At a low initial plasma
density 5:2� 1011 cmÿ3, generation lasts 220 ns, in contrast
to 330 ns at a higher density of 9� 1011 cmÿ3. Second, low
frequencies appear in the spectrum at the end of the
microwave pulse. Both facts can be explained based on a
single assumption that the plasma density significantly
decreases during REB injection within a characteristic time
of 200±300 ns. The assumed decrease in the plasma density
during an REB current pulse must be accompanied by the
lowering of the generation frequency and subsequent
generation shutdown as the plasma density drops to a
nearly critical value. The increase in the initial plasma
density delays switching off generation, while the micro-
wave pulse becomes longer. The same assumption is needed
to study a plasma microwave amplifier (see Section 11). In
other words, microwave electronics is free from the problem
of the microwave pulse length limitation encountered in
vacuum microwave devices. Instead, another problem
arises: a microwave radiation spectrum instability during
the pulse due to accelerated plasma decay.

To summarize, 500 ns long 50MWmicrowave pulses have
been generated. An increase in the initial plasma density

before the next REB current resulted, as before, in an
enhancement of the mean radiation frequency. This experi-
ment confirmed the earlier conclusion about the generation of
a broad spectrum. New information was obtained suggesting
that the spectrum contains separate lines corresponding to the
excitation of different longitudinal modes. The radiation
spectrum is unstable throughout the entire duration of the
microwave pulse, apparently due to a decrease in plasma
density during the REB current pulse.

9. Frequency tuning of relativistic plasma
microwave oscillator in the pulse-periodic regime

Relativistic plasma microwave sources are significantly
different from vacuum relativistic microwave devices in
that they allow fast electronic frequency tuning. In the
foregoing, we have considered experiments with high-
current accelerators working in the single-shot regime. We
now describe a plasma microwave oscillator producing
periodic beam current pulses [47]. The source of the electron
beam was a Sinus 550-80 accelerator (IHCE, Tomsk). In
experiment [48], a beam with an electron energy of 500 keV,
current of 2 kA, and duration of 80 ns was injected into a
plasma microwave oscillator 20 times in one second. A
computer program was used to create a plasma of a given
density before each REB pulse.

The two histograms in the right part of Fig. 13 show the
plasma density in each of the 20 pulses. Graphs on the left
show changes in the spectrum of each pulse. The dependence
(a) of the plasma density on the pulse number results in a
relatively narrow total spectrum. The dependence (b) of the
plasma density on the pulse number leads to a broad full
spectrum. At a given pattern of plasma density variations
from one pulse to another (Fig. 13a), the mean frequency
remains invariant. Changes in the plasma density shown in
Fig. 13b, where it is enhanced in pulses 6 to 14, account for an
almost two-fold increase in themean frequency (graph 13b on
the left). This experiment demonstrates the possibility of
controlling the mean frequency of a plasma microwave
oscillator operating in the pulse-periodic regime.

10. Relativistic plasma microwave amplifier
with a 30 ns relativistic electron beam current pulse

Experiments with the use of a relativistic plasma microwave
oscillator have demonstrated its unique feature: the possibi-
lity of tuning the microwave radiation frequency in a wide
range from 4 to 28 GHz due to plasma density variations at a
roughly constant power of the resultant microwave radiation.
The broad radiation spectrum of the relativistic plasma
microwave oscillator, accounting for � 30% of the mean
radiation frequency, is of interest for solving various applied
problems. We turn to the study of powerful plasma micro-
wave sources of monochromatic radiation with electronic
frequency tuning, for example, an amplifier of a monochro-
matic input signal.

The problem of amplification of a monochromatic input
signal is very simple for theoretical consideration and has a
detailed theoretical description. Therefore, it would be
natural to begin an experimental investigation with the
amplifier rather than the oscillator. However, it proved
extremely difficult to realize a microwave amplifier in an
experiment due to its self-excitation, i.e., spontaneous change
from the amplification regime to the generation regime.

May 2019 Experimental relativistic plasma microwave electronics 477



Ensuring the microwave wave amplification in a wide
frequency range and simultaneously suppressing self-oscilla-
tions proved a very laborious task. For this reason, experi-
ments with the relativistic plasma microwave amplifier were
performed later.

The amplifier in [49] was designed to enhance an input
signal in a frequency range from 9 to 13 GHz. Its schematic
representation in Fig. 14 differs from that of the oscillator in
Fig. 7 in that it has an input unit for injecting the input signal
into the plasma waveguide (4) and microwave absorber (6).
A tubular plasma having the mean radius rp � 7:5 mm and
the thickness Drp � 1 mm was located in a uniform long-
itudinal magnetic field with the induction B � 1:6 T in a
cylindrical metal waveguide of the radius R � 22 mm. A
tubular REB with the electron energy of 550 keV, current of
1.5 kA, and pulse length of around 100 ns propagated along
the waveguide axis. The mean radius of the electron beam
was rb � 10 mm and its thickness Drb � 1 mm. The
microwave converter transformed the TE01 mode of the

rectangular waveguide into the TEM mode of the input
coaxial waveguide, and then this mode was transformed into
fast and slow modes of the plasma waveguide. The slow
E01-mode plasma wave was first amplified by the relativistic
electron beam and then transformed into the TEM mode of
the metal coaxial output waveguide and emitted by an
output coaxial horn having a large cross section. The length
of the plasma waveguide over which the REB±plasma
interaction occurred was 29 cm.

To prevent self-excitation of the device, i.e., transition to
the auto-oscillation regime, a ceramic microwave absorber
was placed in the gap between the beam and the waveguide
wall. The microwave power absorption coefficient was 20 dB
for a TEM wave in the coaxial waveguide with the internal
radius of 5 mm and external radius of 22 mm; it was 50 dB for
a TM01 wave in the circular waveguide of radius 22 mm.
These measurements were made at a frequency of 9.1 GHz.
One of the two pulsed magnetrons was first used as the source
of the inputmicrowave signal. Onemagnetron operated at the
frequency f1 � 12:9 GHz with the pulse length of 2 ms and
power Pin � 75 kW. The parameters of the other magnetron
were f2 � 9:1 GHz, 20 ms, and 40 kW.

The radiation spectrum was estimated using a receiving
channel in the form of a 23�10 mm waveguide in which the
input microwave power was recorded by two detectors. One
of them was a broadband receiver measuring the total
microwave power in the receiving channel. The other, a
narrow-band receiver, had one of two narrow-band input
microwave filters; both filters were tuned to the magnetron
frequency with the frequency bandwidth Df � 0:29 GHz at
f1 � 12:9 GHz or Df � 0:51 GHz at f2 � 9:1 GHz. The
sensitivity of the two receivers was roughly identical. If the
radiation spectrum was narrower than the microwave filter
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transmission band, the ratio of the signals from both receivers
was unity. It decreased if the radiation spectrum was wider
than the transmission band of the microwave filter. In other
words, it was possible to estimate the spectrum width of the
output microwave radiation.

It was shown that in the range of plasma density values
5� 1012 cmÿ3 < np < 1:5� 1013 cmÿ3, the output signal of
the microwave amplifier always lies within the transmis-
sion band of the narrow-band receiver, the power ratio
being close to unity. A comparison of the experimental
dependence P=Pf with the dependence of the single-pass
linear power amplification coefficient K on plasma density
indicates that the effect of microwave amplification in
experiment is observed within the predicted range of
plasma density values. Results of calculations suggest the
possibility of radiation frequency tuning in a wide
frequency range. To verify this theoretical prediction,
experiments were carried out to study the amplification
regime at the frequency f � 12:9 GHz (Pin � 75 kW). It
was shown that the amplification regime at this frequency
could be observed at higher plasma densities, i.e., in the
range 1� 1013 cmÿ3 < np < 3� 1013 cmÿ3, in agreement
with the results of calculation.

Experimental dependences of the output radiation
power on the input signal power confirm the realization of
the amplification regime at two input signal frequencies
(Fig. 15).

In the linear amplification regime, the output power was
60 MW (amplification up to 30 dB) at 13 GHz and 40 MW
(amplification up to 29 dB) at 9 GHz with the frequency
tuning band being at least 40%.

11. Microsecond relativistic plasma
microwave amplifier. Frequencies 2.4±3.1 GHz

Experimental studies of a microwave amplifier were contin-
ued in the frequency range 2±3 GHz [50±55]. To register the
parameters of microwave radiation from the amplifier, a
calorimeter with a receiving antenna on its axis was used
(see Fig. 7). The signal from the antenna was transmitted
through a coaxial cable to a coaxial 63 dB attenuator, whence
it arrived at the input of a high-speed oscilloscope. To amplify
the input microwave signal at 2±3 GHz, the diameters of the
waveguide, the electron beam, and plasma, as well as the
length of the plasma waveguide, were increased. To decrease
the coefficient of reflection from the butt-ends of the plasma

waveguide, the design of the emitting device was altered
(Fig. 16).

In this amplifier, in contrast to the signal amplifier at 9±
13 GHz, the beam radius was smaller than the plasma radius,
which, in accordance with our microwave oscillator studies
(see Section 7), resulted in a weaker frequency dependence of
the amplification coefficient. The experimental setup had the
following characteristics: the cathode (1) radius 1.25 cm, the
anode (2) radius 5.5 cm, the drift tube radius (5) R � 4:9 cm,
the tubular REB radii rb � 1:3 and 1.6 cm, the tubular plasma
(6) radii rp � 1:9 and 2.2 cm. The magnetic field was
B � 4:5 kG. The source of the microwave signal was one of
three changeable magnetrons with frequencies of 2.4, 2.7, and
3.1 GHz. The external signal (approximately 50 kW) was
transmitted from the magnetron through the coaxial cable to
two rod antennas (7). The design of the microwave amplifier
included a microwave absorber (8) and an emitter consisting
of a collector (4) and horn (9).

A calorimeter with a receiving rod antenna in the center
was spaced 70 cm from the emitting horn. The signal
recorded by the antenna is presented in Fig. 17. An
oscillogram of the output signal from the amplifier U�t� is
shown in black; the part of the signal Uf�t� that passed
through the 2710� 15 MHz filter is shown in red. In
Fig. 17a, the oscillogram of the microwave signal is super-
imposed on the accelerator cathode voltage oscillogram.
The voltage amplitude is 500 kV. Evidently, the amplifica-
tion process begins and ends at an approximately 400 kV
cathode voltage. The duration of a microwave pulse is
350 ns, and of the pulse voltage plateau, 280 ns. The time
dependence of the electric field apparent from the oscillo-
gram is almost harmonic.

We calculate the quantity
�
U 2 dt proportional to the

energy density on the calorimeter axis in a frequency band
up to 4 GHz and compare

�
U 2 dt with the total

microwave pulse energy W measured by the calorimeter
at various plasma densities (Fig. 18). It follows from
Fig. 18 that the W=

�
U 2 dt ratio is almost constant,

which means that the microwave beam structure in the
cross section is constant over the entire range of plasma
density variations. The quantity

�
U 2

f dt is proportional to
the energy density at the axis of the calorimeter in the
frequency band 2710� 15 MHz. It turns out that the
W=

�
U 2

f dt ratio is also constant. This permits calculating
the total power of the microwave beam in the frequency
band f0 � 15 MHz using the formulas

P�t� � WU 2�t�
2
�
U 2 dt

; Pf�t� � WU 2
f �t�

2
�
U 2 dt

: �18�
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Importantly, formulas (18) include experimentally
obtained quantities but do not explicitly contain the field
structure in the microwave beam. The total power of the
microwave amplifier can be found from formulas (18) if the
microwave beam diameter is smaller than or equal to the
diameter of the calorimeter. To meet this condition, it is
necessary to decrease the distance between the horn and the
calorimeter, because the diameter of the latter (50 cm) is
larger than that of the horn aperture (24 cm). However, such a

system proved unsuitable for making measurements. The
calorimeter reflects 10% of the incident power, part of
which enters the amplifier when the distance to the horn is
small; this changes the amplification regime. Moreover, a
marked decrease in the calorimeter±horn distance leads to a
breakdown at the receiving antenna. Therefore, the calori-
meter has to be placed 40±70 cm from the horn, which gives
rise to the question: what part of the energy is recorded by the
calorimeter?

To answer this question, a thin dielectric film covered with
metal microparticles around 100 mm in size glued to its surface
was placed at some distance from the horn aperture [53].
Powerful microwave radiation induced a discharge on this
screen. A series of photographs of the screen glow at different
distances from the horn aperture is presented in Fig. 19. They
show luminous filaments and the enlargement of the glow
region with increasing the distance between the screen and the
horn.

We assumed that the discharge develops on the screen
along the field lines of the microwave radiation electric field.
To confirm this hypothesis, we performed calculations with
the use of the KARAT code. Simulation was based on the
assumption that a TEM wave is delivered to the input of the
vacuum coaxial waveguide. The transverse structure of the
microwave beam was calculated for different distances from
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the horn (Fig. 19 to the right of the photographs). The slope of
each section reflects the direction of the electric field strength
vector at a given point, and its length is proportional to the
maximum field amplitude at this point. The image obtained
by numerical simulation allows us to see the pattern of
microwave field lines. Evidently, the experimental picture of
the luminescent filaments agrees with the theoretical one,
which means that the discharge actually develops along the
electric field lines.

The photographs and the model images are shown in the
same scale. The photographs show a 5 cm pitch grid. The size
of one of the model images was chosen such that it coincided
with the size of the respective photograph by suitable
selection of the minimal electric field amplitude correspond-
ing to the shortest section. In the remaining model images, the
same short sections correspond to the same threshold electric
field amplitude. This allows comparing microwave beam
divergences in simulation and experiment. The coincidence
of the structures and microwave beam divergences in
simulation and experiment gives reason to trust the results
of calculations of the energy fraction recorded by the
calorimeter placed at a distance of 70 cm from the horn. It
turns out that in both simulation and experiment, changing
the distance from 70 to 40 cm caused a two-fold increase in the
energy in the calorimeter. A change from 70 to 20 cm
increased the energy in the calorimeter by 2.6 times in
computation and less than twice in experiment. Therefore,
to determine the total radiation power at a distance of 70 cm
from the horn, its measured value had to be multiplied by 2.6.
The radiation power in the frequency band 2710� 15 MHz
varied from 100 to 150 MW as the plasma density changed
from 10 to 12.5 arbitrary units.

One more important conclusion follows from the experi-
ment on visualization of the microwave beam structure. The
coincidence between the electric field structures in theory and
experiment was observed only if a TEM wave was fed in
computations to the input of the amplifier emitter. If an
H11 mode wave was introduced into the coaxial waveguide,
the calculated image of the field structure was quite different
from the experimental one. In the coaxial vacuum waveguide
used in this experiment, only twomodes, TEMandH11, could
propagate at frequencies of 2.4 and 2.7 GHz. We thus know
with certainty that a plasma wave was converted into an
axially symmetric TEM wave in the coaxial waveguide. This
permits us to think that the axially symmetric mode also
propagates in the plasma waveguide. We recall that the
dispersion curves of E01 and E02 modes are located far apart
from each other (see Fig. 2). It is therefore easy to excite only
the E01 mode in the plasma, whereas the dispersion curves of
E01 and E11 waves are close to each other, which hampers
mode selection. It follows from the experiment on visualiza-
tion of the microwave beam field structure that an
azimuthally symmetric plasma wave E01 propagates with a
high probability in the plasma, as was frequently believed in
the theory of plasma microwave devices. In other words, it is
once again confirmed that the plasma wave is excited in the
sole transverse E01 mode. One more confirmation is obtained
that the single transverse mode E01 of the plasma wave is
excited.

The data presented in the foregoing demonstrated the
enhancement of the input signal at a single frequency of
2.71 GHz. Photographs of the screen glow were obtained at
two other frequencies, 2.4 and 3.1 GHz. They do not
qualitatively differ from those presented above. The asser-

tion that the microwave beam structure remains invariant
under a 20% change in the plasma density holds for
frequencies of 2.4 and 3.1 GHz.

The spectra of microwave signals obtained at different
input signal frequencies with the maximum power are
presented in Fig. 20. The signal-to-noise ratio is 25±30 dB.

We find how the shape of microwave pulses changes with
plasma density variations for three different frequencies
(Fig. 21). As before, the black color (1) shows total signals
of output radiation, and red color (2) shows signals that
passed through the f0 � 15 MHz filter, where f0 is the
magnetron frequency. The plasma density increases from
left to right; the input signal frequencies from top to bottom
are 2.4, 2.71, and 3.1 GHz.

Parameters of the microwave pulses are presented in
Fig. 21, and the conditions under which they were
obtained, in Table 2. It follows from the table that the
proportion of power in the frequency band f0 � 15 MHz
almost invariably exceeds 85% of the total power. Plasma
density values at which the enhancement is observed
increase with the input signal frequency, as follows from
the theory. The maximum power at frequencies of 2.7 and
3.1 GHz is reached at the same plasma density, meaning
that for the frequency tuning from 3.1 to 2.7 GHz (14%), it
suffices to change the input signal frequency alone. For
tuning from 3.1 to 2.4 GHz (28%), it is necessary to also
change the plasma density.

What is the cause of the noise in the spectra shown in
Fig. 20?AsREBpropagates in a vacuum (2� 10ÿ5 Torr) with
the plasma source switched off, intrinsic REB noises are
registered at the receiving antenna [54]. To record these
noises, a 23 dB (instead of a 63 dB) attenuator previously
used to register the signals of the plasma amplifier was placed
at the entrance to the oscilloscope. The noises are due to the
nonstationary current of the beam generated by the explosive-
emission cathode. Their spectrum with a virtually constant
amplitude lies in the frequency range from 1 GHZ to at least
4 GHz.

In the presence of a plasma and in the absence of an input
signal from the magnetron, noises increase in the amplifier
frequency band for a given plasma density (Fig. 22). Accord-
ing to the linear theory, a maximum of the enhancement
increment at 3 GHz must be observed at a plasma density of
1:3� 1012 cmÿ3.
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It appears from a comparison of the data in Figs 22 and 10
that the use of a microwave absorber, as well as the
fabrication of input and output devices of the microwave
amplifier with a low coefficient of reflection of plasma waves,
allowed resolving the self-excitation problem.

To obtain narrow spectra (see Fig. 20), it was necessary to
solve the second problem, i.e., to suppress enhancement of
intrinsic REB noise. The noise pulse energy in the plasma is
only 20% lower than the microwave pulse energy when the
magnetron signal is fed to the input of the amplifier. In the
absence of an input signal, the plasma amplifier is a powerful
source of noise generation. When the input signal is turned

on, 91% of the energy is emitted into the frequency range
2:705� 0:013 GHz and the noise energy is one ninth of what
it is in the absence of the input signal. The nonlinear
interaction of the electric field at the input signal frequency
with fields at other frequencies suppresses them. This effect
allows obtaining a relatively pure spectrum of the amplified
signal (see Fig. 20).

The spectrum dynamics in experiments with the plasma
microwave oscillator (see Section 8) could be attributed to
fast plasma decay during REB injection. Experiments with
the plasma amplifier also revealed three facts that could be
explained by accelerated plasma decay [55]. First, the
microwave pulse is short at low plasma densities, but
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Table 2. Parameters of microwave pulses and conditions under which they
were obtained.

Frequency,
GHz

No. Plasma
current, A

W,
J

Pmax,
MW

Pf=P,
%

2.4 1 8.8 10 90 84

2 9.4 21 80 93

3 9.7 27 110 91

2.7 4 9.0 5.6 50 86

5 9.9 19 70 87

6 11.5 22 130 85

3.1 7 9.4 3 45 71

8 10.1 14 80 90

9 11.3 20 95 94
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becomes longer as the plasma density increases (see Fig. 21).
Second, the maximum power is associated with the pulse
onset at a low plasma density and with the pulse end as the
plasma density increases (see Fig. 21). Third, the radiation
spectrum peak at small plasma density is shifted to low
frequencies, the shift being 10 MHz relative to the input
signal frequency.

We constructed an analytic model [55] accounting for
these three facts based on a single assumption that the plasma
density significantly decreases for approximately 100 ns. The
essence of the model is as follows: there is an optimal plasma
density at which the plasma wave amplification coefficient is
maximum for a given input signal frequency (Fig. 23).

As the plasma density decreases to a suboptimal value, the
amplification coefficient sharply decreases; the reduction is
more gradual when the plasma density increases to above the
optimal value. This means that at a small initial plasma
density, its fast decay is associated with the shortening of the
microwave pulse. If the initial plasma density is higher than
optimal, it eventually becomes optimized in the course of
accelerated decay, which causes an increase in the microwave
signal amplitude and the pulse duration (see Fig. 21).

Finally, the observed shift of the input radiation
frequency is due to a change in the wave phase velocity in
the plasma during a microwave pulse. A decrease in the
plasma density during an REB current pulse alters phase
progression along the plasma column, recorded as a
frequency shift of the output signal from the amplifier during
the microwave pulse. Explaining the above three facts
analytically required the assumption that the plasma density
decreases two-fold in 150 ns.We recall that the measurements
showed that the decay time of the pre-produced plasma is
longer than 100 ms.

The processes of plasma wave amplification, time-
dependent changes in the plasma density, the mean energy
of plasma electrons, and the plasma potential were numeri-
cally simulated with the use of the PiC codeKARAT [55]. For
this purpose, the complete system ofMaxwell's equations was
solved. The axially symmetric formulation of the problem
was chosen in which the region of beam interaction with the
plasma and the amplified wave was considered. Neither the
asymmetric horn taking the radiation out nor asymmetric
absorbers at the periphery of the plasma±beam interaction
region, the electron beam formation region, and the input
unit for radiation from an external microwave source were
taken into consideration. The time dependences of the beam
electron energy and its current as well as the geometry of the
region of interaction between the electron beam and the
electromagnetic wave were taken from experiment. Numer-

ical simulation with the use of the KARAT code showed that
REB injection results in the appearance of accelerated
electrons in the plasma, due to which the mean plasma
electron energy increases to 30 keV; moreover, electrons and
ions begin to leave the plasma faster (Fig. 24).

It follows from Fig. 24 that the total number of electrons
decreases by a factor of two for 250 ns. Calculations gave
evidence that magnetized plasma electrons propagate along
the waveguide axis, and nonmagnetized ions are spread both
along and across the axis.

The most important result of numerical simulation
obtained in the framework of the problem concerning the
causes behind variations in the radiation frequency of the
relativistic plasma microwave amplifier and the shape of the
microwave pulse depending on the initial plasma density is
the discovery of fast plasma decay. Results of the simulation
suggest that the plasma density decreased almost two-fold in
250 ns, whereas the analytic calculation based on experi-
mental data [55] indicates that the plasma density must
decrease by a factor of two in 150 ns. Taking these
approximations into account, it can be concluded that the
two models yield similar results. A different mechanism of
frequency variations with changes in the plasma density
operates in the plasma microwave oscillator; specifically,
conditions of resonant excitation of an electromagnetic
wave by an electron beam change, which leads to a more
pronounced shift of the radiation frequency during the
microwave pulse. It follows from Fig. 10 that the frequency
of the radiation spectrum maximum decreases by 1.5 times.
The frequency of the microwave amplifier is determined by
the input signal frequency; therefore, the observed maximum
frequency shift due to a change in the plasma density does not
exceed 0.3%. As the initial plasma density increases, with
both the microwave pulse length and the maximum radiation
power taking maximum values, the shift of the radiation
frequency from the magnetron frequency becomes less than
0.1%.

In experiment, the plasma electron density was higher
than the beam electron density. If the plasma density is much
higher than the REB density, nonlinear electron oscillations
can be confined to the beam alone, with the plasma remaining
a linear medium. The plasma density in experiment was only
thrice the beam density, and the numerical simulation with
the use of the KARAT code showed that plasma electron
oscillations became nonlinear. The development of nonlinear
phenomena was responsible for the appearance of accelerated
electrons in the plasma, which contributed to its fast decay.
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Thus, the analysis of results obtained at the initial stage of
experimental studies appear to indicate that the density of a
pre-produced plasma does not change during REB injection.
The main argument in favor of this conclusion is the
monotonic increase in the mean radiation frequency of the
plasma microwave oscillator with the initial plasma density
(see Figs 10, 11). In other words, the initial plasma density
uniquely determines the mean value of the radiation fre-
quency. These experiments were carried out with an REB
current pulse of 30±80 ns. Research with the use of
microsecond oscillators and amplifiers revealed a new
phenomenon: accelerated plasma decay associated with
REB injection.

12. Conclusion

Designs of relativistic plasma microwave oscillators and
microwave amplifiers are proposed. Problems with the
generation of tubular plasma with a given density, injection
of a relativistic electron beam into the plasma and microwave
radiation into a plasma waveguide, and its release into the
environment are solved. Methods for the formation of a
microsecond REB, the measurement of plasma, the REB,
and microwave radiation parameters are developed.

The simplest experimental design for the study of
instability of a high-current relativistic electron beam in
laboratory plasma was developed in which a tubular beam
and plasma are placed into a circular metal waveguide with
smooth walls while a uniform longitudinal magnetic field
maintains the constant transverse size of the tubular beam
and the plasma over the entire waveguide length. The initial
plasma density in relative units is always known with
certainty and is easy to change. We recall that many
experimental studies of plasma±beam instability were carried
out with a beam injected into a gas. In these experiments, the
plasma density was zero at the start of injection, and its
subsequent growth depended on the buildup of microwave
fields showing instability, the properties of which were
studied. Our approach made it possible to analytically
examine phenomena in the framework of the proposed
experimental scheme. Results of this analysis were used
throughout the study. The design of plasma microwave
sources proved rather simple and suitable for numerical
simulation.

Experiments on plasma microwave electronics confirmed
the main conclusions of the analytic theory. The instability
was shown to arise only in a plasmawith the density exceeding
a threshold level. The possibility of exciting a single transverse
E01 mode in the eigenwave of a spatially bounded plasma was
proved.

In experiment, the mean frequency of the plasma micro-
wave oscillator increases with increasing the plasma density,
in agreement with the theory. The measured input signal
amplification coefficient is consistent with the result of
analytic calculations. Experimental findings give evidence
that the maximum power is attained at approximately half
the limiting vacuum current.

Comparing the experimental structure of the microwave
beam electric field after the exit from the horn with the
calculated structure confirmed the excitation of the E01

mode in the plasma waveguide. Microwave oscillator spectra
were calculated under the assumption of constant plasma
density. They were found to differ from the experimental
ones, suggesting the accelerated plasma decay during REB

injection. The analysis of experimental data obtained in
studies with a microsecond microwave amplifier also gave
evidence of fast plasma decay. This finding was confirmed by
calculations of plasma parameters during a microwave pulse
with the use of the KARAT code. Moreover, numerical
calculations revealed the nonlinearity of plasma electron
oscillations responsible for the increase in the electron energy
and the plasma decay rate.

Simultaneously, the applied problem of designing micro-
wave sources with characteristics absent in devices used in
vacuum relativistic microwave electronics is solved. The
relative simplicity of experiments made it possible to use
results of the analytic theory and numerical simulation to
calculate microwave oscillators and microwave amplifiers.

A great variety of two-stage microwave amplifiers are
available for application in vacuum microwave electronics.
The second-stage emission amplifies that of the first stage,
which is a microwave oscillator. These devices serve as
sources of microwave radiation at a fixed frequency. There
are only a few studies on vacuum relativistic microwave
amplifiers of input signals from external sources. We are
unaware of vacuum relativistic microwave amplifiers enhan-
cing different frequencies by altering frequencies of input
signals from external sources.

Vacuum relativistic microwave electronics is beyond
competition in what concerns the generation of the max-
imum power of monochromatic radiation at a given
frequency and energy of REB electrons. We illustrate this
with the parameters of the vacuum relativistic backward-
wave tube (carcinotron); eU � 320 keV, I � 2:8 kA, Pmax �
290� 70 MW, Z � 36%, T � 40 ns, f � 1:24 GHz, and
mechanical frequency tuning 10% [56]. We recall that the
plasmamicrowave amplifier has the following characteristics:
eU � 500 keV, I � 2 kA, Pmax � 100ÿ150 MW, Z �
10ÿ15%, T � 200 ± 300 ns, f � 2:4ÿ3:1 GHz, and electro-
nic frequency tuning 30%. It follows from a comparison of
these parameters that it was impossible to efficiently use high
REB currents in plasma microwave electronics. The beam
current was I � 2 kA at eU � 500 keV, whereas effective
generation at the beam current I � 2:8 kA and low
eU � 320 keV was achieved. The carcinotron allowed a
current of 6 kA to be effectively used at the electron energy
eU � 500 keV. The power efficiency of the plasmamicrowave
amplifier was also low compared with that of the vacuum
carcinotron. An advantage of the plasma microwave ampli-
fier is a relatively long duration of the microwave pulse (200±
300 ns) at a power higher than 100 MW, which remained
unaltered in the case of a 30% frequency tuning. It is known
that in vacuum relativistic microwave electronics at a pulse
length of 20±30 ns and an electron energy above 1 MeV,
gigawatt radiation powers were produced. Attempts to obtain
long microwave pulses resulted in a sharp decrease in the
radiation power. A review of publications on vacuum
relativistic microwave electronics [13] shows that microwave
pulses shorter than 150 ns could be generated at a fixed
frequency of 2±4 GHz and power of 100 MW.

Themost important difference between plasma relativistic
microwave sources and vacuum microwave devices is the
possibility of rapid frequency tuning. An 80% tuning of the
mean frequency of the plasma microwave oscillator was
performed in the pulse-periodic regime, which was impossi-
ble in vacuum relativistic microwave sources. The tuning time
was 50 ms. This result demonstrates that a 30% tuning of a
plasma microwave amplifier is equally possible in the pulse-
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periodic regime with a tuning time of 50 ms, which would
result in electronic frequency tuning of monochromatic
radiation. For this purpose, a source of an input signal with
electronic frequency tuning at a power of 50 kW is needed.
The current state of the art in theRussian technological sector
makes creating such a source feasible.

Series of previous studies provided experimental evidence
relevant to the principal points of basic research on plasma
microwave electronics. The applied implications of our
research consist of demonstrating radiation frequency tun-
ing in each pulse in the pulse-periodic regime of accelerator
operation.

The experimental studies were paralleled by fundamental
research carried out by a group headed byAnri Amvrosievich
Rukhadze. The author thanks Rukhadze for the initial
formulation of the physical problem addressed in the present
article and the extensive discussion of relevant experimental
issues over many years of cooperative work. Thanks are also
due to M V Kuzelev, L S Bogdankevich, M A Krasil'nikov,
and I N Kartashov for theoretical studies on relativistic
plasma microwave electronics. The use of the KARAT
numerical code was of great value for the interpretation of
the experimental results. Many problems were solved by
VPTarakanov, the author of the code, and ILBogdankevich.

AGShkvarunets and V IKrementsov greatly contributed
to the success of early experiments. Later studies were
conducted by O T Loza, D K Ul'yanov, A V Ponomarev,
I E Ivanov, and D V Shumeiko. The author is grateful to his
colleagues for the many years of joint work. The experiments
were carried out with the use of high-current relativistic
accelerators constructed at IHCE, either independently or in
collaboration with IOF RAN. I wish to thank G A Mesyats,
B M Koval'chuk, S D Korovin, and A V Gunin for their
constant support of our research and encouragement.
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