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Abstract—In this paper, we consider the dynamics of plasma in a high-power plasma-microwave amplifier
with a submicrosecond pulse duration. It is shown that, in the case of a linear mode (a short system length or
a small input signal level), a discontinuity in the plasma density can form near the output boundary due to the
escape of particles towards the amplifier input, which can lead to radiation breakdown. When the amplifier
operates in the saturation mode, the plasma displacement has a multidirectional character, and a density dis-
continuity is not formed. At an increase in the initial plasma density, the effect of its pushing out weakens.
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INTRODUCTION
According to the experimental data, the frequency

of the amplified signal in the Cherenkov plasma-
microwave amplifier is somewhat different from the
frequency of the signal generated at the input of the
amplifier by the master oscillator [1]. In the same
work, it was shown that this can be explained by the
instability of the plasma parameters in the microwave
amplifier. Plasma is produced in such an amplifier via
ionization of the residual gas with an auxiliary, nonrel-
ativistic, low-density electron beam. Since such a
plasma is highly stable (the characteristic decay time is
about hundreds of microseconds), its change during
the microwave pulse of the amplifier (no more than
1 μs ) can only be due to the effect of a relativistic high-
current beam or microwave electromagnetic field on
the plasma. Below, we discuss the possibility of affect-
ing the plasma in the amplifier with the electromag-
netic field of the amplified signal.

The amplitude of the amplified electromagnetic
wave1 increases from the input of the amplifier ( )
to its output ( ). From the side of the field of an
inhomogeneous electromagnetic wave, an average
force (Miller’s force) acts on a charged particle [2, 3],
pushing the particle into the region of a weak field.
The effect of the Miller force on the beam-plasma
instability in continuous mode was studied in [4]. This
effect leads to the establishment of spatial-density
modulation as a balance of high-frequency pressure
(due to the Miller’s force) and additional gas-kinetic
pressure in the plasma. In view of the pronounced res-
onant nature of the beam instability, this can lead to a

violation of resonance conditions and suppression of
the instability. In this paper, we consider the effect of
the Miller’s force on the beam-plasma instability in
pulsed mode when stationary states with modulated
plasma density are not established, while plasma par-
ticles are impulsively affected by a microwave field that
is inhomogeneous in the longitudinal direction. The
expulsion of electrons from the region of a strong
alternating field also has important practical applica-
tions. In the optical frequency range, the expulsion of
electrons from the region of the propagation of a short
laser pulse leads to the formation of strong electric
fields and electron acceleration [5–7].

EXPULSION OF PLASMA BY AN AMPLIFIED 
MICROWAVE FIELD

We calculate the average force acting on a plasma
electron in the field of an inhomogeneous microwave
wave. Due to the presence of the strong, longitudinal,
external magnetic field used in plasma microwave
electronics systems, electrons can only move in the
longitudinal direction, i.e., parallel to the z axis. Thus,
we write the following motion equation for plasma
electrons:

(1)

Here,  is the radius of the plasma tube,  is the
frequency of the microwave field,  is the lon-
gitudinal wavenumber (  is the beam velocity),

 is the slow complex amplitude of the ampli-
fied wave, and symbols  here and below denote the
complex conjugate to the preceding term. The slow

1 In a plasma amplifier with a thin tubular magnetized plasma,
this is the plasma cable wave.
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amplitude change  is due to the amplification
of the wave.

We represent the solution of equation (1) in the
form

(2)

where  is a slow function of time, and the function
 describes fast oscillations occurring over a time of

. It satisfies the inequality

(3)
Substituting (2) into (1), taking into account

inequality (3), and separating fast and slow processes,
we have

(4)

where the angle brackets indicate averaging over the
oscillation period  and the derivative  acts
only on the amplitude. With allowance for the slow-
ness of the functions  the solution
of the first equation (4) can be written in the form

(5)

Further substituting expression (5) into the second
equation (4) and discarding the rapidly oscillating
terms, we obtain the following expression for the slow
component of the electron coordinate:

(6)

The right-hand side of equation (6) is the desired
Miller’s force acting on an electron in an inhomoge-
neous field.

In a plasma amplifier at the linear stage of amplifi-
cation, the amplitude is 
where  is the amplitude of the microwave field at the
input, and  is the gain coefficient known from
the linear theory [8]. In this case, we have from equa-
tion (6) for the Miller’s force

(7)

Similar calculations for the Miller’s force acting
directly on ions produce the following result:

(8)

In equation (8),  is the mass of the ion.
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e p eˆ ˆ( , )exp( ),zE z r ikz

e e p e2
1 ˆ ˆ[ ( , )exp( ) . .].
2 z

ez E z r i t ikz C C
m

= − − ω + +
ω

�

2 2
2e

e p2 2
e

ˆ 1 ˆ( , ) .
ˆ4 z

d z em E z r
zdt m
∂= −

∂ω

p 0( , ) exp( ),zE z r E kz= δ
0E

0kδ >

2
2

e 02
1( ) exp(2 ).
2

eF z k E kz
m

= − δ δ
ω

2
2

i 02
1( ) exp(2 ).
2

eF z k E kz
M

= − δ δ
ω

M

HIGH TEMPERATURE  Vol. 59  Nos. 2–6  2021
As can be seen, the Miller’s force pushes the
plasma particles into the weak field region, i.e., at the
linear stage of the amplifier operation towards its
input. Thus, the Miller’s force facilitates the escape of
the plasma beyond the amplification region. Let us
consider the dynamics of this process. Miller’s force
acting on an ion is  times less than Miller’s force
acting on an electron. Therefore, electrons and ions
are displaced by the Miller’s force in different ways.
The displacement of the ion turns out to be 
times less than the displacement of the electron (for
the same period of time). As a result, the plasma elec-
trons are displaced relative to the ions, the quasineu-
trality of the plasma is violated, and a longitudinal
quasi-static electric field, an ambipolar field, appears.
The force of the ambipolar field counteracts the Miller
force acting on the electrons but pulls the plasma ions
towards the entrance boundary. Plasma begins to
gradually leave the amplification area, i.e., there is an
ambipolar displacement of the plasma in an inhomo-
geneous microwave field. Note that collisions of elec-
trons in systems of plasma microwave electronics are
usually disregarded, since the time between collisions
is long compared to the pulse duration and the time of
flight of electrons in the interaction space of the elec-
trodynamic system. The thermal effects in the plasma
and beam can be taken into account, but their effect
will be reduced to a certain decrease in the instability
growth rate calculated in [9–11], including their effect
within the framework of the kinetic model. Thus, the
displacement of the plasma as a whole due to the
ambipolar field is mechanical rather than diffusional.

For a qualitative description of the ambipolar dis-
placement, we consider a homogeneous, one-dimen-
sional layer of a quasi-neutral plasma  in
which constant external forces  and  act on elec-
trons and ions. The displacements of electrons and
ions relative to the equilibrium position are denoted by

 and , respectively. These quantities obviously
satisfy the following equations:

(9)

The last two terms on the left-hand sides of both
equations (9) describe the effect on charged particles
of a self-consistent field arising from charge separa-
tion, and  is the unperturbed plasma density in this
case. The solutions of equations (9) with zero initial
conditions have the form
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M m

2( )M m

0 ,z L< <
eF iF
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where  and  are the electron and ion Langmuir
frequencies. When the inequalities  and

 are satisfied, solutions (10) are simplified:

(11)

As can be seen from solutions (10) and (11), the
displacement of electrons and ions has both a constant
component and an oscillatory component with an
electron Langmuir frequency. Oscillations are associ-
ated with the excitation of plasma oscillations in the
system during the separation of charges due to various
accelerations imparted to electrons and ions. At times
of , the role of these oscillations
weakens and the same first terms in (11) become dom-
inant. Thus, the plasma as a whole moves uniformly
with acceleration  From equations (9), it is also
easy to see that the center of mass of the electron-ion
system moves in accordance with the equatioÅn

(12)

In the case of a plasma amplifier operating in a lin-
ear mode, the force  is determined by formula (7)
and depends on the z coordinate. However, if this
dependence is slow, then formula (12) is applicable in
this case. Substituting force (7) into (12), we obtain the
following equation for the center of mass of the elec-
tron-ion system at ambipolar displacement:

(13)

Solving equation (13) with the initial conditions

(14)

we determine the function  and, from this func-
tion, using the method of integration over the initial
data [12], we find the expression for the plasma den-
sity in the amplifier:

(15)

If the amplitude of the input signal is large enough,
then saturation of the beam-plasma instability and
amplifier output to a nonlinear operation mode are
possible for a given length of the plasma-microwave
amplifier. In this case, the spatial dynamics of ampli-
fication is described by a system of nonlinear equa-
tions [8]:
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Here,  and  are the dimen-

sionless amplitudes of the current in the plasma and
the density of the electron beam; 

, and  are the dimensionless
velocity of the beam electrons, time, and coordinate;

 is the differential operator;  and
 are the density parameters of the plasma and beam;

and  is the coupling coefficient of beam and plasma
waves. The last three quantities are determined by the
geometric parameters of the system [8]. The ampli-
tude of the electric-field strength in plasma is related
to the amplitude of the current with the relation

(17)

By resolving system (16), one can obtain the spatial
distribution of the field in the plasma-microwave
amplifier. Using the expression on the right-hand side
of (6) for the Miller’s force and substituting it into the
motion equation (12), we obtain a nonlinear general-
ization of equation (13). Its solution, together with
the initial conditions (14) after calculation of the inte-
gral (15), gives the dynamics of the spatial density of
the plasma in the plasma-microwave amplifier with
allowance for the nonlinear saturation of the beam
instability.

RESULTS AND DISCUSSION
For the calculations, we will focus on the following

values of the beam-plasma system used in experimen-
tal studies [1]: the velocity of the electron beam is

 its current is 2 kA, the plasma

density is  the radius of the waveguide
is , the average radii of the plasma and
beam are  and , their thickness
are  and  the length of the
system is , and the frequency and power of
the master oscillator are  and

 The operating gas is xenon.
Figure 1 shows the spatial distribution of the

strength of the longitudinal component of the electric
field in the amplifier, which is calculated with (16) and
(17) for two values of the initial plasma density
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Fig. 1. Spatial distribution of the electric-field strength of

the wave for the plasma densities of (1) 

and (2) ; the dashed lines are the same
dependences on a logarithmic scale. 
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Fig. 2. Spatial distribution of the plasma density in the
amplifier in linear operation mode for various times:
(1)  (2) 200, (3) 300, and (4) 400. 
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(curve 2). These values were selected because they
correspond to the boundary values of the characteris-
tic range of variation of the plasma density in experi-
ments. The input signal level for both curves is approx-
imately the same. At a lower plasma density, the spa-
tial increment of instability is greater and the signal
level at which saturation is reached is approximately
two times higher. In the same plot, dashed lines show
the same dependences but on a logarithmic scale.
Comparison of the curves shows that the saturation of
the instability occurs at a low plasma density through
the intermediate region of faster (than predicted by the
linear theory) signal growth. In Fig. 1, the length of
the system and the level of the input signal are chosen
such that the instability saturates near the output of
the amplifier and the amplitude of the amplified wave
stops increasing, i.e., a nonlinear operating mode is
realized. By reducing the length or level of the input
signal, we come to a situation in which nonlinear
effects do not have time to manifest themselves and,
thus, the amplifier operates in linear mode.

A microwave field that is inhomogeneous in the lon-
gitudinal direction with various parts of the spatial
dependence leads to the appearance of the Miller’s
force and the expulsion of the plasma. The action of the
Miller’s force differs depending on the operating mode
of the amplifier (linear mode or saturation mode). We
consider a plasma with a density of  and
start with a linear amplifier operation mode. It is clear

12 3
0 10 cmn −=
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in advance that, at a sufficiently low level of the input
signal, the amplified signal at the output will also be
weak, the Miller’s force is small, and the plasma will not
have time to shift significantly. When the signal level at
the amplifier input is two times lower than that in Fig. 1,
nonlinear effects do not appear at a specified length, but
the action of the Miller’s force turns out to be signifi-
cant. Figure 2 shows the spatial dependences of the
plasma density for various times. Due the growing
(exponentially) dependence of the field on the coordi-
nate, the Miller’s force is directed to the left (towards
the weak field), which leads to a unidirectional dis-
placement of the plasma; the stronger they are, the
closer the particles are to the exit. This leads to the for-
mation of a density discontinuity with a length of up to
1.5 cm near the exit boundary and can provoke radia-
tion blocking. The plasma densification near the dis-
continuity is insignificant and only leads to an insignif-
icant local change in the spatial increment of instability.
Note that the formation of a discontinuity in the plasma
density was reported in [13, 14], which established
based on direct numerical simulation with the particle-
in-cell method that the generation pulse in a relativistic
plasma microwave generator of nanosecond duration
was shortened. These studies indicated that the escape
of plasma due to the negative potential arising at the
electron collector was the main cause of the formation
of the discontinuity. Perhaps the effect of the Miller’s
force occurred in these cases as well, but it is difficult to
single out individual mechanisms based on the simula-
tion of particle motion. Besides, as will be indicated
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Fig. 3. Spatial distribution of the plasma density in the
amplifier in saturation operation mode for various times:
(1–4) same as in Fig. 2; the dashed line is the critical
plasma density for the considered frequency. 
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below, the Miller’s force does not have a significant
effect on the plasma-density dynamics in all cases. In
particular, as the electron concentration increases, its
contribution weakens.

A different situation occurs when the amplifier
operates in the saturation mode. At the input signal
level given in Fig. 1, the effect of the Miller’s force and
plasma displacement have different directions for dif-
ferent sections of the plasma column. Near the input
boundary of the amplifier, the field strength is still
small and the Miller’s force does not lead to a signifi-
cant displacement of the plasma. The Miller’s force
pushes the plasma to the left in the section near the
saturation point and to the right in the section near the
output boundary. As a result, a complex spatial struc-
ture forms at a distance of about 10 cm from the ampli-
fier output (Fig. 3). One of the elements of this struc-
ture is a region with a reduced plasma density. How-
ever, up to the end of the electron beam current pulse
( ), the plasma density does not fall below
the critical value; the conditions for the propagation of
the plasma wave are maintained, i.e., a discontinuity is
not formed, and the radiation pulse is not broken.

CONCLUSIONS
The plasma dynamics in a microwave amplifier at

an initial density of  is considered. The
character of plasma displacement differs depending on
the operating mode of the amplifier (linear or satura-

400 nst =

12 3
0 10 cmn −=
tion mode). In linear mode (a short system length or a
small input signal level), a plasma discontinuity can
form near the output boundary due to the escape of
particles towards the amplifier input, and radiation
breakdown occurs. When the amplifier is operating in
saturation mode, the plasma displacement has a mul-
tidirectional character and a density discontinuity is
not formed. The region of reduced plasma density
does not prevent wave propagation at density values
above the critical value. When increasing  to

, as seen in Fig. 1, the saturation level of
the longitudinal component of the electric field
decreases by about half. Due to the quadratic depen-
dence of the Miller force on the field, this leads to a
fourfold decrease. A decrease in the Miller’s force is
additionally caused by a decrease in the instability
increment  Thus, the plasma displacement occurs
much more slowly, and this does not lead to a signifi-
cant modulation of the plasma density.
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