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Abstract

The physical processes in the magnetized plasma waveguide,
in which the high-current relativistic electron beam (Sudan
parameter S > 1) is injected, are investigated by the devel-
oped 2.5-D relativistic electromagnetic code. The computer
study has shown that the charge and current compensations
of the high-current beam are considerably different from those
of the low-current beam. In addition the self-consistent elec-
tromagnetic fields generated by a beam at the initial state
radically alter both the linear and the nonlinear instability
stages.

I INTRODUCTION

The advantages of a use of the high-current relativis-
tic electron beam (HCREB) for development of a powerful
electromagnetic radiation sources, and the new type acceler-
ators based on the collective methods of the particles accel-
eration, and etc. are prasented in [1}-{3]. It was noted that
the simultaneous growtn both of the beam energy and the
non-equilibrium degree of a system defining by the Sudan pa-
rameter S = (n,/n. )13y (ny, n. are the beam and plasma
densities, 7 is the relativistic factor) is a very important fact.
In the unbounded systems this can results in the decrease of
the energy (at .S > 1) transferring from a beam to the plasma
for the oscillations excitation. In the system bounded in the
radial direction this fact decreases the efficiency of the elec-
tromagnetic waves radiation due to the oscillations excitation
with the small ratio between the transverse and longitudinal
components [3, 4]. Cerenkov mechanism was proved to be
changed to the anomalous Doppler mechanism for HCREB
[5]. This allows to remain the high efficiency of the electro-
magnetic radiation at the certain parameters of a system such
as the magnetized plasma waveguide (MPW) - HCREB.

The equilibrium and stability conditions of HCREB were
investigated in many works (see Refs. in [1]-[6]). The injec-
tion of the low-current (S<«1) stringent REB is also studied
in detail both with the magnetic field and without field. It
was shown if the beam radius a to be greater than the skin-
depth Ap = ¢/w, (c is the light velocity, w, is the Langmuir
plasma frequency) the beam current is compensated by a
return plasma current damping in a plasma with the finite
conductivity. The external magnetic field modifies the cur-
rent compensation condition to the form «>»Ap(1 + Q2 /w?)
(€. is the Larmor electron frequency).

In this work both the charge-current compensation and
the stability of HCREB (S > 1) in MPW are investigated.
The hollow narrow beam of the « radius and of the A; thick-
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ness {so that A, < ¢/w,, but a > ¢/w,) is considered, and
the hollow wide beam with A7y (rr is the waveguide ra-
dius) is also. In the both cases the Cerenkov rescnance con-
dition of the beam with the plasma wave is not valid ie.
v > we/(cky) (ki is a transverse wave number). For com-
parison, the study of the low-current beam is also presented.

I MODEL AND EQUATIONS

In order to study the dynamics of a collisionless plasma
with the relativistic electron beam in both the self-consistent
and the external electromagnetic fields in axisymmetric
(8706 = 0) geometry, we use the set of relativistic Vlasov's
equations for the distribution functions of the given type
of particles f,(7, ]_?’,,t). Here 7 = m,ty, ¥ = {7, 0, 2},

y=[1-(7¢ |/c)3]~l/2 is the relativistic factor, & = {r, :}.
The self-consistent electromagnetic fields in Vlasov's equa-
tion are determined by Maxwell's equations in the form of
wave equations for the dimensionless scalar ¢ and vector 4
potentials in which the right side is defined by the total charge
and current densities [6].

We will consider the infinite value of the uniform external
magnetic field /{—oc then the motion of the particles can
be treated as the one-dimensional. Thus we have the only
equation of the motion and the equations for the potentials
o(r,z) and A, (r, 2).

In these equations the quantities involved are used in
the dimensionless form: [v] = ¢; [r, 2] = ¢fwe; [t] = w '
[n] = nge; lg] = € [m] = mg; (¢, A] = Ea /e [£,B] -
(47\'71.3656;,,)1/3; [J] = engec. where w, — (/lngeeg/mo)“'
is the electron plasma frequency, £.;, = mgc® is the rest
energy of the beam electron, ny,, my, e are the initial density,
rest mass and charge of the electrons respectively.

i

b

The dimensionless equation of motion. obtained as char-
acteristic equation of Vlasov's equation, was written as

du, ¢ (A +(’)q‘)
di o\ 8t iz

gq1/u
_} )

where w, = yv,, vy = [1+ u.
The boundary conditions for the potentials are
r=0: dofdr =0A,/dr =0,
r=rp: ¢=A, =0

a4,
} ¢ = Jz

The initial conditions for the self-consistent fields are
Ap = —p, A, = 0. Here A is Laplassian.
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The boundary conditions for the distribution functions
set the Maxwellian distribution for plasma particles with the
temperature T at (z = 0,z = z1) and the hollow electron
beam injection at z = O fl,(mou;,l—f,t) = 6(u,; — ugp) at
Tin <r<rmar and u, > 0, they are equal to zero at z = z.
Here , min and r,qc are the minimum and maximum beams
radii respectively, ugy = V3 /(1 — ng)l/z' Vi is a beam veloc-
ity. At the initial time, the distribution functions are equal to
Maxwellian for the plasma particles and equal to zero for the
beam electrons.

The present model is a particular case of the general
2.5-dimensional cylindrical model [6]. We have used the ver-
sion of the general computer code for the investigation of a
relativistic beam dynamics in the plasma waveguide.

III COMPUTER SIMULATION

Let a hollow magnetized electron beam with velocity V,
be injected along the z-axis into the plasma waveguide under
the external magnetic field. The beam current density is equal
to qpnyVs. In the calculations we assumed the mass ratio to
be m;/m, = 100, m, = 20mg, m, = mg, the number
of particles in the cell was N, = N; 4, N, = 100 for
narrow beam and N, = 20 for wide beam. The electron beam
velocity was supposed V3=0.995, i.e v = 10. The length and
radius of the waveguide were z; = 127.7 and r; = 7.5. The
plasma temperature is equal to T = 2:1073. The number of
points and the time step for solving Maxwell's equations were
(JrxJ.) = (16x256) and Ar = 0.025. The time step for
solving of the equation of the motion is equal to At = 0.1
Three variants were run with the following parameters:

0.04

No. of case I 1 l 2 l 3 J
Timas 2 | 7. | 2
A, 05 | 7. | 05
1ngs/Noe 0.5 0.5 | 0.05
S=(ny/ne) >y [ 794|794 | 368
(no/(ney))” 037037017
= (uy)/md)” [ 1711 {171 ] 079

The results of the computer simulation are presented in
figures 1,2,3 according to the number of variants. In the
figures it is shown the longitudinal section of the cylindrical
system at the line » = 1.75 i.e. along the beam line. It is
clearly seen that the beam front excites the plasma and the
disturbances are high i.e. the plasma is nonlinear both in the
cases of the narrow beams and in the case of the wide beam.
The development of the beam instability occurs only for the
wide beam (see fig.2) as the Cerenkov resonance condition
v < wef(cky) is not valid but the beam current is greater
the threshold value. The fact is important that the instabil-
ity development takes place without the charge and current
compensations and this essentially influences on both the ex-
citations dynamics and the electromagnetic fields spectrum.
The almost entire charge compensation occurs for the nar-
row beams (A, < c/w,) as the potential distributions show
in fig.1a,3a at t = 160. No current compensation are avail-
able both in the case of the high density beam (fig. 1b) and
in the case of low density beam (fig. 3b).

Thus the self-consistent electromagnetic fields generated
by a beam at the initial state radically alter both the linear
and the nonlinear instability stages.

0.004

-0. 254

j t=160
-o.zs_WVW»MwwwMN\AWM
c/we
0 20 40 60 80 100 120
(b)

Figure 1: The longitudinal sectivn (ry = 1.73) of (a) the scalar potentials ¢(ry, z) and (b) the axial current density j. (1, 2)
for the narrow high-current beam along the beam line at { = 80, ¢t = 110, ¢t = 160.
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Figure 2: The longitudinal section (1, = 1.75) of (a) the scalar potentials ¢(ry, z) and (b) the axial current density j.(r,2)
for the wide high-current beam along the beam line at t = 80, ¢t = 110, £ = 160.
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Figure 3: The longitudinal section (r, = 1.75) of (a) the scalar potentials ¢(r4, z) and (b) the axial current density j,(ry, )
for the narrow low-current beam along the beam line at ¢ = 80, ¢t = 110, ¢ = 160.

IV REFERENCES
(1]

Ya. B. Fainberg, "Some problems of plasma electron-
ics,” Fiz. Plasmy 11, No.11, 1398 (1985)

[2] R. N. Sudan, " Collective interaction of beam with plas-
mas,” Foundations of Plasma Physics, M., 1984 (Os-
novy fiziki plazmy, Dopolnenie k T.2, Moscow, Ener-
goatomizdat, 1984)

(3] M.V. Kuzelev, A. A Rukhadze, " Electrodynamics of
dense electron beams in plasma,” Nauka, (Moscow

publ., 1990)

(4]

15)

[6]

3548

V. A. Balakirev, E. A. Galst'yan, N. |. Karbushev,
A. O. Ostrovsky, G. V. Sotnikov, A. D. Shatkus, "Wave
excitation in plasma system by high-current relativistic
electron beams,” Relativistic high-frequency electron-
1cs, Issue 6, 127 (1990).

Yu. P. Bliokh, V. I. Karas’, M. G. Lyubarskij, I. N. On-
ishchenko, Ya. B. Fainberg, "On the theory of interac-
tion of the high-current relativistic electron beam with
the magnetized plasma waveguide,” DAN SSSR 275,
No.1, 56 (1984).

N. G. Belova, V. |. Karas', these proceedings.

PAC 1993



