
Introduction

It is experimentally found that during the propagation of an electron
beam throught a thin plasma column immersed in external magnetic
field the powerful electromagnetic radiation is observed. What is the
mechanism? How does the efficiency of radiation depend on plasma
parameters?

Formulation of the Problem

An electron beam (density nb, speed vb and the relativistic
factor γb) excites an unstable longitudinal wave.

The frequency and growth rate of this wave are

ωb
ωp

= 1−
(nb/n0)
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24/3γb
,
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The electric field of the wave: Ex(t, x) = E0 cos(k‖z − ωt),
where E0 = γ3bΓ

2vb; Its wave vector: k‖ =
ω
vb

If such a wave scatters on harmonic density perturbation
(n=n0 + δn cosqz) it can radiate EM waves with frecuency
ω and wave vector

K‖ = k‖(1− Q), Q = q/k‖,

K⊥ =
√
1−K2‖.

Generation is possible when

1− v̂b < Q < 1+ v̂b

The direction of the radiation

θ = arctan

√ v2b
(1− Q)2

− 1


The Particular Case

Fig. 1 : The factor F1(l) as a function of plasma thickness for ω = 0.94.

When the modulation period coincides with the wavelength of
the beam-driven mode (Q = 1) the radiation angle θ = 90◦.

Dispersion relations of eigenmodes:
κ21 = η and κ22 = (ε2 − g2)/ε.

F2 = 0, this mode has X-polarization, can propagate inside the
plasma but cannot interact with the longitudinal current.

The first mode has O-polarization and penetrates into the
plasma only to the skin-depth (κ1 = iκ).
The radiation power depends on l as

F1(l) =
sinh2(κl)

κl
[
ω2 + sinh2(κl)

],
Efficiency of such radiation can be raised to the level of 5−10%.

Cylindrical Antenna

Fig. 2 : Radiation efficiency as a function of the modulation period and radius of
plasma column for the cylindrical antenna.

Would You Like to Know More?

This poster and our articles on this theme can be
downloaded here: https://yadi.sk/d/SWBxRscho8Fr3
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Fig. 3 : Geometry of the problem.

Inside the plasma, electromagnetic fields E = E(x) exp(iK‖z− iωt) +
c.c. obey
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the current amplitude J = j0/(en0c) = iδnE0(z)/(4ω) and
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.

Inside the plasma the solution of the system:
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where
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,

b1 = a3 − κ21, b2 = iκ2a2,
b3 = −iκ1a4, b4 = a1 − κ22.

In vacuum, EM waves
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The energy flux density
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The full radiation power Prad in units of beam power Pb

P =
Prad
Pb

=
ω

(γb − 1)nbvbl

Lz∫
0

Sdz,

where Lz is the length of plasma. After substituting constants and
the current

P =
δn2F1(l)

8(γb − 1)nbvb
√
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0

E20dz,

where
F1(l) =

K⊥ω(F1 + F2)

l(1−ω2)3/2
.

F1 and F2 are contributions from different plasma eigenmodes:

F1 =

∣∣∣∣b5 sin(κ1l) +Gb6 sin(κ2l)Z

∣∣∣∣2 ,
F2 =

∣∣∣∣b3 sin(κ1l) +Gb4 sin(κ2l)Z

∣∣∣∣2 ,
where

Z = b1 cos(κ1l) + iK⊥b5 sin(κ1l) +G (b2 cos(κ2l) + iK⊥b6 sin(κ2l)) ,

G = −
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(
κ1 cos(κ1l) − iK⊥ sin(κ1l)
κ2 cos(κ2l) − iK⊥ sin(κ2l)

)
,

b5 = −κ1b1 − iK‖b3(ε−K2‖ − κ21)/g,

b6 = −κ2b2 − iK‖b4(ε−K2‖ − κ22)/g.

Fig. 4 : Window of plasma transparency to the generated EM waves (vb = 0.9c,
δn = 0.1n0, nb = 0.01n0, Ω = 0.9ωp).

The region of trancparency for both modes is bounded by

κ21 = 0, κ21 = κ22.
Solutions for Q:

Q±1 = 1± v̂b
√
ε+ g,

Q±2 = 1± v̂b
√
ε+ gξ,

where

ξ = −
g(η+ ε) + 2

√
εη(g2 − (η− ε)2)

(η− ε)2

Both plasma modes penetrate into the plasma in regions
Q+
1 < Q < Q+

2 and Q−
2 < Q < Q−

1

These modes have X-polarization with different angles to the
magnetic field.

Fig. 5 : (a)Radiation efficiency as a function of the modulation period and plasma thickness for the plane antenna (for the parameters nb = 0.01n0, vb = 0.9c, Ωe = 0.9ωp,
δn = 0.1n0); (b) Transverse structure of electric fields for plasma eigenmodes at the point of the global maximum of P.

Fig. 5(a) shows the relative power of EM radiation for the constant
electric field amplitude (

∫
∼ E20Lz), where the radiating plasma region

is characterized by the length Lz = vb/Γ required for beam trapping.
The conditions for local maxima on Fig.5(a) are κ1l = πn/2(black)

and κ2l = πm/2(red) for odd n and m. This is due to the fact that
work of the uniform current under the field of plasma wave becomes
maximal when we integrate over the half-wavelength plasma and the
minimum when the plasma width is raised to the wavelength.

Summary

The theory of EM emission generated in a thin magnetized plasma
with the longitudinal density modulation under the injection of
an electron beam has been formulated in terms of plasma antenna.

It has been predicted that, at certain emission angles, plasma
becomes transparent to radiation and the whole plasma volume
may be involved in generation of EM waves.

The relative power remains enough high even for relatively thick
plasma (∼ 10− 15%).
The proposed method can be generalized to the turbulent regime
in which random fluctuations of plasma density are represented
by a set of periodic perturbations of the type

δn ∼
∑
q

nqe
iq r
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