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The article is devoted to overview of di�erent types of vacuum electronic devices with two
or more charged particle beams. There are travelling wave and backward wave tubes, free
electron lasers and masers, volume free electron lasers. Two di�erent cases take place in such
situation: multiple-beam instability in such devices and multiple-stream instability. In the
�rst case some charged particle beams moves in the system with di�erent velocities. In the
second one there are beams with almost equal velocities (streams). Two systems of equations
for volume free electron laser with two electron beams are proposed. Some numerical results
of VFEL numerical simulation are given and discussed.
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1. Introduction

From the middle of the twentieth century
to the present day, we observe a rapid
development of research in the �eld of nonlinear
processes arising during electromagnetic radiation
by charged particles passing various types of
electronic vacuum ampli�ers and generators,
operating in a wide spectrum range from X-ray
to Terahertz. Over the past 80 years, thousands
of articles, monographs and reviews have been
devoted to various aspects of functioning of
such vacuum electronic devices (VED), including
the demonstration of the diversity and their
obvious commonality in physical principles, as
well as the complex nonlinear dynamics of
their work. It concerns the following devices:
travelling wave tubes (TWT), backward wave
tubes and oscillators (named BWT and BWO,
as well as karsinotrons and karsinotrodes), multi-
wave Cherenkov generators, free electron lasers
(FEL), gyrotrons and free electron masers (FEM),
orotrons, various types of Cherenkov and Smith-
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Purcell FELs, volume free electron lasers (VFEL).
A brief description of VED physical phenomena
was given recently [1], [2]. References there
contain both some of the earliest "classical"works
in this �eld and some of the recent ones devoted to
the theory, experimental research, mathematical
modelling of VED as well as their chaotic
dynamical nature.

From the very beginning of the VED
development it was proposed to use two-stream,
many-stream and multiple-beam instabilities to
improve device performance.

The goal of the paper is devoted to overview
di�erent types of VED with two or more charged
particle beams paying special attention to VFEL.

2. Multiple-beam vacuum

electronic devices

The phenomenon of two-stream instability
is a classic example of the instability in
distributed conservative systems [3]. Moreover,
this instability is a textbook example of
convective and absolute instabilities. The two-
beam instability has been known for a long time
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too. This term was �rst introduced in the study
of the interaction of two electron beams, and later
became widespread in various �elds of science.

To eliminate misunderstandings, in this
paper we consider that in the multiple-beam
instability some charged particle beams moves in
the system with di�erent velocities. And in the
multiple-stream instability there are beams with
almost equal velocities (streams).

After creation of TWT by Rudolf Kompfner
[4] in the mid-1940s, the era of devices with
a long interaction section was opened. Various
scienti�c groups have sought to improve their
output characteristics. Attempts were also made
to create more powerful devices, but in this case
there were di�culties associated with overheating
and failure of the slow-wave system (SWS) or
resonator that are the �body� of devices. As a
result, it was proposed to introduce a second
electron beam, copropagating through SWS. It
was a particularly good decision during the
transition to the short-wave part of the microwave
range with the possibility to increase the output
power.

So, use of multiple beams, propagating along
its own individual transit path through SWS,
permits to obtain in the system higher total
charge at less charge from each injector. This lead
to lower emittance in the system, possible shorter
wigglers and SWS and higher saturated powers.

The �rst papers devoted to such instability
in di�erent types of VED appeared at the
same time as cited work by R.Kompfner [5]�[8],
including klystrons [9]. A wide range of developed
di�erent multiple-beam vacuum electronic tubes
(klystrons, TWT and BWO) was depicted in [10],
[11] later.

First proposals to use some electron beams
in FEL are dated by 1981-1982 [12], [13]. Works
on multiple-beam FEL and FEM published 10
and 20 years later should be mentioned [15]�[17],
as well as the recent works [18]�[21].

Nowadays the interest in the phenomenon
of multiple-beam instability has reappeared in
microwave electronics [22]�[25].

To develop multiple-beam VED, a special

FIG. 1. Scheme of n beams moving through a spiral
SWS.

technique for generating multiple electron beams
with di�erent energies and comparable currents
from a single cathode stalk was developed [26].
Some special proposals of VED are based on
periodic slow wave structure (SWS) made from
metamaterials [27] or in a sandwich structure
composed of a bi-grating and a sub-wavelength
holes array [28]. In each of these works an
increase in the interaction power of electron
beams was demonstrated. A new operating mode
of the electron wave tube, which is called the
interference mode, is described [29].

To obtain the numerical results of simulation
of considered VED in the recent studies, the fully
electromagnetic, relativistic particle-in-cell codes
MAGIC [30] and CST [31]were used.

Let us give a sketch describing the multiple-
beam instability in VED and FEL (see Figs. 1�3).
Here SWS gratings can be di�erent comb, spiral,
pin-type or slotted systems. The coupling between
electromagnetic waves in di�erent channels of
SWS is carried out through the holes in the
grating.

3. Volume free electron lasers

So, a close relative of considered electronic
tubes and FEL is volume free electron lasers
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FIG. 2. Side view of n beams moving through SWS
grating.

FIG. 3: Scheme of multiple-beam FEL.

[32], [33]. It works on the radiation of relativistic
electron beam moving in two- and three-
dimensional SWS (spatially-periodic structures
or resonator) in synchronism with one or more
coupled strong electromagnetic waves. For
these waves the conditions of Bragg di�raction
should be valid. Dynamical di�raction provides
volume (non-one-dimensional) distributed
feedback (VDFB) in contrast to one-dimensional
distributed feedback in TWT, BWT etc.

VFEL SWS are natural crystals (in X-ray
range [35]) or arti�cial electromagnetic (photonic)
crystals with a period proportional to the
radiation wavelength [33], [34]. It is shown [33]
that VFEL physical principles are valid for all
frequency ranges from X-ray to Terahertz.

In [36] a system of equations for two-wave
VFEL simulation was proposed. Here the electron
beam dynamics was presented in term of electron
phase by averaging over the phases of electron
entry into the interaction region with the respect

to the moment of electron entrance and its
transverse coordinate.

In [34] a system of equation, based on [36],
was proposed for synchronism of one electron
beam with two coupled strong electromagnetic
waves. In [33] an idea of multiple-beam VFEL
was expressed as laser-self-phase-locking system.
Such systems consisting from some VEDs
connected by bridge waveguides for their mutual
synchronization were proposed and investigated
theoretically, numerically and experimentally in
[37]�[40]. In VFEL such "bridge waveguide"is the
volume resonator, providing VDFB by dynamical
di�raction.

In [41] a generalized system for simulation
of multi-section multi-wave VFEL with some
electron beams in very general outline including
external mirrors is proposed. Also in [41] this
scheme was simpli�ed for the case of two-wave
two-beam VFEL in Bragg geometry. We will
re�ne this system below and formulate a system
of equations for two-stream VFEL.

A two-beam two-wave VFEL sketch in
Bragg geometry is given in Fig.4. Here two
electron beams with electron velocity u1 and
u2 pass through a spatially periodic resonator.
Here two strong coupled electromagnetic waves
under di�raction conditions are excited in the
resonator. If simultaneously electrons of the �rst
and the second beams are under synchronism
condition each with their own wave, they emit
electromagnetic radiation in directions depending
on these di�raction conditions.

We do not discuss technical details and
possible design of such VFEL here. Obviously,
taking into account the modern achievements
of vacuum electronics, the development of a
structure and the passage of two beams through
it in di�erent directions are quite realistic.

Let us consider two additional schemes of
two-beam two-wave VFEL in Bragg (Fig. 5) and
Laue (Fig. 6) geometries. In Fig. 7 a two-stream
VFEL in Laue geometry with two almost identical
electron beams that are in synchronism with
one of two electromagnetic waves is proposed.
In all these �gures vectors k1 and k2 are the
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FIG. 4. Two-beam two-wave VFEL in Bragg geometry.

FIG. 5. Two-beam two-wave VFEL scheme in Bragg
geometry.

FIG. 6. Two-beam two-wave VFEL in Laue geometry.

FIG. 7. Two-stream two-wave VFEL scheme in Laue
geometry.

wave vectors of transmitted and di�racted wave,
respectively.

The di�raction condition is expressed by the
formula: 2k1τ + τ2 ≈ 0 and k2 = k1 + τ , τ is the
SWS reciprocal lattice vector.

External electromagnetic waves marked by 1

and 2 with amplitude E1
0 and E

2
0 and wave vectors

k1 and k2, respectively, can fall on the system
from outside. Electromagnetic waves marked by
3 and 4 with amplitude E1 and E2 and wave
vectors k1 and k2 under di�raction conditions
are generated or ampli�ed in the system if
parameters of electron beams with velocities ui,
beam densities nbi and current densities ji =
enbiui, i = 1, 2 exceed threshold values.

Synchronism conditions are the next:

|ω − kiui|
ω

∼ δi � 1, i = 1, 2,

where δi are detuning from the Cherenkov
condition for both beams.

Figs.5�7 as well as Fig.4 demonstrates the
volume nature of distributed feedback and the
main VFEL physical property, where the vectors
of all electromagnetic waves and the vectors of
velocity of particle beams are directed at angles
with respect to each other.
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4. System of VFEL equations

Based on [36] and [41], the system for two-
beam two-wave VFEL has the following form:

∂E1
∂t

+ γ0
1c
∂E1
∂z

+ 0.5iωl1E − 0.5iωχτE2 = I1,

∂E2
∂t

+ γ0
2c
∂E2
∂z
− 0.5iωχ−τE + 0.5iωl2E2 = I2,

Ii = Υi

∫ 2π
0 (2π − p)(e−iΘi(t,z,p) + e−iΘi(t,z,−p))dp,

∂2Θi(t, z, p)
∂z2 =

eΦi

mγ3
i ω

2

(
kiz −

∂Θi(t, z, p)
∂z

)3

×Re
(
Ei(t− z/ui, z)eiΘi(t,z,p)

)
,

E1(t, 0) = E1
0 , E2(t, z0) = E2

0 , Ei(0, z) = 0,

Θi(t, 0, p) = p,
∂Θi(t, 0, p)

∂z
= kiz − ω/ui,

i = 1, 2, t > 0, z ∈ [0, L], p ∈ [−2π, 2π], z0 = 0 in
Laue geometry, z0 = L in Bragg geometry.

In this system of equations γ0
i are di�raction

cosines. System parameters are the following:
li = (k2

i c
2 − ω2ε0)/ω2 + δi. γi are Lorenz-

factors for corresponding beam velocities ui. Υi =
enbiuiΦi/(4π), Φi =

√
li + χ0 − c2/(uiγi)2. ε0 =

1 + χ0 is a mean dielectric susceptibility , χ0

χ±τ are Fourier components of the dielectric
susceptibility of the resonator.

For two-stream two-wave VFEL in Laue
geometry (Fig.7) we have the following system of
equations:

∂E1
∂t

+ γ0
1c
∂E1
∂z

+ 0.5iωl1E − 0.5iωχτE2 = I1 + I2,

∂E2
∂t

+ γ0
2c
∂E2
∂z
− 0.5iωχ−τE + 0.5iωl2E2 = 0,

Ii = Υi

∫ 2π
0 (2π − p)(e−iΘi(t,z,p) + e−iΘi(t,z,−p))dp,

∂2Θi(t, z, p)
∂z2 =

eΦi

mγ3
i ω

2

(
k1z −

∂Θi(t, z, p)
∂z

)3

×Re
(
E1(t− z/ui, z)eiΘi(t,z,p)

)
,

Ei(t, 0) = Ei0, Ei(0, z) = 0,

Θi(t, 0, p) = p,
∂Θi(t, 0, p)

∂z
= k1z − ω/ui,

i = 1, 2, t > 0, z ∈ [0, L], p ∈ [−2π, 2π].

5. Numerical results

It has been shown [36] that VFEL is a
chaotic system, namely multiple-beam multiple-
wave VFEL [41]. The study of VFEL as a chaotic
dynamical system is important to control chaos
and to choose optimal set of VFEL parameters.

The VFEL nonlinear generation dynamics
is due to the nonlocal nature of the interaction
of electron beams with electromagnetic �eld
under di�raction conditions and VDFB. When
studying the VFEL chaotic nature, its space-
time and phase dynamics were investigated,
various dynamic modes of operation with complex
transformation were obtained numerically [42].

Fig. 8 shows a parametric map of the
transition to chaos in a two-beam two-wave VFEL
for transmitted wave. Along the edges of the
map the most typical dynamic chaotic regimes
are shown. 0 describes here the area below the
generation threshold. P demonstrates di�erent
periodic regimes, C presents chaos. Here on the
graphs, the lower lines denote the transmitted
wave, the upper lines are the di�racted wave.

Let us note, that in the absence of the second
beam the threshold current density in the system
is the next: j1 = 300 A/cm2. In the absence of
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FIG. 8. (color online) Parametric map of the transition to chaos in a two-beam two-wave VFEL in Bragg geometry.

the �rst one the threshold current density of the
second beam is j2=6 kA/cm2. So, the two-beam
con�guration allows to decrease considerably the
current thresholds.

In Fig. 8 one can see that small changing
of the �rst beam current density leads to
considerable changing in dynamical regimes in the
system from steady state to chaotic one including
a periodicity band along the threshold line.

Essential changing in chaotic regimes can be
seen in Figs. 9�?? where the current density of
the second beam j2 varies at the constant value
j1=400 A/cm2. This corresponds to the data on
the top side of the square box in Fig. 8.

In total, all regimes in Figs. 9�?? are chaotic
but with changing from weak chaos to developed
chaos and then through intermittency to almost
periodic (weak chaos) behaviour.

6. Conclusion

An overview of di�erent multiple-beam
vacuum electronic devices is given including
volume free electron laser. The performed
computer simulation of two-beam two-wave
VFEL demonstrates signi�cant changes in the
nature of the dynamic solution with respect to
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 9. Amplitudes of transmitted (grey lines) and di�racted (black lines) waves for di�erent values of j2; j2 = 0
(a), 1.1 (b), 1.2 (c), 1.3 (d), 1.5 (e), 1.6 k (f), 1.7 (g), 1.8 k(h), 3 (i) kA/cm2.

one-beam VFEL as well as in the generation
thresholds. So, using of an additional beam in

the system is a method of VFEL chaos dynamic
control.
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