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INTRODUCTION

It is known that intensive relativistic electron
beams (REBs) are characterized by complicated
modes of behavior [1]. In particular, different instabil�
ities (Pierce, Bursian, current–convective, diocotron,
sleeping, and so on) are typically observed for them.
On one hand, the development of such instabilities
can play a positive role. For example, Pierce and Bur�
sian instabilities result in nonstationary virtual cath�
odes (VCs) whose oscillations are the bases of powerful
superhigh frequency devices, e.g., generators (amplifi�
ers) with virtual cathodes or vircathors [2–5]. On the
other hand, these instabilities can have a negative
impact on powerful superhigh frequency devices and
impose constraints on their modes of operation. For
example, Pierce and Bursian instabilities limit the
maximum current of an electron beam that can be
transmitted without reflecting through the equipoten�
tial vacuum drift space. Diocotron and sleeping insta�
bilities greatly influence the shape of an intense rela�
tivistic electron beam during its propagation and
therefore lead to different azimuthal and radial insta�
bilities in it, particularly vortex and spiral structures
[6, 7]. This can both upset the operating mode of a
device with an intense relativistic electron beam and
be used to improve the characteristics of its generation.
The problem of interacting and coexisting instabilities
in an intense electron beam is important, since at cer�
tain parameters of the system, there are conditions
that could produce several instabilities simultaneously
[1]. It is therefore of interest to investigate the nonlin�
ear behavior of relativistic electron beams and the
instabilities that arise in them, and to study their coex�
istence, since these are important problems in both
fundamental and applied vacuum and plasma elec�
tronics.

EXPERIMENTAL

In this work, we examine the relativistic vircathor
studied in [6, 7]. It is a cylindrical drift space with
length L = 45 mm and radius r = 10 mm. At one end is
an annular source of charged particles (an annular
cathode) with internal radius rint = 3.5 mm and exter�
nal radius rexr = 5 mm that injects a tubular monospeed
relativistic electron beam. At the other end is a power
coaxial output. The form of the current pulse is a step
function that is characterized by rise�time τ up to con�
stant value I0 = 40 kA. An external longitudinal uni�
form focusing magnetic field with induction B0 =
1.1 T is imposed on the system. We performed our
numerical simulation using the licensed CST Particle
Studio 3D software package for electromagnetic sim�
ulations.

During our investigation, we varied rise time τ and
found that the relativistic electron beam behavior was
characterized by three coexisting typical modes in
which a virtual cathode of complicated structure was
formed in the azimuthal direction. The first mode was
characterized by two electron bunches (two minima of
potentials) in the azimuthal direction of the beam
rotating around the drift space axis and forming a dou�
ble�helical vortex structure in the drift space. Such
behavior of the relativistic electron beam means that a
virtual cathode of complicated structure is formed,
and it is characterized by two areas of electron reflec�
tion in the azimuthal direction. We refer to such
behavior as mode II according to the number of elec�
tron bunches and the virtual cathode’s areas of reflec�
tion. The second and third coexisting modes are char�
acterized by four and five electron bunches (modes IV
and V); as a result, quadruple� and quintuple�helical
vortices are formed. Figure 1 presents the density dis�
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tribution of the space charge in the area of virtual cath�
ode formation, averaged over the radius from the azi�
muthal coordinate under different initial conditions
(different τ) for the typical modes of relativistic elec�
tron beam behavior (the density maxima (over magni�
tude) correspond to the electron bunches that form in
the area of the potential minimum (the areas of virtual
cathode reflection) in the azimuthal direction). This
plot correctly shows the qualitative difference between
modes II, IV, and V: there are two, four, and five min�
ima of the potentials and electron bunches in the azi�
muthal direction that correspond to the virtual cath�
ode’s areas of reflection.

If the relativistic electron beam is injected into the
drift space with current I0 > Icr (Icr is the limit vacuum

current), Bursian instability develops in the system
and a virtual cathode is formed. In addition, the rela�
tivistic electron beam is characterized by its own
strong magnetic field that produces diocotron instabil�
ity. These instabilities interact and a virtual cathode is
formed that contains complicated structures with sev�
eral electron bunches (vortices) in the azimuthal
direction rotating around the drift space axis. And as a
result, vortex structures appear in the drift space. The
configuration of these structures (including the num�
ber of electron bunches in the azimuthal direction) is
the result of one azimuthal mode or another in their
competitive activity inside the relativistic electron
beam. In [8], it was shown that different azimuthal
modes can be observed, depending on the initial con�
ditions; as a result, different numbers of vortex struc�
tures form in the azimuthal direction. In the consid�
ered system, we were able to create modes II, IV, and
V by setting different initial conditions (different τ).
Note that at the given values of injected current I0 =
40 kA and external magnetic field B0 = 1.1 T, mode IV
occurred more often than modes II and V. Figure 2
clearly shows the relationship between the number of
forming electron bunches in azimuthal direction N
and pulse current time rise τ. This is because the
excited azimuthal modes corresponding to modes II
and V were less stable than mode IV. Note that other
azimuthal modes can be excited in the considered sys�
tem, but since they have a lower increment, the prob�
ability of their excitation is low [8] and they were not
observed in our investigations.

Let us examine typical Fourier spectra of oscilla�
tion for the reverse current generated by electrons
reflected from the virtual cathode (Fig. 3). It can be
seen that higher harmonics are characteristic of all
three modes. The second harmonic was maximal in
the spectra corresponding to modes II and IV
(Figs. 3a, 3b); this means that the relativistic electron
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Fig. 1. Relationship between the distribution of volumetric
charge density in the area of virtual cathode formation,
averaged over the radius and azimuthal coordinate (frag�
ments a, b, c) under different initial conditions (fragment a,
τ = 50 ns; b, τ = 45 ns; c, τ = 50.5 ns) for typical modes of
relativistic electron beam behavior (fragment a corre�
sponds to mode II; b corresponds to mode IV; and c corre�
sponds to mode V).
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Fig. 2. Relationship between number N of electron
bunches formed in the azimuthal direction and the time
rise of pulse current τ.
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beam’s behavior is not linear. A typical feature of these
modes is the difference between the frequencies of the
main spectral components: frequency f2 ≈ 45.8 GHz
corresponds to mode II (Fig. 3a), frequency f4 ≈
69.6 GHz corresponds to mode IV (Fig. 3b), and fre�
quency f5 ≈ 75.4 GHz corresponds to mode V
(Fig. 3c). Note that the frequency of the rotation of
electron bunches around the drift space axis coincides
with the frequency of each main spectral component.
We therefore see a correlation between the virtual
cathode structure and the frequency of radiation: if the
number of bunches in the azimuthal direction
increases, the frequency of the output microwave sig�
nal in relativistic vircathor rises as well. From thespec�
tra, we can also see that the amplitudes of the basic
spectral components differ for the given modes, and
the amplitude is maximal in mode II.

The rotation of electron bunches in the azimuthal
direction produces the azimuthal current. We estimate
it by approximating the form of electron bunches with
an ellipsoid. By means of numerical simulation, we
determine the mean volume of electron bunches and
their mean density for each mode. If two electron
bunches are formed (mode II), the mean volume of
one bunch is V ≈ 8.4 mm3, and the mean density is ρ ≈
7 C/m3. For mode IV the mean volume is V ≈ 2.8 mm3,
and the mean density is ρ ≈ 6.75 C/m3. For mode V,
the mean volume of one bunch is V ≈ 2 mm3, and the
mean density is ρ ≈ 7 C/m3. The rotation of the elec�
tron bunches around the drift space axis generates the
azimuthal currents I2 ≈ 2690 A, I4 ≈ 1314 A, I5 ≈ 1056 A
(I = Vρf; V is the volume of one bunch; ρ is the density
of one bunch; and f is the frequency of rotation of the
electron bunches, which coincides with the frequency
of the main spectral component), which correspond to
modes II, IV, and V. It can be seen that the density of
the volumetric charge is approximately the same for all
modes. The volumes and rotational speeds of the
bunches differ, leading to the differences in the azi�
muthal current. Note that these estimated currents are
in good agreement with the amplitudes of the main
spectral components of the considered modes (Fig. 3),
and that the azimuthal current corresponding to
mode IV lies between the currents corresponding to
modes II and V (I2 > I4 > I5). It follows that if the num�
ber of electron bunches in the azimuthal direction is
increased (under a fixed magnetic field and injection
current), the azimuthal current and the amplitude of
spectral components will fall.

CONCLUSIONS

We observed three typical modes of relativistic elec�
tron beam behavior. These modes were characterized
by virtual cathodes with complicated structure; in par�
ticular, two, four, or five potential minima were formed

in the azimuthal direction and rotated along with the
electron beam around the drift space axis and formed
the vortex structures in drift chamber. In addition, all
modes were characterized by different oscillation
spectra of the reverse current generated by electrons
reflected from the virtual cathode. The main feature of
these modes was the differences in the basic spectral
component, which coincided with the frequency of
electron bunch rotation around the drift space axis. It
was shown that if the number of bunches in the azi�
muthal direction was increased, the frequency of out�
put microwave signal rose in the model of a relativistic
vircathor. It was also shown that the mean density of
the volumetric charge in the bunches was approxi�
mately the same for all modes, while the volume and
speed of rotation changed.
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Fig. 3. Typical Fourier spectra of reverse current oscilla�
tions generated by electrons reflected from the virtual
cathode. Fragment a corresponds to mode II (τ = 50 ns);
fragment b corresponds to mode IV (τ = 45 ns); and frag�
ment c corresponds to mode V (τ = 50.5 ns).
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