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INTRODUCTION

Recent investigations of the progression of nonlin�
ear microwave oscillations, the formation of struc�
tures, and the establishing of complex generation
regimes in active electron�wave systems with intense
relativistic electron beams under regimes of virtual
cathode formation have attracted much attention in
the scientific community [1–3]. On the one hand, this
attention is explained by the fundamental significance
of such investigations [4]. On the other hand, intense
relativistic electron beams are widely used in a number
of practical applications, e.g., in plasma heating, in
nuclear synthesis with inertial plasma containment, in
ion acceleration systems, and in the generation of
high�power microwave radiation. Generators employ�
ing relativistic electron beams with VCs (virtual cath�
odes) hold particular promise as devices for high�
power microwave electronics, due to their unique
properties (high output radiation power, simple
design, ease of frequency, and generation regime tun�
ing) [1, 2].

It was shown in a number of studies [5–11] that the
dependence of vircator output power on different sys�
tem parameters (particularly its external magnetic
field (MF)) displays complex behavior. In [6], an
experimental investigation of vircator microwave radi�
ation output power as a function of external MF
revealed oscillating behavior with 2–3 peaks in ampli�
tude that diminished with the MF. It was also shown
that at high strengths of an external MF, the output
power of the relativistic vircator asymptotically
approaches a relatively low constant value. Similar
results were obtained in other studies [5–8, 10]. How�
ever, the physical influences behind vircator output

power are remain unknown; an important problem in
researching systems with VC is therefore analyzing the
behavior of output power generated by relativistic vir�
cators as a function of and external MF and investigat�
ing the underlying physical processes.

Note that in researching systems with REB, it is
necessary to consider effects that are unimportant with
respect to weak relativistic beams. In particular, the
self�magnetic fields in REBs cannot be ignored, as
they greatly influence the processes in the system.
Considering self�magnetic fields requires the use of
essentially three�dimensional self�consistent electro�
magnetic models of REB dynamics at supercritical
currents. This work is a numerical, three�dimensional,
completely electromagnetic study of the output
microwave radiation from a relativistic system with a
pipe�shaped REB in an externally applied uniform
longitudinal MF of finite strength. We also analyze the
physical causes of its observed behavior.

INVESTIGATED SYSTEM 
AND NUMERICAL MODEL

The investigated system was a classical model used
in studies of VC dynamics [3]. The electron beam drift
space is a closed section of a cylindrical waveguide
with length L and radius R, closed at the ends with net�
shaped electrodes. An axially symmetric pipe�shaped
relativistic mono�energetic electron beam (radius, Rb;
thickness, d; energy We; current upon entry, I) is
injected into an interaction space through the left
(input) net and let out through the right (output) net
and can also be deposited on the lateral walls of the
interaction space. The geometric parameters used in
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this work were L = 40 mm, R = 10 mm, Rb = 5 mm,
and d = 2 mm. A uniform external focusing MF of
induction B0 is applied along the system axis. Energy is
put out from the region of REB and VC interaction
with a coaxial line. A three�dimensional model based
on numerical solutions for a self�consistent system of
Maxwell’s equations and equations for charged parti�
cle movement was used for numerical modeling of the
nonstationary processes in a relativistic beam of
charged particles [3, 12].

SYSTEM DYNAMICS

Figure 1 shows the dependences of the normalized
output power of radiation from an REB with VC on
external MF induction Pout(B0), obtained by numeri�
cal modeling for two values of initial beam energy We.
It can be seen that the curves in this figure have similar
characteristic features: the presence of three local
maxima (denoted M1, M2, and M3 in Fig. 1) against
backgrounds of monotonically decreasing output
power with increasing MF.

The physical process responsible for this behavior
of the output power were analyzed using the results
from studies in [3] of the conditions of VC formation
(critical beam current values) as a function of the
external MF strength. We recall that a nonstationary
VC forms in a beam when its current exceeds a critical
value [1–4]. In [3], it was established that the depen�
dence of the critical REB current on the induction of
external longitudinal MF Icr(B0) has a characteristic
shape with a maximum and several local minima,
attributed to the formation of turbulent electron struc�
tures in REBs due to the so�called azimuthal instabil�
ity of a beam under the influence of external and self�
magnetic fields [3]. A comparison of dependences

Icr(B0) and Pout(B0) showed that the behavior of REB
radiation output power is determined by the complex
behavior of the critical beam currents upon variation
in the external MF, and by features of VC formation in
a system at different external MF intensities.

It can be seen that the first pronounced local mini�
mum in the Pout(B0) dependence (minima are denoted
as “Min” in Fig. 1) appears at induction values of the
external MF where the corresponding Icr(B0) depen�
dence has its maximum. When the critical beam cur�
rent attains its maximum value, the supercriticality of
the considered system in terms of current (I – Icr(B0))
at fixed REB current I = 20 kA turns out to be mini�
mal; the output power, which is proportional to super�
criticality, consequently has a minimum value as well.
Similarly, the maxima of the Pout(B0) dependence
coincide with the minima of Icr(B0). The current and
induction of an external MF at which dependence
Icr(B0) attains its first local minimum, correspond to
coordinates of first maximum M1 in dependence
Pout(B0) (Fig. 1). The VC structure is most developed at
this value of MF induction. The external MF strength
at which the critical current dependence reaches satu�
ration is determined by the position of M3, the third
maximum in the dependence of output power on MF
induction (Fig. 1). The output power’s tendency to fall
with rising external MF strength (leading in particular
to the formation of third maximum M3) is due to lim�
iting the electron beam transverse dynamics by raising
the external MF’s strength, lowering the intensity of
BC interaction with electromagnetic fields [13].

To find the reasons for the emergence of second
maximum M2 in dependence Pout(B0) (Fig. 1), we con�
sider a typical dependence of REB output radiation on
external MF induction and beam current Pout(B0, I)
(Fig. 2) at a beam energy of We = 850 keV. It can be
seen that the surface in Fig. 2 has a peak region
extending along the current axis (the light grey area in
Fig. 2), where the output power reaches its maximum
values. The coordinate of this region along the MF
induction axis (B0 ~ 6–7 kG) is virtually independent
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Fig. 1. Dependences of the normalized output power of
radiation from REBs with VCs on the induction of external
magnetic field B0 at the following values of initial beam
energy We: 600 keV (curve 1) and 850 keV (curve 2). Beam
current, I = 20 kA; symbols M1, M2, and M3 denote the
local maxima of the dependences.
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Fig. 2. Dependences of the normalized output power of
radiation from REBs with VCs on the induction of an
external magnetic field and beam current. We = 850 keV.
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of the beam current and corresponds to the optimum
external MF strength at which an REB with BC radi�
ates a microwave signal of locally maximum power.
The coordinate of second maximum M2 in depen�
dence Pout(B0) at energy We =850 keV (Fig. 2, curve 2)
corresponds to the optimum external MF strength, so
the output power has a local maximum at this MF.

Let us consider the evolution of REB dynamics in
the regime of VC formation in a changing external MF
and establish its relationship to characteristics of the
output power’s behavior. Figures 3a–3d show the
characteristic phase patterns of an electron beam as
projections of the instantaneous positions of large
beam particles (black dots in the figures) on cutting
transverse plane (r, θ) at a beam current of I = 20 kA
and different characteristic values of external MF
induction B0. Figure 3a corresponding to a weak exter�
nal MF shows the virtually uniform distribution of the
beam in the azimuthal direction. As MF induction
rises, turbulent electron structures begin to form in the
REB, due to the development of azimuthal beam
instability [3]. Double (Fig. 3b), triple (Fig. 3c), or sin�
gle (Fig. 3d) turbulent electron structures thus form in
an REB with an external MF lower than a certain
threshold value (9 kG for the case shown in Fig. 3). The
azimuthal instability and transverse dynamics of an
REB are suppressed by a strong external MF, B0 > 9 kG;
therefore, turbulent electron structures do not form in
a system in such an MF.

From our analysis of Fig. 3, it follows that an exter�
nal MF in the range of 0 to 9 kG determines the struc�
ture of the electron turbulence in the structure (com�
pare Figs. 3a–3d). This could explain the existence of
an optimum external MF value at which the output
power assumes a local maximum value (peak M2 in
Fig. 1). It was found that the efficiency of REB and
VC interaction with electromagnetic fields and thus
the output power is higher when an electron beam is
not heterogeneous in the azimuthal direction. Indeed,
the case in Fig. 3a, where the REB has the most homo�
geneous structure in the azimuthal direction, corre�
sponds to the maximum output power (peak M1 in
Fig. 1, curve 2). Peak M2 is observed at the external
MF strength at which a triple turbulent electron struc�
ture forms in the system (Fig. 3c). This system is less
homogeneous in the azimuthal direction than the one
presented in Fig. 3a; therefore, peak M2 is lower
than M1. The least homogeneous dynamics in the azi�
muthal direction are observed with the external mag�
netic fields corresponding to Figs. 3b and 3d displaying
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Fig. 3. Projections of the instantaneous positions of large
particles of the electron beam on cutting plane (r, θ) at
B0 = 3.5 kG (a), B0 = 6 kG (b), B0 = 6.5 kG (c), and B0 =
9 kG (d); I = 20 kA; We = 850 keV; the longitudinal coor�
dinate of the cutting plane zs = 7 mm. Only those particles
located beyond the cutting plane (with coordinates z < zs)
are shown; the arrows show the ends of turbulent electron
structures forming in the REB.
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double and single turbulent electron structures,
respectively. As a result, the output power assumes
minimum values that correspond to the local minima
of dependence Pout(B0) to the left and right of peak M2.
Raising external MF B0 > 13 kG does not increase the
output power despite the suppression of azimuthal
structure nonhomogeneity. This is a consequence of
the reduced efficiency of interaction between the VC
and electromagnetic fields in the electron beam, due
to the restraining effect on REB transverse dynamics
by the stronger external MF [13].

CONCLUSIONS

We have shown that in a relativistic vircator, the
dependence of output power on the induction of a
homogeneous longitudinal external magnetic field has
a number of maxima. Characteristic features of output
power behavior are determined by the conditions
under which a virtual cathode forms under the effect
of external and self�magnetic fields. Our results
explain earlier experimental dependences of the out�
put power generated by relativistic vircators on exter�
nal magnetic field strength [6].

ACKNOWLEDGMENTS

This work was supported the Russian Foundation
for Basic Research, projects nos. 12�02�33071, 12�02�
00345, 12�02�31102, and 13�02�90406; by the
RF Presidential Program for the Support of Young
Russian Scientists, Candidates of Science, and Doc�
tors of Science, projects nos. MD�345.2013.2 and
MK�818.2013.2; and by the RF Ministry of Education
and Science, contracts nos. 14.B37.21.0764 and
14.B37.21.0903).

REFERENCES

1. Dubinov, A.D. and Selemir, V.D., J. Commun. Technol.
Electron., 2002, vol. 47, no. 6, p. 575.

2. Benford, J., Swegle, J.A., and Schamiloglu E., High
Power Microwaves, CRC Press, Taylor and Francis,
2007.

3. Hramov, A.E., Kurkin, S.A., Koronovskii, A.A., and
Filatova, A.E., Phys. Plasmas, 2012, vol. 19, no. 11,
p. 112101.

4. Koronovskii, A.A., Trubetskov, D.I., and Khramov, A.E.,
Metody nelineinoi dinamiki i khaosa v zadachakh elek�
troniki sverkhvysokikh chastot (Methods of Nonlinear
Dynamics and Chaos in High�Frequency Electronics),
vol. 2: Nestatsionarnye i khaoticheskie protsessy (Non�
stationary and Chaotic Processes), Moscow: Fizmatlit,
2009.

5. Kostov, K.G. and Nikolov, N.A., Phys. Plasmas, 1994,
vol. 1, no. 4, p. 1034.

6. Gadetskii, N.N., Magda, I.I., Naisteter, S.I., et al.,
Fiz. Plazmy, 1993, vol. 19, no. 4, p 530.

7. Jiang, W., Kitano, H., Huang, L., et al., IEEE Trans.
Plasma Sci., 1996, vol. 24, p. 187.

8. Davis, H.A., Fulton, R.D., Sherwood, E.G., et al.,
IEEE Trans. Plasma Sci., 1990, vol. 18, no. 3, p. 611.

9. Frolov, N.S., Koronovskii, A.A., Khramov, A.E., Kali�
nin, Yu.A., and Starodubov, A.V., Bull. Russ. Acad. Sci.
Phys., 2012, vol. 76, no. 12, p. 1329.

10. Hramov, A.E., Koronovskii, A.A., and Kurkin, S.A.,
Phys. Lett. A, 2010, vol. 374, p. 3057.

11. Kurkin, S.A., Radiotekhn. Elektron., 2010, vol. 55,
no. 4, p. 1.

12. Birdsall, C.K. and Langdon, A.B., Plasma Physics, via
Computer Simulation, New York: McGraw�Hill, 1985.

13. Egorov, E.N. and Hramov, A.E., Phys. Rep., 2006,
vol. 32, no. 8, p. 683. 

Translated by B. Kalinin


