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Abstract—We consider an effective method for increasing the total efficiency of relativistic Cherenkov gener-
ators, viz., recuperation. It has been found that, for a generator with an efficiency smaller than 15%, recuper-
ation makes it possible to obtain an increase in the efficiency that exceeds 50% (from 12% to 68%). In gener-
ators with initially high efficiency (more than 50%), recuperation may turn out to be ineffective.
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INTRODUCTION

In recent years, powerful generators and amplifiers
of microwave radiation have been widely used in vari-
ous branches of science and technology [1—5]. High-
power microwave radiation is used in radio location,
counterradio measures, acceleration of ions, data
transmission and processing in long-range communi-
cation systems, the investigation of radiation with
matter, in biological studies, etc. [1—7]. Radiation
sources with operating principles based on the longi-
tudinal interaction of an electron beam with an elec-
tromagnetic field in periodic electrodynamic struc-
tures with positive or negative dispersions of the fun-
damental wave that belong to the most extensive class
of powerful microwave electronic devices. The stron-
gest amplification and most stable generation in this
class of devices are observed in the case of synchro-
nism between the beam and the field at frequencies
close to the transmission band of waveguide systems.
In these frequency ranges, resonance properties are
manifested in all periodic systems, and forward and
backward waves can be excited simultaneously in
them. In superpower electronics that operate with rel-
ativistic high-current electron beams, Cherenkov and
diffraction generators based on resonant periodic
structures with positive dispersion of the fundamental
wave and with transverse sizes that considerably
exceed the radiation wavelength were found to be per-
spective devices. The development of high-current
electron accelerators with currents of 1—35 kA and

voltages of 0.3—2.0 MV makes it possible to design
microwave Cherenkov generators with an electrody-
namic system in the form of a segment of a periodic
corrugated hollow waveguide, which have an output
power of 1—-30 GW in the centimeter and millimeter
wavelength ranges with efficiency of 10—50%. These
results were obtained using the simplest mathematical
models applicable for a shallow periodic corrugation
of the waveguide. The efficiency and output charac-
teristics of generators can be increased by optimizing
all parameters. For example, the use of an irregular
profile in relativistic Cherenkov generators (RCGs)
makes it possible to reach an efficiency of about 40—
50% [5—8], and a further increase in the efficiency of
the device can be achieved using recuperation.

1. DESCRIPTION OF THE MODEL

Here, we consider RCGs shown schematically in
Fig. 1. These generators and the electrostatic field in
them are axisymmetric; the problem is solved in cylin-
drical coordinates, and the field is calculated in the 2D
approximation. The electrostatic field in the system is
calculated using the finite-element method. The
Laplace equation in cylindrical coordinates has the
form

2
V¢ = divgrad :l@( a—“’)Jra—‘p:o,
¢ = divgrad 3 rar =

E = —grado,
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Fig. 1. Diagram of a Cherenkov generator: (/, 2) cathode and anode forming a tubular electron beam; (3, 4) modulating grooves;
(5) periodic slow-wave comb; (6) outlet horn; (7) recuperation region.

where 7 and z are the transverse and longitudinal coor-
dinates, @ is the electric field potential, and E is the
electric field vector.

Electrons were deposited on the collector using
nonuniform magnetic field B, directed along the z
axis, which is defined as

By(2) = Byoay + (Bomin — Bomay)sin’ | == |.
0(2) 0 (B, 0max) (2L

m
Here, L, is the domain of variation of the magnetic
field.

The expression for components of vector B in terms
of By(z) has the form

g = 1,908 1 30°By()

T2 9z 16! 9
1 29°B )
Bz :Bo(Z)—Z"z a—zoz-

The equation of motion for a relativistic electron
[9] is given by

dv _ e Vz( v j
—=—1-=E+[v,B]l-=V,E) |,
dt  mg ¢’ v, Bl cz( )

where e and m, are the electron charge and the rest
mass and c is the velocity of light in vacuum.

For numerical integration of the equations of
motion, we used a special algorithm for integrating
second-order differential equations [10]:

Xpn = X, + VAL + é(Sa, —a,_ )AL+ O(AL),

Viear =V, F %(3‘% —a,_5)AT + O(At3)

according to predictions, and corrected expressions
are given by

Xpn = X, + VAL + é(a,ﬂ, +3a)Ar> + O(Ar),
Viear = Vi + é(3ar+m +6a, —a,_,)At + O(At3)7
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where x(¢) is the particle coordinate; v(¢) and a(f) are
the particle velocity and acceleration, respectively;
and At is the step of integration with respect to time.

For the initial conditions for electrons, we used the
positions and velocities of particles, obtained in simu-
lating the Cherenkov generators [5—8].

The total efficiency was defined in terms of the
energy loss by the electron beam,

N
1 N"Yo— Y
n=—> :
NS Yol

1
V=T

[

where N is the number of particles; / is the particle
number; and 7, and vy are the relativistic factor of par-
ticles at the input and output of the device, respec-
tively.

2. RESULTS OF SIMULATION

Using the mathematical theory developed in [5—8],
we determined the optimal variants of RCGs with var-
ious parameters and efficiencies. These variants were
used to estimate the recuperation efficiency in this
type of device.

The parameters of the variants considered here are
as follows.

Variant 1 (3-cm one-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ®,
corresponds to A, = 3 cm. The voltage across the beam
is ¥, = 520 kV (B, = 0.869), the current 7, = 2500 A,
and the focusing magnetic field is B, = 0.357 T. The
regular corrugated segment contains n, = 10 periods,
d,=2.62,h,=1.45,b,=3.75(1.26 cm, 0.69 cm, 1.79 cm).
The width and height of the modulating groove and its
distance from the beginning of the comb are L, =2.22,
h, = 1.092, and L,, = 5.79 (1.06 cm, 0.52 cm, and
2.76 cm), A, = 0.8. Beam radius is r, = 3.1 (1.48 cm).
The number of electron layers is two, and the number
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Table 1. Parameters of the RCGs with a single modulating groove

Number of
/ Ly, 705 electron Efficie-
Vy, KV I,A| By, T d h b L h A
No. GHz| * Bo | & 0 1| v G CI i, S B0, ST S € A L B ) layers/electrons | ncy, %
per layer
10 | 520 |0.869|2500 | 0.357 |10 | 1.26 | 0.69 | 1.79 | 1.06 | 0.52 | 2.76 | 0.8| 1.48 2/8 23.5
10 | 228 (0.723|1600 | 1.79 |10 | 1.43 [ 0.754|2.39 [2.86 | 0.759|3.41 | 0.8|2 2/8 39.6
31 5 ]291 [0.772| 823 (0.179 | 7 |2.24 | 1.31 [2.67 |143 | 132 [442]|0.8|19 2/8 52.3
Table 2. Parameters of RCGs with a double modulating groove
Number of
5| Vos hy, | by, | L1= Ly, L,,, 7o electron Efficie-
Iy, A|By, T d, h A
No-l Gy KV Bo 1o, A|Bo, T| 1y |dy, em cm | cm |=L,, cm P 77 em layers/electrons | ncy, %
per layer
4 | 10 |323]0.84(3000|0.35| 20| 0.61 |0.68|3.77| 2.2 0.96 |0.53]0.8|3.3 3/8 42
5 | 10 |323]0.84 (3000 [0.35] 20 | 0.605| 0.7 |3.77| 2.23 0.96 [0.38]0.8|3.3 2/8 46
6 | 10 |323]0.84|2000 |0.35| 20 | 0.6 0.7 [3.77| 2.3 0.96 10.3810.8]3.3 2/8 12
7 | 10 |323]0.84 (2000 |0.35| 20 | 0.612 | 0.69 |3.77 | 2.23 0.96 [0.38]0.8|3.3 2/32 42.8
8 | 10 |323]0.84|1750 [0.35| 20 | 0.612 | 0.69 {3.77 | 2.23 0.96 [0.38]0.8|3.3 2/32 13.14
Table 3. Results of RCG optimization Table 4. Parameters of optimal recuperation systems for
- generators considered under investigation
Electronic Efficiency
No. efficien(f[y of | Total efficiency increment No.|L,, cm|L,, cm|Ly,, cm| Uy, KV | L, cm|Bygax, T|Bomin, T
generator 1| 73 | 76 | 174 |90 |55 |0375 |0
! 233 35.84 12.34 2 29 | 11| 3 |-55 67 |17 |11
2 39.6 64.14 24.54 3] 2 2 99 |—1.9 15 0.375 |0
3 523 2195 03 4als |8 |10 |60 |55 [0375 |0
4 42 55.74 13.74 ’
5 46 63.13 17.13 5110 2.3 9.8 |—76.97 | 28.8 | 0.375 |0.195
6 12 68.9 56.9 6| 10 1 10 [—246 23.4 | 0.375 [0.231
7 428 54.37 11.57 71 94 |1 10 |38 26 0.375 | 0.2175
8 13.14 68 54.86 8 | 10 1 10 |—236 234 10.375 |0.231

of electrons per layer is eight. The attained efficiency
is23.5%.

Variant 2 (3-cm one-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ®,
corresponds to A, = 3 cm. Voltage across the beam is
Vo =228 kV (B, = 0.723), current /,= 1600 A, focusing
magnetic field B, = 1.79 T. The regular corrugated
segment contains n, = 10 periods, d, = 3, A, = 1.58,
by=5 (1.43 cm, 0.754 cm, 2.39 cm). The width and
height of the modulating groove and its distance from
the beginning of the comb are L, = 6, A, = 1.59, and
L,,=7.15(2.86 cm, 0.759 cm, and 3.41 cm), A, = 0.8.
The beam radius is vy = 4.2 (2 cm). The number of
electron layers is 2, the number of electrons per layer is 8.
The attained efficiency is 39.6%.

Variant 3 (6-cm two-wave generator). Working fre-
quency /= 5 GHz; the chosen reference frequency ®,

corresponds to A, = 6 cm. Voltage across the beam is
Vo =291 kV (B, = 0.772), current I, = 823 A, focusing
magnetic field B, = 0.179 T. The regular corrugated
segment contains n, = 7 periods, d, = 2.35, h, = 1.31,
by = 2.8 (2.24 cm, 1.31 cm, 2.67 cm). The width and
height of the modulating groove and its distance from
the beginning of the comb are L, = 1.5, &, = 1.38, and
L,,=4.63(1.43cm, 1.32 cm, and 4.42 cm), A, = 0.8.
Beam radiusis r, =2 (1.9 cm). The number of electron
layers is 2 and the number of electrons per layer is 8.
The choice of a relatively strong focusing field has
made it possible to elevate the efficiency to 52.3% due
to the compensation of dynamic stratification.

Variant 4 (3-cm two-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ®,
corresponds to A, = 3 cm. Voltage across the beam
Vo =323 kV (B, = 0.84), current 7, = 3000 A, focusing

TECHNICAL PHYSICS  Vol. 61 No. 11 2016
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Fig. 2. Characteristics of an optimal variant of RCG (variant 6): (a) (/) profile and (2) amplitude distribution; (b) (2) electron
beam boundaries; (3) grouping function and (4) electronic and wave efficiency; (c) (2) electron trajectories.

magnetic field B, = 0.35 T. The regular corrugated
segment contains n, = 20 periods, d, = 1.28, h, = 1.43,
by = 7.9 (0.61 cm, 0.68 cm, 3.77 cm). The width and
height of the double modulating groove and its dis-
tance from the beginning of the comb are L, = L, =
L, =406, h,=2, L, =112 (2.2 cm, 0.96 cm, and
0.53 cm), A, = 0.8. Beam radius is r, = 6.9 (3.3 cm).
The number of electron layers is 3 and the number of
electrons per layer is 8. The attained efficiency is 42%.

Variant 5 (3-cm two-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ,

TECHNICAL PHYSICS Vol. 61 No. 11 2016

corresponds to A, = 3 cm. Voltage across the beam is
V, =323 kV (B, = 0.84), current 7, = 3000 A, focusing
magnetic field B, = 0.35 T. The regular corrugated
segment contains n, = 20 periods, d, = 1.268, h, =
1.46, by, = 7.9 (0.605 cm, 0.7 cm, 3.77 cm). The width
and height of the double modulating groove and its
distance from the beginning of the comb are L, = L, =
L, =467, hy, =2, Ly, = 0.79 (2.23 cm, 0.96 cm,
0.38 cm), A, = 0.8. Beam radius is r, = 6.9 (3.3 cm).
The number of electron layers is 2 and the number of
electrons per layer is 8. The attained efficiency is 46%.



1708

KURAEYV et al.

0.5 07 09
B

0.8 0.9
p

Fig. 3. Electron velocity distribution for generator variants 1—8.

Variant 6 (3-cm two-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ,
corresponds to A, = 3 cm. Voltage across the beam is
Vo =323 kV (B, = 0.84), current I, = 2000 A, focusing
magnetic field B, = 0.35 T. The regular corrugated
segment contains »n, = 20 periods, d, = 1.25, h, = 1.46,
by = 7.9 (0.6 cm, 0.7 cm, 3.77 cm). The width and
height of the double modulating groove and its dis-
tance from the beginning of the comb are L, = L, =

L, =4.67, h, =2, L,, = 0.79 (2.23 cm, 0.96 cm,
0.38 cm), A, = 0.8. Beam radius is r, = 6.9 (3.3 cm).
The number of electron layers is 2 and the number of
electrons per layer is 8. The attained efficiency is 12%.

Variant 7 (3-cm two-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ®,
corresponds to A, = 3 cm. Voltage across the beam is
Vo =323 kV (B, = 0.84), current 7, = 2000 A, focusing
magnetic field B, = 0.35 T. The regular corrugated

TECHNICAL PHYSICS  Vol. 61
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Fig. 4. Deposition of electrons at zero potential at the col-
lector relative to the anode.

segment contains n, = 20 periods, d, = 1.282, h, =
1.45, by = 7.9 (0.612 cm, 0.69 cm, 3.77 cm). The width
and height of the double modulating groove and its
distance from the beginning of the comb are L, =
L,=L,=4.67,h,=2,L,,=0.79(2.23 cm, 0.96 cm,
0.38 cm), A, = 0.8. Beam radius is r, = 6.9 (3.3 cm).
The number of electron layers is 2 and the number of

electrons per layer is 32. The attained efficiency
is42.8%.

Variant 8 (3-cm two-wave generator). Working fre-
quency f= 10 GHz; the chosen reference frequency ®,
corresponds to A, = 3 cm. Voltage across the beam is
Vo =323 kV (B, = 0.84), current [, = 1750 A, focusing
magnetic field B, = 0.35 T. The regular corrugated
segment contains n, = 20 periods, d, = 1.282, h, =
1.45, by=17.9 (0.612 cm, 0.69 cm, 3.77 cm). The width
and height of the double modulating groove and its
distance from the beginning of the comb are L, = L, =
L,=4.67,h,=2,L, =0.79 (2.23 cm, 0.96 cm, and
0.38 cm), A, = 0.8. Beam radius is 7, = 6.9 (3.3 cm).
The number of electron layers is 2 and the number of

electrons per layer is 32. The attained efficiency is
13.14%.

The parameters of these variants of generators and
their characteristics are given in Tables 1 and 2.

Let us consider the main characteristics of variant 6
in Fig. 2. The main role in the simulation of recupera-
tion is played by the electron velocity distribution.
This characteristic for the above generators is shown in
Fig. 3. Figure 4 shows the electron trajectories in two
radial REB layers moving in a nonuniform magnetic
field with zero potential of the collector relative to the
anode. It can be seen from Fig. 4 (see also Fig. 2c) that
the electron trajectories at the RCG outlet (in the
given conditions) have complex shapes and can only
be determined by numerical simulation. For this rea-
son, the configuration of the recuperation system

TECHNICAL PHYSICS Vol. 61
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Fig. 5. Electrostatic field potential distribution for variant 6.

should be optimized for each device being simulated
individually.

To find effective configurations, we optimized the
following parameters: the nonuniform magnetic field
profile, geometrical size of the system (L, L,, and L;),
and the voltage across the collector. During optimiza-
tion, we maintained the conditions of deposition of all
electrons on the collector, i.e., the absence of reflected
electrons and those that leave the region of the inter-
action. The results of optimization are given in Table 3.
The parameters of the resultant optimal recuperation
systems for the generators under investigation are
compiled in Table 4.

Variant 3 is characterized by a high efficiency
(52.3%); for this reason, electrons with low velocities
(0.1c, see Fig. 3c) are present in the device. To prevent
these electrons from returning to the region of interac-
tion in the case of recuperation, it is necessary to
change the operating regime of the generator, which
deteriorates its electronic efficiency. For the variant
under investigation, recuperation did not allow us to
increase the efficiency or even slightly reduced it.

To analyze recuperation in generators with low
efficiency, we changed variant 5 as follows: the current
was reduced from 3000 to 2000 A, and the corrugation
period was optimized. As a result, the efficiency was
reduced from 46 to 12% (variant 6). In the resultant
generator, electrons possess high velocities and a rela-
tively uniform distribution, which makes it possible to
successfully use recuperation and to increase the effi-
ciency to 56.9%.

In simulating RCGs based on the theory developed
in [5—8], it is sufficient to use a small number of coarse
particles (mainly, 16 in the variants considered here);
however, this can be insufficient for taking into
account strongly retarded particles in simulating recu-
peration. In variants 7 and 8, the number of electrons
was increased to 64. This affected the continuity in the
velocity distribution of particles, but the efficiency of
using recuperation almost remained unchanged. The
electrostatic field potential, the profiles of the irregu-
lar magnetic field, and the electron trajectories for
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Fig. 7. Electron trajectories for variant 6.

variant 6 are shown in Figs. 5—7, respectively. It can be
seen from Fig. 5 that the electrostatic field in the inter-
action region has the form of an electron lens [11].

CONCLUSIONS

An analysis of electron trajectories and the electron
velocity distribution at the RCG exit shows that the
recuperation system should be calculated separately
for each individual generator.

For a generator with a lower efficiency and, hence,
with less retarded electrons that have a less uniform
velocity distribution, recuperation ensured a large
increase in the efficiency (by more than 50%). In gen-
erators with initially high efficiency (exceeding 50%),
recuperation may prove to be ineffective.

As a result of optimization, RCG configurations
with a total efficiency close to 70% were obtained. It

KURAEYV et al.

should be noted that, in this work, we disregarded the
emission of secondary electrons from the collector
because it produces a weaker effect in the system with
recuperation, since the shape of the collector remains
unchanged (as in the absence of recuperation), and
the energy of primary electrons is lower.
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