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Based on a quasioptical approach and direct particle-in-cell simulations, we study dynamics of oversized
relativistic surface-wave oscillators (SWOs) of the Cherenkov type with 2D periodical corrugated
structures of cylindrical geometry. Such corrugation allows significant rarefication of the spectrum of
modes with different azimuthal indices. As a result, selective excitation of a mode with a given azimuthal
index is possible. Azimuthal index of the generated mode depends on the voltage rise time. For short
(nanosecond scale) rise time, generation of an azimuthally symmetric mode can be realized. For longer
(hundreds nanoseconds to microseconds) rise time, the modes with high azimuthal indexes would be
excited. These conclusions are supported by the experiments where Ka-band SWOs with 2D corrugated
structures were realized based on the 300 keV=100 A=4 μs thermionic accelerator SATURN. For an
oversize factor of 16, stable narrow-band generation with output power of 1.5–2 MW was obtained at the
frequency of 32.5 GHz corresponding to the mode with an azimuthal index of m ¼ 3. The project of
Ka-band subgigawatt power SWOs operating at the azimuthally symmetric mode based on
500 keV=4 kA=20 ns high current explosive-emission accelerator SINUS-6 is under development.
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I. INTRODUCTION

For spatially extended relativistic electron beams of sheet
and tubular geometry, the use of two-dimensional (2D)
distributed feedback is beneficial for providing spatial
coherence of radiation and can be exploited in order to
increase the total radiation power in the microwave gen-
erators [1,2]. Such 2D feedback can be realized in planar
and coaxial 2D Bragg structures (resonators) having
double-periodic corrugation. Experimental studies of free
electron masers (FEMs) based on the novel feedback
mechanism have been performed in Ka-band (coaxial
geometry) at the University of Strathclyde (Glasgow,
UK) [3] and in W-band (planar geometry) at the Budker
Institute of Nuclear Physics (Novosibirsk, Russia) [4,5] in
collaboration with the Institute of Applied Physics RAS. As
a result, narrow-band generation with an output power on
the level of 50–100 MW, which is a record for millimeter
wavelength FEMs, was obtained.
At present, theoretical [6–8] and experimental [8,9]

studies of Cherenkov masers with 2D distributed feedback

are in progress. Among relativistic masers of such type,
surface wave oscillators (SWOs) [10–18] appear to be
preferable due to the larger values of the electron-wave
coupling impedance. Besides, formation of a surface mode
ensures the regular field distribution along the coordinate
directed perpendicularly to the corrugated surface and,
thus, can solve the problem of mode selection over this
coordinate. In SWOs, a 2D periodic structure can be
exploited both as a slow-wave system and as a highly
selective Bragg resonator simultaneously [19,20]. It pro-
vides effective mode control over azimuthal coordinate.
The present paper is devoted to theoretical and exper-

imental studies of the oversized cylindrical SWOs with 2D
periodical corrugated structure (2D SWOs). Simulations of
nonlinear dynamics of the oscillator were performed both
in the frame of quasioptical approach and by using the CST
STUDIO SUITE particle-in-cell (PIC) code. Simulation
parameters were chosen close to those of the experimental
setups. The paper is organized as the follows. In Sec. II, a
quasioptical model describing SWOs with 2D periodical
grating is formulated and mode dynamics of the generators
of such type are studied. In Sec. III, results of direct
PIC simulations of a Ka-band 2D SWOs based on the
thermionic-emission accelerator SATURN (IAP RAS) are
presented in comparison with experimental investigations.
Section IV contains results of simulations of sub-GW
power level Ka-band 2D SWOs based on the explosive-
emission accelerator SINUS-6 (IAP RAS).
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II. QUASIOPTICAL MODEL OF SWO WITH 2D
PERIODICAL GRATING

To study nonlinear dynamics of SWOs based on the
oversized cylindrical waveguide with 2D periodical gra-
ting, we assume that a hollow rectilinear electron beam
moves along the grating with a longitudinal velocity of
v0 ¼ β0c [Fig. 1(a)]. The surface of the waveguide is
corrugated as

r ¼ r̃
4
½cosðM̄φ − h̄zzÞ þ cosðM̄φþ h̄zzÞ� ð1Þ

and represents a superposition of two helical gratings with
opposite rotations, where r̃ is the corrugation depth,
h̄z ¼ 2π=dz, dz is the corrugation period along the longi-
tudinal coordinate z and M̄ is the number of variations
(turns) of the corrugation over the azimuthal coordinate φ.
We assume that the system parameters satisfy the following
relation:

h̄z ≈ h̄x ¼ h̄; ð2Þ

where h̄x ¼ M̄=r0. If the curvature of the waveguide is
small, i.e. the conductor radius r0 is substantially larger
than the radiation wavelength λ, it is appropriate to
introduce a new azimuthal coordinate x ¼ r0φ and to
use the quasiplanar model for description of the waves
coupling. In this model, the radial y coordinate is directed
normally to the surface of the conductor.
Within the described model, the electromagnetic field

confined at the grating (1) is formed by the four partial
wave beams with the following components of the mag-
netic field [20]:

Hx ¼ RefðCþ
z e−ihz þ C−

z eihzÞeiωtg;
Hz ¼ RefðCþ

x e−ihx þ C−
x eihxÞeiωtg; ð3aÞ

where C�
x;zðx; y; z; tÞ are the slow functions of the coor-

dinates and time, x⃗0, y⃗0 and z⃗0 are the coordinate unity
vectors. Two of these beams C�

z are propagating in the

longitudinal �z-directions and the other two C�
x are

propagating in the transverse (azimuthal) �x (�φ) direc-
tions. Electric fields are expressed from (3a) as

Ex ¼
c
ω
Im

��∂Cþ
x

∂y e−ihx þ ∂C−
x

∂y eihx
�
eiωt

�
;

Ez ¼ − c
ω
Im

��∂Cþ
z

∂y e−ihx þ ∂C−
z

∂y eihx
�
eiωt

�
;

Ey ¼
c
ω
Im

���
−ihCþ

z − ∂Cþ
x

∂x
�
e−ihz

þ
�
ihC−

z − ∂C−
x

∂x
�
eihz

�
eiωt

�
: ð3bÞ

Under the Bragg resonance condition

h ≈ h̄ ð4Þ

longitudinal C�
z and azimuthal C�

x wave fluxes are coupled
to each other as shown in Fig. 1(b) where an unfolded
corrugated surface with the directions of the partial wave
beams propagation is depicted.
Having chosen the Bragg frequency ω̄ ¼ h̄c for a

reference one, we describe the excitation of the surface
waves by the electron beam using the equations similar to
those formulated in [20]:

� ∂
∂τ þ

∂
∂Z þ i

∂2

∂Y2

�
Ĉþ
z þ iαðĈþ

x þ Ĉ−
x ÞδðYÞ

¼ − 1

Be

∂
∂Y

�
JFeðYÞ

�
;

� ∂
∂τ −

∂
∂Z þ i

∂2

∂Y2

�
Ĉ−
z þ iαðĈþ

x þ Ĉ−
x ÞδðYÞ ¼ 0;

� ∂
∂τ �

∂
∂X þ i

∂2

∂Y2

�
Ĉ�
x þ iαðĈþ

z þ Ĉ−
z ÞδðYÞ ¼ 0; ð5Þ

where δðYÞ is the delta function, FeðYÞ is a function
expressing the radial current density of the electron beam
with an effective thickness of Be ¼

R R0

0 FeðYÞdY.
Amplitude of the rf current J ¼ 1

π

R
2π
0 e−iθdθ0 can be found

from the electron motion equations

�
1

β0

∂
∂τ þ

∂
∂Z

�
2

θ ¼ Re

�∂Ĉþ
z

∂Y eiθ
�
; ð6Þ

with the boundary conditions

θjZ¼0¼ θ0 ∈ ½0;2πÞ;
�
1

β0

∂
∂τþ

∂
∂Z

�
θ

����
Z¼0

¼Δ: ð7Þ

Here θ ¼ ω̄ðt − z=cÞ is the electron phase with respect
to the forward partial wave Cþ

z , Δ ¼ ð1 − β0Þ=β0G > 0 is
the synchronism detuning at the carrier Bragg frequency

FIG. 1. (a) Scheme of an oversized SWO with 2D corrugated
structure. Directions of propagation of the partial wave fluxes and
tubular electron beam are shown. (b) Diagram illustrating
coupling of partial waves at the 2D corrugation.

N. S. GINZBURG et al. PHYS. REV. ACCEL. BEAMS 21, 080701 (2018)

080701-2



varying with changes in the particle energy. The
synchronous interaction with a rectilinear electron beam
arises due to the formation of an evanescent slow wave.
In Eqs. (5)–(7), we introduced the following normalized
variables and parameters: Z ¼ Gh̄z, X ¼ Gh̄x, Y ¼ffiffiffiffiffiffi
2G

p
h̄y, τ ¼ Gω̄t, Ĉ�

x;z ¼ eμC�
x;z

mcω̄γ0G3=2,

G ¼
� ffiffiffi

2
p

μλ

πγ0r0

I0
Ia

�2=3

ð8Þ

is the gain parameter, Ia ¼ mc3=e, I0 is the total electron
beam current, μ ≈ γ−20 β−30 is the electron bunching param-
eter, α ¼ h̄ r̃

8G is normalized wave coupling parameter at the
corrugation, γ0 ¼ ð1 − β20Þ−1=2 ¼ 1þ eU

mc2 is the relativistic
mass factor depending on accelerating voltage U.
Due to the cylindrical geometry of the cavity, the wave-

beam amplitudes satisfy the cyclic boundary conditions

Ĉ�
x;zðX þ Lx; Y; Z; τÞ ¼ Ĉ�

x;zðX; Y; Z; τÞ; ð9Þ

where Lx ¼ 2πh̄Gr0 is perimeter of the structure.
Condition (9) allows a solution of Eq. (5) to be expanded
in a Fourier series,

Ĉ�
x;zðX; Y; Z; τÞ ¼

Xþ∞

m¼−∞
Ĉ�;m
x;z ðY; Z; τÞeiΓm

x X; ð10Þ

and consider each harmonic as a mode with an azimuthal
index of m, where Γm

x ¼ 2πm=Lx is the azimuthal wave
number of the mth mode.
In the absence of the electron beam [zero right hand part

of the first equation in the system of Eqs. (5)] assuming that
the radius of the waveguide is sufficiently large in the scale
of the surface mode radial decay and presenting solutions
of Eq. (5) at y > 0 as

Ĉ�;m
x;z ∼ expðiΩmτ ∓ iΓzz − g�;m

x;z YÞ; ð11Þ

we get the following dispersion relation for partial waves in
a 2D Bragg slow-wave structure unbounded in the longi-
tudinal direction (see [20] for details):

α2
�

1

gþ;m
z

þ 1

g−;mz

��
1

gþ;m
x

þ 1

g−;mx

�
¼ 1; ð12Þ

where

g�;m
z ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ωm

c
� Γz

r
; g�;m

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−Ωm

c
� Γm

x

r
ð13Þ

are the radial wave numbers. Family of solutions of (12)
and (13) is shown in Fig. 2. Each dispersion curve ΩmðΓzÞ
corresponds to a “cold” mode with an azimuthal index of
m. It is important to note that dispersion curves with high

azimuthal indices are located below the curve correspond-
ing to an azimuthally symmetric mode m ¼ 0.
For a 2D Bragg structure of finite length lz, the boundary

conditions for Eq. (5) with respect to the z-coordinate set at
the edges of the corrugated region correspond to the
absence of external energy fluxes

Ĉþ
z jZ¼Lz

¼ 0; Ĉ−
z jZ¼0 ¼ 0; ð14Þ

where Lz ¼ Gh̄lz is normalized length of the oscillator. In
this case, the spectrum of the eigenmodes contains sol-
utions with various azimuthal and longitudinal indices.
Modes with one longitudinal variation possess eigenfre-
quencies near the highest point of the corresponding
dispersion curve and maximal Q-factor. Eigenfrequencies
of modes decrease with the increase of azimuthal index m,
thus, the azimuthally symmetric mode possesses the high-
est frequency. It is important to emphasize that due to the
presence of the azimuthal energy fluxes, the 2D corrugation
allows significant rarefication of the spectrum of eigenm-
odes with different azimuthal indices [20]. The frequency
interval between the azimuthally symmetric (m ¼ 0) and
the mth modes increases with m as

ΔΩm ¼ Δωm

Gω
≈
3π2

8

m2

ðαLxÞ2
: ð15Þ

For traditional 1D corrugation, the frequency interval
corresponding to (15) is given by an expression ΔΩ1D

m ≈
8π2m2=L2

x and would be much smaller than the one given
by (15) (see [19] for details). This is illustrated by results of
CST simulation of excitation of the cylindrical structures
having 2D [Fig. 3(a)] and 1D [Fig. 3(b)] corrugations with
the same Bragg frequency by an incident short electro-
magnetic pulse. Field spectra for the first four azimuthal
modes are shown in Fig. 3 at the final stage of the decay
process. The spectrum bandwidths are proportional to the
Q factors of the corresponding modes. Obviously, these
factors are practically the same for all modes.

FIG. 2. Dispersion lines of the normal waves with various
azimuthal indices m slowed by the 2D corrugation, which were
obtained by solving Eq. (12) for the geometrical parameters given
in Table I, f ¼ ω=2π.
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In the presence of the electron beam [nonzero right hand
part of the first equation in the system of Eqs. (5)], Ωm
becomes complex and the eigenmodes are unstable.
Figure 4 shows the dependence of the temporal increments
ImΩm and frequency shifts ReΩm for different azimuthal
modes vs the detuning parameter Δ obtained by numerical
simulations of the linearized Eq. (5). The maximum
increment for a mode with a given index of m is reached
under conditions when the beam line crosses the corre-
sponding dispersion curve near its top. Accordingly, at a

relatively large Δ (which corresponds to relatively low
particle energies), the maximum increment is reached for
modes with high azimuthal index, while the azimuthally
symmetric mode would be preferentially excited at higher
electron energies.
Such dependence of the increments on the detuning (i.e.

on the accelerating voltage amplitude) leads to a fairly
complicated mode excitation scenario depending on the
voltage pulse rise time. We simulate this pattern using
Eqs. (5) and (6) with time-dependent detuning parameter
ΔðτÞ having linear temporal dependence of the front of the
voltage pulse and staying constant at the stationary value
Δst after that, i.e.

ΔðτÞ ¼
�Δ0 þ ðΔst − Δ0Þ τ

τrise
; τ < τrise

Δst; τ ≥ τrise:
ð16Þ

Figure 5 shows the dynamics of buildup of a steady-state
oscillation regime set at one of the azimuthal modes depend-
ing on the rate of change of the detuning parameter, i.e. on the
voltage rise time τrise. All of the other parameters, including
slow-wave system characteristics, beam current and accel-
erating voltage amplitude, are identical. Figure 5(a) corre-
sponds to the fast voltage rise with azimuthally symmetric
mode onset. However, for slower voltage rise, steady state
oscillations occur for the modes with higher azimuthal
indices [Fig. 5(b)–5(d)]. Even though the detuning reaches
the samevalue ofΔst in all four realizations, themode excited
during the transient suppresses the oscillations at the sym-
metric mode even under conditions whenΔst corresponds to
the maximum increment (minimum starting current) of the
latter mode. Simulations demonstrate that the efficiency
values of the steady-state oscillations are roughly similar
for all operating modes and the regime of excitation of each
mode is highly stable with respect to variations of the
accelerating voltage amplitude.
Figure 6 illustrates the phase synchronization in the

regime of azimuthally symmetric mode excitation

FIG. 3. Field spectra corresponding to excitation of different
azimuthal eigenmodes by an initial rf pulse in the cylindrical
slow-wave structures having (a) 2D and (b) 1D corrugation (CST
simulations). Parameters of the 2D structure are shown in Table I.
Parameters of the 1D structure are as follows: mean cavity radius
of 23 mm, length of 87.5 mm, corrugation of the period of
3.5 mm and depth of 1.8 mm.

FIG. 4. Temporal increments ImΩm (a) and eigenfrequencies ReΩm (b) of the first four azimuthal modes vs detuning parameter Δ for
α ¼ 2.2, Lz ¼ 1.5, Lx ¼ 1.9, Be ¼ 0.2.
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corresponding to Fig. 5(a). The initial phase of the field was
set randomly [Fig. 6(a)]. Due to the presence of azimuthal
energy fluxes C�

x , rather fast synchronization of emission
from different parts of the oversized hollow electron beam
is observed. As a result, phase and amplitude become
almost constant along the azimuthal coordinate [Fig. 6(b)].
According to the analysis carried out, in a certain range

of voltage rise times, one can choose an azimuthal mode, at
which the stable oscillations regime could be obtained. This
conclusion is verified by Sec. III which presents results of
PIC simulation of SWOs with parameters close to the
experimental realization based on the accelerator SATURN
with thermionic emission cathode having relatively long
(about few hundreds nanoseconds) front of voltage pulse.
In the correspondence with experiments these simulations
demonstrate the excitation of nonsymmetric modes. In
Sec. IV, results of PIC simulations of similar oscillator
powered by electron beam corresponding to the accelerator
SINUS-6 with explosive emission cathode and fast (few
nanoseconds) front of the voltage pulse are presented. In

this case, the steady-state oscillations regime occurs for the
azimuthally symmetric mode.

III. 3D PIC SIMULATIONS AND
EXPERIMENTAL TESTING OF

KA-BAND 2D SWO BASED ON THE
THERMIONIC EMISSION
ACCELERATOR SATURN

Experimental studies of Ka-band 2D SWOs were per-
formed based on the microsecond accelerator SATURN
operating in a single-pulse regime. A schematic of the
experiments is shown in Fig. 7(a). This accelerator is
powered by aMarx generator through a forming line shaping
the accelerating voltage pulse, which has a relatively long
(about few hundreds nanoseconds) front. The SATURN
accelerator [21] is equipped with a thermionic emission
magnetron-injection gun and forms a rectilinear electron
beam of tubular geometry with particles energy from 200 to
300 keV and a diameter at the cathode of 100 mm. The
electron beam is focused and guided by a magnetic field that

FIG. 5. Scenarios of establishment of the stationary oscillation regime at different azimuthal modes for various fronts of the voltage
pulse (rise time). Temporal dependence of the modes amplitudes at the SWO output together with corresponding temporal dependence
of the detuning Δ cased by the voltage growing up: (a) τrise ¼ 50, (b) τrise ¼ 80, (c) τrise ¼ 350, (d) τrise ¼ 1400; α ¼ 2.2, Δst ¼ 8,
Lz ¼ 1.5, Lx ¼ 1.9, Be ¼ 0.2.

FIG. 6. Azimuthal distributions of the field amplitude jĈ−
z j and phase Ψ ¼ arg Ĉ−

z at the up-stream edge of SWOs at the initial (a) and
the final (b) stages. Simulation parameters correspond to Fig. 5(a).
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increases from about 0.1 T at the cathode to 0.7 T at the
regular part of the interaction space. As a result, inside the
interaction space we have a tubular (hollow) electron beam
with a diameter of 42 mm and thickness of 1 mm. The beam
currentwas regulated by the cathode heating temperature and
in this series of experimentswas varied from50 to 100A.The
beam passed into the interaction space through the annular
hole between the wall of the slow-wave structure and the
radiation reflector.
The 2D slow-wave structure with an oversize factor (ratio

of perimeter towavelength) of about 16 was exploited in this
SWO [Fig. 7(b)]. An additional reflector of coaxial geometry
was installed up-stream (cathode side) the interaction space
to provide the radiation extraction from the collector side of
the device. This reflector was attached to the slow-wave

structure by means of three thin radial lamellas, which (in
accordance with the simulations) practically did not disturb
the electron beam propagation and did not melt during the
current pulse. The output section of the SWO represents an
oversized circular waveguide, stepped in diameter, operating
based on the Talbot effect. Such waveguide shape provides a
repetition of the incident wave beam at a certain distance at
the output [Fig. 7(c)].
PIC simulations of this SWO oscillator were carried out

using the CST STUDIO SUITE software package. Basic
simulated parameters of the slow-wave structure together
with beam parameters corresponding to experimental values
are given in Table I. The onset of the steady-state oscillations
regime for a voltage rise time of 100 ns is shown in Fig. 8(a).
High azimuthal mode was excited [Figs. 8(c) and 8(d)].

FIG. 7. (a) Scheme of experiments based on the SATURN accelerator: 1. electron beam cathode, 2. intermediate anode, 3. vacuum
casing, 4. magnetic coils (solenoids), 5. electron beam trajectory, 6. slow-wave structure, 7. reflector for the radiated rf wave, 8. output
section based on the Talbot effect, 9. electron beam collector, 10. output window. (b) Photograph of double periodic slow-wave structure
(view outside). (c) Scheme and results of 3D simulations of the output SWO section based on the Talbot effect (geometrical sizes are
given in mm).
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The steady-state field spectrum [Fig. 8(b)] corresponds to the
frequency of the “cold” mode with an azimuthal index of
m ¼ 3 [compare with Fig. 3(a)].
Figure 9 shows the results of the experimental inves-

tigation of the SWO with 2D slow-wave structure based on
the SATURN accelerator. In these experiments, the output

SWO power was measured by a calorimeter, the spectrum
measurements were performed using a heterodyne tech-
nique. As a result, under the optimal conditions, stable
narrow-band generation was obtained. In Fig. 9(a), pulses
of voltage, beam current and rf signal are plotted. A
comparison of the detected signal spectrum [Fig. 9(b)]
with Fig. 3(a) demonstrates as well that the oscillation
frequency of 32.5 GHz corresponds to the excitation of a
mode with three azimuthal variations of the field as
predicted by the PIC simulation (see Fig. 8). Fine pulse-
to-pulse reproducibility of the oscillation spectrum was
observed. Figure 9(c) shows the dependence of the oscil-
lation frequency (spectrum line center) on the beam voltage
amplitude which coincides well with the simulation results.
Calorimetric measurements indicate the power level of
1.5–2 MW in up to 200 ns-long radiation pulses, which
corresponds to the electron efficiency of ∼5%. Hence,
experimental results conform to the theoretical analyses
both within the quasioptical model and within PIC
simulations.
Results of 3D simulations of electron beam dynamics in

the SWO based on the SATURN accelerator are shown in
Fig. 10. The simulation parameters correspond to the
experimental conditions and take into account such impor-
tant factors as the space charge effect, the spread of beam
parameters, etc. These simulations demonstrate stable beam
transportation, which is confirmed by the results of the

TABLE I. Basic parameters of Ka-band 2D SWOs realized on
the thermionic-emission accelerator SATURN and design param-
eters for the project based on the high-current explosive-emission
accelerator SINUS-6.

SATURN
accelerator

SINUS-6
accelerator

Mean radius of the
cylindrical cavity

23 mm

Length of the structure 210 mm 84 mm
Corrugation period 7 mm
Number of azimuthal
variations

16

Corrugation depth 2.5 mm
Radius of the hollow
electron beam

21 mm

Electron beam energy 200–300 keV 500–600 keV
Current 50–100 A 4–6 kA
Pulse duration 4 μs 20 ns
Guide magnetic field 0.7 T 1.4 T

FIG. 8. Results of 3D CST PIC simulations for parameters corresponding to the experimental conditions at the SATURN accelerator:
(a) Temporal dependence of the output power Pout, (b) rf spectrum S at the final stage of the evolution and spatial structure of the field
components, (c) Ez and (d) Hz at the central cross section.
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experiments. Note that for the first proof-of-principle
experiments, the interaction length (the length of the slow
wave structure) was chosen to exceed the optimal value to
deliberately ensure the excess of the starting conditions for
self-excitation of the oscillator. This coincides with the
results of 3D simulations, which demonstrated the pos-
sibility to enhance the output power with a certain
reduction in the interaction length in the realized SWO.
Thus, we experimentally demonstrate the narrow spec-

trum MW-level Ka-band generation in the oversized SWOs
based on 2D slow-wave structure. Nevertheless rather long
voltage rise time at the SATURN accelerator does not allow
for provision of azimuthally symmetric output structure of
the field.

IV. PIC SIMULATIONS OF A KA-BAND 2D SWO
BASED ON THE HIGH-CURRENT EXPLOSIVE

EMISSION ACCELERATOR SINUS-6

Experiments demonstrating the possibility of obtaining
stable single-mode oscillation using a 2D oversized slow-
wave structure provide the potential for employing this
scheme for generation from sub-GW to GW power radi-
ation based on high-current beams formed by the explosive
emission accelerators. The rather short (nanoseconds)
voltage pulse front in these accelerators supplies conditions
for generation at the azimuthally symmetric mode. To
demonstrate the possibility of increasing output power, we
conducted a PIC simulation of 2D Ka-band SWOs based on
the explosive-emission accelerator SINUS-6. In this type of
accelerator, the pulse shaping line is charged using a Tesla
transformer with a ferromagnetic core incorporated into the
line and connected to the cathode [22]. The SINUS-6
accelerator is capable of forming a wide hollow electron
beam with a particle energy of 500–700 keV, a current of
several kiloamperes and a duration of about 20 ns.
Parameters of the corrugated waveguide (see Table I) were
almost the same as those used in simulations and the
experiments described above. For a Ka-band oscillator with
a fairly large oversized waveguide (perimeter of about 16
wavelengths as well), a steady-state regime settled with a
narrow radiation spectrum [see Figs. 11(a) and 11(b)].
Spatial structures of the excited field are shown in Figs. 12
and 13. In accordance with the theoretical considerations
presented in Sec. II, these structures are the superpositions
of the longitudinal C�

z and the azimuthal C�
x wave beams.

In the simulations, one is able to separate these wave beams
according to Eq. (3b): the longitudinally propagating wave
beams C�

z possess a nonzero Ez component of the electric
field [Eq. (3b)] while the azimuthally propagating wave
beams C�

x have a nonzero Hz component of magnetic field
[Eq. (3a)]. The steady-state distributions of Ez correspond-
ing to the axially propagating wave beams are plotted in
Figs. 12(a)–12(c). A bell-shaped structure along the longi-
tudinal coordinate and radial decay of the fields close to the

FIG. 9. Results of experimental studies of oversized Ka-band
SWOs based on the SATURN accelerator: (a) typical oscillo-
scope traces of the accelerating voltage Ua (green curve), beam
current Ibeam (red curve), signal from a heterodyne mixer Pmix
(brown curve) and output rf-pulse Prf (blue curve); (b) spectrum
of the output radiation and (c) dependence of the radiation
frequency on the accelerating voltage.

FIG. 10. Results of CST PIC simulations of the electron beam
dynamics in the SWO realized at the SATURN accelerator (the
electron trajectories in the stationary regimeofoscillationare shown).
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exponential is clearly seen. Beatings of the amplitude are
caused by the interference of counterpropagating Cþ

z and
C−
z waves [see Eq. (3)]. With respect to the azimuthal

coordinate, Ez is an azimuthally symmetric surface wave.

Expansion of it into the spectrum of modes of regular
cylindrical waveguide is a combination of TM0;n modes.
The output radiation from the oscillator [Figs. 12(c)–12(e)]
has azimuthally symmetric structure as well.

FIG. 11. CST PIC simulations of sub-GW Ka-band 2D SWOs based on the high-current accelerator SINUS-6: (a) Time dependence of
the total output power PΣ and partial powers associated with various azimuthally symmetric modes and (b) radiation spectrum S in the
steady-state generation regime.

FIG. 12. CST PIC simulations of the sub-GW Ka-band 2D SWO (SINUS-6 accelerator): Ez components of the rf field, which
correspond to interference of the axially propagating partial wave beams Ĉ�

z in the longitudinal (a), central (b) and output (c) cross
sections of the waveguide, as well as axial component of Poynting vector Sz (d) and the phase distribution of output radiation (e).
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The longitudinal magnetic field component Hz depicted
in Fig. 13 corresponds to the interference of the azimuthally
propagating Cþ

x and C−
x partial waves. As a result, a

standing wave is formed along the azimuthal coordinate
consisting of the counterrotating TE modes with index m

equal to the number of azimuthal variations of corrugated
surface 2M (in the simulations M ¼ 16).
Results of 3D simulations of the electron beam dynamics

in this SWO are shown in Fig. 14(a). In this case, a deeper
modulation of the particles energies is achieved at a relatively
short interaction length [Fig. 14(b)] compared to the 2D
SWO oscillator described above in Sec. III. As a result, at an
operating frequency of 36GHz, the electron efficiency could
reach up to 25%, and with a total beam current of 4 kA and a
particles energy of 0.5 MeV, the output power of the
simulated oscillator would be as high as 400 MW.

V. SUMMARY

The possibility of using 2D slow-wave structures for
generation of spatially coherent narrow-band radiation in
oversized cylindrical SWOswas demonstrated.The presence
of the azimuthally propagating wave beams formed by the
2D structure leads to a substantial rarefication of the
spectrum of modes with different azimuthal indices thus
allowing their selective excitation by a large-size rectilinear
hollow electron beam. For longer (hundreds nanoseconds to
microseconds) voltage rise time, the modes with high
azimuthal indices are excited. These conclusions are sup-
ported by the experiments where the Ka-band 2D SWOwas
realized based on the thermionic accelerator SATURN
(300 keV=100 A=4 μs). For a fairly large oversize factor
(up to 16), stable narrow-band generation with an output
power of 1.5–2 MW was obtained at the frequency of
32.5 GHz corresponding to excitation of the third azimuthal
mode. The project of Ka-band 400 MW power SWOs based
on the high-current explosive-emission accelerator SINUS-6

FIG. 13. CST PIC simulations of the sub-GW Ka-band 2D SWO (SINUS-6 accelerator): Hz components of the rf field, which
correspond to interference of transversely (azimuthally) propagating partial wave beams Ĉ�

x in the longitudinal (a), central (b) and
output (c) cross sections of the waveguide.

FIG. 14. Results of CST PIC simulations of the electron beam
dynamics in the project of SWOs based on the SINUS-6
accelerator: (a) the electron trajectories and (b) dependence of
the particles normalized momentum pz=mc on the axial z—
coordinate in the stationary regime of oscillation.
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(500 keV=4 kA=20 ns) operating at the azimuthal symmet-
ricmode is developed.According to the simulations, the total
power of Cherenkov SWOs with 2D slow-wave structure
would substantially exceed the power of a FEMwith the 2D
Bragg resonator [3–5] due to the possibility of using more
intense rectilinear electron beams.
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