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A spatially extended planar 75 GHz free-electron maser with a hybrid two-mirror resonator consisting of
two-dimensional upstream and traditional one-dimensional downstream Bragg reflectors and driven by two
parallel-sheet electron beams 0.8 MeV=1 kA has been elaborated. For the highly oversized interaction
space (cross section 45 × 2.5 vacuum wavelengths), the two-dimensional distributed feedback allowed
realization of stable narrow-band generation that includes synchronization of emission from both electron
beams. As a result, spatially coherent radiation with the output power of 30–50 MWand a pulse duration of
∼100 ns was obtained in each channel.
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Microsecond relativistic electron beams (REBs) of
tens of kiloamperes of current and an energy content of
hundreds of kilojoules, which are being generated at the
Budker Institute of Nuclear Physics (BINP RAS) [1,2],
stimulated investigations for generation of ultra-high-
power coherent millimeter and submillimeter radiation
using such unique beams. An important feature of these
beams is the sheet geometry with one of the transverse
sizes reaching up to 1.5 m and thus exceeding the
wavelength by a few orders of magnitude. The planar
geometry of the interaction space is beneficial for a
significant increase of the total microwave power while
keeping the power density at a moderate level. The
key obstacle to realizing generators with a strongly

elongated interaction cross section is the provision of
coherent emission from various parts of the sheet
electron beam.
This problem can be solved based on the concept of

two-dimensional distributed feedback (2D DF) [3,4].
This feedback mechanism can be considered as a natural
development of a one-dimensional (1D) DF [5–7] widely
used currently both in the quantum and classical electron-
ics. In devices of microwave physics, such feedback is
realized in metallic waveguides with shallow single-
periodic corrugated walls where the Bragg scattering of
two partial counterpropagating waves takes place [7]. The
new 2D feedback principle implies the use of four partial
wave fluxes (Fig. 1)

(a)
(b)

FIG. 1. (a) Schematic of the ELMI experiment to study the synchronization of radiation in a two-beam planar FEM using 2D
distributed feedback (top for the x-z plane and bottom for the y-z plane). (1) Parallel-sheet electron beams. (2),(3) 2D upstream and 1D
downstream Bragg reflectors. (4) Regular waveguide section. (5) Scatters for transverse wave fluxes. (6) Metal baffle separating
different channels. (7) Planar wiggler (shown at the y-z plane). (8) Graphite collector. (9) Output window. (The winding arrows indicate
the propagation directions of the partial waves in one of the channels.) (b) Diagram illustrating the scattering of the four partial waves in

the 2D Bragg structure (~̄h
�
2D ¼ h2Dð~x0 � ~z0Þ are the gratings vectors).
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~E ¼ ~E0Ref½Cþ
z e−ihz þ C−

z eihz þ Cþ
x e−ihx þ C−

x eihx�eiωtg;
ð1Þ

where the two waves with amplitudes C�
z propagate in

forward and backward �z directions (with respect to the
electron beam motion) and two other waves with ampli-
tudes C�

x propagate in the transverse �x directions and act
to synchronize radiation from various parts of the sheet
electron beam. This feedback mechanism is realized in
planar 2D Bragg structures consisting of two metal plates
having a gap a0, width lx, length l2D, and double-periodical
corrugation of the inner surface

a ¼ a2D
4

½cos h2Dðx − zÞ þ cos h2Dðxþ zÞ�; ð2Þ

where a2D ≪ ða0; λÞ is the corrugation depth. Efficient
scattering of the partial waves (1) takes place under the
Bragg resonance condition

h ≈ h2D; ð3Þ

where h2D ¼ 2π=d2D and d2D is the corrugation period over
both coordinates [Fig. 1(b)].
Theoretical analysis demonstrates that 2D DF is a rather

universal solution that is applicable to different types of
active media, including not only large-size electron beams
but some laser media as well [8]. The high potential of
2D DF to achieve single-frequency oscillations has been
proved experimentally in an oversized coaxial free-electron
maser (FEM) operating in the Ka band [9,10] and in a
planar FEM operating in the W band [11,12]. Further
increase in total FEM radiation power can be achieved by
increasing the transverse size of the single-beam generator
or by realization of multichannel systems. The second way
allows the development of multilayer systems spatially
extended over both transverse x and y coordinates or
synchronization of a number of independent sources. In
particular, the possibility of synchronization of multilayer
electron beams moving in parallel over the y coordinate [as
it is defined in Fig. 1(a)] in FEMs with 2D DF was
simulated in Ref. [13]. In the present work, this possibility
of the use of 2D DF in FEMs to provide radiation
synchronization has been demonstrated theoretically and
experimentally using the simplest two-beam scheme when
the channels are arranged in parallel over the x coordinate
[Fig. 1(a)].
Experimental studies were performed based on the high-

current explosive-emission accelerator ELMI (BINP RAS).
In the present experiments [Fig. 1(a)], the oscillator is
represented by two parallel FEM sections that are driven
by two relativistic sheet electron beams ð0.8–1Þ MeV=
ð0.5–1Þ kA=ð1–4Þ μs with the same cross sections of
7 cm × 0.4 cm. The sheet beams were transported inside
two planar vacuum channels with the cross sections of

10 cm × 0.95 cm by a longitudinal guide magnetic field
of up to 1.4 T. The transverse (wiggler) magnetic field
component had a spatial period of 4 cm and an amplitude of
up to 0.2 T with an adiabatic entrance of 24 cm length.
The microwave system of each FEM section was based

on a hybrid two-mirror resonator composed from the
upstream 2D and downstream 1D Bragg reflectors sepa-
rated by a section of regular rectangular waveguide with
length l0 ¼ 32 cm. The upstream reflector with length
l2D ¼ 20 cm consisted of two copper plates with chess-
board corrugation with a depth of 0.02 cm and a spatial
period d2D ¼ 0.4 cm. Theoretical analysis and cold tests
showed [11] that the microwave properties of Bragg
gratings with such chessboard corrugation are close to
those of gratings with ideal 2D sinusoidal corrugation (2).
This Bragg structure provided the feedback loop (1) for the
four partial waves of TEM type at a frequency close to
75 GHz. The transverse energy fluxes (propagating in �x
directions) were scattered into high-order waves by metal
scatters at the side walls with irregular surface profiles [see
Fig. 1(a)]. Since the radiation is amplified by the electron
beam mainly after the 2D reflector (see below), the energy
losses due to this scattering are relatively small. The
downstream output Bragg reflector with length l1D ¼
20 cm had a 1D corrugation with a period of 0.2 cm
and a depth of 0.07 cm and formed the feedback loop via
coupling of two counterpropagating partial waves of TEM
types in the operating frequency band.
After passing the interaction space, the REBs propagated

together with the generated rf pulses to the graphite
collector. Separation of electrons and high-power rf radi-
ation were implemented directly at the collector surface.
The surface was inclined at the angle of 45° to the magnetic
field lines, and as a result, the rf pulse was reflected by
an angle of 90° while the REBs were dumped by the
collector [Fig. 1(a)]. Finally, the rf pulse was emitted from
each channel separately through Teflon output vacuum
windows.
For theoretical analysis of the FEM described above,

we assume that the magnetically guided beam move along
the z axis near the symmetry plane with the longitudinal
velocity vjj ¼ βjjc and oscillate in the planar wiggler of the
period dw with the bounce frequency Ωb ¼ hwvjj,
hw ¼ 2π=dw. The radiation field can be presented as a
sum of the four quasioptical beams (1), and the electron
beams interact with the forward wave Cþ

z under the wiggler
resonance (synchronism) condition ω − hvjj ¼ Ωb. As
opposed to previous works [4,10–12], the theoretical model
developed in this Letter allows the description of the
formation of a self-consistent structure of the rf field over
all space coordinates (x, y, and z). Based on the concept
of surface magnetic currents [14,15], the process of partial
wave scattering inside the 2D Bragg structure and ampli-
fication of the synchronous wave by the beam can be
described as
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i
∂2Cþ

z

∂Y2
þ ∂Cþ

z

∂Z þ ∂Cþ
z

∂τ ¼ iα2DðCþ
x þ C−

x Þ
× ½δðYÞ þ δðY − LyÞ� þ ρðX;YÞJ;

i
∂2C−

z

∂Y2
− ∂C−

z

∂Z þ ∂C−
z

∂τ ¼ iα2DðCþ
x þ C−

x Þ
× ½δðYÞ þ δðY − LyÞ�;

i
∂2C�

x

∂Y2
� ∂C�

x

∂X þ ∂C�
x

∂τ ¼ iα2DðCþ
z þ C−

z Þ
× ½δðYÞ þ δðY − LyÞ�; ð4Þ

where δðYÞ is the delta function, ρðX;YÞ defines the
transverse distribution of the beam electron particle density,
and α2D ¼ a2Dh=8G is the wave-coupling coefficient of the
2D Bragg structure [4]. The rf current JðX; Y; Z; τÞ ¼
ð1=πÞ R 2π

0 e−iθdθ0 can be found from the averaged equa-
tions of electron motion derived for the electron phase
θ ¼ ω̄t − hz − hwz with respect to the synchronous partial
wave Cþ

z

� ∂
∂Z þ β−1jj

∂
∂τ
�

2

θ ¼ Re½Cþ
z eiθ�: ð5Þ

A conventional downstream 1D Bragg structure
[Fig. 1(a)] having a single-periodical corrugation a ¼
a1D cos h1Dz (h1D ¼ 2π=d1D, d1D, and 2a1D are the corru-
gation period and depth, correspondingly) under the Bragg
resonance condition

2h ≈ h1D ð6Þ

provides mutual scattering of the two counterpropagating
partial waves C�

z , which can be described by the equations

i
∂2Cþ

z

∂Y2
þ ∂Cþ

z

∂Z þ ∂Cþ
z

∂τ ¼ iα1DC−
z ½δðYÞ þ δðY − LyÞ�

þ ρðX;YÞJ;

i
∂2C−

z

∂Y2
− ∂C−

z

∂Z þ ∂C−
z

∂τ ¼ iα1DCþ
z ½δðYÞ þ δðY − LyÞ�; ð7Þ

where α1D ¼ a1Dh=2G is the wave-coupling coefficient
of the 1D structure [7]. Amplification of the synchronous
wave in the regular section of the resonator is also
described by Eqs. (5) and (7) when α1D ¼ 0, since wave
coupling here is absent. In Eqs. (4), (5), and (7), we used
the following dimensionless variables and parameters:
τ ¼ Gω̄t, Z ¼ Gω̄z=c, X ¼ Gω̄x=c, Y ¼ ffiffiffiffiffiffi

2G
p

ω̄y=c, and
C�
x;z ¼ C�

x;zeKμ=γmcω̄G2, where γ is the relativistic
Lorentz factor, K ¼ 2αwg=ð1 − g2Þ is the electron-wave-
coupling parameter, μ ¼ γ−2 þ 2α2wð1þ 3g2Þ=ð1 − g2Þ3 is
the inertial bunching parameter [7], αw ¼ eHw=2hwγmc2,
G ¼ ½eI0λ2α2wμg2=2πγmc3a0ð1 − g2Þ�1=3 is the gain param-
eter, I0 is the linear beam current density, g ¼ ωH=Ωb, ωH

is the electron cyclotron frequency, and ω̄ ¼ h2Dc is
the Bragg frequency used as the carrier frequency.
Simultaneous fulfillment of conditions (3) and (6) takes
place when d2D ≈ 2d1D.
Simulations were performed assuming that external

energy fluxes are absent, the partial wave amplitudes are
0 at the corresponding boundaries, and these waves are
not reflected from the edges of the different waveguide
sections. At the entrance of the interaction space, we
considered the REBs as monoenergy and nonmodulated
(see Refs. [3,4]).
The results of simulations of the oscillation buildup for a

microwave system geometry and electron beam parameters
very close to the experimental conditions described above
are shown in Fig. 2. These simulations demonstrate the
establishment of the steady-state single-frequency opera-
tion regime [Fig. 2(a)]. The rf field distribution over the y
coordinate corresponds to the excitation of the designed
TEM mode. The simulations also prove that the upstream
2D Bragg structure provides synchronization of radiation
from various parts of each oversized sheet REB as well as
for the two parallel beams. Thus, application of the 2D
Bragg structure allowed perfect phase correlation over
the transverse x coordinate for the output radiation front
associated with the partial wave Cþ

z to be achieved [see
Fig. 2(b)]. It is also important to emphasize that this wave in
the steady-state generation regime has practically uniform

(a) (b)

FIG. 2. Simulation of oscillation buildup in the two-beam
planar FEM. (a) Establishment of steady-state oscillations under
the optimal parameters: time dependence of the FEM efficiency
ηðtÞ and oscillation frequency fðtÞ. (b) Transverse distribution of
the amplitude jCþ

z ðxÞj and phase argCþ
z ðxÞ of the forward

resonant wave at the output of the interaction space. Spatial
structures of the partial waves (c) jCþ

z ðx; zÞj and (d) jCþ
x ðx; zÞj

(wave of synchronization) in the stationary regime.

PRL 117, 114801 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

9 SEPTEMBER 2016

114801-3



field distribution over the transverse coordinate x in the
regions of beam propagation [see Fig. 2(c)], which ensures
the same conditions for energy extraction from all the beam
electrons and rather high electron efficiency. It should be
noted, however, that some change (jitter) of electron
energy, which occurred during an individual beam pulse
and/or from pulse to pulse, can result in a stepwise variation
of the radiation frequency when resonator modes with
different numbers of the field variation over the longi-
tudinal z coordinate can be excited in different pulses.
In the initial series of the experiments described in

Ref. [12], the two planar channels driven by the parallel-
sheet REBs were entirely separated along all the interaction
space by a baffle and thus operated practically independ-
ently. In this Letter, we describe experiments when the
baffle was removed inside of the 2D Bragg structure in the
upstream reflector. Under these conditions, both channels
are strongly coupled via the transverse energy fluxes
arising in this structure. As a result, complete synchroni-
zation of radiation from these two channels takes place.
In the experiments, the rf generation was shifted by

∼0.5 μs from the beginning of beam injection [Fig. 3(a)]
and started when the beam current exceeds the level
of ∼0.5 kA, which is in good agreement with the

self-excitation threshold found in the time-domain analysis
given above. Maximum radiation power was observed
at the wiggler field of 0.12–0.14 T and the axial magnetic
field of about 1.2 T. Stable narrow-band rf generation at a
frequency close to the frequency of one of the longitudinal
eigenmodes of the hybrid Bragg resonator was obtained
simultaneously in both channels under the optimal value of
the experiment parameters [see Fig. 3(b)]. Measurements
showed that in most of the pulses, the eigenmode at the
frequency of 74.96 GHz was excited [Fig. 3(b)]. The width
of the radiation spectrum is about 20 MHz and close to the
theoretical limit for the radiation pulse duration that was
about 100 ns in the current series of the experiments. The
microwave power of about 30–50 MW was measured by
using a calorimeter and calibrated hot-carrier detectors. The
angular distribution of the output radiation was analyzed by
registering the illumination of a neon bulb panel positioned
at various distances from the FEM output windows. The
resulting directional diagram indicates the high content of
the fundamental TEM mode in the output radiation.
To analyze the limitation of the radiation pulse duration,

we controlled the time behavior of the plasma inside the
FEM channels. The light emission from the plasmas was
registered by fiber-optical guides and photomultiplier
tubes. The measurements indicated that the density of
the plasma arising in the interaction region during the
microwave pulse is close to the limit at which its influence
on the rf waves of the resonator is substantial.
Coherent wave generation in the two channels in a typical

shot is illustrated by Fig. 3(a). From the time dependence
of the heterodyne signals, one can see the establishment of
the oscillation regime that is characterized by narrow-band
generation at the single frequency [Fig. 3(b)] with stable
correlation of the radiation phases in both channels [see the
zoomed-in inset in Fig. 3(а)]. Thus, the phase synchroniza-
tion of radiation generated by the two parallel-sheet beams
has been experimentally demonstrated. It should be noted
that the output rf power from each channel measured in these
experiments was at the same level as in the previous
experiments with separated channels [12].
We should note that in the final stage of the previous

experiments described in Ref. [12], the separating baffle
was removed from the collector side of the interaction
space, which results in the weak diffraction coupling
between the two channels. In this case, different oscillating
regimes were observed. In a large number of pulses, the
frequencies of generation in the steady-state regime in both
channels were different. Nevertheless, in some shots,
during the time when the pulses in both channels were
overlapped, the phase correlation between the rf signals
was observed. However, those synchronization regimes
were sporadic and unstable, and they changed with even
small variations of the beam parameters.
In summary, implementation of 2D distributed feedback

allowed the synchronization of stable narrow-band
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FIG. 3. Results of experimental studies on the planar two-beam
75 GHz FEM. Typical oscilloscope traces of (a) accelerating
voltage Ubeam and currents of the electron beams I1;2 during the
microwave pulses, with signals from rf power detectors P1;2 (top)
and heterodyne mixers M1;2 (bottom). (b) Corresponding fre-
quency spectra of the rf pulses S1;2 (signals from channel 1 are
shown by red and from channel 2 by blue, correspondingly). In
the zoomed-in inset of Fig. 3(a), the synchronized signals from
the heterodyne mixers are shown in a large time scale.
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oscillation regimes in two coupled FEMs driven by two
parallel relativistic electron beams with 75 GHz output
power of 30–50 MW in each channel. The noise level in the
experimentally recorded radiation spectrum was less than
25 dB [see Fig. 3(b)]. We would like to emphasize that at
the present stage, we realized powerful FEMs with micro-
wave systems having an entire cross section of 45 × 2.5
wavelengths. The oversize factor of such systems is
comparable with the cavities of modern megawatt-power
gyrotrons [16–19]. The theoretical analysis demonstrates
that this novel feedback mechanism possesses significant
potential for further increase of the transverse size of the
interaction space to achieve ultra-high-power coherent
wave generation from spatially extended active media,
including multibeam schemes. Note also that two-beam
systems provide many opportunities for further develop-
ments. For example, if the radiation frequency in the two
channels would be a little different, it would be possible to
arrange space scanning of the output radiation pattern
direction similar to that described in Ref. [20]. We also
plan to use the second channel for observation of stimulated
backscattering of radiation from the first channel to
produce terahertz waves [21].
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