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We present the results of experiments on the generation of periodical trains of subnanosecond Ka-band
pulses in the electron generator, which is based on passive mode locking. This technique is broadly used in
laser physics for the generation of ultrashort pulses (USPs) but has not been previously employed in high-
power microwave electronics. The microwave USP generator comprises a helical-waveguide gyrotron
traveling wave tube and a saturable absorber in the feedback loop. Saturable absorption is implemented in
an auxiliary section using the cyclotron resonance interaction with an initially rectilinear electron beam,
for which nonlinear saturation is caused by the effect of the relativistic dependence of the gyrofrequency
on the particle’s energy. In agreement with theoretical predictions, periodical trains of 0.4-ns pulses with
a peak power of 100 kW and repetition of 2.5 ns are measured. Phase coherence of radiated pulses is
demonstrated based on analysis of the autocorrelation function. The experiments performed open a wide
range of possibilities for the generation of coherent broadband radiation, which is in high demand for
numerous applications.
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I. INTRODUCTION

The development of high-power sources of pulsed
microwave radiation [1–5] is of increasing interest for
numerous scientific and technological applications, includ-
ing diagnostics of dense plasmas, atmospheric sounding,
and particle acceleration. An important point may be the
phase correlation of generated pulses when the radiation
spectrum is a so-called “frequency comb.” In laser physics,
there is a well-known principle for producing frequency
combs based on the effect of passive mode locking [6–10],
which is achieved by incorporating a saturable absorber
(nonlinear filter) into the laser resonator. Actually, such
an element acts as a nonlinear modulator of radiation
losses. As a result, periodical trains of ultrashort (fem-
tosecond) pulses of light can appear, which is widely
used in lasers [8,9], including master generators of mod-
ern petawatt-laser facilities [10]. From a general point of
view, the generated pulses are considered as dissipative
solitons [11–13], the formation of which is due to the
balance of amplification, absorption, harmonic generation,
and group-velocity dispersion effects.

According to theoretical considerations, a similar
method of ultrashort pulse (USP) generation can be real-
ized in a two-section microwave generator consisting of an
electronic amplifier and a nonlinear absorber in the feed-
back loop [14–17]. Such a scheme is quite universal, in the
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sense that an amplifier can be based on any known type
of interaction [Cherenkov traveling wave tube (TWT),
gyrotron TWT (gyro TWT), and so on], as long as it
provides a sufficiently wide-gain bandwidth to effectively
amplify short wide-spectrum pulses. At the same time, the
critical issue for the development of mode-locked electron
generators is the implementation of nonlinear absorbers
that would be applicable to the microwave-frequency band
and suitable for high-power operation. This problem was
solved in Refs. [15,17], where we suggested several meth-
ods, including cyclotron resonance interaction of radiation
with an initially rectilinear magnetized electron beam. As
it is known, such a beam absorbs radiation under the con-
ditions of the normal Doppler effect, which realizes when
waves propagate in hollow waveguides. However, linear
cyclotron resonance absorption is typically considered in
numerous studies with the aim of cyclotron resonance
plasma heating. At the same time, a saturation of absorp-
tion, in this case, is caused by the fundamental effect of the
relativistic dependence of the gyrofrequency on the parti-
cle energy [18], which provides the required nonlinearity.
As it is known from gyrotron theory, such a dependence
may be significant, even for nonrelativistic energies of
electrons.

This paper presents the results of experiments devoted
to the practical implementation of a Ka-band electronic
generator with mode locking by the cyclotron resonant
absorber. A helical-waveguide gyro TWT [19–22] is used
as an amplifying unit, providing a wide-gain band of up to
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10%–15%, which is sufficient for effective amplification of
generated microwave pulses with subnanosecond duration
[23]. The experimental results are preceded by basic theo-
retical considerations, explaining the choice of the main
parameters and results of numerical simulations within
the frame of the averaged model previously developed in
Ref. [17].

II. THEORETICAL BASIS

The principal scheme of the microwave mode-locked
generator is presented in Fig. 1. The amplifying section
(gyro TWT, Fig. 1, sec. 1) with a helically corrugated
waveguide is powered by an axis-encircling electron beam,
which excites the operating mode at the second-harmonic
of the gyrofrequency, s1 = 2. In the absorber (Fig. 1, sec.
2) with a regular cylindrical waveguide, an initially rec-
tilinear electron beam interacts with the electromagnetic
field at the fundamental cyclotron harmonic, s2 = 1. The
sections are coupled by a quasi-optical transmission line,
which, in the developed time-domain model, is described
by equivalent boundary conditions corresponding to a par-
tially transparent mirror with power-reflection coefficient
R and time delay Td for a signal traveling between sections.

When using a helically corrugated waveguide, r(ϕ, z) =
r + r̃ cos(m̄ϕ − h̄z) (where r is the waveguide mean
radius; r̃ and d are the corrugation amplitude and period,
respectively; m̄ is the number of corrugation folds; and
h̄ = 2π/d), the resonant coupling of two counter-rotating
TEm,n modes of an unperturbed cylindrical waveguide is
provided [19]. One of these modes is a near-cutoff mode,
A, with a small axial wave number, hA << k = ω/c, while
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FIG. 1. (a) Principal scheme of a microwave mode-locked
generator comprising a helical-waveguide gyro TWT (ampli-
fier) and a regular-waveguide saturable cyclotron resonance
absorber (blue and red arrows inside both tubes correspond to
idle and active wave propagation, respectively); wave beam split-
ter is a quasi-optical system, enabling almost total transmission
for one linear polarization, P⊥ (purple line), and outcoupling
of orthogonal polarization, P|| (brown line), to the load with
power-factor R.

the other partial wave, a far-from-cutoff traveling mode,
B, has a large axial wave number, hB ∼ k. As a result,
the operating normal wave, W, is formed, the dispersion
characteristic, ω(h), of which is given by

[2ωA(ω − ωA) − h2c2]
[
ωA(ω − ωA)

h0c2 − h̄ + h0 − h
]

= 2σ 2ω4
A

h0c2 , (1)

where h0 = hB(ωA) is the wave number of mode B at
cutoff frequency ωA of mode A; σ is the coupling param-
eter proportional to the corrugation amplitude [19]. As
shown in Ref. [23], in contrast with experimentally real-
ized cw gyro TWTs [19–21], the maximum amplification
of short electromagnetic pulses is achieved in the regime
of intersection [see Fig. 2(a)] between the characteristic
(1) and the beamline, ω = hV||1 + s1ωH1 (where ωH1 =
eH1/mcγ 1 is the relativistic gyrofrequency, H1 is the guid-
ing magnetic field in the amplifying unit, and γ1 is the
Lorentz factor). In this case, since the group velocity of
the normal wave differs from the axial electron velocity,
V||1, the microwave pulse “slips” over the electron beam
and accumulates energy from different electron fractions.
As a result, the output peak power of the pulse can signif-
icantly exceed the saturation level for the amplification of
stationary monochromatic signals.

After the amplifier, the signal enters the absorber (Fig. 1,
sec. 2), which has the form of a smoothly tapered regu-
lar waveguide driven by a magnetized, initially rectilinear
(i.e., initially nonrotating), electron beam. Notably, similar
to optics, the principal factor for efficient USP genera-
tion is the minimization of the absorber relaxation time.
In laser physics, it can be satisfied, for example, by using
Kerr lenses [7]. For the considered cyclotron absorber,
this requirement means the minimization of the mutual
influence between different parts of the microwave pulse
through the electron beam. Such a condition is fulfilled
when the operating-wave group velocity is close to the
axial velocity of the electrons, V||2. Actually, in this case,
we have the local interaction (i.e., interaction without
slippage) of every part of the microwave pulse with a
corresponding fraction of the electron beam. This regime,
which can be referred to as the group synchronism, cor-
responds to the grazing incidence between the beamline
at the first cyclotron harmonic, ω = hV||2 + ωH2, and the
dispersion characteristic of the operating waveguide mode
[see Fig. 2(b)].

The explanation provided makes it possible to roughly
determine the main experimental parameters. Further opti-
mization is carried out within the framework of the aver-
aged model described in detail in Ref. [17]. The model
includes self-consistent systems of nonstationary equations
for each section and boundary conditions corresponding
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FIG. 2. Dispersion diagrams in amplifying (a) and absorbing (b) sections for the operating frequency f0 ≈ 32 GHz; A and B are
dispersion characteristics of cutoff and traveling modes, respectively; W is the normal wave in the amplifying section. Beamlines are
indicated by the letter e. f = ω/2π .

to the scheme in Fig. 1. For comparison with experi-
ments, we present the results of numerical simulations for
selected parameters of amplifying and absorbing sections
in Table I. The reflection coefficient, R = 0.1, and the delay
time in the feedback loop, Td = 25 ns, are also chosen to be
close to experimental data.

The regime of periodical pulse generation obtained in
the simulation is shown in Fig. 3(a). Electromagnetic
pulses have a subnanosecond duration (about 300 ps
FWHM) and a peak power of about 100 kW. The spectrum
width is about 2–2.5 GHz [Fig. 3(b)] and, like the pulse
duration, is determined by the amplification band. Similar
to optics, the mechanism of pulse formation is associ-
ated with the effect of passive mode locking; thus, spectral
lines correspond to eigenfrequencies of the feedback-loop
modes. From a general point of view, the generated pulses
can be considered as dissipative solitons [11–13]; this
analogy is stated in Ref. [16].

In the considered case of rather–low absorption, gen-
eration develops from electron beam fluctuations (soft
self-excitation regime). In such a regime, each microwave
pulse occurs practically immediately after the previous one
exits the amplifier. Thus, the distance between pulses of
about 2 ns (repetition period T) approximately corresponds

TABLE I. Main parameters of the experimentally realized
Ka-band USP generator.

Amplifier Absorber

Electron energy 50 keV 40 keV
Electron current 6.7 A 1 A
Pitch factor ∼1 0
Interaction length 244 mm 91 mm
Waveguide radius 3.57 mm 2.96 mm
Corrugation period 11.6 mm –
Corrugation amplitude 0.45 mm –
Operating mode TE2,1/TE1,1 TE1,1
Magnetic field ∼0.65 T ∼1.1 T

to the time of microwave-pulse slippage along the elec-
tron beam at amplifier length l1. This value, which may be
roughly estimated as T ∼ l1(V−1

||1 − V−1
gr ), where Vgr is the

group velocity of the normal wave, W, actually determines
the distance between the main spectrum lines.

III. EXPERIMENTAL SETUP AND RESULTS

Based on the theoretical analysis, the two-section Ka-
band USP generator is developed, and an appropriate
experimental setup (Fig. 4) is built.

The gyro TWT and the absorber tubes both use dc
liquid-cooled solenoids and are powered through appropri-
ate resistor dividers by one high-voltage pulsed modulator
with about 100-µs flat-top (0.5%–1% variation) duration
and up to 10-Hz pulse-repetition frequency. Thermionic
cathodes used in both tubes are heated by individual power
supplies, enabling control of the beam currents from 0 A
to about 1.5 A in the absorber and up to 8 A in the ampli-
fier. The gyro TWT assembly also includes a reverse dc
cathode coil, the tuning of which enables precise and wide-
range control of the electron pitch factor, g = V⊥1/V||1,
and, thus, the efficiency of the electron-wave interaction
in the amplifier. The absorber gun, with a Pierce-type con-
figuration, immersed in a converging magnetic field of an
iron-shelled solenoid forms an almost rectilinear electron
beam with a diameter of about 1.5 mm.

An external microwave circuit, ensuring the feedback
loop shown in Fig. 1, is implemented in the form of
the quasi-optical (QO) system shown schematically in
Fig. 4(b). This circuit is based on principles developed in
Ref. [24] for feeding and extracting power to and from
the gyro TWT through one window. Both devices, the
amplifier and absorber, use the cyclotron resonance inter-
action, which is polarization-dependent with respect to
the left-handed or right-handed circularly polarized waves.
This fact, together with the use of passive polarizers
converting the linearly polarized wave into the circu-
larly polarized one (and vice versa), ensures a situation
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FIG. 3. Simulations of USP generation for experimental parameters. (a) Profile of microwave pulses; (b) radiation spectrum.

where the incoming wave with a certain linear polarization
propagates the electron-beam flow upstream practically
without any interaction. While propagating downstream
(after being reflected by a subcutoff narrowing), the wave
actively interacts with the electron beam (resulting in
amplification or absorption) and leaves the tube through
the same window in the form of a wave with the same
transverse pattern but with orthogonal polarization, as
shown in Fig. 1. For both tubes, just after, or before the
polarizer, the wave has the form of the TE1,1 circular-
waveguide mode. To convert it into the Gaussian beam, a
specially profiled taper with an output diameter of 63.5 mm
is used for each tube.

In the experiments under discussion, the Gaussian beam
leaving the amplifier has the rf electric field parallel to
the x axis (x polarization) [Fig. 4(b)]. It is focused and
successively directed by focusing mirrors MF1 and MF2,
wire-grid G1, plane mirror MP, wire-grid G2, focusing
mirrors MF3 and MF4 to the input-output port of the
absorber. After interaction, the wave leaves the absorber
in the form of a y-polarized Gaussian beam [blue ray
in Fig. 4(b)]. This wave beam is focused and directed
by mirrors MF4 and MF3, passes through wire-grid G2,
and is reflected by mirror MC with sinusoidal corruga-
tion, the orientation of which can be varied by mirror
rotation around its axis, as shown in Fig. 4(b). Due to
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FIG. 4. Experimental setup of the Ka-band USP generator. (a) Three-dimensional visualization; (b) QO system scheme; 1, gyro TWT
(amplifier); 2, cyclotron resonance absorber; 3, focusing mirror (MF1); 4, polarization splitter in the form of a grid of horizontal wires
(G1); 5, rotating mirror with a corrugated surface (MC); 6, dummy load. Red (magenta) and blue arrows correspond to Gaussian-beam
paths with mutually orthogonal linear polarizations; red and magenta are for x polarization.
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corrugation, the x-polarized component occurs in the spec-
ularly reflected beam [magenta ray in Fig. 4(b)]. The
relative power of this x-polarized beam, referred to in the-
ory as R (see Fig. 1), can be varied from 0% to almost
100%, depending on the MC orientation angle. This beam
is then reflected by wire-grid G1 to the dummy load, while
the rest of the power is propagated in orthogonal polariza-
tion through G1 and is successively directed by MF2 and
MF1 to the input-output of the amplifier in the form of a
y-polarized beam.

Due to some imperfections of the elements and Ohmic
loss (especially inside the tubes’ interaction circuits), the
total spurious losses of the circuit are quite high. The
evaluation based on calculations and partial measurements
gives a 30%–50% value for one-round-trip loss when R
equals zero.

Before operation of the USP generator, the gyro TWT
and the cyclotron absorber are individually tested using
seed signals from a pulsed magnetron with a power of
about 10 kW, pulse duration of 2 μs, and mechanically
tunable frequency, resulting in reasonable agreement with
the designed characteristics. The feedback QO system is
cold-tested, aligned, and calibrated using a Ka-band scalar
network analyzer. During the individual “hot” tests of
the gyro TWT and the absorber, some system elements,
namely, mirrors MF1 and MF4 [see Fig. 4(b)], are also
aligned when the microwave-beam patterns are visualized
using a neon-bulb discharging panel or replaceable sheets
of thermosensitive paper.

To monitor the microwave signal circulating within the
USP-generator circuit, a QO outcoupler is used in the form
of a thin dielectric film deflecting about −30 dB of the
Gaussian-beam output from the absorber [see Fig. 4(b)].
A small part (about −20 dB) of this deflected beam is
picked up by the open end of a waveguide and delivered
through a Ka-band rectangular-waveguide line to a rf-
monitoring facility. This facility, along with some standard
Ka-band components, such as attenuators, a directional
coupler, a microwave diode detector, and a waveguide-
to-coaxial adapter, include (for final measurements) a 59-
GHz Keysight DSAZ594A oscilloscope that records both

detected and nonrectified waveforms of the microwave sig-
nals. The absolute calibration of the detected signals with
respect to the total Gaussian-beam power is performed
in steady-state single-frequency oscillation regimes, with
100-µs pulses shooting at 10-Hz repetition frequency when
the whole pulse power of about 30 kW is absorbed in the
calorimetric dummy load. The accuracy of the peak-power
measurements in the operating regime of USP generation
can be estimated as ±10%.

In the hot experiments with the USP-generator configu-
ration, a number of available electrical parameters (two dc
solenoid currents, two cathode filament currents, the mod-
ulator voltage, gyro TWT cathode coil current), as well as
the rotation angle of the corrugated mirror MC, are varied,
with the aim of realizing stable trains of microwave pulses
with the shortest duration and the highest peak power.

As a result of experimental optimization, a regime with
the parameters presented in Table I is found, in which peri-
odical trains of ultrashort (subnanosecond) and high-peak-
power pulses are observed [Fig. 5(a)]. When the beam
current in the absorber is set to zero, the system also gen-
erates periodical pulses in the regime of self-modulation,
which is typical for amplifiers with delayed feedback. The
average radiation power is practically the same in both, but
the pulses are significantly longer, about 2.5 times lower in
peak power, and not so reproducible [Fig. 5(b)]. The rf-
monitoring equipment allows the pulse waveforms to be
recorded with maximum resolution [Fig. 5(c)] for the time
interval of 2 µs, during which the average power is quite
stable, and all the pulses have a FWHM of (0.43 ± 0.03) ns
and a repetition period of 2.57 ns. The level of maxi-
mum peak power (Pmax in Fig. 5) corresponds to 100 kW.
Notably, this value significantly exceeds the saturation
level of the stationary amplification of 30 kW, which is
achieved in the gyro TWT without the cyclotron absorber.

The evaluated spectrum of the 2-µs pulse train
[Fig. 6(a)] is fairly reproducible from shot to shot. Its total
width of nearly 2.5 GHz corresponds to the single-pulse
duration, whereas the distance between the main lines of
0.39 GHz corresponds to the pulse repetition period. The
measured width of each spectral line of about 0.5 MHz

0 10 20 30 40
Time (ns)

0.0

0.5

1.0

P
/P

m
ax

0.0

0.5

1.0

P
/P

m
ax

(a)

0 10 20 30 40
Time (ns)

(b)

8.2 8.4 8.6 8.8 9 9.2
Time (ns)

–1.0

–0.5

0.0

0.5

1.0

U
rf 

/U
m

ax

(c)

FIG. 5. Processed oscilloscope traces. Squared normalized rf signals recorded with 6.25-ps time step for the operating regime (a)
and for the case when the absorber beam is switched off (b); profile of a typical single pulse in the operating regime (c).
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FIG. 6. (a) Fourier transform of the recorded USP train with 2 - μs duration. (b) Corresponding autocorrelation function.

is determined by the record duration of 2 µs. This nar-
row width of spectral lines, together with equal distances
between them, provides the most evident verification of
the very good coherence of the generated pulses, i.e.,
long-term stability of the frequency and the phase of oscil-
lations. The latter fact is also confirmed by calculating
the autocorrelation function [Fig. 6(b)] using the recorded
rf-filled signal.

IV. CONCLUSION

Thus, in the experiments carried out, radiation with
unique parameters is obtained in the two-section Ka-band
generator driven by the helical-waveguide gyro TWT and
mode-locked by the cyclotron resonance absorber. In gen-
eral, the experiments demonstrate the principal feasibility
of a class of microwave pulse generators realizable at
various output-power levels and in various wavebands,
making use of various types of wideband-electron ampli-
fiers. The obtained 100-kW peak power of generated sub-
nanosecond pulses significantly exceeds the mW level of
microwave-frequency combs obtained previously based on
semiconductor lasers with optoelectronic feedback [25].
With a further increase in frequency and power, mode-
locked electronic generators may be in demand for modern
methods of particle acceleration (cf. Ref. [5]) or for spec-
troscopic applications. In the latter case, with the devel-
oped high-frequency gyro TWTs (see, for example, Ref.
[22]), it is possible to increase the measurement sensitiv-
ity, providing a significantly higher signal-to-noise ratio
compared with sources based on optical rectification of
laser pulses. Notably, also, for the reduction of the required
magnetic fields, electronic absorbers operating at cyclotron
harmonics [15] may be implemented in the considered
scheme. Thus, the experiments performed open a wide
range of possibilities for the generation of coherent broad-
band radiation, which is potentially in demand for various
applications.

Data that support the findings of this study are available
from the corresponding author upon reasonable request.
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