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Abstract

The paper proposes a new scheme of high-power microwave oscillator of twistron type using a moderately relativistic high-
current electron beam. In numerical experiment using axisymmetric version of the completely electromagnetic PiC code
KARAT, a 56% conversion efficiency of electron beam power to electromagnetic radiation was demonstrated. With
340 kV accelerating voltage, 3.3 kA electron beam current, and 2.2 T guiding magnetic field strength, the simulated
microwave power was 630 MW at 9.7 GHz. The “electronic efficiency” of the source reaches 66%.
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1. INTRODUCTION

Improving the efficiency of microwave generators and ampli-
fiers is a key challenge in high-power pulsed microwave elec-
tronics (Korovin et al, 2003), in which the power of
individual oscillators today approaches 10'° W. New meth-
ods to increase the efficiency of power conversion from driv-
ing electron beam to microwave emission arising from
fundamentally non-steady-state, transient effects, for exam-
ple, superradiance (Eltchaninov et al., 2003) allowed produc-
tion of extremely short (subnanosecond) gigawatt pulses
using very compact devices. However, as the duration of
these pulses is small, so is the pulse energy usually amount-
ing to few Joules. That is why it is still practically valuable to
improve the efficiency of “conventional” high-power micro-
wave (HPM) sources generating relatively long pulses (tens
of nanoseconds and more) with greater energy. It is also im-
portant that, in the sources operating in repetitively pulsed
mode, reducing the energy of electrons in the spent electron
beam lowers the thermal load on the collector (and therefore
the cooling requirements), and, to an even greater extent, re-
duces the collector bremsstrahlung and the requirements for
X-ray protection.

Among the devices with rectilinear relativistic electron
beams operating in long-pulse (quasi-stationary) mode, the
highest efficiencies are predicted for klystron-type devices,
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in which the energy extraction region is separated from the
area of beam modulation by inertial bunching section. One
such device is twistron having the energy extraction section
with a traveling wave with an amplitude growing along the
longitudinal coordinate. Theoretical analysis of the electron—
wave interaction in a relativistic twistron demonstrated that
the electron efficiency of the device can reach 60% (Kovalev
et al., 1975).

The aim of the present work was to study and optimize
in numerical experiment a relativistic twistron driven by a
high-current electron beam of moderate power (electron
energy ~300 keV, beam current ~3 kA), which is typically
generated in a nanosecond high-current electron accelerator
(Mesyats et al., 2003) of medium or compact class.

A convenient starting point for these studies is another
relativistic microwave device with a straight electron beam,
previously proposed and thoroughly studied: Cerenkov mi-
crowave oscillator based on the design of relativistic back-
ward wave oscillator (RBWO) with a modulating reflector
(Korovin et al., 1999). We can say that this device already
possesses some klystron features because it contains a mod-
ulator and a section for inertial bunching, although the
energy extraction occurring in its output section [which is a
slow-wave structure (SWS)] is due to the same mechanism
as in a “classical” RBWO. We demonstrate that, nominally
keeping the morphology of the device, we can realize in it
a fundamentally different (typical for a twistron) amplitude
and phase characteristics, achieving higher radiation effici-
ency than in an RBWO.
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2. PROBLEM FORMULATION

In an RBWO with a modulating reflector, the radiofrequency
(RF) electric field in the reflector area causes energy modu-
lation in the injected electron beam, which arrives more or
less bunched to the input of the SWS. Previously, it was dem-
onstrated that variation of the bunching distance (the drift
section length), effecting the amplitude and phase relation-
ships between the RF current and the field of the synchro-
nous wave at the inlet of the SWS, allows wide-range
control of the generation frequency (Totmeninov et al.,
2008) and efficiency (Korovin et al., 1999).

To implement the twistron mode of the device, the follow-
ing conditions are advisable to perform. First, it is necessary
to provide in the region, where the energy extraction from the
beam is most intense, in-phase oscillation of most intense
field harmonics, which are the Oth harmonic of forward trav-
eling wave and — first harmonic of the backward wave (as-
suming that this harmonic is synchronous with the beam
electrons). Second, the electron bunches must reach maxi-
mum compactness at the entrance of this region. Third, the
length of the energy extraction area should be small in
order to avoid reversion of the energy exchange, which
might be caused by both kinematic effects in the beam and
destruction of the electron bunches by Coulomb repulsion
forces (this repulsion is accompanied by formation of low-
and high-energy electron fractions (Pegel, 1996) falling out
of Cerenkov synchronism condition).

3. OSCILLATOR DESIGN

Alike in the RBWO with a modulating reflector (Fig. 1, top),
the key element of the proposed generator (Fig. 1, bottom) is
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Fig. 1. Above: typical configuration of RBWO with a modulating reflector
(MR, modulating reflector; DT, drift tube (bunching space); REB, tubular
relativistic electron beam); bottom: configuration of the device proposed.
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the reflector-modulator. The reflector position relative to the
SWS sets the amplitude and phase relationships between RF
current in the electron beam and the fields of main harmonics
at the SWS inlet.

Earlier, an expression was obtained for the current modula-
tion phase, which determines the position of central electron in
the bunch with respect to longitudinal electric field of — 1st har-
monic at the entrance to the SWS assuming the SWS corruga-
tion starts with maximum radius (Korovin et al., 1999):

L
arg(a) ~ —g— (kﬁ—°+hL0> Y omm, m=0,1,....
/

Here, & is the longitudinal wave number of TMy,; wave between
the reflector and the SWS inlet, L is the length of this interval,
and P, is the longitudinal velocity of electrons in the units of
speed of light in vacuum). The first term in the expression is the
phase difference (in the central plane of the reflector) between
RF field of the reflector cavity and RF field of the backward
wave (at that, —m/2 corresponds to middle of accelerating
phase of the backward wave). So far as the backward wave is
reflected in idle mode (Korovin et al., 1999), we can write a
similar expression for the fundamental (Oth) harmonic of the
forward wave:

L
arg<ﬁ>~§+(kﬁ—°—uo)+zm, n=0.1,
/1

This parameter determines the position of central electron in
the bunch (at the entrance of SWS) relative to longitudinal
field of Oth harmonic of the forward wave.

Thus, changing the distance L, allows controlling the
bunch phasing at the entrance of the SWS.

Next, it is advisable to choose the location of electron
beam deposition where the electron bunches reach maximum
compactness. It is also appropriate that the slope of the SWS
at this location is nearly perpendicular to electron trajectory.
In this case, the electric field acting on electrons is represent-
ed by z-component only (the calculated longitudinal depen-
dence for this component is in Fig. 2).

Figure 3 shows the dispersion curves of the operating wave
in SWS Sections 1 and 2 (Fig. 2) calculated in the approxi-
mation of infinitely long-corrugated waveguide.
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Fig. 2. “Cold” longitudinal distribution of electric field z-component at
9.7 GHz at the radius of the electron beam (16 mm) calculated using a pro-
gram based on a scattering matrix method (Denisov et al., 1995). 1 and 2
denote parts of the SWS with smaller and larger corrugation depths.
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Fig. 3. Dispersion relations for Sections 1 and 2 of the SWS (Fig. 2): d,
corrugation period, ¢, “speed of light” line, and b, “electron beam” line.

4. NUMERICAL MODELING

The main part of the simulations employed the axisymmetric
version of KARAT code (Tarakanov, 1992). Earlier, this
code has been intensively used in the development of differ-
ent types of microwave generators (Kitsanov et al., 2002;
Totmeninov et al., 2008, 2011). Additionally, a one-
dimensional particle-in-cell (1D PiC) model (Pegel, 1996)
has been applied taking into account the wave harmonics
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Fig. 4. Simulated non-averaged waveform of microwave power (above), and
the radiation spectrum of the generator with accelerating voltage 340 kV,
beam current 3.3 kA, and guiding magnetic field 2.2 T. The microwave
power is 630 MW at 9.7 GHz and < 5 MW at higher harmonics.
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Fig. 5. Upper graph: dimensionless kinetic energy of electrons versus longi-
tudinal coordinate [(1) saturated steady-state oscillation; (2) prior to oscilla-
tion buildup] and the “electronic efficiency” 5 = (E — Ep)/Ey obtained
in KARAT simulation. Below: dimensionless kinetic energy (3) and “elec-
tronic efficiency” (4) obtained in 1D PiC model. All presented values are
averaged over RF oscillation period.

mentioned above and the effect of space charge in the elec-
tron beam. To evaluate the beam coupling to the basic
wave harmonics, a program based on the method of scatter-
ing matrices was applied (Denisov et al., 1995).
Numerically optimizing the electrodynamic structure of
the device allowed converting 56% of the beam power into
TMj, electromagnetic wave (Fig. 4). Herewith, the “electron-
ic efficiency” calculated by the decrease in the kinetic energy
of electrons with regard to their energy in the transport chan-
nel in front of the reflector was as high as 66% (Fig. 5).
For 9.7 GHz generation frequency and with Ly = 27 mm
as it was set in the modeling we have arg(a) =~ 0 and
arg(p) =~ 1.4m. This means that at the entrance of the SWS
the central electron in the bunch gets into transition from de-
celerating phase to accelerating phase of the synchronous
— Ist spatial harmonic of the backward wave, and near the
middle of accelerating phase of Oth harmonic of the forward
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wave. The kinematic offset of the electron relative to Oth har-
monic of the forward wave along the interval L; = 36 mm
from the SWS entrance up to the beam dumping position is
Ay = kLi(1/B,) — 1/Byn o) = 1 (here, Bpno~1.14 is di-
mensionless phase velocity of Oth harmonic in the SWS).
Then arg(P) + Ad, = 2.4n. Consequently, at the end of the
interaction space, the central electron gets into braking
phase of the forward wave. At the same time, it is always
in the decelerating phase of —1Ist harmonic of backward
wave, since the electron velocity B, = 0.77 exceeds the
phase velocity of the harmonic By, —; = 0.6. Thus, near the
beam dump, the decelerating RF field is represented by an
in-phase sum of Oth harmonic of forward wave and — 1st har-
monic of backward wave having the coupling impedance to
the beam Zy = 3.5 Q and Z_, = 2.7 Q), respectively.
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With such a phasing, the energy exchange between the beam
and the RF field is non-monotonous along the interaction space
(Fig. 5). The electron bunch is first boosted by the field of Oth
harmonic of forward wave. As a result, it is shifted to the center
of decelerating phase of — 1st harmonic of the backward wave.
The kinetic energy of the bunch is extracted by RF field on a
short section (with a length close to corrugation period), and the
intensity of the extraction achieves its maximum near the beam
dumping location, where the beam coupling to longitudinal RF
field is maximized due to steep (normal) tilt of the SWS surface.

Figure 6 demonstrated that an electron bunch is perfectly
compact at the moment of its deposition onto SWS surface
(snapshot at 35.16 ns) and it does not leave the decelerating
phase of the RF field until dumping. Here, there is an addi-
tional positive effect caused by electron beam space charge
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Fig. 6. Longitudinal distribution of beam current, grayscale map of RF electric field strength (z-component) for different moments of time,
and the phase plot of the electron beam, demonstrating very moderate amount of backward electrons (PiC simulation using KARAT code;

total number of particles ~30,000).
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due to the fact that the space-charge field additionally accel-
erates electron bunches approaching the SWS surface before
dumping while they lose their velocity under the action of in-
tense RF field. Hence, the bunch is retained in the braking
phase of the RF field and its potential energy is converted
into radiation energy.

Changing of length L, of the smooth waveguide section
results in a periodic variation in the generation power and
oscillation buildup time. The corresponding period is
21 mm, which is close to half of wavelength of TM,; wave
in this waveguide. In the regimes with maximum generation
power (620—-630 MW), the oscillation buildup time reaches
its minimum 15-18 ns.

The HPM generator is rather adaptive to variation of elec-
tron beam parameters. With electron beam power increased
from 0.9 to 1.4 GW, the microwave power grew from 460
to 700 MW, while the efficiency of the device did not de-
scend below 50%.

5. CONCLUSION

In the HPM device proposed, the following segments are dis-
tinguished along the device length: the space for electron beam
energy modulation (reflector area); the bunching space; the
section of bunch phase correction (first half of SWS), and
the section for energy extraction (part of the SWS immediately
in front of the beam dump). Herewith, the beam bunching grad-
ually develops all the way from the reflector to the dumping
site. Since the energy extraction from the beam occurs
mainly in a short final segment of the SWS and it is primarily
due to the field of forward traveling wave, this device may be
classified as relativistic twistron (Kovalev et al., 1975).
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