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Demonstration of high-gradient electron acceleration driven by
subnanosecond pulses of Ka-band superradiance
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We report the high-gradient acceleration of electrons driven by a subnanosecond pulse of Ka-band

Cherenkov superradiance (SR). The experiments are carried out in a combined “generator-accelerator”

scheme, powered by two electron beams from a coaxial explosive-emission graphite cathode. The outer
tubular beam (=300 keV; ~2.3 kA) propagates along the periodic slow-wave structure (SWS) and
generates a backward moving gigawatt-level SR pulse, which pumps a low-Q “pill-box” resonator located
at the SWS input. The inner paraxial test beam (2250 keV; 150 A) passes through a hole in the resonator
wall and is accelerated in extreme SR fields exceeding 500 MV /m. The energy of accelerated electrons is

estimated by measuring the test beam current after it passes through aluminum filters (foils) that absorb

low-energy electrons. It is shown that the test beam contains fractions with a maximum energy of

1.25 MeV, which, taking into account the pill-box length of 4 mm, corresponds to the extremely high

averaged accelerating gradient of 250 MV /m.
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Along with other parameters, the most important char-
acteristic of charged particle accelerators is the accelerating
gradient, which, in the case of powering electrodynamic
structures with long-wavelength (X and S band) klystrons,
is typically significantly lower than 100 MV/m [1,2].
Currently, the problem of overcoming the specified level
has stimulated the development of brand-new physical
concepts, such as laser-plasma and beam-plasma acceler-
ation [3-8] together with acceleration based on optics-
to-terahertz radiation conversion [9-11]. Nevertheless,
high-gradient electron acceleration (HGEA) in “warm”
metal structures remains relevant, which is associated with
an increase in the power of radiation sources in the centi-
meter, millimeter, and submillimeter wave bands [12—-16].

Besides, the solution of the radio-frequency (rf) break-
down and structure degradation problems is facilitated by
using the short-action (pulsed) radiation with nanosecond
duration. This, in particular, stimulates research on the
implementation of laser-controlled semiconductor switches
for the formation of nanosecond pulses from the radiation
of a microsecond megawatt gyrotron [17,18]. Based on this
approach, electric fields of 200-230 MV/m have been
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reached in breakdown tests of accelerating structures.
The highest accelerating fields (up to 300-400 MV/m)
in short pulses are declared when using wakefield radiation
[19,20] from preformed ultrarelativistic electron bunches
with a length smaller than the wavelength.

In order to direct generate extremely high-power nano-
second and subnanosecond pulses for HGEA, we suggest
the alternative method which is based on Cherenkov
superradiance (SR) of extended (in the scale of the radiation
wavelength) electron bunches [21-25] interacting with a
backward-wave in a periodical slow-wave structure (SWS).
In this case, coherent pulse emission occurs due to the
development of longitudinal microbunching and slippage
of the backward wave with respect to the electron bunch,
which is, similarly to SR in optics [26,27], should be
shorter than the so-called cooperative length. By analogy
with the interaction in backward-wave oscillators (BWOs),
such a specific mechanism of short pulse emission is
referred to as SR BWOs. However, unlike the BWOs,
the peak power of the SR pulse, which accumulates the
energy of successive electron fractions, can exceed the
power of the electron beam [21].

To date, in the Ka band, compact (table-top) SR BWOs,
powered by 200-300 keV electron beams, provide record-
breaking radiation power up to 2 GW with a pulse full
duration of 0.3 ns [21,22]. SR pulses can have a stable
generation phase which can be controlled by an external
seed rf signal [23]. Viability for the advancement of SR
generators with oversized electrodynamic structures into

Published by the American Physical Society
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FIG. 1. (a) Original scheme of the 1-GW Ka-band SR BWO
with one tubular high-current electron beam. (b) The experi-
mental HGEA scheme with two coaxial beams. The numbers
indicate the following: 1—coaxial feeder; 2—graphite cathode(s);
3—eclectron  beam(s); 4—SWS; S5—resonant reflector;
6—radiating horn; 7—vacuum window; 8—*“pill-box” resonator;
9—metallic diaphragm; 10—aluminum filter; and 11—current
sensor for diagnostics of the paraxial beam.

the short-wavelength part of the millimeter band was also
demonstrated with a power level of up to 70 MW in G band
[24] and over 100 MW in W band [25]. Listed unique
radiation parameters make SR generators rather attractive
for accelerator applications.

In this paper, we report the acceleration of electrons with
a gradient well above 100 MV /m using the 38-GHz 1-GW
SR BWO [21] equipped with a single-cell resonant accel-
erating structure. Despite the presence of extreme tf fields,
high values of the accelerating gradient are reached in the
SR pulse since the subnanosecond duration prevents the
development of breakdown.

The original scheme of the SR BWO, which is used in
the HGEA experiments, is shown in Fig. 1(a). The tube is
powered by a tubular electron beam with a current of
2.3 kA. The beam is kept thin [Figs. 2(a) and 2(b)] during
its transportation along the SWS due to the strong axial
magnetic field B, ~# 6.5 T created by a pulsed solenoid.
Note that, in contrast to [21], the injector voltage pulse,
formed by the pulsed power supply system [28], was
elongated twice to =2 ns; thus, the beam length exceeds
the cooperative length. As a result, a stable subnanosecond
SR peak with a power of &1 GW (measured by a detector
and a calorimeter) is followed by a series of chaotic peaks
with a power of 100-300 MW [Fig. 2(d)], which is typical
for SR BWOs with elongated beams. According to sim-
ulations based on the KARAT code [29], at 1-GW SR power,
the maximum strength of the radial and axial components
of the electric field, which are approximately equal in the
point at the reflector edge [indicated by an arrow in
Fig. 1(a)], is at least 230 MV/m. Nevertheless, the pres-
ence of additional peaks [Fig. 2(d)], as well as a shot-to-
shot stable image of the wave beam [Fig. 2(e)], show the
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FIG. 2. (a) and (b) Reprints of the electron beam powering the
original configuration of the SR BWO [Fig. I(a)], in cross
sections A and B, respectively. (c) Reprints of the coaxial beams
of the experimental HGEA scheme [Fig. 1(b)], in the cross
section B. (d) Detected 1-GW Ka-band SR pulse in the power-
time coordinates (P,7). (¢) Gas-discharge panel luminescence
under the action of a single SR pulse.

absence of the development of rf breakdowns in the
specified fields, the maximum value of which was reached
in about 300 ps. This allowed us to expect that the
accelerating structure would withstand 1f fields sufficient
for the HGEA for fractions of a nanosecond.

For the HGEA experiments, it was supposed to concen-
trate rf fields in a half-wave “pill-box” resonator [Fig. 3(a)].
The resonator has a low Q factor, which ensured its
pumping with a subnanosecond SR pulse. The structure
of the field in the resonator at the maximum pumping is
shown in [Fig. 3(b)]. According to the simulation, at 1-GW
peak power of the SR pulse [Fig. 2(d)], the accelerating
field on the pill-box axis reaches about of 800 MV/m,
while the electric field at the resonator wall is about
of 1 GV/m.

For the presented experiments, the combined “generator-
accelerator” scheme was developed [30], in which the “pill-
box” resonator is incorporated into the vacuum volume of
the SR BWO before the slow-wave structure [Fig. 1(b)].
This scheme utilizes two electron beams which are formed
by the coaxial explosive emission graphite cathodes pow-
ered by a single (~% —300 kV/~ 2 ns) voltage pulse. The
outer 300 keV /2.3 kA tubular beam feeds the slow-wave
structure and generates the backward moving SR pulse.
The second paraxial beam with a diameter of 1 mm and a
slightly lower (due to the beam potential depression)
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FIG. 3. (a) 3D view of the semiopen “pill-box” resonator.
(b) E,—field distribution at the moment of maximum resonator
pumping, found in simulation with 1-GW SR pulse from Fig. 2(d).
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FIG. 4. Phase portraits of the beams: on the plane (p,/mc, z) at
the time of 1.03 ns (a) and 1.37 ns (b) from the start of the
cathodes’ emission; on the plane (p,/mc, r) at the time of 1.03 ns
(c); on the plane (p,/mc,z) at the time of 1.37 ns for the BWO
SR scheme without the accelerator unit [Fig. 1(a)], supplemented
with a paraxial beam (d).

energy of ~250 keV, confirmed by measurements (see
below), is formed by the central sharp-edge core of the
cathode. This test beam passes through the “pill-box’ hole
and is accelerated after the resonator is pumped with the SR
pulse. The pill-box resonator is fixed on steel foil lamellas
[31], which, however, do not prevent the outer beam from
passing through a 0.5-mm concentric slot between the
resonator and the moderately oversized SWS input [see
beam imprints in Fig. 2(c)]. Note also, that the paraxial
beam has a current of ~150 A, which is much less than the
current of the external beam and does not affect the SR
generation.

When preparing the experiments, the combined scheme
was simulated [30] in the configuration presented in
Fig. 1(b). Figure 4 shows the phase portraits of electrons
in planes p,/mc, z and p,/mc, r (Where p, is the axial
momentum). The distribution in Fig. 4(a) is obtained in the
plane p,/mc, z at the moment ¢ = 1.03 ns when the axial
electric rf field at the “pill-box” input [marked by an arrow in
Fig. 1(b)] reaches a maximum of ~#400 MV /m. Taking into
account the well-known relation between the axial momen-
tum of a relativistic electron and its kinetic energy &

(ex + mc?)? = (p.c)® + (mc?)?, (1)

for the maximum p_/mc ~ 4.4, we obtain ¢, =~ 1.8 MeV.
Thus, the increase in g; from the initial 250 keV is 1.55 MeV,
which, with the “pill-box” length of 4 mm, means that
the average accelerating gradient reaches ~390 MV /m.
The phase portrait on plane p,/mc, r [Fig. 4(c)] obtained
at the same time as Fig. 4(a), demonstrates that the most
accelerated electrons belong to the paraxial beam.

(a)

FIG. 5. (a) Waveforms of the cathode voltage pulse (1) and the
beam current pulses: (2) external generating beam; (3,4) paraxial
test beam at input and output of the SWS, respectively; and
(5) fraction of the paraxial beam accelerated above 300 keV. All
pulses are synchronized in time. (b) Current pulses from the fast-
response sensor behind Al filters with a cutoff energy of up to
1.25 MeV.

At g, =% 1.8 MeV, the electron velocity is ~0.96c¢; thus,
at the time ¢t = 1.37 ns, the accelerated electron fraction
will be in cross sections z > 13 cm [shaded area in
Fig. 4(b)], which corresponds to the position of the
collector current sensor in the experiment [section “C”
in Fig. 1(b)]. In accordance with the phase portrait
presented in Fig. 4(b), the maximum p,/mc in this zone
reaches ~3.6, which corresponds to ¢; ~ 1.4 MeV. Such a
decrease in energy, probably, is caused by the nonsynchro-
nous interaction of electrons with the fields of the SR pulse
reflected from the resonator after its pumping [30], when
the particles overtake the wave on the way to the sensor.
Note also that the acceleration effect disappears [Fig. 4(d)]
when the pill-box resonator is removed from the scheme
despite the fact that the copropagating SR pulse in the
original scheme [Fig. 1(a)] has a larger amplitude and
shorter duration than in the case of reflection from the pill-
box resonator [Fig. 1(b)].

Experimental conditions were consistent with the
numerical model of HGEA. The SR pulse shown in
Fig. 2(d) is recorded by the detector. The total beams
currents [curves (2), (3), and (4) in Fig. 5(a)] are registered
by the collector sensor with a resolution of ~0.1 ns, and
their emission onset is determined by the method [31],
which also provides the restoration of the voltage pulse
shape and amplitude at the cathode (ibid.). The energy of
accelerated electrons is estimated based on measurements
of the test beam current after its propagation through a
system of aluminum foils (Al filters) with known cutoff
energies [32]. Note, that the used registration technique is a
qualitative method that shows the existence of electrons
with energy higher than some limit but does not show the
exact number of such electrons.

The energy of the test paraxial beam [curve (3) in
Fig. 5(a)] measured in the absence of SR generation (the
external beam is blocked) is %250 keV since the beam does
not pass through a 320-pum Al filter. When the SR pulse is
generated, the “pill-box” resonator is pumped and the test
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beam is accelerated. As a result, when the test beam passes
to the collector through a 400-pm filter, the current of
electrons with energies >300 keV is recorded [curve (5) in
Fig. 5(a)].

A more accurate measurement of the energy of accel-
erated electrons is carried out using the fast sensor [33]
possessing a response of 14 V per 1-A bunch current. Its
time resolution of 10 ps was determined by the drain time
of absorbed charge from the collector representing the end
face of the coaxial line with a multistep junction (6.17-50 Q)
to the oscilloscope cable. Collector and shielding thin foil
performed a miniature radial transmitting line matched with
coaxial one. We note that the limited bandwidth (33 GHz) of
the oscilloscope used did not allow us to see the time-
discriminated current bursts from individual accelerated
bunches [31]. According to the imprint of the paraxial test
beam [Fig. 2(c)], the sensor with a collector diameter of 6 mm
registered the entire current passed through the filters. A set
of registered current pulses at different cutoff energies is
shown in Fig. 5(b) demonstrating the presence of the
accelerated electron fraction with an energy surpassing the
cutoff #1.25 MeV of the 2.65-mm thick Al filter. Note thatin
the absence of the pill-box resonator, the test electron beam
did not pass through a filter 400 pm thick with a cutoff
energy of ~300 keV.

As follows in Fig. 5(b), the current pulses of higher-
energy electron fractions are shortened and “embedded”
into the envelopes of the current pulses, which include less
energetic particles. At g, > 1.25 MeV, the duration of the
current pulse is not more than the sum of (3—4) periods of
the accelerating rf field and a measured charge is 0.2 pC.
The current pulse of particles with ¢, > 300 keV has a
much longer duration at a full measured charge of ~25 nC.
With an increase in the Al-filter cutoff energy, the leading
edges of the current pulses appear later in accordance
with the rise of the rf field during the resonator pumping.
Such a delay was independent of vacuum in the range
of 1072-107* torr.

Since the simulation revealed a difference in the energy
maxima (1.8 and 1.4 MeV) in sections A and C [Figs. 4(a)
and 4(b)], it can be assumed that in the experiment the
maximum energy of electrons behind the resonator was
hundreds of kilo electronvolts higher than that measured by
the collector sensor after the filter at the SWS output. Thus,
the obtained value &, ~ 1.25 MeV is a lower estimate.
When averaged over the pill-box length of 4 mm, this
energy gain corresponds to the high acceleration gradient of
about 250 MV/m.

In conclusion, we have demonstrated for the first time
the Ka-band HGEA in a resonant metal structure with an
accelerating gradient exceeding several times the values
obtained on the basis of long-wavelength klystrons. High
gradients are reached due to short exposure times in
subnanosecond SR pulses; so no additional shortening of
the pulse is required compared, for example, with gyrotron

experiments [17,18]. In addition, the total increase in the
electron energy above 1 MeV is higher than the values
obtained in acceleration on the basis of optics-to-terahertz
conversion [9—11]. The demonstrated results are an impor-
tant step in the development of compact and more afford-
able accelerator facilities. A more practical configuration
would be to extract a GW superradian pulse from the
generator to power a separate accelerating structure. For
example, simulations show [34] that a traveling-wave
accelerating structure powered by the same SR pulse allows
achieving the energy gain of over 7 MeV. Besides, several
phase-controlled SR generators [23] can be used to power a
sequence of accelerating structures.
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