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ABSTRACT

We report the experimental demonstration of a mm-wave electron accelerating structure powered by a high-power rf source. We demon-
strate reliable coupling of an unprecedented rf power—up to 575kW into the mm-wave accelerator structure using a quasi-optical setup.
This standing wave accelerating structure consists of a single-cell copper cavity and a Gaussian to TMy; mode converter. The accelerator
structure is powered by 110GHz, 10-ns long rf pulses. These pulses are chopped from 3 ms pulses from a gyrotron oscillator using a
laser-driven silicon switch. We show an unprecedented high gradient up to 230 MV/m that corresponds to a peak surface electric field of
more than 520 MV/m. We have achieved these results after conditioning the cavity with more than 10° pulses. We also report preliminary
measurements of f breakdown rates, which are important for understanding of breakdown physics in the millimeter-wave regime. These
results open up many frontiers for applications not only limited to the next generation particle accelerators but also x-ray generation, probing

material dynamics, and nonlinear light-matter interactions at mm-wave frequency.

Published under license by AIP Publishing. https://doLorg/10.1063/5.0011397

Exploring new radio frequency (rf) particle accelerator technolo-
gies in the mm-wave regime is stimulated by a promise of high acceler-
ating gradient and efficiency for many applications.’ Indeed, GeV/m
acceleration may be attained at mm-wave and subterahertz (THz) fre-
quencies, leveraged by the extremely high shunt impedance that scales
as f2.' It is known that cavities with shorter pul ses sustain high accel-
erating gradients. The filling time t of a cavity scales as T oc f 7, cre-
ating the opportunity for mm-wave accelerators at repetition rates on
the order of kHz at high gradients.” Indeed, accelerators operating at
mm-wave frequencies were considered for linear colliders™ and could
be potentially useful in many applications, such as charged particle
therapy, compact x-ray free-electron lasers (XFELs)," and ultrafast
electron diffraction (UED).

Advancements of mm-wave accelerator technologies are contin-
gent on the development of efficient high power o sources
Traditionally, accelerating structures are powered by of sources (eg.,
klystrons) that do not produce the required peak power in the subtera-
hertz range. Attempts to realize high-field subterahertz radiation for

eledtron acceleration previously relied on beam-driven metallic’ or
dielectric' " structures. These earlier studies highlighted challenges in
this regime such as fabrication errors'* and beam-induced damage *
On the other hand, laser-driven sources that down-convert the optical
regime to subterahertz frequencies are rapidly developing in an effort
to fill the THz gap.” These laser driven sources generate single- and
multi-cycle picosecond pulses with uJ energies'™ They may enable
all-optical photoinjectors,” deflectors,” accelerators, ™™ = and bunch
compressors  for ultrafast applications.

Practically, to reach the promied high gradient at mm-waves,
nanosecond -scale few-m] f pulses are required. So far, these rf param-
eters may be only realized using mm-wave gyrotrons.” ~ These are
vacuum tubes capable of producing megawatt peak powers with
microsecond long pulses™ or even CW.*" In this work, we demon-
strate a unique approach to power accelerator structhures using a mega-
watt gyrotron rf source. Then, we utilize a laser-driven semiconductor
switch to power the accelerating structure with nanosecond scale rf
pulses.
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The operating gradient of any of accelerator is limited by rf break-
downs induced by pulsed surface heating and field emission. Owver
time, the occurmrence of breakdowns reduces with the number of
pulses, and this process is referred to as conditioning.”  The number
of pulses required to condition the cavity depends on many factors
including materdal properties, surface preparation, and geometry of
the cavity. It is also kmown that rf breakdown statistics are associated
with the peak electric and peak magnetic fields as well as the peak
Poynting vector.” Extensive statistical analyses of f breakdown were
performed in normal conducting accelerating structures at microwave
frequencies.”

For instance, CERN"s Compact Linear Collider (CLIC) prototype
microwave structures -~ -~ commonly achieve peak gradients of
about 100 MV/m. These gradients can be reached only after condition-
ing the accelerator structures with more than 107 pulses to avoid
damage from extensive breakdowns and field emissions. After about
10* pulse. the bmakd:lwn probability at 100 MV/m tends to drop
below 10™° per pulse. ' Here, we show that in the mm-wave regime,
accelerator structures can reach a gradient of 100 MV/m after only
10* pulses and 230 MV/m with only 10° pulses. This peak gradient is
only limited by the available f power in our experiment.

Previously, the only measurements of high gradients and rf
breakdowns at mm-wave frequencies were performed in beam-
driven accelerating structures.” "' The gradients achieved in
these beam-driven structures depended on the geometry and fre-
quency. Unlike the externally driven regime, beam-driven struc-
tures” " sustained significantly higher surface electric fields for
the same gradient. For example, at 122 GHz, the peak surface
electric field was about 570MV/m, and the accelerating mode
gradient was about 36 MV/m™ with a breakdown probability of
6 x 1077 per pulse. These breakdown rates are achieved with less
than 10° pulses and were likely influenced by the driving electron
bunch and its halo.”*"*' Such work emphasized the need for an
investigation of high gradient mm-wave accelerator performance
under external excitation. In this Letter, we also show preliminary
measurement of the breakdown rate of a mm-wave single cell
structure at 110 GHz powered by nanosecond scale rf pulses, after
similar conditioned with more than 107 pulses.

Another challenge toward achieving high-gradient performance
at mm-wave frequencies is the precision fabrication and assembly of
the accelerating structure. Leveraging state-of-the-art fabrication
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techniques, we have utilized a split-cell diffusion-bonding technique to
assemble the accelerator struchure,

We have designed a mm-wave accelerating structure consisting
of three coupled cavities and operating in the m-mode. The outer two
cavities have a radius of 116 mm, while the central cavity’s radius is
slightly reduced to 1.14 mm. This renders that the peak on-axis field in
the central cavity is twice as high as that in the neighboring cells.” ™
The purpose was to ensure that most of the ff breakdowns occur in
the central cavity, since the peak surface fields will also be much lower
in the two outer cavities. All cavities are 1.36mm long. The cell’s elec-
tric and magnetic fields are shown in Fig. 1(a). The of properties of the
accelerating structure are primarily dictated by the a/d ratio, where a
is the radius of the iris aperture and A is the free space wavelength. In
our design, we have &/l =0.105, similar o 11424 GHz struchures
allowing for a direct comparison,” with a = 0286 mm. The cavity is
designed to achieve 310 MeV/m of steady-state acceleration gradient
for 600 kW of dissipated of power.** The shunt impedance of the cen-
tral cell is 362 MQ)/m, the electric field peak -to-gradient ratio is 227,
and the peak magnetic-to-electric field ratio (normalized by free space
impedance) is 1.04. These design values are obtained by modeling the
of structure with the commercial finite element code HFSS by Ansys.
The cavity is connected to a 0.66 mm radius beam pipe for the field
emission measurement. The beam pipe is coupled to a WR-8 wave-
guide port for probing cavity fields.

RF power was coupled to the cavity through the TMy, circular
waveguide mode, and the wavegnide radins is L18 mm. Since the
high-power pulse is transported from the gyrotron in a fundamental
Gaussian beam, the accelerator structure is fed with a tapered
Gaussian horn The Gaussian beam is focused onto a 15 mm diameter
circular aperture of a smooth-walled horn with an ~45mm beam
waist. The hom converts a Gaussian mode into the TE;; mode of a
circular waveguide with ~29% efficiency. Following the Gaussian con-
verter is a TE;; o TMy; mode converter, which includes 90° bend
with a 5.23 mm radius. The mode converter has a 97% power conver-
sion efficiency and large bandwidth exceeding 2 GHz.

The accelerating structure was fabricated from two halves of
oxygen-free copper, which were aligned and diffusion-bonded. Several
prototypes of the structure were fabricated to test the impact of the
diffusion-bonding on the f parameters of the cavity.™ The submilli-
meter scale features here are sensitive to fabrication and assembly
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Thus, very strict tolerances were placed during the fabrication
and alignment of the two halves. We also found that the cavity fre-
quency tends to slightly increase from pre-bonding to post-bonding,
and this shift is considered prior to manufacturing the final high
power struchire.

The structure was then assembled with a high- power rf window
and a dielectric lens, which focuses the Gapssian beam onto the hom
aperture. The diagnostic waveguide has its own rf window. The vac-
uum inside the structure was kept under 10~ Torr. A Faraday cup is
connected to the beam pipe to collect field-emitted currents.

Low power, two-port rf measurements of the assembled cavity
were performed using a mm-wave vector network analyzer. A
Gaussian beam launcher excites the structure as port 1 and a rectangu-
lar waveguide as port 2. Figures 1(b) and 1(c) show the results of a
measured frequency sweep of the S parameters as well as simulation
results. Three resonances corresponding to the 0, m/2, and © modes
are seen in Figs. 1(b) and 1(c). The = mode resonance is found to be at
~~110.08GHz at about 20°C (room temperature) with a loaded @ of
about 1600. In the 521 measurement, the resonance shows up as a
shallow peak of about —41 dB, in very close agreement with the simu-
lations. This also confirms that the horn and mode converter operate
within the required bandwidth and efficiency.

The high-gradient experimental setup is shown in Fig. 2(a). The
rf source is a 110 GHz megawatt gyrotron that generates 3 us long rf
pulses with a peak power up to L25MW, with a repetition rate of
1Hz." Itis operated ata TEx 4 cavity mode with a nominal voliage of
96kV and a current of 40 A. The generated rf pulses are then trans-
ported in a cormugated waveguide that couples the power into a free-
space Gaussian mode into the accelerating structure. A quasi-optical
attermator adjusts the forward power toward the accelerating struc-
ture, and a quasi-optical ferrite isolator protects the gyrotron from
reflections. Overall, there is about 2dB loss in the high-power rf path
that limits the input power to the accelerating structure to about
600 kW,

The 3 s gyrotron pulses would cause excessive pulked surface
heating in the accelerating cavity, and thus the cavity would require
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shorter nanosecond-long pulses. To obtain a shorter rf pulse, we
have utilized a semiconductor laser-driven switch." ™™ A 387 um
thick Si wafer lluminated by an intense neodymium-doped
ytirium aluminum garnet (Nd:YAG) laser pulse is used as a reflec-
tor. The Nd:YAG laser wavelength is 523 nm, the duration is 6 ns,
and the pulse energy is 230 m]. Such alaser pulse impinging on the
wafer, which is otherwise transparent at 110GHz, raises the con-
ductivity of 5i due to the generation of charged carriers through
photoconductivity until it becomes a reflector with more than 75%
reflectivity and redirects the microwaves toward the accelera-
tor.”*" The rf pulse length generated from this setup is about
10ns long and is limited by the carrer recombination rate of sili-
con*** with the maximum rf pulse energy of about 11 m].

The frequency of the gyrotron rf pulses has to coincide with the
resonance frequency of the struchare’s m-mode. Our gyrotron has lim-
ited frequency tuning at the peak output power. Therefore, tempera-
ture tuning of the cavity using a chiller is employed in order to match
the frequency of the m-mode to the gyrotron frequency. This way, the
accelerating gradient can be maximized at a fixed power level. In our
setup, the frequency ning range was about 40 MHz and the optimal
operating temperamure for frequency matching is found to be about
9°C.

We measured the of waveforms for each of pulse: the forward
power, the reflected power, and the transmitted power through the
diagnostic waveguide. These rf pulses are measured using calibrated
mm-wave Schottky diode detectors with sub-ns rise time. We mea-
sured field-emitted currents existing at the end of the beam pipe with
a Faraday cup. All waveforms are recorded using a 4 gigasample/
second oscilloscope. The frequency of the ff pulse is measured with a
heterodyne receiver.”

Prior to high- power operation, we align the struchure to the high-
power beam and then calibrate the forward and transmitted power
into the structure with our initial low power measurements. An
example of an rf pulse at a peak power of 570kW is shown in
Figs. 2(b)-2(d). We note that the measured reflected power is not cali-
brated [shown in Fig. 2(e) in arbitrary units].
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We have used the measurad S-parameters to model the cavity
transient fields. The modeled time-domain response of the accelerat-
ing structure is also superimposed in Figs. 2(b)-2(e). The transmitted
power agrees well with our ff model as seen in Fig. 2(d). At the peak
input power of 570 kW and pulselength of 11 ns, the peak accelerating
gradient is about 230 MV/m as shown in Fig. 2(c). The peak energy
gain of a relativistic electron bunch at this gradient is estimated to be
about 0.31 MeV from the central cell.

The peak accelerating gradient that can be established in the cav-
ity depends on the of pulse length, and, therefore, it is important to
characterize the pulse length statistics to ensure stable gradient from
shot to shot. The forward as well as transmitted pulse full-width half
maximum (FWHM) vs peak forward power is shown in Fig. 3(a)
Data shown in Fig. 3 are taken for all the recorded rf pulses except the
ones that experience shortening due to rf breakdowns. The FWHM of
the forward power is stable and tends to slightly increase with increas-
ing power. This increase in FWHM could be attributed to the
rf-driven enhancement of photocarriers in the Si wafer. (More details
are in given in Ref. 44.) The ratio between the transmitted and forward
pulse FWHM is 113 * 0.03 and that also agrees well with the ff model
based on the calculted filling time of the cavity. The accelerating gra-
dient vs forward power together with calculated peak pulse surface
heating is albo shown in Fig. 3(b). The peak accelerating gradient also
demonstrates shot to shot stability and follows a square law fitting
with the forward power P in kW, given by E,. ~ 9.63 /P [MV/m].

We also show the pulsed surface heating from the rf surface
currents on the cavity walls. Pulsad heating is a transient effect™ and
does not impad the frequency or the quality factor of the cavity up to
the peak gradient, within the precision of our measurements. Also, the
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time-average thermal load from the dissipated of power in the cavity is
negligible for such a low pule repetition rate of 1 Hz, with active
temperature-regulated cooling In owr experiment, the peak puked
surface heating is estimated to be less than 40°C at the highest power
level as seen in Fig 3(b). From our pervious experiments on damage
due to pulsed heating™ we expect no surface damage below 50°C.
This damage onset at a peak temperature rise of 50°C could be
reached at a gradient in excess of 260 MV /m.

One of the main goals of our experiment is the study of the phys-
ics of vacuum rf breakdown We observe rf breakdowns as major
changes occur o the ff waveforms as follows: (i) transmitted pulse
shortening, (i) sudden jump in the reflected power, and (iii) a short
burst of Faraday cup current, as seen from Figs. 2(d) and 2(e ). During
this experiment, the forward power is gradually adjusted while closely
monitoring the breakdown rate at a given power level, see Fig 4(al.
Trigger breakdowns, which are the first in a breakdown chain, are also
mﬂ.il..i.i.dﬂ

The of pulses are collected in sets of 10° shots. After a breakdown
occurs, pulsing is interrupted for 85 This protects the cavity from
the damage caused by consecutive breakdowns and ensures that the
vacuum level is kept at 10 Torr. We increase the power when the
breakdown rate is below 1%, ie., less than 10 breakdowns per 10°
shots. At the end of each day during the experiment, power is lowered
by 25% to ensure that breakdown rates are improving. A timeline for
testing is depicted in Fig. 4, showing the forward power in Fig. 4(a),
the gradient and peak surface fields in Fig 4(b), and accumulated
breakdowns and peak Faraday cup current in Fig. 4(c). Ower the
course of 10° shots, we have seen that the cavity has been rapidly proc-
essing up to an accelerating gradient of 230 MV/m. We were able t©
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reach 150MV/m gradient after 10° pulses while observing less than
500 breakdowns. Note that we have not observed a current spike dur-
ing pulse shortening events for gradients less than 150 MV /m. After
ramping up the gradient from 100 MV/m to 200 MV/m over the
course of 2 » 10° pulses (from 10° to 12 = 10° in Fig 4), we have
only observed 2 breakdowns and no trigger breakdowns. Moreover,
we have not detected currents for pulses with no breakdown up to the
highest gradient of 230 MV/m. We have achieved this maximum gra-
dient after 1830 breakdowns in total.

Afhrmainﬂningihmgmdientﬁerlﬂ’mnMMwe
observed 22 breakdowns with 2 trigger breakdowns. The breakdown
rate in the lst 10° shots at 230 MV/m was about 10™* per pulse. We
emphasize that the breakdown rate has not reached a steady state level.

In contrast, a microwave frequency cavity requires millions of
pulses to be able to ramp up the gradient For the sake of comparison,
a microwave cavity can only reach a gradient less than 40 MV /m after
10° pulses. '~ This highlights the potential impact of mm-wave accel-
erator in terms of rapid conditioning to unprecedented gradients. It is
noted also that this first stage of our experiment was limited to
1.5 % 10° pulses at 1 Hz operation and a maximum power of 600 kKW,
We expect that the breakdown rates will further decrease for extended
running time.

In summary, we have presented the experimental measurement
of high gradient in a 110 GHz accelerating cavity powered by an exter-
nal source, a megawatt gyrotron. We have utilized a laser-driven
switch to chop nanosecond-scale pulses from 3 us gyrotron pules. We
coupled 570kW 10ns pulses into the cavity and achieved remarkable
accelerating gradients up to 230 MV/m. To reach this gradient, the
cavity was conditioned with more than 10° pulses. We believe that
with more condiioning, the breakdown rates will decrease further.

Due to possible imperfections in the joint between the two
diffusion-bonded cavity blocks,” the peak surface electric fields may
exceed 520 MV /m calculated for an ideal cavity surface and may con-
tribute to high breakdowns and field emissions. For this reason, we are
exploring new structures assembled with other joining techniques
such as brazing and careful surface preparation that may offer better
pmtqua]jt}r."'"

Finally, the of pulse length may be tuned by deploying other
semiconductor wafer materials™ in the laser-driven switch, Higher
peak powers by means of ff pulse compression”  could further push
the achievable gradient This study opens routes toward the use of
externally driven high field subterahertz structures not only in firure
accelerator applications but also in probing material dynamics and
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