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We present an experimental study of a high gradient metallic accelerating structure at sub-THz
frequencies, where we investigated the physics of rf breakdowns. Wakefields in the structure were excited
by an ultrarelativistic electron beam. We present the first quantitative measurements of gradients and metal
vacuum rf breakdowns in sub-THz accelerating cavities. When the beam travels off axis, a deflecting field
is induced in addition to the longitudinal field. We measured the deflecting forces by observing the
displacement and changes in the shape of the electron bunch. This behavior can be exploited for
subfemtosecond beam diagnostics.
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Accelerating gradient is one of the crucial parameters
affecting the design, construction and cost of the next
generation of linear accelerators. To reach high gradient
acceleration above the state of the art of 100 MV=m,
several problems such as vacuum rf breakdowns must be
overcome [1,2]. During the development of the Next Linear
Collider/Global Linear Collider the statistical nature of rf
breakdown became apparent [2–4]. It was found that when
accelerating structures are exposed to constant rf power and
pulse shape, the number of rf breakdowns per pulse is
nearly constant. The breakdown rate depends on pulse
heating [5] and other factors, such as the peak magnetic
field [6], the peak electric field, and the peak Poynting
vector [7].
Presently X-band accelerating structures are the most

studied in terms of rf breakdowns [2,8,9]. Currently,
research in accelerating structures is moving towards higher
rf frequencies because of the expected higher gradients.
However, data on breakdown statistics above 40 GHz is not
available [10–12].
In the 1990s, mm-wave metal and dielectric accelerating

structures were considered for linear colliders [1,13].
Hill et al. [14,15] tested both a single metal mm-wave
cavity and a dielectric accelerator structure excited by an
electron beam. Henke and Bruns [16–18] and Chou and
Kroll at SLAC [19] designed a mm-wave muffin-tin planar
accelerator structure. Another approach to reach higher

accelerating gradients at higher frequencies involves dielec-
tric wakefield accelerators [20–22]. At Argonne these were
tested as well as dielectric wakefield-excited structures
[23–26]. To our knowledge, in those experiments there
were no systematic studies of rf breakdown probability.
In this paper we present a quantitative measurement of rf

breakdowns and gradients in a mm-wave copper traveling
wave structure. The major goal of our study is to determine
the breakdown properties and specifically how the rf
breakdown rate changes with rf parameters at these high
frequencies. Moreover, when the electron beam travels off
axis, a deflecting field is induced in addition to the
longitudinal field. We measured the deflecting forces by
observing the displacement and changes in the shape of the
electron bunch. This behavior can be exploited for sub-
femtosecond beam diagnostics [27].
A set of 120 GHz traveling wave constant impedance

accelerating structures was designed, built and tested [28].
The structures were excited by the ultrarelativistic electron
beam generated by the facility for advanced accelerator
experimental tests (FACET) [29]. The novelty of this paper
is the measurement of the breakdown rate and the meas-
urement of the electron beam transverse deflection. The
studied structure is open, made of two separate metal
blocks. It is 10 cm long and composed of 125 coupled
cavities. Cavities are milled into the flat face of each block.
The two halves are placed together, with a gap between,
forming an open accelerating structure [see Fig. 1(a)].
Figure 1(b) shows one half of the structure, and Fig. 1(c)
shows the geometry of one quarter of the vacuum volume
of a regular cell. The x direction is horizontal, while the y
direction is vertical. The fundamental mode is synchronous
with the speed of light at a phase advance per period close
to 2π=3. Radio-frequency parameters for the fundamental
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accelerating mode are listed in Table I. They were calcu-
lated for a beam on the central axis, using the method
described in [28]. The peak electric and magnetic fields are
calculated on the surface. Their distribution, for the
fundamental mode, is shown in Fig. 2. To calculate the
pulse length we consider fields near the output (down-
stream) waveguide. Only the fundamental mode is con-
sidered, which has highest loss factor and lower attenuation
at frequencies around 100 GHz. As the fundamental mode
propagates towards the output waveguide its energy decays
due to losses in the metal. Therefore the field at the output
waveguide is decaying with time constant depending onQ0

and group velocity vg, with total pulse length equal to
L=vg · ð1 − vg=cÞ. During the experiment we varied the rf
parameters of the structure by remotely changing the gap.
With larger gap the pulse length is determined by the group
velocity and structure length, and with smaller gap and thus
higher attenuation the pulse length is equal to the decay
time [28].
Accelerating gradient was varied by horizontally scan-

ning the beam position with respect to the structure center
axis. To reliably detect breakdowns we used a diagnostic
tool which we call “arc-detector” [28]. The two metal
halves were electrically insulated from ground and each

other. Radio-frequency breakdowns generate electron and
ion currents that induce a voltage between the two halves,
which were measured with an oscilloscope.
When the electron beam trajectory moves horizontally

off axis it excites deflecting fields, however when the
beam trajectory moves far beyond the corrugations, the
deflection disappears. We simulated wakefields excited by
a Gaussian bunch with σz ¼ 50 μm and charge 3.2 nC
using CST Particle Studio [30]. The integrated accelerating
and deflecting voltages in the 10 cm long structure are
shown in Fig. 3. These results are in good agreement
with other wakefield calculations made with a method
developed by Novokhatski [31–34]. When the beam
trajectory is close to the central axis there is no deflecting
voltage. The deflection appears only as two spikes which
are far from the structure center and close to the edge of the
cavities.
The structure was installed in the vacuum chamber

located in the experimental FACET section, shown in
Fig. 4. A camera located after the vertically bending
magnet records the screen image of the bunch at each
pulse. The vertical screen coordinate corresponds to
the beam energy. The beam optics between the test
structure and the camera converts the horizontal kick angle
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FIG. 1. Solid model of the output section of the mm-wave traveling wave accelerating structure, including output coupler and
waveguides (a), photo of the copper half structure (b), geometry of one quarter of the vacuum part of the regular cell (c).

TABLE I. Radio-frequency parameters of the fundamental mode in the traveling wave copper accelerating structure. Radio-frequency
fields and power are normalized to 1 nC bunch charge. The beam is on the central axis. The peak electric and magnetic fields are
calculated on the surface, “1m.” means for the fundamental mode only, while “all m.” means the sum of all modes.

Gap Frequency
Shunt
impedance

Loss
factor

Group
velocity

Pulse
length

Output
power

Accelerating
gradient

Epeak
surface

Hpeak
surface

Breakdown rate
(@ Emax;all m.)

No. of
pulses

f Rs κ vg=c τp P Eacc Emax;1m Hmax;1m BDR
mm GHz MΩ=m MV=nC=m % ns MW MV=m GV=m MA=m [1=ðpulse mÞ]
0.2 140.28 449 47.45 0.21 2.34 0.03 95 0.2 0.4
0.3 136.27 398 41.60 0.85 2.36 0.105 83 0.19 0.356
0.5 130.30 298 31.15 3.54 2.37 0.34 62.5 0.174 0.347
0.7 126.01 222 23.50 7.65 4.03 0.58 47 0.16 0.34
0.9 122.66 166 17.87 12.42 2.35 0.75 36 0.15 0.3 0.66 (@ 0.57 GV=m) 3200
1.1 119.93 128 13.89 17.48 1.57 0.88 28 0.12 0.23 0.38 (@ 0.47 GV=m) 500
1.3 117.59 99 10.97 22.44 1.15 0.94 22 0.11 0.2
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θx, generated by the structure, to a horizontal beam
displacement Δx, given by

Δx ¼ R12 · θx ¼ R12 ·
eVx

E
;

where e is the electron charge, R12 (¼ 14 m) is the optics
coefficient that converts a beam horizontal angle into a
beam horizontal displacement, given by the deflecting
voltage Vx and the beam energy E. By measuring Δx on
the diagnostic screen, the deflecting voltage is determined.
The FACET beam had an energy E ¼ 20.35 GeV, a

charge of 3.2 nC and an rms bunch length of about 50 μm.
During the experiment the projected emittances near the
experimental chamber were approximately ϵx ¼
100 mmmrad and ϵy ¼ 10 mmmrad and transverse sizes
were measured with: σx ¼ σy ¼ 35 μm.
To vary the structure properties and gradients, we first

remotely set the gap between the two blocks and then
horizontally moved the structure position with respect to
the beam, changing the gradient. In the experiment, there
were four gap settings of 1.3, 1.1, 0.9, and 0.7 mm, for
which the rf parameters are listed in Table I.
During a horizontal scan the beam is decelerated and

horizontally deflected. We were not able to detect any
vertical beam displacement on the dispersive screen, which
would be caused by beam deceleration because, with the
FACET 20 GeV beam, the resolution of the spectrometer
did not allow its direct measurement. We could clearly
observe horizontal deflection of the beam centroid, from
which the deflecting voltage was calculated using R12.

Figure 5 shows this analysis of a horizontal scan. Vertical
error bars correspond to standard deviation of the centroid
positions caused by transverse position jitter of the FACET
bunch, pulse to pulse variation of the bunch shape and rf
breakdowns. We believe that good correspondence between
the simulated and measured deflecting voltages confirms
our simulations of the accelerating voltage.
Wakefields cannot deflect the head of the bunch. The

deflecting field is mostly seen by the tail. In an attempt to
determine the head-tail configuration of the bunch we
analyzed each screen image [see Fig. 6(a)], slicing it at
constant vertical values. We analyzed each horizontal slice
and we found that the data is well fitted by a double
Gaussian. Figure 6 shows a typical image (a), with an
example of the reconstruction of a horizontal slice (b). We
analyzed each image, obtaining the centroid positions of
the two Gaussians for each horizontal slice. We selected
three plots, where the tail deflection was expected to be
the largest to the left and right, while no deflection is
expected when the beam is far from the corrugations.
When they were superimposed, we found that one set of
Gaussian centers (represented by the dots) moves
relative to itself between the three images, while the other
set did not. This analysis is shown in Fig. 7. The part of the
bunch that did not move is the head, while the other is the
tail. The analysis of vertical slice of the image can
give information about the bunch’s longitudinal phase
space [27,35].
With the known gradient and data from the arc detector,

two types of breakdown statistics were measured. In the
first we put the beam on the central axis and exposed the
structure to a large number of pulses. The results are
summarized in Table I.
The second experiment was done during a horizontal

scan where the scan starts clear of the corrugations. During
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FIG. 3. Deceleration voltage [(a) and (b)] and transverse voltage [(c) and (d)] as a function of the horizontal beam-structure
displacement, for different gaps. The fields are generated by a 3.2 nC bunch with σz ¼ 50 μm in the 10 cm long structure. The solid lines
are calculated with CST, the “X” points with the code NOVO.
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FIG. 4. Schematic of the experimental FACET section.
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FIG. 2. Plot of the electric field (a) and magnetic field (b) of the
fundamental mode over one quarter of the period of the regular
cell (gap ¼ 0.2 mm), at synchronous frequency. These fields are
calculated for a bunch charge of 3.2 nC and 50 μm long in an
infinite traveling wave structure.
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the scan the gradient first increased as the beam approaches
the center axis and then decreased (see Figs. 3 and 5). At
each step we recorded the arc-detector data and then
calculated the corresponding breakdown rate. The result
of this measurement is shown in Fig. 8. The blue line is a
linear fit of the first part of the scan where the gradient
increased. The red line is the second part where the gradient
decreased. Since the second part of the scan shows lower
breakdown rates, we hypothesize it is due to rf condition-
ing, where the breakdown rate decreases after rf exposure.
Our tests were done in a large vacuum chamber, as a

consequence, the vacuum pressure was 7 × 10−7 Torr. We
conjecture that rf conditioning and a lower vacuum
pressure could reduce the measured breakdown rate.
Deflecting voltage was measured by observing the

displacement of the electron beam on a diagnostic screen.
This allowed us to confirm the simulated values of the
deflecting and accelerating gradients. In our measurements
we clearly see the difference between the deflection on the
head and tail of the bunch. The deflecting wakefields create
a chirp of deflecting forces over the length of the bunch,

which could be used for bunch diagnostics at sub-fs
resolution [27,35].
By knowing the accelerating gradient of the structure,

breakdown probability at rf frequencies near 120 GHz was
measured. At gap ¼ 0.9 mm, with a peak surface electric
field of 0.57 GV=m (considering all modes), the break-
down rate is 0.66=ðpulse mÞ for a pulse length of 2.35 ns.
This experiment is the first in this parameter space where

the rf breakdowns were measured. We plan to continuously
study the experiments at different vacuum pressures and
extend the conditioning time to improve our understanding
of physics of rf breakdown at these high frequencies. As
these studies are difficult to perform at FACET, we plan
experiments with gyrotron driven accelerating structures
where we will have flexibility to change vacuum pressure
and conditioning procedure. The breakdown rate is
expected to improve with a better vacuum and more
conditioning time.
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The breakdown rates are relatively high for the field
levels and pulse lengths as compared to values extrapolated
from x-band experiments [2,10]. X-band structures were
conditioned by more than 108 rf pulses, typically without
beam and vacuum pressures below 10−8 Torr. In this
experiment the rf field is excited by the FACET beam so
the number of pulses was limited to <106 and the vacuum
level is 7 × 10−7 Torr. The beam halo is intercepted by the
structure and a few times, the whole beam was dumped into
the structure due to linac faults. All of the above could
contribute to a relatively high breakdown rate. These
experiments are the first yielding quantitative measure-
ments of rf breakdown rate in this parameter space. It will
take many more experiments to understand the physics
of it.
In conclusion this paper reports experimental measure-

ments of deflecting forces and rf breakdown statistics in a
copper traveling wave high gradient accelerating structure
at sub-THz frequencies. This structure can be used as either
a wakefield-driven or an rf powered accelerating structure.
For the latter one, a gyroklystron would be a practical rf
drive source.
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