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A new regime in radiofrequency (rf) breakdown, named the breakdown insensitive acceleration regime
(BIAR), was observed in an 11.7 GHz metamaterial structure for wakefield acceleration driven by rf pulses
with a duration of a few nanoseconds. In the BIAR, rf breakdown occurs without interrupting potential
beam acceleration, resulting in greater resilience to breakdown. We have investigated the possibility that
BIAR can support higher gradients by characterizing the breakdown in a high-power test. The peak
gradient reached 190 MV=m when the structure was powered by 6 ns long rf pulses with 115 MW peak
power. The short rf pulses were extracted from 65 MeV electron bunch trains with a total charge of up to
210 nC. This work has revealed the benefits of short-pulse acceleration by characterizing rf breakdown in
the previously unexplored parameter space.
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Radiofrequency (rf) breakdown is the fundamental
limitation to reaching higher accelerating gradients in
particle accelerators. Exploring novel approaches to
increase the gradient beyond the rf breakdown limit is
critical to future energy-frontier colliders [1–3] and has been
the goal of advanced accelerators research [4]. The plasma-
based wakefield acceleration approaches [5–11], including
both beam-driven plasma wakefield acceleration and laser
wakefield acceleration, remove the limitation by using
plasmas, which are not susceptible to rf breakdown, as the
accelerating media. An alternative scheme, the structure-
based wakefield acceleration (SWFA) [1,4,12,13], tackles
the problem of rf breakdown by confining the microwave
energy in a short and intense rf pulse. Colliders [14] have
been proposed based on this concept. In SWFA, the wake-
field is excited by a drive bunch traversing an rf structure in
vacuum. The generated wakefield, as a short rf pulse, can be
used to accelerate a trailing witness bunch in the same
structure (collinear wakefield acceleration) or in a separate
structure (two-beam acceleration). The pulse length in
SWFA can reach only a few nanoseconds, much shorter

than the typical pulse length in conventional rf accelerators
that ranges from a few hundred nanoseconds to a few
microseconds. Experimental studies on high-gradient rf
structures operating with varied pulse lengths [15–20],
and demonstrations of high-power extraction [21–26] and
high-gradient generation [27–31] in SWFAhave revealed the
potential benefits of using short pulses. In this paper, we
conducted a short-pulse SWFA experiment and observed a
new acceleration regime, the breakdown insensitive accel-
eration regime (BIAR), where rf breakdown occurs without
interrupting potential beam acceleration. This new regime
sheds light on the physics of breakdown mitigation using
short pulses, and the advantages of short-pulse acceleration
can be extended beyond the SWFA scheme to other accel-
erator applications including colliders and light sources.
The physics understanding of rf breakdown has been

highly sought after and greatly deepened in the last few
decades through theoretical modeling [32–39] and exper-
imental studies [15–20,27,28,40–57]. These studies have
identified common breakdown initiators, including pulsed
heating, multipacting, and field emission. According to the
empirical scaling law [18] of the breakdown rate (BDR) with
the gradient Ea and the pulse length tp, as E30

a × t5p=BDR ¼
constant, operating with short pulses can potentially reduce
the BDR. However, our understanding of rf breakdown with
nanosecond-long pulses is based on the extrapolation of data
from studieswithin a parameter space corresponding to pulse
lengths suitable for conventional accelerators. In pioneering
short-pulse breakdown studies [15,16,55], the gradient
achieved was limited by available power levels when the
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pulse length was below a few tens of nanoseconds. In this
study, we conducted a high-power test on an 11.7 GHz
metamaterial (MTM) accelerating structure using the SWFA
approach at the ArgonneWakefield Accelerator (AWA). The
input rf pulses to the MTM structure were generated using a
power extractor excited byhigh-charge electron bunch trains.
The MTM structure is designed for two-beam acceleration,
while this study is an rf breakdown testwith nowitness beam.
The MTM structure was designed to address challenges

arising from the short-pulse length, due to the trade-off
between a short structure filling time tf required to
accommodate the short-pulse regime, and a high gradient
in the steady state Esteady (when the pulse length tp ≫ tf).
This trade-off makes the choice of the group velocity vg of
the structure critical since a short filling time tf ¼ L=jvgj
prefers a high group velocity, while a high steady-state
gradient (which is different from the transient gradient)
prefers a low group velocity, as Esteady ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kLP=jvgj
p

,
where P is the steady-state input rf power, kL ¼ ðω=4Þ ×
ðr=QÞ is the structure loss factor, ω=ð2πÞ is the rf
frequency, and r=Q is the shunt impedance per unit length
over the quality factor. A higher shunt impedance typically
results in a reduced group velocity. The MTM structure
with a negative group velocity, when compared to accel-
erating structures at the same frequency with positive group
velocities [30,58], has a higher shunt impedance with the
same group velocity magnitude [24,59] and can thereby
reach a higher gradient with the same input rf power in the

short-pulse regime. Examples of such comparisons can be
found in Ref. [24]. MTM structures are subwavelength
periodic structures with exotic features such as simulta-
neously negative effective permittivity and permeability
[60,61]. The MTM structure in this experiment is a one-
dimensional MTM structure, with a period of 2 mm in the
longitudinal direction (or the beam direction). This period
is much smaller than the free-space wavelength of 25.6 mm
at 11.7 GHz. Each unit cell comprises one copper “wagon
wheel” plate and one copper spacer plate, as shown in
Fig. 1(b). Thegroupvelocity is−0.012c (wherec is the speed
of the light) with r=Q ¼ 21 kΩ=m to maximize the gradient
with a 6 ns long input pulse. A blowout view of the complete
six-cell structure is shown in Fig. 1(c), including two power
couplers as the input and output ports. More information
about the structure design and low-power microwave mea-
surements can be found in the Appendix.
A high-power test was conducted to study the high-

gradient performance of the MTM structure and to study
short-pulse rf breakdown physics. Figure 1(a) shows the
experimental setup. Electron bunch trains spaced at
1.3 GHz (L-band) were produced at the photocathode
from laser pulse trains at 2 Hz, accelerated to 65 MeV
in the L-band linac and then sent through the X-band
metallic disk-loaded power extractor [25]. The total charge
in eight-bunch trains reached 210 nC, with a charge
transmission of nearly 100%, as verified by the integrating
current transformers. The extracted rf pulse has a FWHM
duration of 6 ns, and a center frequency of 11.7 GHz (as the
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FIG. 1. Schematic of the breakdown test of the 11.7 GHz metamaterial (MTM) accelerating structure at the Argonne Wakefield
Accelerator (AWA). (a) Block diagram of the AWA 65 MeV drive electron beamline and the breakdown test stand. “YAG” denotes
yttrium aluminum garnet mirrors for measurement of the beam transverse profile, “ICT” denotes integrating current transformers for
measurement of the bunch-train charge, and “DC” denotes directional couplers for measurement of the rf signals. (b) Unit cell design of
the MTM structure, with one ”wagon wheel” plate and one spacer plate per period. (c) Exploded view of the six-cell MTM structure,
with power couplers at both ends.
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ninth harmonic frequency of 1.3 GHz for coherent addition
of the wakefield extracted from the bunch trains). The
extracted rf pulses were then transmitted through a wave-
guide to the input port of the MTM structure. The MTM
structure was installed in a vacuum chamber equipped with
breakdown diagnostics. The input and reflected rf signals
were measured by the directional couplers before and after
the structure, as DC1 and DC2 in Fig. 1(a), respectively. A
Faraday cup was placed close to one end of the structure for
dark current measurement. Light diagnostics were set up,
including one photodiode detector and one camera at the
viewport.
The MTM structure underwent rf conditioning to a peak

input power of 115 MW, resulting in a peak gradient of
190 MV=m. The sample waveforms are shown in Fig. 2(a),
including the input, transmitted, and reflected rf power
traces. The measured traces for the transmitted and reflected
rf signals were benchmarked against the corresponding
theoretical waveforms. The theoretical waveforms were
generated as the convolution of the measured input rf
waveform and the inverse Fourier transform of the structure
scattering parameters (or S parameters [62]). The electro-
magnetic field in the MTM structure is intricate, including
not only the eigenfrequency component at 11.7 GHz but also
additional components originated from the 0.2 GHz band-
width of the short-input pulse. The gradient is calculated
through two approaches with good agreement, utilizing
complementary information from frequency-domain and
time-domain simulations in the CST Studio Suite [63]. The first
approach involves utilizing the simulated frequency spec-
trumof the electric field to reconstruct the temporal evolution

of the gradient. The second approach involves a direct time-
domain simulation. The peak surface electric field is esti-
mated to be approximately 1 GV=m, with the ratio of the
peak surface field to the gradient simulated as 5, following
the methodology detailed in Ref. [64].
Three types of events were observed as shown in Fig. 3,

and we name them nonbreakdown events, BIAR break-
down events, and destructive breakdown events, respec-
tively. The primary distinguishing factor lies in whether and
when the breakdown starts. The short-input pulse generates
an unconventional time structure in the transmitted pulse,
with a primary pulse and secondary pulses, both in the
fundamental mode of the MTM structure. The primary
pulse, characterized by higher power and longer duration
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FIG. 2. Sample waveforms from the high-power test of the
MTM structure during normal operation. (a) Measured input,
transmitted, and reflected rf pulses in solid lines, benchmarked
against theoretically calculated waveforms in dotted lines.
(b) Gradients obtained using two methods were in good agree-
ment: Calculation using the frequency-domain response of the
structure (solid black) and direct time-domain simulation
(dashed red).
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FIG. 3. Three types of events observed: (a) A nonbreakdown
event. (b) A BIAR breakdown event. (c) A destructive breakdown
event. The figures illustrate the input and transmitted rf voltage
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compared to the secondary pulses, can be used for the
acceleration of a potential witness bunch by the two-beam
acceleration technique. Conversely, the secondary pulses
do not play a critical role in the acceleration process.
Figure 3(a) shows the waveforms for a nonbreakdown
event, where the measured transmitted rf voltage waveform
is in excellent agreement with the theoretical waveform. In
comparison, for the two types of breakdown events, the
measured transmitted rf waveforms deviate from the
theoretical waveforms, as the theory assumes the absence
of breakdown. For the destructive breakdown [Fig. 3(c)],
both the primary and the secondary pulses are interrupted,
while for the BIAR breakdown [Fig. 3(b)], only the
secondary pulses are interrupted, and the acceleration of
a potential witness beam during the unaffected primary
pulse remains achievable. We classify an event with a
voltage decrease of over 5% in the primary pulse as a
destructive breakdown event. For breakdown events with
longer pulses, the transmitted power could drop to zero.
Destructive breakdown does not mean damage to the
structure but rather interruptions to the rf pulses. Details
about the breakdown event identification and statistical
analysis showing the bimodal features between the two
types of breakdown are presented in the Appendix.
More than 3 × 105 pulses were recorded in two phases,

the conditioning and testing phases, as shown in Fig. 4(a).
The MTM structure remains intact after the high-power
test, with a slight improvement in the rf transmission
attributed to rf conditioning. In contrast to the previous

klystron-powered breakdown tests, we generated the input
rf pulses (with a peak power of Pin) as the wakefield
extracted from the electron bunch trains with a total charge
of Qtot. Therefore, Pin scales according to Pin ∝ Q2

tot, and
the variation in the gradient is a result of fluctuations in
Qtot. To facilitate the BDR analysis with varying gradient
values, we divided the data into a series of bins. Figure 4(b)
presents the BDR from the data collected in the testing
phase for both breakdown types. The destructive BDR is
approximately 1 order of magnitude lower than the BIAR
BDR, indicating that acceleration in the short-pulse regime
could lead to fewer interruptions of operation. Different
breakdown damage behaviors between short and long
pulses were reported in laser-induced breakdown [65]. In
the case of rf breakdown, the destructive breakdown was
observed at high gradients in the primary pulse and is thus
likely associated with the field emission process [66,67].
Multipacting may have a higher contribution to the BIAR
breakdown, observed at lower gradients [68–70] in the
secondary pulses. Consequently, the BDR behaviors differ
between the two breakdown types and also differ from the
extrapolation of the empirical scaling law obtained from
breakdown studies with longer pulses.
The observed resilience to breakdown in the BIAR is

likely related to confining the rf power in a short duration,
so breakdown-related physics processes may not fully
develop. In the multipacting process, the rate of change
of the gradient is one to 2 orders of magnitude higher in this
experiment than in similar-frequency rf structures tested
with longer pulses. This implies that each potential multi-
pacting resonance mode has significantly less time to
develop in the short-pulse regime [54]. Plasma generation
at the structure surface could also trigger breakdown, while
the plasma expansion would take on the order of tens of
nanoseconds to block rf transmission [71,72]. Another
characteristic of the short-pulse rf breakdown is that no
light was observed by either the photodiode or by the
camera throughout the experiment, whereas light emission
is a common breakdown indicator in accelerating structures
with longer pulses. On the modeling side, performing
multiphysics simulations of short-pulse breakdown phe-
nomena is one interesting future direction. On the exper-
imental side, two-beam acceleration experiments to
demonstrate the acceleration of a witness beam in the
BIAR regime and to study the effect of beam loading on the
BIAR breakdown are valuable and planned at AWA.
Although not yet suitable for realistic machines, new
structure designs with multiple optimization goals show
promise in achieving gradients of up to 500 MV=m with
the ratio of the surface field to the gradient reduced and the
BDR reduced as a result at lower operating gradients. More
detailed characterization of dark electrons is under develop-
ment with multiple Faraday cups.
The SWFA approach has great advantages in generating

high-power nanosecond-long rf pulses and in achieving

FIG. 4. Breakdown test results. (a) Gradient history of the
breakdown test, divided into two phases: the conditioning phase
and the testing phase. (b) Breakdown rate (BDR) in the testing
phase plotted against the gradient Ea, for both the BIAR break-
down (black) and the destructive breakdown (red). Fitted results
are shown using dashed lines in their corresponding colors. No
destructive breakdown events were observed in the two highest
gradient bins, where limits of BDR are provided but not included
in generating the fitting curve.
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high-gradient acceleration, and SWFA-based breakdown
tests can provide insights into rf breakdown physics in a
previously unexplored parameter space. Short-pulse accel-
eration can lead to a dramatic improvement in the gradient
and rf-to-beam efficiency in a range of accelerator appli-
cations, including linear colliders, injectors for circular
colliders [73], and x-ray free electron lasers [74,75].
Complementary approaches capable of generating nano-
second-long pulses using active pulse compressors [76,77]
and using frequency-chirped microwave sources with
passive pulse compressors [78,79] also contribute to further
advances of short-pulse acceleration.

This research was supported by the U.S. Department of
Energy, Office of Science, Office of High Energy Physics
under Award No. DE-SC0021928, and the Chicagoland
Accelerator Science Traineeship (CAST) program spon-
sored by the U.S. DOE Award No. DE-SC0020379. The
work at the AWAwas funded through the U.S. Department
of Energy, Office of Science under Contract No. DE-AC02-
06CH11357.

APPENDIX

1. Metamaterial structure design

The metamaterial (MTM) accelerating structure in this
experiment is designed as a clamped structure with the
wagon wheel plates and the spacer plates and two power
couplers. The assembled structure is shown in Fig. 5. The
MTM plates were fabricated by wire electrical discharge
machining and postprocessed by electropolishing.
The MTM structure can support traveling waves with

both negative effective permittivity and permeability [60].

Figure 6 shows the dispersion curves of the fundamental
mode and the dipole mode, both exhibiting negative group
velocity.
Figure 7 shows the frequency spectra of the input and

transmitted rf pulses centered at 11.7 GHz. The MTM
structure is optimized for a high transient gradient, and the
resulting bandwidth of the transmitted rf spectrum is
slightly narrower than that of the input rf spectrum. This
gives rise to the feature of a primary pulse and secondary
pulses in the transmitted rf signal, which has enabled direct
detection of the BIAR breakdown.

2. Low-power microwave measurements

Low-power microwave measurements were conducted
before and after the high-power test. The rf transmission
between the input and output ports was measured, repre-
sented by the magnitude of the S21 parameter. Figure 8
illustrates that the rf transmission exhibited a slight
improvement after the high-power test, indicating the
robustness of the MTM structure and the effect of rf
conditioning.

3. Statistical analysis of breakdown events

A statistical analysis was performed, where we separated
all the pulses into three types of events: nonbreakdown
events, BIAR breakdown events, and destructive breakdown

FIG. 5. Photo of the assembled metamaterial (MTM) structure
with spare wagon wheel plates and spacer plates.
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events. The classification of breakdown events was con-
ducted by comparing the measured transmitted voltage with
the theoretical reconstruction, as detailed as follows: (i) If a
transmitted rf voltage waveform has two peaks (the primary
pulse and the following secondary pulse), this event is
identified as a nonbreakdown event. (ii) If a transmitted rf
voltage waveform has only one primary pulse, while the
measured peak voltage of the primary pulse is lower than the
theoretically reconstructed peak voltage by over 5%, this
event is identified as a destructive breakdown event.
(iii) Otherwise (or if a transmitted rf voltage waveform
has only one primary pulse, while themeasured peak voltage
of the primary pulse is greater than 95% of the theoretically

reconstructed peakvoltage), this event is identified as aBIAR
breakdown event.
We show histograms of two key characteristics in the

transmitted rf pulses in Fig. 9. Figure 9(a) shows the ratio R
of the peak voltage between the transmitted rf voltage
Vmax;transmitted (in the primary pulse) and the input rf voltage
Vmax;input as R ¼ Vmax;transmitted=Vmax;input, where the dis-
tribution of R for the BIAR events is similar to that for the
nonbreakdown events. Figure 9(b) shows the duration of
the primary transmitted rf pulse. Bimodal distributions are
observed between the two breakdown types.

4. Breakdown rate in the conditioning phase

The breakdown rate (BDR) in the conditioning phase
dataset is shown in Fig. 10. The BDR in the testing phase is
lower than that observed in the conditioning phase, show-
ing the effect of conditioning.
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