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Abstract
We present our recent results generating 510 MW of power

at 11.7 GHz using a metamaterial-based metallic power ex-
tractor for structure-based wakefield acceleration (SWFA).
Implementing metamaterials in a power extractor design
allows the structure to overcome some of the challenges
faced by other SWFA techniques. Two previous experi-
ments, Stage 1 in 2018 and Stage 2 in 2019, have success-
fully demonstrated the functionality of this approach by
generating high power pulses using the 65 MeV electron
beam at the Argonne Wakefield Accelerator (AWA) facil-
ity. Here, we discuss the design and results of the Stage 3
experiment. The Stage 3 design includes significant improve-
ments to increase output power, employing an all-copper
structure, fully-symmetric coupler design, and breakdown
risk-reduction treatment.

INTRODUCTION
Structure-based wakefield acceleration (SWFA) holds

great promise in the future of high-gradient particle acceler-
ation [1, 2]. SWFA is a novel acceleration scheme in which
high-charge drive bunches are passed through a structure
to produce a high-intensity wakefield. This wakefield can
then be used to accelerate a low-charge witness bunch in the
same beamline (collinear acceleration) or passed to a sepa-
rate acceleration beamline (two-beam acceleration, or TBA).
In the case of TBA, a specific, dedicated structure is utilized
to efficiently extract power from the drive bunch: the power
extractor. Various metallic and dielectric power extractor de-
signs have been demonstrated [2–8]. Because metamaterials
have been shown to be a promising candidate for generating
high power microwaves [9–15], MIT has developed a power
extractor design using a custom metamaterial, termed the
”wagon wheel metamaterial.” This structure presents several
advantages over existing power extractor designs, including
a rugged metal construction, a high degree of flexibility in
parameter space, and a simultaneously high group velocity
and shunt impedance [5, 16].

Two exploded unit cells of wagon wheel metamaterial
are pictured in Fig. 1. Each cell consists of one structure
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Figure 1: Exploded view of two wagon wheel metamaterial
unit cells.

plate and one spacer plate, each 1 mm in thickness. The
resulting macroscopic metamaterial is subwavelength, which
can be seen by comparing the 2 mm period with the ≈ 20 mm
wavelength at X-band. The simulated dispersion curve of the
material can be seen in Fig. 2. When a high-energy electron
bunch is passed through the center, the bunch radiates in the
backward direction as reverse Cherenkov radiation at the
11.7 GHz interaction frequency [17]. This is reflected in
the negative slope of the dispersion curve, where the group
velocity is 𝑣𝑔 = -0.155𝑐. This fundamental mode has a high
r/Q of 20.2 kΩ/m.

This metamaterial has been implemented in two previ-
ous power extractor experiments: Stage 1 with 40 cells in
2018 [16], and Stage 2 with 100 cells in 2019 [18]. Based on
these experiments, several major improvements were made
in developing the Stage 3 design and are discussed in the fol-
lowing section. All three experiments have been tested at the
65 MeV Argonne Wakefield Accelerator (AWA) at Argonne
National Lab with trains of between one and eight electron
bunches with charge levels up to 280 nC total. Bunches are
generated at the 1.3 GHz frequency of the L-band accelera-
tor.
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Figure 2: Comparison of simulated and experimentally-
measured dispersion curves for the wagon wheel metamate-
rial.

STAGE 3 DESIGN
The fully-assembled Stage 3 experiment can be seen in

Fig. 3. In aggregate, for a given electron bunch, the following
improvements increase the power generation by a factor of
≈1.7 over the Stage 2 experiment.

Figure 3: Fully-assembled Stage 3 power extractor prior to
vacuum installation.

All-Copper Construction
One major improvement made in the Stage 3 experiment

was to fabricate the metamaterial plates from OFHC cop-
per to reduce RF loss. Stainless steel (SST) was used in
the Stage 1 and 2 experiments to reduce the potential for
damage during handling and assembly, at the cost of lower
conductivity. In the Stage 2 experiment, cold tests showed
that 𝛼, the field decay per unit length in the structure, was
3.0 m−1. This corresponds to in an insertion loss of -6.3 dB
at 11.7 GHz, as seen in Fig. 4. By fabricating the structure
plates from OFHC copper 𝛼 was reduced to 0.33 m−1 and
the insertion loss was reduced to -1.3 dB. This allows the
all-copper structure to generate a factor of ≈1.5 higher power
from a given bunch than a structure manufactured from SST.
For example, from a 20 nC bunch, the all-copper structure

Figure 4: Comparison of S21 measurements showing the
reduction in transmission loss in the Stage 3 experiment.

would generate 3.1 MW of power versus 2.0 MW from the
SST structure.

Symmetric High Power Coupler

Figure 5: The asymmetric coupler used in Stage 1 and 2
(top), which caused a transverse kick to the beam, was sym-
metrized in the Stage 3 experiment (bottom).

Power is extracted from the metamaterial cells using a
set of couplers: the ”forward” coupler, which couples the
small amount of power travelling in the forward direction,
and the ”backward” coupler, which couples the main high
power pulse propagating backwards. In the Stage 1 and 2 ex-
periments, both couplers were of the same design, see Fig. 5,
top. The vertical asymmetry in the coupler design generated
a correspondingly asymmetric mode in the coupling cell at
the high-power 11.7 GHz frequency. As a result, bunches
entering the structure received a transverse kick. For ex-
ample, in a train of eight 40 nC bunches, simulations show
that after high power levels are generated in the structure by
earlier bunches, this kick can be large enough to introduce
a trajectory angle of 0.5∘ for the later bunches. This effect
both reduces the efficiency of power generation and makes
beam alignment and transmission more challenging.

The Stage 3 experiment incorporates a symmetric coupler
design for the high-power backward coupler, shown in Fig. 5,
bottom, in which the coupling cell has been symmetrized
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using a racetrack-style scheme [19]. The resulting mode is
now bidirectionally symmetric, which eliminates the trans-
verse kick and maintains an on-axis bunch trajectory. This
increases the power output by approximately 15% over the
non-symmetric coupler design: the all-copper structure with
symmetric coupler would generate 3.5 MW of power from a
20 nC bunch in comparison to 3.1 MW with the asymmetric
design. The forward coupler remains asymmetric because
of the low power level at this coupler and the consequent
negligible effect of the asymmetry on power generation.

Surface Treatment of Metamaterial Plates
The metamaterial plates were fabricated using wire-EDM.

Despite careful manufacturing, defects (generally scratches
and dents) were left on the plate surface. Wire-EDM also
leaves particularly sharp corners along the cutting edge. To
minimize the chance that either damage sites or sharp cor-
ners would initiate breakdown during experiment, we used
dilute Citranox (acid) baths to lightly etch the surface of
the plates. Both visible microscope and SEM images show
that this calibrated processing successfully smoothed both
the plate damage and the sharp corner features. In addi-
tion to this treatment, visible-light breakdown diagnostics
were implemented to monitor for breakdowns in the output
couplers.

EXPERIMENTAL RESULTS
Cold tests performed at MIT and AWA show excellent

agreement with simulation, as shown in Fig. 6. This agree-
ment indicates both that simulations modeled the copper
conductivity well and that fabrication tolerances were met.
A beadpull setup was used to experimentally measure the
dispersion curve of the fabricated structure [20]. The results
are shown in the inset of Fig. 2 and indicate that the interac-
tion frequency is 11.675 GHz - within the tunable range of
the AWA bunch train separation.

Figure 6: Cold Test results showing excellent agreement
with simulation.

The Stage 3 structure produced 510 MW during hot testing
with the 65 MeV electron beam at AWA, as seen in Fig. 7.

This power was generated from an 8-bunch train with total
charge of 280 nC, and represents the highest power output
by a structure-based power extractor at AWA to-date [21].
The corresponding on-axis accelerating gradient has been
calculated to be 128 MV/m. The frequency of the generated
RF was 11.675 GHz, in excellent agreement with a PIC
simulation and the beadpull measurement. No evidence of
breakdown was present in the visible light diagnostics.

Figure 7: The Stage 3 experiment generated 510 MW of
power and show excellent agreement with simulations that
take into account observed bunch offsets.

The output power from the Stage 3 experiment was lim-
ited by two factors: available charge and small tilts/offets
in the incident bunch trajectory. Beam images before the
structure indicate that bunches 2-8 of the eight bunch train
were spatially shifted by a distance on the order of the bunch
diameter. This bunch trajectory error is believed to be due to
undamped transverse wakes in the 65 MeV accelerator and
results in reduced power generation by the structure. Using
measurements from the beam imaging cameras, revised PIC
simulations were run to take into account this effect. The
results, overlayed with experiment in Fig. 7, show excellent
agreement with experimental data. CST particle-in-cell sim-
ulations show that, without this tilt/offset of the bunches, a
360 nC train of 8 bunches, which is the nominal capability
of the AWA, is capable of generating over 1.1 GW of power.

CONCLUSION
The Stage 3 metamaterial-based power extractor success-

fully generated 510 MW of power at 11.7 GHz at the 65 MeV
Argonne Wakefield Accelerator. This represents the highest
power level generated by a structure-based power extrac-
tor. These results were made possible by the improvements
implemented in the Stage 3 design, including an all-copper
construction, symmetric high-power output coupler, and acid
etching treatment to reduce possible breakdown-initiation
sites on the metamaterial plates.
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