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Abstract

We report on the design of high shunt impedance accel-
erator structures operating near 100 GHz. Simulations of
the cavity geometry and RF coupling are performed in AN-
SYS-HFSS and using SLAC’s parallel electromagnetic
code suite ACE3P. We present experimental results for
structures fabricated from copper, niobium, and copper
plated with NbTiNi. We report on techniques for tuning
these high frequency structures. A mm-wave accelerator
cavity enables not only a high achievable gradient due to
higher breakdown thresholds, but also reduced fill times
which decrease pulsed heating and allow for higher repeti-
tion rates.

INTRODUCTION

Accelerators operating in the mm-wave regime offer an
attractive opportunity to reach accelerating gradients of
hundreds of MeV/m and repetition rates exceeding 1 kHz.
Recent research exploring the high gradient performance
and breakdown statistics of mm-wave structures has
demonstrated gradients up to 225 MeV/m [1,2]. The cavity
geometry in this case was designed to match X-band cavi-
ties used in previous experiments, allowing direct compar-
ison of the breakdown statistics collected in both frequency
regimes [3,4]. The research presented here builds on this
foundation of high-power mm-wave tests with measure-
ments of cavities matching the first-generation geometry,
along with a second-generation cavity geometry for higher
shunt impedance. The challenge of extending the mm-
wave structure is met with a side-coupled cell design for a
distributed power coupling manifold [5]. Tuning tech-
niques adapted for the mm-wave regime are tested with
first-generation cavities.
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Figure 1: (a) Microscope image of a “first-generation”
mm-wave cavity (110 GHz) with power coupling on-axis.
(b) Microscope image of a “second-generation” cavity (94
GHz) with re-entrant nose cones and side power coupling.
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ACCELERATOR DESIGN

A key difference between the first-gen and second-gen
cavity design is the approach to power coupling. Figure 1
shows microscope images of fabricated cavities of each
type. Both structures are m-mode standing wave cavities
resonant near 100 GHz. The first-gen cavity has large iris
apertures which facilitate power coupling on-axis; the sec-
ond-gen cavity has a side-coupled power feed and small
iris apertures (330 um) with reentrant nose cones. Meas-
urements taken with a Vector Network Analyzer (VNA) to
characterize the first-gen structures must rely on coaxial
probes aligned within the beam pipe. Measurements of the
second-gen structure use WR-10 waveguide connections
routed to each cavity as shown in Fig. 2a. The re-entrant
nose cones and small iris apertures enable a high shunt im-
pedance, around 440 MQ/m, while significantly reducing
coupling between cells as shown in the HFSS simulations
of the field profiles in Figure 2.
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Figure 2: (a) HFSS simulation of the 4-cell side-coupled
second-gen prototype with power driven at 93.9 GHz into
the first cell. (b) HFSS simulation of the 3-cell first-gen
design with peak field intensity localized in the central cell.

The length-scale of mm-wave structure fabrication
pushes the limits of conventional machining technology.
To test the feasibility of fabricating the second-gen cavity
geometry with features like the side-coupled waveguide
feeds and re-entrant nose cones, the four-cell prototype ge-
ometry shown in Fig. 2a was designed. Machining toler-
ances for the re-entrant nose cone feature were informed
by the results of a mm-wave cavity design study for a beam
driven power extractor [6]. The waveguide routing of the
4-cell second-gen cavity prototype allows for the charac-
terization of each cell individually, without the added com-
plexity of a power distribution manifold that would require
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shorting neighbouring cells. The WR-10 waveguide con-
nections greatly improve the simplicity and reproducibility
of the cold test procedure, as compared to the coaxial probe
method used on the first-gen structures.

COLD TEST AND TUNING RESULTS

Measurements of the transmission coefficient in first-
gen structures fabricated out of copper, niobium, and cop-
per plated with NbTiNi are shown in Figure 3. During cold
test, the structures were clamped with stainless steel shims
between the split-block halves to shift the resonant fre-
quencies down. Three resonances, corresponding to the 0,
n/2, and m-modes, are visible in the 3-cell structures. S-pa-
rameter measurements of the 4-cell second-gen prototype
fabricated from copper are shown in Figure 4. HFSS sim-
ulations of the predicted S-parameter values are shown
with a dashed pink line. The spread in resonant frequency
between the 4 cells is 46 MHz, reaching a maximum of 122
MHz away from the design frequency of 93.99 GHz.
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Figure 3: Network analyzer measurement of Sy, performed
using coaxial probes inserted along the beam pipe of 3-cell
first-gen structures fabricated from Cu, Nb, and NbTiNi.

The initial tuning approach for the first-gen structures
relied on stainless steel shims of variable thickness, pro-
ducing an overall shift down in the resonant frequencies.
Conventional tuning pins brazed to the wall of each cavity
would allow targeted tuning of the relative frequency be-
tween cavities, but the cell period in a mm-wave structure,
roughly 1.6 mm, is too small for this approach. An alterna-
tive method to achieve this targeted tuning was developed
using a demountable tuning fixture, as shown in Figure 5a.
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First-gen prototype structures were modified to allow ac-
cess to a 1 mm thick cavity wall. The position of the tuning
fixture relative to each cell was determined by pairs of
mounting holes, offset to accommodate the short period.
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Figure 4: (a) Reflection coefficients at each port of the 4-
cell second-gen structure prototype. (b) Transmission co-
efficients between neighboring cells. The transceiver and
receiver were moved to the corresponding ports for each
measurement. HFSS simulations of the S-parameters are
shown with a dashed pink line.

The resonant frequencies of the 3 modes in the first-
gen structure were monitored continuously using coaxial
probes. The tuning pin fixture was moved to each cell in
sequence. VNA measurement were saved before and after
each step in the process as shown in Figure 5c. Because of
the strong coupling between cells in the first-gen structure,
pressure on the wall of one cell contributes to a frequency
shift in all three resonant modes. However, the effect on
each mode differs for the 3 cells, resulting in non-uniform
shifts during the intermediate steps in the tuning process,
see Figure 5d. The measurements shown in Fig. 5 are rec-
orded after the tuning pin fixture was removed from each
cavity position. The rebound between the measured reso-
nant frequency while the tuning pin pressed against a cell
wall and after it was removed averaged 158 MHz.
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Figure 5: (a) Photograph of the outer surface of split-block halves of a 3-cell linac prototype, modified to allow access
with a tuning pin. Tuning fixtures can be attached on both sides with mounting holes determining the cavity targeted by
the tuning pin. (b) The inner surface of one half of the slab showing the 3-cell geometry. (c) Network analyzer measure-
ment of Sy; performed using coaxial probes inserted along the beam pipe during tuning. (d) Plot showing the change in
resonant frequency of the 0, 7/2, and n-modes in the 3-cell structure after the tuning pin was removed.
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The tuning procedure illustrated in Fig. 5 was designed
to test the limits of the feasible tuning range with this fix-
tured tuning pin approach. The measured frequency shift
exceeded by more than an order of magnitude the expected
tuning range required for a structure matching the fabrica-
tion specs of the second-gen prototype measured in
Figure 4. Tuning with this fixtured tuning pin approach can
only shift the resonant frequencies up. The fabricated sec-
ond-gen prototype was consistently below the design fre-
quency, suggesting this approach may be sufficient.

A preliminary technique for targeted tuning down in fre-
quency was also investigated. In this case a tuning pin was
pressed against the cavity wall from the inside of the struc-
ture, leaving a depression as shown in Figure 6a. The sig-
nificant disadvantage of this approach is that the structure
must be disassembled during the modification of the cavity.
For this preliminary test, each half of every cell received a
pin indentation, resulting in an overall shift in the three res-
onant frequencies observed in the first-gen structure by an
average of 63 MHz. Further study is needed to develop a
procedure with the precision and repeatability that would
be required for this tuning approach, given that the reso-
nant frequency cannot be actively monitored during tuning.
The features produced by the pin indentation will also re-
quire additional study to determine whether discontinuities
in the surface are generated which may impact rf properties
and surface fields under high power testing.
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Figure 6: (a) Microscope image of a mm-wave cavity with
tuning indent (white arrow) from pin pressed against the
inside wall. (b) Network analyzer measurement of S;; per-
formed using coaxial probes inserted along the beam pipe
of a 3-cell copper structure, before and after pin tuning
technique. The n-mode has shifted down by 47 MHz.

DISTRIBUTED COUPLING

To extend the side-coupled cavity geometry to multi-cell
structures with efficient power coupling, a distributed
waveguide manifold was designed, as shown in Figure 7.
Simulations of this 16-cell structure predict up to 3 MeV
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energy gain for 1 MW of dissipated power. The quasi-op-
tical coupling horn shown if Fig. 7a is adapted from previ-
ous high-power tests with the first-gen structures.
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Figure 7: (a) CAD model of the 16-cell distributed cou-
pling linac with quasi-optical coupling horn. (b) Vacuum
space of the linac and horn. (c) ACE3P simulation with cut-
out view of on-axis electric field. (d) View of the linac vac-
uum space showing power distribution waveguides.

CONCLUSION

The designs presented here establish a method of scal-
ing a mm-wave accelerator cavity to a multi-cell structure
that is optimized for maximum shunt impedance. These in-
novations set the groundwork for high power testing of an
extended distributed coupling multi-cell mm-wave accel-
erator, capable of reaching high gradients with input pow-
ers at the level of a MW. The tuning techniques reported
here achieve a range more than sufficient to compensate
for the frequency variations measured in fabricated proto-
types. With continued advances in mm-wave source tech-
nology and the development of active pulse gating and
compression techniques [7-9], this technology will be
poised to enable compact accelerators providing >100
MeV on the sub-meter scale with repetition rates on the or-
der of 1 kHz. This new operating regime will open doors
to novel capabilities in a wide range of applications, from
advanced radiation therapy techniques, like spatially frac-
tionated high dose rate direct electron therapy, to improved
accessibility for accelerator-based discovery science with
compact cost-effective high gradient systems.
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