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Experimental High Gradient Testing of a 17.1 GHz Photonic Band-gap Accelerator

Structure
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Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Dated: February 17, 2016)

We report the design, fabrication and high gradient testing of a 17.1 GHz Photonic Band Gap
(PBG) accelerator structure. Photonic band-gap (PBG) structures are promising candidates for
electron accelerators capable of high-gradient operation because they have the inherent damping
of high order modes required to avoid beam breakup instabilities. The 17.1 GHz PBG structure
tested was a single cell structure composed of a triangular array of round copper rods of radius
1.45 mm spaced by 8.05 mm. The test assembly consisted of the test PBG cell located between
conventional (pillbox) input and output cells, with input power of up to 4 MW from a klystron
supplied via a TMp1 mode launcher. Breakdown at high gradient was observed by diagnostics
including reflected power, downstream and upstream current monitors and visible light emission.
The testing procedure was first benchmarked with a conventional disc-loaded waveguide structure,
which reached a gradient of 87 MV/m at a breakdown probability of 1.19 x 10! per pulse per
meter. The PBG structure was tested with 100 ns pulses at power levels of less than 90 MV /m in
order to limit the surface temperature rise to 120 K. The PBG structure reached up to 89 MV/m
at a breakdown probability of 1.09 x 10™! per pulse per meter. These test results show that a PBG
structure can simultaneously operate at high gradients and low breakdown probability, while also

providing wakefield damping.

I. INTRODUCTION

Photonic band-gap (PBG) structures continue to be
a topic of experimental and theoretical interest in ac-
celerator structure design. PBG accelerator research is
conducted at microwave and optical wavelengths and in
room temperature and superconducting structures [1-
10]. Photonic crystals use a lattice of metallic or di-
electric rods to prevent propagation of electromagnetic
waves through the lattice at certain frequencies that fall
into the band gap [11, 12]. In accelerator applications
this allows for a drive mode to be confined by a defect
region within the lattice while damping modes at both
higher and lower frequencies. A metallic PBG lattice
can be designed such that the lowest frequency mode
supported by the cavity is the drive mode and all higher
order modes (HOMs) are damped. The initial design of a
PBG accelerator structure was based on a square lattice
as proposed in [13]. A triangular lattice provides better
symmetry for accelerator structures, and good agreement
with simulation has been shown for a triangular lattice in
an accelerator application [14]. A 17.1 GHz, six-cell trav-
eling wave PBG structure based on this triangular lattice
was built [15] and tested at MIT, demonstrating accel-
eration [1]. PBG HOMs have been simulated and the
wakefields have been measured [10, 16, 17]. Wakefield
damping has been studied in simulation in [18], and op-
timized wakefield damping via lattice perturbations has
been studied in [19]. High-gradient testing of two stand-
ing wave PBG structures at 11.4 GHz at SLAC [9, 20]
has shown that PBG structures are capable of achieving
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both low breakdown probability and high-gradient oper-
ation. The test at SLAC included a PBG structure with
round rods (PBG-R) [9] and an improved structure with
elliptical rods (PBG-E) to reduce the temperature rise at
the rod surface [20].

Following the successful demonstration of high-
gradient operation of a PBG structure at 11.4 GHz at
SLAC, both a PBG structure (MIT-PBG) and a ref-
erence disc-loaded waveguide (DLWG) structure (MIT-
DLWG) were designed and tested at 17.1 GHz at MIT.
This paper reports the experimental test results. These
structures follow the general design used extensively in
previous SLAC single-cell standing wave structure test-
ing [21-29]. The structures are designed with a match-
ing cell on either side of a single high-gradient test cell;
only this central cell varies between the two structures.
The structure is designed to have the highest electric and
magnetic fields in the test cell and significantly reduced
fields in the matching cells. The matching cells in both
structures have solid cylindrical walls. The structure is
axially powered via a reusable TMy; mode launcher built
at SLAC and scaled from their design [30]. A model of
the PBG structure tested at MIT is shown in Fig. 1;
the DLWG structure differs only in the center cell pieces.
The detailed design of the structures is described in Sec-
tion IT

II. ACCELERATOR TEST STRUCTURE
DESIGN

Our design and test strategy follows the techniques
pioneered at SLAC. We employ single-high-gradient,
standing-wave structures powered using a reusable TMy;
mode launcher. The SLAC-type mode launchers are



FIG. 1: Expanded three quarter section view of the solid
model of the 17.1 GHz PBG structure, showing two coupling
cells and central PBG cell. The clamping rods are not shown
for clarity. Power is coupled in from a TMp1 mode launcher
(not shown) connected at the left.

driven by an incident TE;g mode in rectangular waveg-
uide, WR-62 for the 17.1 GHz launcher, which is then
converted to the TMy; mode in cylindrical waveguide
with a diameter of 0.600 inches.

This cylindrical input waveguide is coupled into a
three-cell structure through a coupling iris. The high-
gradient center cell is designed to have twice the axial
electric field amplitude of the coupling cells on either side,
in order to limit breakdowns to the high-gradient cell un-
der test. For the structures described here the aperture
for the high-gradient irises relative to wavelength, a/\,
and the thickness of the irises relative to the wavelength,
t/A, were kept the same as the structures tested at 11.4
GHz at SLAC [20]; this makes the center cell and irises
effectively part of a periodic accelerator structure of the
desired geometry. The two coupling cells and the input
coupling iris can be used to tune the frequency and cou-
pling of the structure under test.

While the breakdown structures tested at SLAC were
fully brazed, the PBG and DLWG structures tested at
MIT and described here were assembled using clamping
rods. Our first test structures were fully brazed. They
suffered from the difficulty in tuning and in achieving a
high quality braze of all of the joints. A clamped struc-
ture also allows for the possibility of replacing damaged
parts as well as disassembly and reassembly of structures
during testing to examine surfaces for damage. The use
of a clamped structure is also greatly simplified because
of the external vacuum chamber at the MIT standing-
wave test stand.

The PBG test structure itself is still fully brazed. This
allows better alignment of the two high-gradient irises
and guarantees good electrical contact for all of the rods.
Brazing the PBG cell also allows the outer wall of the cell
to be opened. This allows for the higher-order modes
to be radiatively damped in the central cell, which in
turn requires an additional layer of rods in the PBG cell.
The use of overlapping concentric alignment surfaces be-
tween the rest of the cups and the single mating surface at
those junctions makes clamping a good alternative for the
rest of the structure joints. The fields at these clamped
surfaces should be very low and should not cause arc-
ing or breakdown. The positive results observed using a

TABLE I: Common fixed parameters for 17.1 GHz standing-
wave structure. Final design values for parameters shown in
Fig. 2.

Fixed Parameters

Rpipe 2.0 mm

Rb 0.25 mm
t 3.07mm
er 2.27 mm
D 8.75 mm
a 3.77 mm
a_pipe 4.23 mm
b_conv 7.62 mm

clamped structure are consistent with the results previ-
ously observed in clamped structure testing [31, 32].

A. Structure Tuning

In addition to the iris geometry, various other structure
parameters are fixed by the frequency of the experiment
and the geometry of the TMy; mode launchers. The
diameter of the input waveguide is fixed to that of the
mode launcher being used. The diameter of the output
waveguide is chosen such that the accelerator mode is
below cutoff, thereby reflecting the mode and forming
a standing wave structure. The lengths of the cells are
fixed by matching the frequency of the m mode to the
frequency of the klystron used for testing, and the radii
of curvature in the cells are fixed for ease of fabrication.
These parameters are shown in an axisymmetric view in
Fig. 2 and their values are given in Table I.

When designing the structure the frequency of the 7
mode and the 1:2:1 field amplitude ratio (from the input
cell to the test cell to the output cell) profile are domi-
nated by three tuning parameters: the radius of each of
two coupling cells and the aperture of the coupling iris.
These tuning parameters of the structure are shown in
Fig. 3. The radii of the input and output coupling cells,
b_cpl and b_end respectively, are varied in HFSS simula-
tions to find a field profile on axis with approximately half
of the peak field amplitude in the coupling cells relative
to the central PBG cell. The aperture of the coupling
iris, a_cpl, is chosen to achieve critical coupling in the
HFSS simulation. Varying a_cpl affects the frequency of
the structure so an iterative process of tuning the fre-
quency with the cell radii then adjusting the coupling
with the iris aperture must be used to keep the resonant
frequency of the entire structure as close as possible to
the resonant frequency of the PBG lattice, which is tuned
to the center frequency (17.14 GHz) of the klystron.
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FIG. 2: Axisymmetric views of the assembly drawing of the
17.1 GHz PBG structure showing the fixed parameters of the
structures. The five plates that are defined in the drawing
correspond to the five copper-colored elements shown in Fig.
1.
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FIG. 3: Axisymmetric views of the assembly drawing of the
17.1 GHz PBG structure showing the tuning parameters for
the structure.

B. Design of the Photonic Band-Gap Structure

The photonic band-gap structure for testing at 17.1
GHz is designed as a scaled version of the PBG-R struc-
ture described in [20], i.e. the lattice uses only round rods
and has a filling factor of a/8 = 0.18. The radius to the
outer wall of the PBG cell, b_cll, is chosen to allow the
clamping rods for the structure to be placed in the holes
in a standard 2.75 inch ConFlat flange. The structure
was tuned as described in Sec. IT A, and the final design
values for the tuning parameters are given in Table II.

The assembly drawings in Figures 2 and 3 also show
the major modification to the PBG design for testing
at MIT: the open outer wall. Removing the outer wall
of the structure provides line-of-sight access to the high-
gradient surfaces of the structure, such as the irises and
rod faces. Although direct observation of these surfaces

TABLE II: Tuning parameters for the 17.1 GHz PBG struc-
ture. Final design values for Fig. 3.

Tuning Parameters

a_cpl 3.45 mm
b_cpl 7.69 mm
b_cll 69.34 mm
b_end 7.78 mm
Rod Radii («) 1.45 mm
Rod Spacing (3) 8.05 mm

in-situ is difficult, the general access to the high-gradient
region of the structure allows for optical detection of light
produced by breakdowns, with the possibility of localiza-
tion of the source of this light to identify breakdown lo-
cation; this will be discussed in more detail in Sec. III C.

The outer wall in the PBG-E structure previously
tested at 11.4 GHz at SLAC does also increase the diffrac-
tive quality factor of that structure. To account for this
decrease in diffractive Q when moving to an open-walled
structure in the 17.1 GHz tests, the number of layers of
rods in the 17.1 GHz PBG structure was increased from
two in the 11.4 GHz structure to three in the 17.1 GHz
structure. The open wall, like in the traveling-wave struc-
ture previously tested at MIT, also allows the HOMs to
be radiatively damped. While no HOMs should be ex-
cited by the TMy; mode launcher, testing the open struc-
ture validates that a PBG structure with actual damping
can operate at high gradients; in contrast any HOMs ex-
cited in the SLAC structures would be reflected back into
the lattice by the solid wall.

The key results of the PBG structure design are sum-
marized in Figures 4 and 5, showing the magnitude of
the reflection from the cavity as a function of frequency
and the normalized axial field profile of the structure, re-
spectively. Figure 4 shows the minimum in reflection for
the m mode of the structure of -38 dB, which is achieved
at 17.137 GHz; this is comfortably within the operating
bandwidth of the MIT klystron. Figure 5 shows the de-
sired 1:2:1 pattern in the axial field amplitude, where the
central PBG test cell has about twice the field amplitude
of the coupling cells on each side.

Field plots for the final design are shown in Fig. 6 and
Fig. 7 in a cutaway view through an inner rod and top-
down view, respectively. In the cutaway view the 1:2:1
relationship in electric field value can be seen, as well as
the increase in surface electric field on the irises. This
view also shows the localization of the magnetic field to
the defect-facing side of the inner rods. The top-down
view shows the uniformity of the accelerating field in the
defect region, and the distribution of the magnetic field
across the defect-facing side of the inner rod.
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FIG. 4: Calculated reflection as a function of frequency for
the 17.1 GHz PBG structure.

I o © =
> o © o

Normalized Field Amplitude

o©
[N

©
o)

10 20 30 40
Position (mm)

FIG. 5: Normalized profile of simulated electric field on axis
in PBG structure; the field amplitude in each coupling cell is
approximately half that in the PBG cell.

C. Design of the Disc-Loaded Waveguide Structure

In order to facilitate rapid testing of the disc-loaded
waveguide (DLWG) structure for comparison to the 17.1
GHz PBG structure, the DLWG structure was designed
with identical parameters wherever possible. This allows
for reuse of parts from the PBG structure in the DLWG
structure. This means that for the DLWG structure the
only tuning parameter was the radius of the high-gradient
cell, b_cll. While this means that the coupling to and
axial field profile of the final design are not optimized,
sufficient coupling at a frequency within the bandwidth
of the klystron was found at b_cll = 7.58 mm. The ad-
ditional fixed parameters determined by the PBG design
are shown in Fig. 8 in black, and the tuning parameter
b_cll is shown in blue. The coupling is shown in Fig. 9,
showing that the 7 mode has a minimum reflection from
the structure occurring at 17.149 GHz with a minimum
value of -25 dB.

The axial field profile along the structure is shown in
Fig. 10. As in the case of the PBG structure design,
an approximately 1:2:1 ratio in field amplitude is calcu-
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FIG. 6: Electric (A) and magnetic (B) field amplitudes look-
ing at a radial cut of the structure through an inner rod. At
an accelerating gradient of 100 MV /m the peak surface elec-
tric field amplitude is 200 MV /m at the iris surfaces, and the
required input power is 2.4 MW. At the same gradient the
peak surface magnetic field occurs on the inner surface of the
inner rod, and reaches a value of 900 kA /m. The radial extent
of the structure has been cropped for compactness.
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FIG. 7: Electric (A) and magnetic (B) field amplitudes look-
ing at top-down view of a 30 degree section of the structure.
The peak surface electric field of 200 MV /m for a 100 MV /m
accelerating gradient from 2.4 MW of input power is seen on-
axis. The peak surface magnetic field of 900 kA/m for an
accelerating gradient of 100 MV /m is confined to the center
of the inner surface of the innermost rod. The additional large
white space at the bottom of the images is the clamping rod
that hold the structure together.

lated. Field plots for the final design are shown in Fig.
11 and Fig. 12 in a cutaway view and top-down view,
respectively. In the cutaway view the 1:2:1 relationship
in electric field value can be seen, as well as the increase
in surface electric field on the irises. This view also shows
the localization of the magnetic field to the outer wall of
the central cell. The top-down view shows the unifor-
mity of the accelerating field in the central cell, and the
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FIG. 8: Axisymmetric views of the assembly drawing of the
17.1 GHz MIT-DLWG structure showing the additional fixed
parameters for the structure in black and the one tuning pa-
rameter in blue.
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FIG. 9: Calculated reflection as a function of frequency for
the 17.1 GHz clamped DLWG structure.

distribution of the magnetic field across the outer wall of
the structure.

D. Structure Modeling for Data Analysis

The data collected during experimental operation is in
the form of number of breakdowns per unit time versus
power incident on the structure. In order to translate this
data into breakdown probabilities as a function of field
parameters, such as gradient or peak surface temperature
rise, calibrations between input power and field must be
made. This can be done as described in [20], combining
both eigenmode and driven modal HFSS [33] simulations
with a resonator response model in Mathematica [34].
This results in a model of the evolution in time of the
fields in the structure, from which the various pertinent
physical quantities can be calculated.

Normalized Field Amplitude
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FIG. 10: Normalized electric field profile on axis in DLWG
structure; the field amplitude in each coupling cell is approx-
imately half that in the central cell.
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FIG. 11: Electric (A) and magnetic (B) field amplitudes look-
ing at a radial cut of the structure. At an accelerating gradi-
ent of 100 MV /m the peak surface electric field amplitude is
197 MV /m at the iris surfaces, and the required input power
is 2.0 MW. At the same gradient the peak surface magnetic
field occurs along the outer wall of the structure, and reaches
a value of 421 kA /m.

ITII. EXPERIMENTAL SETUP
A. Cold Test

Initial setup and tuning of the clamped PBG and
DLWG structures was completed using a vector network
analyzer (VNA) and an additional TMp; mode launcher.
The VNA was connected to the rectangular input of the
mode launcher and a measurement of the complex reflec-
tion (S11) from the single-port structure is made. This
measurement can be used to determine if any tuning of
the structure is necessary.

In additional to the S;; measurement, the axial field
profile in each structure is measured. This is done us-
ing the same non-resonant technique described in [20]
where a dielectric bead is suspended on a thin dielectric
wire along the axis of the structure. The wire used is
Ashaway 10/0 black monofilament micro suture thread



FIG. 12: Electric (A) and magnetic (B) field amplitudes look-
ing at top-down view of a 30 degree section of the structure.
The peak surface electric field of 197 MV /m for a 100 MV /m
accelerating gradient from 2.0 MW of input power is seen on-
axis. The peak surface magnetic field of 421 kA/m for an
accelerating gradient of 100 MV /m is on the end plate of the
structure.

and the bead is a small drop of super glue. The bead is
moved through the structure with the use of a precision
translation stage. The structure is suspended with the
axis vertical and tension is maintained on the line using
lead weights; the translation stage moves perpendicular
to the structure axis over a pulley to reduce bouncing of
the bead during testing. This field profile is used both to
confirm that the structure is operating in the desired m
mode and to determine which coupling cell needs to be
modified to tune the frequency of the structure.

B. High-Power Testing

Both structures were tested at the MIT Plasma Science
and Fusion Center, using a 17.1 GHz traveling-wave rel-
ativistic klystron (TWRK) built by Haimson Research
Corporation [35]. The rf is generated by a continuous
wave rf synthesizer and is gated by a pin diode before en-
tering a solid state rf amplifier chain to drive the klystron,
producing up to 25 MW of rf power at a gain of 76 dB.
The klystron produces square pulses with pulse lengths
between 10 ns and 1000 ns.

The standing-wave structure test stand is isolated from
the klystron using a 4.4 dB hybrid to prevent power re-
flected from the structure during breakdowns from re-
turning to the klystron. This test stand is also vacuum
isolated from the klystron with an rf window; this win-
dow is limited to a peak power of approximately 10 MW,
resulting in a maximum power to the test stand of ap-
proximately 4 MW.

Optical
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FIG. 13: A schematic view of the MIT standing-wave test
stand and associated diagnostics is shown. Power is coupled
from the klystron through a 4.4 dB hybrid made by Haimson
Research Corporation (HRC) before coupling into the struc-
ture. Incident and reflect rf power signals are measured using
diode detectors on a 65 dB waveguide directional coupler. Up-
stream and downstream current monitors are present within
the vacuum chamber.

C. Diagnostics

The standing-wave test stand at MIT is setup to in-
clude equivalent diagnostics to those available at SLAC.
These diagnostics are a measurement of incident and re-
flected rf power, and upstream and downstream current
monitors. In contrast to the SLAC setup, the diagnostics
at MIT do not serve a dual purpose of also controlling au-
tonomous operation of the test stand; this simplifies the
diagnostic requirements. A schematic view of the stand-
ing wave test stand and associated diagnostics is shown
in Fig. 13.

The incident and reflected rf power signals are detected
using Hewlett Packard HP 8473B low-barrier Schottky
diodes. Both signals are detected using the forward and
reverse arms of a single high-directivity waveguide di-
rectional coupler with 65 dB of attenuation in the mea-
surement arms. The diode traces are recorded by the
associated computer system and saved for later analysis.
Control of the rf power level and frequency is achieved
via manual control of the rf source.

The upstream and downstream current monitors are
both composed of copper plates isolated from the body
of the mode launcher and structure, respectively. These
current monitors are grounded to the body of the vacuum
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FIG. 14: Sample forward power, black, reflected power, blue,
downstream current monitor, green, and calculated structure
power, red, traces are shown. This trace was recorded during
operation of the pre-test structure, and represents a gradient
of 67 MV /m in the PBG structure.

chamber and terminated into 50 Ohm loads on the same
LeCroy LT264M oscilloscope used for rf detection. This
allows for very good relative timing of different break-
down events compared to the rf pulse. The current mon-
itor signals are used both to monitor the dark current
during normal operation and to detect breakdown events.
Breakdowns are detected as a binary signal; if the cur-
rent monitor signal goes off-scale, then a breakdown is
determined to have occurred.

Because of the open nature of the clamped 17.1 GHz
PBG structure, optical diagnostics are also available at
the MIT test stand. During the initial PBG structure
testing a video camera was used to visually observe the
locations of breakdown during testing. Bright flashes can
be seen during breakdown events, and the location of the
brightest part of the flash is assumed to correspond to
the initiation site of the breakdown.

D. Sample Traces

Data were recorded from the LeCroy LT264M oscillo-
scope using a LabView routine that records the forward rf
signal, reflected rf signal, and downstream current mon-
itor signal for every pulse. A sample set of these traces,
as well as the calculated power coupled into the structure
corresponding to this forward power pulse, are shown in
Fig. 14. The forward power and current monitor traces
from each pulse must be analyzed to calculate the power
coupled into the structure and whether or not a break-
down occurred. A sample of traces for a pulse during
which a breakdown did occur is shown in Fig. 15. The
breakdown can be seen as an increase in both the cur-
rent monitor signal and the reflected power signal to the
limit of the oscilloscope range. Note also that the cur-
rent monitor signal in this figure is on a much larger scale,
hundreds of milliamps versus milliamps.
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FIG. 15: Sample forward power, black, reflected power, blue,
downstream current monitor, green, and calculated structure
power, red, traces for a pulse during which a breakdown oc-
curred are shown. This trace was recorded during operation of
the pre-test structure, and represents a gradient of 69 MV /m
in the PBG structure.

E. Pre-Test Structure

Prior to testing of the final PBG and DLWG struc-
tures, a preliminary structure was tested to validate the
experimental setup and fabrication techniques. This pre-
test structure featured the same design as the PBG struc-
ture, including a brazed central PBG cell. Numerous mi-
nor issues were identified during this initial testing; they
are reported elsewhere [36]

The pre-test structure did identify an important mod-
ification of the testing protocol. During operation of the
PBG pre-test structure it was found that if breakdowns
occurred on a sufficient number of consecutive rf pulses,
stable operation could not be re-established without a
significant decrease in forward power. Subsequent to one
of these “breakdown chains” further breakdowns would
be observed below the previous stable operating condi-
tion. This behavior significantly delayed efforts to con-
dition the pre-test structure to validate full-power op-
eration of the test stand, and it was determined that
in future testing the maximum number of consecutive
breakdowns should be limited to prevent setbacks in con-
ditioning of the structures.

IV. DLWG RESULTS

Because of the large body of information about break-
down in disc-loaded waveguide structures, we tested the
17.1 GHz DLWG structure before the PBG structure.

A. Cold Test

The measured resonant frequency and quality factors
for the m mode in the 17.1 GHz clamped DLWG structure
are shown in Table III; the total or loaded Q, Qp, is
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FIG. 16: 511 of DLWG structure showing resonances for the
/2 and m modes at increasing frequency.

TABLE III: Q values for the m mode of the DLWG structure.
Note that this frequency is measured in air. The operational
value is 5 MHz higher in frequency.

Mode Frequency Q
(GHZ) QO Qecct QL
T 17.126 5170 5270 2610

determined from the measured ohmic Q, Qp, and the
diffractive or external Q, Qezt, as Qzl = Qal + Qo
The measured reflection data from which these values are
obtained are shown in Fig. 16. The observed frequency of
the DLWG structure is approximately 20 MHz below the
design value. The expected shift in frequency resulting
from measuring the reflection in air instead of vacuum
is 5 MHz. The remaining 15 MHz shift in frequency
is likely due to small fabrication errors across all of the
pieces of the clamped assembly. The use of simple, low-
torque clamping may have also played a role in detuning
the structure, as well as causing some of the mismatch
between the simulated and measured fields. The DLWG
structure was tuned by shortening the central cell so that
the coupling cells could be used for testing of additional
PBG cavities.

A comparison of the measured axial field profile to the
simulation results for the DLWG structure is shown in
Fig. 17. This confirms that the structure is operating
in the # mode at the desired resonant frequency, with
approximately a 1:2:1 ratio of field amplitude across the
three cells. Given that the coupling to the structure is
very close to critical, the non-zero field amplitude seen
outside of the coupling cells is likely a result of noise in
the measurement. This can result from larger step sizes
in the bead position, contamination of super glue on the
thread suspending the bead, a super glue bead that is too
small, or disturbances to the setup during measurement.

— HFSS
— Cold Test

Normalized Field Amplitude
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Position (mm)

FIG. 17: Comparison of the simulated and measured axial
field profiles for the m mode of the DLWG structure.

B. Testing Methodology

Based on our experience with the pre-test structure,
the number of consecutive breakdowns in the DLWG
structure was limited to 10 for the duration of testing,
with a target of not more than 5 consecutive breakdowns.
Because the surface magnetic fields in the DLWG struc-
ture are so much lower, there is no concern about pulsed
heating in testing this structure.

The DLWG structure began testing at a flat-top pulse
length of 100 ns. This was to limit the pulse energy
at high gradients in an effort to minimize consecutive
breakdowns. The power in the structure was increased
slowly, keeping the steady state breakdown rate on the
order of ten per hour, with the final objective of reaching
a maximum gradient of at least 90 MV /m.

C. Results

Testing of the DLWG structure also proceeded in mul-
tiple phases. Phase 1 of testing began with the initial
conditioning of the structure at a flat-top pulse length of
70 ns. This pulse length was increased to the desired 100
ns flat top after the initial day of conditioning, and the
power level in the structure was increased as-tolerated by
the limitation on number of breakdowns per hour. The
structure reached a gradient of approximately 65 MV /m
at a pulse length of 100 ns before breakdowns at the
structure-launcher joint were detected. Due to the setup
of the structure test stand, this joint, which has to be
made in-situ and requires precise alignment of a shim as
well as even torque on all of the bolts, was physically
difficult to access and so subject to misalignment.

After the poor joint between the structure and
launcher was detected, the structure was removed and
reinstalled with extra care to ensure that the shim was
properly positioned and that the bolts were torqued
evenly. The structure was quickly reconditioned to 65
MV/m at the beginning of Phase 2 of testing, and no
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FIG. 18: Summarized results showing the gradient for the
duration of DLWG structure testing at MIT. The two phases
of testing are separated by a vertical black line, with Phase 1
comprising all of the data to the left of the line, and Phase 2
comprising all of the data shown to the right of the line.

subsequent problems with the joint were observed. The
structure was then processed at large breakdown proba-
bilities up to a maximum gradient of 90 MV /m at a pulse
length of 100 ns, a breakdown probability of 1.2 x 10!
per pulse per meter of structure, and an input power of
1.6 MW. Processing was observed, as both the dark cur-
rent from the structure measured by the downstream cur-
rent monitor and the breakdown probability at constant
power levels decreased. Note that the upstream current
monitor (not recorded) showed zero dark current for the
majority of testing, but did show current during break-
down events. Above 85 MV/m a small upstream dark
current signal, two orders of magnitude smaller than the
downstream signal, was observed. When gradient was in-
creased above 90 MV /m, periods of stable operation were
observed before reaching a threshold-like behavior. This
does not appear to be a true threshold, as continued oper-
ation at a pulse length of 100 ns at a gradient of 90 MV /m
increased the duration of these stable periods of opera-
tion at greater than 90 MV/m. The structure may be
capable of reaching higher gradients with continued pro-
cessing. The analyzed gradient versus total pulse number
for the combined testing of the MIT DLWG structure is
shown in Fig. 18, showing the increase in gradient with
processing. In total Phase 1 comprised approximately
140,000 pulses. The rapid return to previous operating
levels at the start of Phase 2 can be seen from 140,000 to
150,000 pulses into testing. Phase 2 continued for a total
of 160,000 pulses, making the total number of pulses seen
by the DLWG structure approximately 300,000.

D. Phasel

The structure processed readily to a gradient of 65
MV/m at a breakdown probability of 0.63 per pulse per
meter for a pulse length of 100 ns. At gradients higher
than this small signals on the upstream current moni-

tor, which typically read no dark current signal during
non-breakdown operation, were observed just before the
end of the rf pulse. These small upstream current mon-
itor signals were an order of magnitude or more below
typical breakdown signals. Correlated with these signals
were increases in the power reflected by the structure.
This behavior is indicative of arcing or breakdowns at
the structure-launcher joint; operating the structure off-
resonance found that breakdowns were still occurring,
confirming that the joint was contributing to the break-
down rate. The structure had previously been tested off-
resonance at low power levels and no breakdowns were
observed, indicating that breakdowns at the joint be-
tween the structure and launcher only began affecting
performance at gradients above 60-65 MV /m for 100 ns
pulses.

After the joint was confirmed to be affecting perfor-
mance, the structure was removed, the reflection was
remeasured, and the structure was reinstalled to begin
Phase 2 of testing.

E. Phase 2

During Phase 2 of testing the structure was quickly
returned to a gradient of 65 MV /m with only a minimal
amount of processing. The power level in the structure
was then increased as-tolerated by a maximum break-
down rate of 50 or more per hour during operation at 1
Hz. Although this rate is higher than the desired maxi-
mum steady-state breakdown rate, the structure was con-
sistently in a transient condition where a higher break-
down rate can be tolerated. This transient condition was
identified by both the instantaneous change in breakdown
rate, i.e. time between breakdowns was generally increas-
ing, and the decrease in dark current. The dark current
was observed to increase significantly with small increases
in input power, but would then decrease as the structure
was operated at the same input power level. The in-
crease in gradient at the same relatively large breakdown
probability can be seen in Fig. 19, where the data from
Phase 1 and 2 are combined to a single data set and are
shown in purple. Note that this data is combined because
the structure is still operating in an un-processed state
during both phases, as opposed to measuring a fully- or
partially-processed breakdown probability after a maxi-
mum gradient has been reached.

This processing was continued to a maximum gradient
of 87 MV /m at a pulse length of 100 ns. The dark cur-
rent as a function of gradient for part of this processing is
shown in Fig. 20. The data shows a consistent increase in
dark current with gradient, as expected for dark current
resulting from field emission. At each increase in gradi-
ent the dark current starts out at a higher value before
stabilizing. This is indicative of the surface improving
with processing. This can be seen more clearly in Fig.
21, which shows the same data set plotted as a function
of the pulse number. This is a representative sampling of
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FIG. 19: Breakdown probability as a function of gradient for
the DLWG structure.
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FIG. 20: Dark current in mA as a function of gradient in
MV /m for one day of testing of MIT-DLWG structure. A
representative sampling of the data is shown.

the data; the structure saw approximately 40,000 pulses
on this day.

This trend of increasing length of stable operation sug-
gests that continued operation of the structure at or near
90 MV /m will result in processing and allow the gradi-
ent to be further increased. Continued operation at 87
MV/m should also decrease the breakdown probability
and dark current at that gradient as the structure pro-
cesses. Evidence of this processing can be seen in the
multiple data points around 80 MV/m with a decreas-
ing breakdown probability, as well as the data points at
approximately constant breakdown probability and in-
creasing gradient, as shown on Fig. 19. Testing of the
DLWG structure up to a gradient of 90 MV /m was con-
sidered adequate since the PBG structure testing was not
designed to exceed that gradient. Therefore, the DLWG
structure testing was halted and the PBG structure was
installed.
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FIG. 21: Dark current in mA and gradient in MV/m as a
function of pulse number for a representative sampling from
one day of testing of DLWG structure.
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FIG. 22: 511 of the PBG structure showing resonance for the
7 mode.

V. PBG RESULTS
A. Cold Test

Following testing of the DLWG reference structure the
PBG structure (MIT-PBG) was tested. This structure
reused all of the components used in the DLWG structure
except the cylindrical central cell. The measured reflec-
tion of the structure for the PBG structure is shown in
Fig. 22. The frequency for this structure is a good match
to the design value of 17.137 GHz. The data in Fig. 22
is restricted to the m mode of the structure, as confirmed
by the axial field profile shown in Fig. 23, which com-
pares the measured field profile to the field profile from
simulation. There is significant noise in the field profile
shown in Fig. 23. This is the result of fraying of the
thread used to suspend the dielectric bead used for the
measurement. The quality factor and frequency of the
operational mode of the clamped PBG structure calcu-
lated from the Sy are given in Table IV.



TABLE IV: Q values for the 7 mode of the PBG structure.
Note that this frequency is measured in air. The resonant
frequency in vacuum is 5 MHz higher.

Mode Frequency Q
(GHz) Qo Qeat QL
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FIG. 23: Comparison of the simulated and measured axial
field profiles for the m mode of the PBG structure.

B. Testing Methodology

The testing of the PBG structure followed the same
general testing methodology used in the DLWG struc-
ture. The number of consecutive breakdowns in the PBG
structure was limited to 10 for the duration of testing,
with a target of not more than 5 consecutive breakdowns.
Because of the high surface magnetic fields present in the
PBG structure, the PBG structure was limited to a max-
imum surface temperature rise of 120 K.

Testing of the PBG structure was conducted entirely
at a flat-top pulse length of 100 ns. As in the DLWG
structure testing, this serves to limit the pulse energy to
avoid consecutive breakdowns. For the PBG structure
this shorter pulse length also allows higher gradients to
be reached for the same temperature rise. Given this
pulse length, and the allowed surface temperature rise,
the maximum allowed gradient for the PBG structure is
90 MV /m.

C. Results

Testing of the PBG structure proceeded in a single
phase, with no problems at the joint between the struc-
ture and mode launcher observed. Processing of the
structure proceeded extremely quickly, with the structure
ultimately reaching the maximum allowed gradient of 90
MV/m in fewer than 50,000 pulses at an input power
of 1.9 MW. This is in contrast to the DLWG structure
which took over 300,000 pulses to reach a gradient of 90
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FIG. 24: Summarized results showing the gradient (green),
temperature rise (black), and total number of breakdowns
(red) for the PBG testing. Note the extremely low breakdown
rate even during initial processing.

MV/m. Very few total breakdowns were observed dur-
ing this processing, and almost all of those breakdowns
occurred in groups of fewer than five events. The gradi-
ent, temperature rise, and total number of breakdowns
during testing can be seen in Fig. 24. It is expected that,
if the temperature limit was relaxed, the structure would
achieve higher gradients at the same pulse length without
any limiting behavior due to breakdowns.

The PBG structure reached a maximum gradient of
89 MV/m at a pulse length of 100 ns and a breakdown
probability of 1.1 x 10~ per pulse per meter of structure.
This breakdown probability was consistent throughout
the duration of processing the structure from approxi-
mately 65 MV /m to the maximum gradient of 89 MV /m.
During processing the power is increased such that the
breakdown probability remains relatively constant; if the
probability is too high the structure may be damaged
and if the probability is too low the structure does not
process efficiently. This processing can be seen in Fig.
25 as the series of data points at constant breakdown
probability of 1.09 x 10! per pulse per meter of struc-
ture. The initial processing to 75 MV/m happened very
quickly and is not shown on Fig. 25.

Once the maximum gradient was confirmed, the power
was reduced to begin collecting statistics to determine the
breakdown probability at gradients below the maximum
processed value. Because the overall breakdown proba-
bility in the PBG-2 structure is low, it is more difficult to
obtain a sufficient range of breakdown probabilities with-
out going above the allowed gradient. This necessitates
longer periods of operation at a fixed gradient, as seen in
Fig. 24 above 50,000 pulses. The minimum breakdown
probability was 3.2 x 1072 per pulse per meter of struc-
ture at a gradient of 76 MV /m and a pulse length of 100
ns. This is nearly identical to the breakdown probabil-
ity of 3.3 x 1072 per pulse per meter of structure at a
gradient of 81 MV/m and a pulse length of 100 ns ob-
tained later in testing. This suggests that the structure
has not reached a final steady-state breakdown probabil-
ity, and more testing is required to determine the final
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FIG. 25: Breakdown probability as a function of gradient for
the PBG structure.

performance of the structure.

One possible explanation for the rapid processing of
the PBG structure is the use of the coupling cells from
the DLWG structure. These cells were already processed
up to a gradient of 90 MV /m during the DLWG test-
ing, and surface changes were evident upon inspection
prior to assembly of the PBG structure. This suggests
that smoother surface finishes on the coupling cells may
reduce processing time in future testing.

D. Post Test

After the conclusion of high-power testing, the PBG
structure was removed and the cold test was repeated.
This indicated a slight frequency shift of 4 MHz, however
the Qg of the structure was unchanged within the error
of the measurement technique. These results are summa-
rized in Table V. After the cold test the structure was
disassembled and examined under an optical microscope.
Note that, because of the clamped nature of the struc-
ture, this is a non-destructive process, and further test-
ing of the structure is still possible. Optical inspection
of the PBG rods showed no indication of pulsed heating
damage along the length. There is no obvious difference
between either the machined or the brazed ends of the
inner-layer rods when compared to the outer-layer rods;
the outer-layer rods can be considered unchanged during
testing because the field is much lower there. A small
amount of pitting indicative of breakdowns was observed
on the irises, suggesting that the breakdowns detected
during testing occurred at those locations. This conclu-
sion is supported by qualitative visual evidence during
testing, where breakdown flashes were observed at the
ends of the PBG cell. The combined results of this post
test support the conclusion that the PBG structure was
undamaged during testing and the observed condition-
ing of the structure was consistent with conditioning of
undamped accelerator structures.
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TABLE V: Q values for the m mode of the PBG structure
before and after high-power testing. Note that this frequency
is measured in air. The operational value is 5 MHz higher in
frequency.

Mode Frequency Q

(GHz) Qo Qeat Qr
7 before 17.136 4750 6100 2670
m after 17.140 4720 6550 2740
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FIG. 26: Breakdown probability as a function of gradient for
MIT-PBG, MIT-DLWG, SLAC PBG-R, SLAC PBG-E, and
SLAC DLWG structures. For the MIT-DLWG structure only
data after the return to high-gradient operation in Phase 2 is
shown.

VI. COMPARISON WITH 11.4 GHZ SLAC DATA

Of particular interest in the testing of the PBG struc-
ture at MIT is how it performed relative to the simi-
lar structures tested at lower frequency, in particular the
structures tested at 11.4 GHz in collaboration with SLAC
and presented in [9] and [20]. Results from three relevant
11.4 GHz structures are shown here: a DLWG struc-
ture (SLAC DLWG), a PBG structure using round rods
(SLAC PBG-R), and a PBG structure using elliptical
rods for the inner layer and round rods for all other lay-
ers (SLAC PBG-E). The breakdown probabilities as func-
tions of gradient for the MIT-DLWG, MIT-PBG, SLAC
PBG-R, SLAC PBG-E, and SLAC DLWG structures are
shown in Fig. 26. The SLAC data is only shown for a
flat-top pulse length of 150 ns, as this is the shortest
pulse length tested at SLAC. Because of the change in
frequency, however, the number of rf periods, which may
be relevant to the breakdown probability, is the same be-
tween a 150 ns pulse at 11.4 GHz and a 100 ns pulse at
17.1 GHz.

VII. DISCUSSION AND CONCLUSIONS

It is expected that further testing of the MIT-PBG
would continue to show improvements in achievable gra-



dient and breakdown probability, however this processing
is expected to proceed slowly because the structure has
already reached the maximum input power allowed by the
temperature rise limitation. Both the MIT-DLWG struc-
ture and the MIT-PBG structure have seen fewer than
10% pulses, which is an order of magnitude fewer pulses
than in typical testing at SLAC. Breakdowns are assumed
to be a necessary step in rf processing, i.e. the structure
must see a large number of breakdowns prior to being
fully processed. Provided that the hysteresis observed
in the test structure at MIT can be avoided, additional
breakdowns should continue to process the MIT-DLWG
structure.

An alternative to the idea that 10% pulses or more
are required for conditioning is presented in [37], where
conditioning of a 22 cell traveling-wave copper linac is
achieved in 1.2 x 10° pulses, and a 22 cell traveling-wave
stainless steel-copper hybrid linac is demonstrates signif-
icant conditioning after 1.5 x 10° pulses. While these
structures were tested using the same klystron and range
of repetition rates as the MIT-DLWG and MIT-PBG
structures, they are not direct comparisons both because
they are traveling-wave structures, and because they were
tested as part of a breakdown protection circuit. This cir-
cuit limited the amount of rf energy that could be fed into
any single breakdown event. This is consistent with the
hysteresis observed in the test structure at MIT, sug-
gesting that conditioning is most effective when only a
small amount of energy is deposited into any given break-
down event. The initial surface finish of the structures
likely also affects the number of pulses required for condi-
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tioning, introducing an additional variation between the
structures described here and those tested in [37].

Two high gradient standing-wave accelerator struc-
tures, one based on a disc-loaded waveguide and one
based on a photonic band-gap cavity, have been tested
for breakdown performance at MIT and each achieved
gradients of at least 90 MV/m at a pulse length of 100
ns and breakdown probability of 1.2 x 10~! per pulse
per meter of structure respectively and 1.1 x 10~' per
pulse per meter of structure respectively. A post test
of the PBG structure indicated that it was undamaged
during testing. This result shows that PBG accelera-
tor structures can operate at comparable gradients and
breakdown probabilities as undamped disc-loaded waveg-
uide structures. Results show that the MIT-PBG struc-
ture performed comparably to the SLAC PBG-R struc-
ture. Continued testing of the MIT-PBG structure may
improve upon this performance. The performance of
the MIT-PBG structure is also comparable to the per-
formance of the MIT-DLWG structure, suggesting that
PBG structures are viable candidates for future acceler-
ator applications requiring high-gradient, low breakdown
probability operation with wakefield damping.
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