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Experiments with high gradient traveling-wave mm-wave metallic accelerating structures were
performed to research the physics of vacuum rf breakdowns. The accelerating structures are open,
composed of two identical halves separated by an adjustable gap. The electromagnetic fields were induced
by an ultrarelativistic electron beam at the Facility for Advanced Accelerator Experimental Tests (FACET)
at SLAC National Accelerator Laboratory. These accelerating structures have a fundamental beam-
synchronous mode with a frequency that varies from 95 to 140 GHz depending on the gap width. When the
gap is opened by more than half of a freespace wavelength, the corresponding synchronous mode remains
trapped demonstrating behavior consistent with the so called “surface wave.” This regime is of potential
interest for femtosecond electron beam diagnostics and beam manipulation techniques. The behavior of the
surface wave was characterized and the measured synchronous frequency, pulse length and beam deflection
voltage are found to be in good agreement with simulations. The wave magnitude was changed by
positioning the beam at different distances from the surface of a structure-half and the corresponding rf
breakdown rate was recorded. The breakdown rate was 4 × 10−3 per pulse at a peak surface electric field of
0.3 GV=m and a pulse length of 60 ps.
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I. INTRODUCTION

As part of research on the physics of vacuum rf break-
downs we performed experiments with open mm-wave
metallic accelerating structures, made with hard copper,
hard copper-silver alloy and stainless steel. We reported the
result of our previous experiments in [1–4]. The field in the
structures were excited by an ultrarelativistic electron
beam. The beam was generated by FACET [5], housed
in the first 2 km of the SLAC linear accelerator [6]. The
beam energy was 20.35 GeV. In the last experiment [4] we
analyzed a travelling-wave accelerating structure, made of
hard copper-silver alloy.
We changed the interaction with the beam by changing

the gap width. By opening the gap, the number of
trapped modes is reduced. We observed that a travel-
ling-wave mode is trapped between the structures halves
with oversized gaps, larger than a half wavelength. At a

gap of 7.5 mm, the frequency of the trapped mode was
95 GHz. This behavior is consistent with the so called
“surface wave,” where the rf power is guided by the
corrugations with no “radiative losses.” The term “radi-
ative losses” refers to rf power that is emitted out of the
structure.
Surface waves have a long history. They were studied by

C. Cutler for applications to communications during the
second world war [7]. Cutler showed that guided waves
do not necessarily need to be confined within physical
boundaries. G. Goubau [8–10] presented single conductor
surface wave transmission lines. W. Rotman studied a
single surface corrugated waveguide [11]. A review of
surface waves is presented by G. John [12]. H. M. Barlow
[13] discussed the different forms of surface waves,
behavior and applications. Similar effect was also studied
by Smith-Purcell [14] and used to make high power THz
sources [15].
In our experiment the surface wave is trapped between

the structures halves with oversized gap in between. While
the surface wave has resistive wall losses, it has no radiative
losses. We experimentally characterized the beam-surface
wave interaction with several measurements: by measuring
radiated rf energy with a pyro-detector, by measuring the rf
spectrum and the rf pulse length of the surface wave with a
mm-wave interferometer.

*dalforno@slac.stanford.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 091301 (2018)

2469-9888=18=21(9)=091301(11) 091301-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.21.091301&domain=pdf&date_stamp=2018-09-13
https://doi.org/10.1103/PhysRevAccelBeams.21.091301
https://doi.org/10.1103/PhysRevAccelBeams.21.091301
https://doi.org/10.1103/PhysRevAccelBeams.21.091301
https://doi.org/10.1103/PhysRevAccelBeams.21.091301
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


We reported in the previous papers [1–4] the rf breakdown
rate measurements performed with small gaps and with the
electron beam travelling along the central axis between the
two structure halves. This regime corresponds to the typical
operation of particle accelerators. This paper will present the
data obtained in a different regime,where the beam axis has a
significant offset with respect the central axis of the structure.
This mode of operation generates transverse fields which
could be used for beam deflection and similar beam
manipulation. In these experiments we used our structure
at large gaps, and with the beam close to one of the structure
halves, interacting with the surface wave.
We dedicated two shifts for the study of surface waves,

on November 21 and November 30, 2015. The results are
presented in the experimental section of this paper.
The previous papers [2–4] present the measurements of

beam deflection in a plane parallel to the structure surface.
This paper presents the measurements of beam deflection
towards the surface of the structure, with different beam-
structure half distances.
This paper is divided into four sections. Section I is the

introduction. In Sec. II we present the geometry of the
structure and rf simulations of the surface-wave. Section III
presents the experimental setup. Section IV presents the
experimental results, the measurements of pulse length,
beam deflection and the breakdown rate measurements of a
surface wave.
All symbols used in this paper are presented in Table I.

II. GEOMETRY AND RF PARAMETERS
OF THE ACCELERATING STRUCTURE

We conducted experiments with an open traveling wave
structure made of hard copper-silver alloys [4]. The copper-
silver alloy contains 0.085% silver. Since we do not have
coherent MW-range mm-wave rf sources, the structure is
electron-beam excited. It is composed of two separate

TABLE I. Symbols and abbreviations used in this papers.

c Speed of light
a Half gap of open structure or beampipe radius
λ Surface wave wavelength
κz Loss factor per unit length
κy Kick factor per unit length (of the vertical deflection)
vg Group velocity
τF Pulse length (filling time)
τD Decay time (in power)
Eacc Accelerating gradient
Δϕ Phase advance per cell
R Shunt impedance per unit length
P Power flow through the cavity cross-section
Q0 Unloaded quality factor
q Bunch charge
σz r.m.s. bunch length
L Active length of the structure
e Electron charge
u Relative horizontal coordinate system
v Relative vertical coordinate system
Δv Beam-structure distance
Δy Vertical beam displacement on the diagnostic screen
θy Vertical kick angle
Vy Vertical deflecting voltage
E Beam energy
R34 Beam optics coefficient that converts a beam

vertical angle into a beam vertical displacement

Electron
beam

(a)

(b)

TOP HALF

BOTTOM
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1 mm

gap
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-v
u

FIG. 1. Solid model of the output section of the 100 GHz
traveling wave accelerating structure, with the “u, v” relative
coordinate system used in this paper (a), and picture of the output
section of the copper-silver structure (b). The gap between the
structure halves can be changed with a motor.

FIG. 2. Plot of group velocity of the fundamental mode,
synchronous with the ultrarelativistic electron beam, as a function
of the gap size. Simulations performed with Ansys HFSS for the
fundamental mode. Details and formulas used to calculate the rf
parameters are described in [1,4].
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movable metal halves, where the cavities and couplers are
milled into the flat side of metal blocks. All the edges have
been rounded tominimize thepeak fields. Thewhole structure
is 10 cm long, with L = 8.96 cm active length of the
accelerating cavities. Figure 1(a) shows a solid model of
theoutput sectionof the 100GHz travellingwave accelerating
structure. Figure 1(b) shows a photo of the output section of
the copper-silver structure. More details of the geometry of
the accelerating structure could be found in papers [1,4].
The fields were excited by the FACET ultrarelativistic

electron beam. To characterize the beam-structure interac-
tion we simulated the periodic accelerating structure by
using one regular cell. We calculate the rf parameters,
accelerating gradients and peak fields by using the rf
simulation code Ansys HFSS [16]. We used a modal
expansion method, all the details and formulas to calculate

the rf parameters are described in [1,4]. The rf parameters of
the fundamental accelerating mode are listed in Table II,
calculatedwith the gapvarying from0.3 to 7.5mmandbeam
travelling on the axis of the structure. The number of high
order modes interacting with the beam depends on the gap
(see Fig. 11 of paper [1]). By opening the gap, the number of
trapped modes is reduced. When the gap is opened beyond
1.3 mm only one mode remains trapped. With further
opening the gap, the parameters of the wave such as
frequency and group velocity are less dependent on the
gapwidth. The plot of the group velocity of this fundamental
mode is shown in Fig. 2 as a function of the gap size.
Typically the beampipe diameter of the accelerating

structures is much smaller than the wavelength of the
operating mode. For example at X-band a=λ is around 0.1–
0.2 [17]. In our open accelerating structure we calculated

TABLE II. RF parameters of the regular cell of the 100 GHz structure, for the fundamental mode, excited by 1 nC electron bunch with
σz of 25 μm, traveling along the symmetry axis of the structure, calculated by using Ansys HFSS.

Gap
[mm]

f
[GHz]

Δϕ
[deg] Q0

R
[MΩ=m]

κz
[MV=ðnCmÞ]

vg=c
[%]

latt
[mm]

P
[MW]

Eacc
[MV=m]

Emax
[GV=m]

Hmax
[MA=m]

0.3 136.27 130.81 2054 398 41.6 0.85 6.08145 0.108 84 0.200 0.364
0.5 130.30 125.20 2021 298 31.15 3.54 25.4071 0.347 63 0.175 0.336
0.7 126.01 121.07 2022 222 23.5 7.65 54.1256 0.588 47 0.155 0.301
0.9 122.66 117.88 2046 166 17.87 12.42 86.8502 0.768 36 0.139 0.269
1.1 119.93 115.24 2089 128 13.89 17.48 119.878 0.890 28 0.127 0.250
1.3 117.59 113.04 2145 99 10.97 22.44 151.625 0.956 22 0.116 0.229
1.5 115.70 111.12 2211 78.2 8.83 27.29 180.984 0.991 18 0.107 0.209
1.7 113.90 109.43 2286 62.5 7.18 31.85 207.87 1.003 14 0.099 0.195
1.9 112.34 107.92 2367 50.7 5.92 36.15 232.068 1.002 12 0.091 0.179
2 111.60 107.24 2411 45.9 5.40 38.18 243.222 0.997 11 0.088 0.169
4 102.30 98.31 3518 10.3 1.38 65.91 368.595 0.797 2.75 0.048 0.098
6 97.46 93.63 4870 3.92 0.58 78.8 398.211 0.647 1.16 0.032 0.067
7.5 95.00 91.25 5969 2.27 0.36 84.2 398.76 0.573 0.72 0.025 0.055
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FIG. 3. Simulation of the synchronous wave in one period of the accelerating structure (half accelerating structure is shown):
gap ¼ 0.5 mm, a=λ ¼ 0.108 (f ¼ 130 GHz) (a); gap ¼ 1.3 mm, a=λ ¼ 0.26 (f ¼ 118 GHz) (b); gap ¼ 4 mm, a=λ ¼ 0.7
(f ¼ 102 GHz) (c); in all three cases the mode is trapped. Simulations performed with Ansys HFSS for the fundamental mode.

MEASUREMENTS OF ELECTRON BEAM … PHYS. REV. ACCEL. BEAMS 21, 091301 (2018)

091301-3



the rf parameters for different gaps starting from 0.2 mm,
corresponding to a=λ ¼ 0.05. Figure 3 shows the simulation
of the synchronous wave in one period of the accelerating
structure: gap ¼ 0.5 mm, a=λ ¼ 0.108, f ¼ 130 GHz (a);
gap¼1.3mm, a=λ ¼ 0.26, f ¼ 118 GHz (b); gap ¼ 4 mm,
a=λ ¼ 0.7, f ¼ 102 GHz (c). In all three cases the mode is
trapped. Even when the gap is larger than 1.3 mm, and the
mode is above the beampipe cut-off, the rf power continues
to be guided by the corrugations without radiative losses.
This behavior is consistentwith the so called “surfacewave.”
On Fig. 4 we show the dispersion curve of the surface wave
calculated with gap ¼ 7.5 mm. The intersection of the
dispersion curve and the speed of light line (i.e., speed of
the electron beam) gives the beam-synchronous frequency
and the beam-synchronous phase advance per cell. In this
case the group velocity is 84% of c.
To understand the interaction between the electron beam

and the surface wave, we calculated the loss factor with
different distances from the structure half, as shown in
Fig. 5 for gap ¼ 6 mm. To analyze the surface wave field
profile, we created a mapping of the surface wave loss
factor as a function of the (u,v) beam position, by using
Ansys HFSS. (u,v) is a relative coordinate system, repre-
senting the beam position relative to the metal surface,
indicated in Fig. 6(a–b). Figure 6(a) shows the solid model
of one half of the accelerating structure, Fig. 6(b) shows the

Dispersion

Intersection

f

FIG. 4. Dispersion curve of the surface wave (blue curve)
calculated with gap ¼ 7.5 mm, and speed of light (red line). The
synchronous frequency is given by the intersection of the
two curves. We did not plot the dispersion curve below 50 degrees
of phase advance because below 50 degrees the mode is not
trapped. Simulations performed with Ansys HFSS for the
fundamental mode.

Δv Δv

-v

u

FIG. 5. Vertical relative position of the beam with respect to one
half of the structure.
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FIG. 6. (a) solid model of one half of the accelerating structure, (b) normalized electric field profile of the surface wave excited by the
electron beam travelling 100 μm far from the metal edge, (c) loss factor 3D plot as a function of the (u, v) beam position. (b) and (c) are
calculated using 25 μm of bunch length, and gap ¼ 6 mm, by using Ansys HFSS.

(a) (b)

FIG. 7. Plot of the loss factor of the surface wave, (a) as a function of the u position (with v ¼ −100 μm), (b) as a function of the v
position (with u ¼ 0), calculated with σz ¼ 25 μm and gap ¼ 6 mm, by using Ansys HFSS.
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electric field of the surface wave excited by the electron
beam travelling 100 μm far from the metal surface and
Fig. 6(c) shows the 3D plot of the loss factor as a function
of the (u,v) beam position, with 25 μm bunch length, with a
gap of 6 mm. This HFSS analysis considers only one
resonant mode. The plot of the loss factor of the surface
wave, as a function of the u position (with v ¼ −100 μm),
and as a function of the v position (with u ¼ 0) are shown
in Fig. 7, for a beam with σz ¼ 25 μm.

III. INSTALLATION OF THE
ACCELERATING STRUCTURE

The structure was manufactured by the company EDM
Department Inc. [18], with precision milling, and cleaned
according to SLAC procedure developed for the high-
gradient X-band program [19,20]. The structures, and the
remote controlled stages used to align the structures to the
beam, were housed in a vacuum chamber in the FACET
experimental area, shown in Fig. 8. We assembled the two
halves of the accelerating structure on remotely controlled
motorized stages. Motorized stages are used to shift the
structure horizontally (X) or vertically (Y) with respect to
the electron beam. There was also a motor to adjust the gap
between the two halves of the structure, shown in Fig. 9(b).
A mirror is glued to the structure for laser alignment, and a
phosphor screen is bolted to the edge of the structure to
image the electron beam. The assembly is then installed in
the experimental vacuum chamber. The structure antenna
horns radiate the rf power towards pyrodetectors that sense
the pulse energy and towards an interferometer that
measures the frequency spectrum and the rf pulse length
of the emitted radiation. For each experiment we recorded
the pyrodetector voltage, which is proportional to the pulse
energy emitted from the output waveguide horn.
We invented a new diagnostic tool able to reliably detect

breakdowns [1]. Since breakdowns generate electron and
ion currents, we incorporated an arc-detector unique to open
structures. The two metal halves that compose the structure
were electrically insulated from ground and each other using
plastic film. We measured the field emission current and
the breakdown current by measuring the voltage induced

Bending
magnet
(vertical)

Screen,
camera

Quadrupoles

e-beam

Structure

Vacuum
chamber

FIG. 8. Schematic of the experimental FACET region, where the
structure is placed in the vacuum chamber with the horizontal,
vertical and gapmovers, the relevant beampositionmonitor (BPM)
No. 3315, vertical bending magnet and the electron beam screen.

3

4

5

6

8

7

9 10 11

1213

1

electron
beam

accelerating
structure

mirror

phosphor

arc-detector
cables

rf transparent
vacuum
window

2

(b)

(a)

(c)

FIG. 9. Schematic of the experimental setup (a): accelerating
structure (1), single-shot interferometer (2), vacuum chamber
(3), electron beam (4), laser alignment mirror (5), phosphor
screen (6), right reflected rf horn (7), left forward rf horn (8),
vacuum feed-through (9), rf window (10), output rf beam (11),
interferometer (12), video camera for beam-structure align-
ment (13). Accelerating structure assembled on remotely
controlled motorized stages (b), back side of the structure
with the arc-detector cables connected, installed in the
vacuum chamber (c).
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between the two separate metal blocks. This was achieved
by connecting the two metal halves to an oscilloscope.
More details on the breakdown rate measurements are
reported in the breakdown rate measurement chapter.
After the installation, the vacuum chamber is closed and

evacuated.

IV. EXPERIMENTAL RESULTS

We dedicated two shifts to characterize the surface-wave.
The measured parameter of the electron beam used in the
experiment are shown in Table III. The transverse (hori-
zontal and vertical) beam size was determined by using the
wire scanner, while the bunch length was determined by
using a transverse deflecting cavity [21,22]. We character-
ized the electron beam-surface wave interaction by several
methods: measurement of the frequency and of the rf pulse
lengthwith an interferometer,measurement of the radiated rf
energy with the pyrodetector, measurement of the beam
deflection by using the beam position monitors and profile
monitor and the measurement of the breakdown rate.

A. Experimental procedure

The experimental procedure is described by the follow-
ing: (i) Detect the beam on the phosphor screen: if the
electron beam hits the structure, it will damage delicate
parts of the corrugations. Therefore, as a first step, we must
steer the beam onto the phosphor screen, which is installed
far from the corrugations. (ii) We used the following
procedure to determine the midplane between the halves.
For a fixed gap, we moved the structure vertically, up and
down, until the beam halo is slightly intercepted by the
metal, generating Bremsstrahlung radiation. The radiation
was detected by photomultiplier tubes. We marked the
positions of the motor where the peak photomultiplier
voltages are approximately the same for the up and down
positions. We took the average between these two motor
positions to determine vertical center of the structure. By
knowing the gap value (2a) and the central beam position,
we shifted the structure (up or down) with the vertical mover
of the amount “a - Δv”, where “Δv” is the desired beam-
structure distance. Accuracy of these measurements are
determined by the shape of the transverse distribution of the
beam and resolution of mover positioning. The resolution of
the mover motor is about a micrometer while bunch vertical

size is σy. Since we cannot measure the exact transverse
distribution of the beam, we conjecture that the upper bound
on accuracy of the location of the vertical center of the
structure is σy. (iii) Horizontal scan: once we placed the
electron beam at the desired beam-structure distance,
the structure is moved horizontally, allowing the beam to
interact with the corrugations, generating electromagnetic
fields. During each scan, we observed the magnitude of the
energy pulses produced by the structure with pyrodetectors.
(iv) The scan procedure is then repeated at different beam-
structure distances. (v) Breakdown rate measurement: the
beam is placed in the central axis. Breakdowns are counted
using the arc-detector, while the frequency and pulse length
are measured with the interferometer.

B. Timeline of experiments

We report the full timeline of the surface wave experiments
in Fig. 10. We followed the format established for X-band rf
breakdown experiments, showing the full history of the
exposure of the structure to rf fields, and the corresponding
accumulated rf breakdowns. When the beam moves close to
either the top or bottom half of the structure the pyrodetector
signal increases. During these shifts, we performed horizontal
scans of the beam over the cavities (bell shaped curves of the
pyrodetector signal), frequency and pulse length measure-
ments and collectionof breakdown statistics (corresponding to
time intervals where the pyrodetector voltage is flat).

C. Measurement of pulse length

The method of measuring the pulse length of the emitted
radiation is presented in paper [4]. We determine the rf
pulse length of the surface wave with an interferometer. The
results are shown in Fig. 11. They are in good agreement
with the simulations (The definitions and calculations of
the pulse lengths τ, τF, τD are discussed in Sec. IVof paper
[4]). The measurements of pulse length contain statistical
noise, contributing to the large error bar at gap = 3 mm.

D. Measurement of the beam deflection

When the electron beam trajectory moves horizontally
off-axis, its charge excites deflecting fields. Our previous
papers [2–4] present the measurements of beam deflection
in a plane parallel to the structure surface. This paper
presents the measurements of beam deflection towards the
surface of the structure, with different beam structure-half
distances. We measured the vertical deflection (according
to the orientation of Figs. 1, 5), when the beam is
horizontally centered above the structure cells. We varied
the vertical distance “Δv”, as shown in Fig. 5. The beam
deflection is measured with the beam-position monitor
No. 3315 (see Fig. 8), located after the structure. The beam
optics between the test structure and the BPM No. 3315
converts the vertical kick angle θy, generated by the
structure, to a vertical beam displacement Δy, given by:

TABLE III. Summary of the beam parameters of the two shifts,
with date and time of each measurement. The beam energy is
20.35 GeV.

σx [μm] σy [μm] σz [μm] q [nC] gap [mm]

Nov 21, 2015 25� 6 30� 2 25� 2 3.2 6
h14:18 h14:19 h14:29

Nov 30, 2015 31� 2 20� 6 25� 2 2.7 7.5
h17:30 h17:27 h15:28
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Δy ¼ R34 · θy ¼ R34 ·
eVy

E
;

where R34 (¼ 10 m) is the optics coefficient that converts a
beam vertical angle into a beam vertical displacement,

given by the deflecting voltage Vy and the beam energy E.
For different beam-structure distances we measured the
vertical deflection of the beam centroid (Δy) on the BPM
No. 3315, and the corresponding deflecting voltage was
calculated using the electron beam optics parameter R34. In
this measurement, we assume that the 20.35 GeV beam
offset at the end of the structure due to the deflection is
negligible and it only changes its vertical momentum.
We measured the deflecting voltages with the BPM

located downstream of the vacuum chamber and calculated
the correspondent kick factor. We compared the measure-
ments with simulations performed with GdfidL [23] and
with the computer code “NOVO” [24–27], considering a
beam with σz ¼ 25 μm, showing the kick factor plots in
Fig. 12. The computer code “NOVO” simulates geometries
with a constant cross-section. The NOVO geometry that
approximates the FACET 3D structure, is shown in Fig. 13.
The top view of the regular cell (in Fig. 13) has the same
cross section of the regular cell used in our experiment
(shown in Fig. 4 of paper [1]).
In Fig. 12 the measured deflections are systematically

lower than the simulations. The systematic deviation is
about 30 μm. Possible sources of deviations are unknown
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FIG. 10. Timeline of the surface wave measurements performed with the 100 GHz copper-silver accelerating structure, shift of Nov
21, 2015 with 3.2 nC of bunch charge, σz ¼ 25 μm, the gap was 6 mm (a), shift of Nov 30, 2015 with 2.7 nC of bunch charge,
σz ¼ 25 μm, the gap was 7.5 mm (b). The red plot is the reference pyrodetector signal, the blue is the beam-structure distance, the black
is the integrated number of breakdowns, recorded with the arc-detector. Bell shaped curves of the pyrodetector signal are generated
during the horizontal scans of the beam over the cavities and flat parts are the time intervals when we performed frequency and pulse
length measurements and collection of breakdowns.

FIG. 11. Plot of simulated filling time (blue), simulated decay
time (green) and of the pulse length measured with interferometer
(red) as a function of the gap. When considering the surface wave,
in the large gap regime, the pulse length is dominated by the
filling time of the structure.
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transverse and longitudinal shape of the beam and optics
inaccuracies. The transverse size of the beam which is σy ¼
30 μm is consistent with the size of the systematic error.
The beam deflection is calculated from the R34 coefficient
which is determined with finite tolerances from beam
optics parameters which may introduce additional errors.
Our studies suggest possible application of the surface

wave for beammanipulations, such as beam dechirpers [28–
32], or beam diagnostic, such as passive deflectors [33,34].
The deflecting wakefields create a ramp of deflecting forces
along the length of the bunch,which could be used for bunch
measurements at sub-fs resolution [28,33,34].
We compared our data with the results from the experi-

ments with the SLAC dechirper [28–32]. With the dechirper
the bunch chargewas 0.1–0.2 nCand the structure lengthwas
2 m; in our FACET experiment the bunch charge was 2.7–
3.2nConand the structure lengthwas 0.1m (seeTable III). In

our FACET experiment we measured deflecting voltages
comparable to ones achievedwith the dechirper. The product
charge times length are similar for both experiments, there-
fore the kick factor has the same order of magnitude.
Experiments with the SLAC dechirper show potential for
sub-fs resolution [28–32], therefore with our setup and
FACET beam parameterswe expect to see similar resolution.

E. RF breakdown rate measurement

The breakdown rate measurement was performed with an
instrument we invented for open structures which we call the
“arc-detector.” The two metal halves that compose the
structure were electrically insulated from ground and each
other usingplastic film.Weconnected the twometal halves to
an oscilloscope (this provides the “current monitor signal”).
Since breakdowns generate electron and ion currents, a
signature of an rf breakdown is a spike in the acquired
current monitor signal.We assumed that these voltage spikes
are due to currents generated by rf breakdowns.
We defined a constant threshold for the current monitor

signal, chosen to be higher than the electromagnetic
ambient noise and field emission currents. Spikes with
larger values than this threshold are tagged as rf break-
downs. The breakdown rate is the ratio of the breakdown
events over the total number of pulses.
During the breakdown rate measurement the beam is

horizontally centered above the structure cells. We changed
the gradient by varying the beam-structure “Δv” distance of
Fig. 5. The results are presented in Fig. 14, for the shift of
Nov 30, 2015, with σz ¼ 25 μm, and q ¼ 2.7 nC. The gap
was 7.5 mm. The rf measured pulse length was 60 ps. The
peak electric field was calculated with HFSS. Unlike in the
previous experiments, the current monitor signal was not
anymore clear. The dark current was very complex and
always correlated with the field. For measuring the
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FIG. 12. Plot of the kick factor of the deflection towards the
structure, measured with the BPM downstream of the vacuum
chamber, with a beam with σz ¼ 25 μm. Comparison with
NOVO simulation (simulating the 2D, planar structure of Fig. 13)
and with GdfidL (simulating the 3D structure shown on Fig. 5).
Simulation performed with a beam with σz ¼ 25 μm.

1.9 mm

NOVO cell
top view

gap

e-beam

...

FIG. 13. Planar geometry with rectangular cross-section, simu-
lated with the code NOVO, that approximates the FACET 3D
structure.

FIG. 14. Breakdown rate measurement of the surface wave,
performed in the shift of Nov 30, 2015, with σz ¼ 25 μm, and
q ¼ 2.7 nC; Δv is the beam-structure distance. The gap was
7.5 mm, the rf pulse length was 60 ps. The peak electric field of
the surface wave synchronous with the ultrarelativistic electron
beam was calculated with HFSS.
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breakdown rate of Fig. 13, we used the following method:
we setup a threshold for breakdown detection (see Fig. 18
of paper [3]), at a relatively high level, to prevent it from
triggering on the dark current signal. We conjecture that
this method allows us to detect obvious breakdowns.
In these experiments, the vacuum level was about

10−6 Torr.We conjecture that the breakdown rate is expected
to improvewith a better vacuum andmore conditioning time.
The presence of the FACET beam could have increased the
breakdown rate. The beam halo was intercepted by the
structure and, on a few occasions, the whole beam was
dumped into the structure due to linac faults.
The surface wave breakdown rate shown in Fig. 14 is

similar to that of the closed structure. In the surface wave
experiments, for a gap ¼ 7.5 mm and Δv ¼ 0.3 mm we
obtained a breakdown rate of 4 × 10−3 per pulse at a peak
electric field of Emax ¼ 0.3 GV=m. In the closed gap
experiment with the same structure, for a gap ¼ 1 mm
we obtained a breakdown rate of 3 × 10−3 at a peak electric
field of Emax ¼ 0.36 GV=m [4].
In Fig. 14 the measured breakdown rate does not show a

very steep field dependence. Typical statistics measured
with high gradient X-band cavities show a very steep field
dependence on the breakdown rate. This difference could
be caused by the following physics: influence of the beam
halo could have consistently interfered with the breakdown
statistics and distorted the expected steep field dependence.
This is because in the surface wave measurements the beam
travels at sub-mm distances from the structure surface.
Moreover, in our FACET experiments, we were not
measuring the steady state breakdown rate, in which we
expect to see the steep field dependence, since we were
limited to a few shifts of few hours each, the saturated
breakdown rate could not be achieved.

V. CONCLUSIONS

This paper explores the physics of rf breakdowns in mm-
wave open accelerating structures excited by an ultra-
relativistic electron beam at the FACET facility at SLAC
National Accelerator Laboratory. The structure gap is
opened up to 7.5 mm or 2.4 times the wavelength of the
mode synchronous with the electron beam. For all gap
values, the rf power induced in the structure is guided by
the corrugations with no radiative losses. This behavior is
consistent with the so called “surface wave” and its
properties were characterized. Measurements confirmed
that with larger gap, wave parameters such as frequency
and group velocity are less dependent on gap width. This
beam-wave interaction was characterized by several meth-
ods: by measuring the beam deflection towards a structure-
half by using beam position monitors and beam profile
monitors, by measuring the radiated rf energy with a
pyroelectric detector, and by measuring the frequency
and rf pulse length with a mm-wave interferometer. At
the largest gap of 7.5 mm, the parameters of the surface

wave are as follows: the frequency is 95 GHz, the pulse
length is 60 ps, and the group velocity is 0.84c.
The beam distance from the surface of a structure-half

was varied to modulate the surface wave amplitude and the
rf breakdown rate was then measured. This is the first
breakdown rate measurement for a surface wave excited in
a mm-wave accelerating structure. With a gap of 7.5 mm
and a beam distance of 0.3 mm from the surface, the
breakdown rate was 4 × 10−3 per pulse with a peak surface
electric field of 0.3 GV=m and a pulse length of 60 ps.
The surface wave is a potential tool for beam manipu-

lations, for example as a beam dechirper [28–32], or for
beam diagnostics such as a passive rf deflector [33,34]. The
deflecting wakefields create a ramped deflecting force
along the length of the bunch which could be used for
bunch measurements with sub-fs resolution [28,33,34].
Our structure has input and output rf power couplers and

therefore can be driven by an rf source. To enable such
applications, we are developing methods for coupling MW
level power into mm-wave accelerating structures [35,36].
Understanding the properties of mm-wave structures with
high accelerating and deflecting gradients may open paths
for novel methods of commissioning and operation of free
electron lasers and compact synchrotron light sources.
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