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Abstract

We studied the physics and properties of rf breakdowns
in high gradient traveling-wave accelerating structures at
100 GHz. The structures are open, made of two halves
with a gap in between. The rf fields were excited in the
structure by an ultra-relativistic electron beam generated
by the FACET facility at the SLAC National Accelerator
Laboratory. We observed rf breakdowns generated in the
presence of GV/m scale electric fields. We varied the rf
fields excited by the FACET bunch by moving structure rel-
ative to the beam and by changing the gap between struc-
ture halves. Reliable breakdowns detectors allowed us to
measure the rf breakdown rate at these different rf parame-
ters. We measured radiated rf energy with a pyro-detector.
When the beam was off-axis, we observed beam deflec-
tion in the beam position monitors and on the screen of a
magnetic spectrometer. The measurements of the deflec-
tion allowed us to verify our calculation of the accelerating
gradient.

INTRODUCTION

Accelerating gradient is one of the crucial parameters af-
fecting the design, construction and cost of the next gen-
eration of linear accelerators. To reach high gradient ac-
celeration above the state of the art of 100 MV/m, several
problems such as vacuum rf breakdowns must be over-
come [1, 2]. During the development of the Next Lin-
ear Collider/Global Linear Collider the statistical nature
of rf breakdown became apparent [3, 4, 2]. It was found
that when accelerating structures are exposed to constant rf
power and pulse shape, the number of rf breakdowns per
pulse is nearly constant. The breakdown rate depends on
pulse heating [5] and other factors, such as the peak mag-
netic field [6], the peak electric field, and the peak Poynt-
ing vector [7]. Presently X-band accelerating structures
are the most studied in terms of rf breakdowns [2, 8, 9].
Currently, research in accelerating structures is moving to-
wards higher rf frequencies because of the expected higher
gradients. However, data on breakdown statistics above
40 GHz is not available [10, 11, 12].

In this paper we present a quantitative measurement of
rf breakdowns and gradients in a mm-wave copper travel-
ling wave structure. The major goal of our study is to de-

*Work supported by the US DOE under contract DE-ACO02-
76SF00515.
T dalforno@slac.stanford.edu

07 Accelerator Technology
T06 Room Temperature RF

termine the breakdown properties and specifically how the
rf breakdown rate changes with rf parameters at these high
frequencies. Moreover, when the electron beam travels off-
axis, a deflecting field is induced in addition to the longitu-
dinal field. We measured the deflecting forces by observing
the displacement of the electron bunch. A set of 120 GHz
travelling wave constant impedance accelerating structures
was designed, built and tested [13]. The structures were
excited by the ultra-relativistic electron beam generated by
FACET [14].The studied structure is open, made of two
separate metal blocks. It is 10 cm long and composed of
125 coupled cavities. Cavities are milled into the flat face
of each block. The two halves are placed together, with a
gap between, forming an open accelerating structure (see
Fig. 1(a)). Fig. 1(b) shows one half of the structure, and
Fig. 1(c) shows the geometry of one quarter of the vacuum
volume of a regular cell. The ‘x’ direction is horizontal,
while the ‘y’ direction is vertical. The fundamental mode
is synchronous with the speed of light at a phase advance
per period close to 27/3. RF parameters for the funda-
mental accelerating mode are listed in Table 1. They were
calculated for a beam on the central axis, using the method
described in [13]. The peak electric and magnetic fields
are calculated on the surface. Their distribution, for the
fundamental mode, is shown in Fig. 2. During the exper-
iment we varied the rf parameters of the structure by re-
motely changing the gap. With larger gap the pulse length
is determined by the group velocity and structure length,
and with smaller gap and thus higher attenuation the pulse
length is equal to the decay time [13]. Accelerating gradi-
ent was varied by horizontally scanning the beam position
with respect to the structure center axis. To reliably detect
breakdowns we used a diagnostic tool which we call “arc-
detector” [13]. The two metal halves were electrically in-
sulated from ground and each other. RF breakdowns gener-
ate electron and ion currents that induce a voltage between
the two halves, which were measured with an oscilloscope.
When the electron beam trajectory moves horizontally off-
axis it excites deflecting fields, however when the beam tra-
jectory moves far beyond the corrugations, the deflection
disappears. We simulated wakefields excited by a Gaus-
sian bunch with o, = 50 pm and charge 3.2 nC using CST
Particle Studio [15] and GdfidL [16]. The integrated ac-
celerating and deflecting voltages in the 10 cm long struc-
ture are shown in Fig. 3. These results are in good agree-
ment with other wakefield calculations made with a method
developed by A. Novokhatski [17, 18, 19, 20]. When the
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Figure 1: Solid model of the output section of the mm-wave travelling wave accelerating structure, including output
coupler and waveguides (a), photo of the copper half structure (b), geometry of one quarter of the vacuum part of the

regular cell (c).

Table 1: RF parameters of the fundamental mode in the travelling wave copper accelerating structure. RF fields and power
are normalized to 1 nC bunch charge. The beam is on the central axis. The peak electric and magnetic fields are calculated

on the surface, “1m.” means for the fundamental mode only.

Gap | Frequency | Shunt Loss Group Pulse | Output | Accelerating | Epeqr Hpear
impedance | factor velocity | length | power | gradient surface surface
f Rs R Ug/c Tp P Eacc Emaw,l'mA Hmaw,lm.
mm | GHz MQ/m MV/nC/m | % ns MW MV/m GV/m MA/m
0.2 | 140.28 449 47.45 0.21 2.34 0.03 95 0.2 0.4
0.3 | 136.27 398 41.60 0.85 2.36 0.105 | 83 0.19 0.356
0.5 | 130.30 298 31.15 3.54 2.37 0.34 62.5 0.174 0.347
0.7 | 126.01 222 23.50 7.65 4.03 0.58 47 0.16 0.34
0.9 | 122.66 166 17.87 12.42 2.35 0.75 36 0.15 0.3
1.1 | 119.93 128 13.89 17.48 1.57 0.88 28 0.12 0.23
1.3 | 117.59 99 10.97 22.44 1.15 0.94 22 0.11 0.2
E [GV/m] H [MA/m] -~ kick angle 6,, generated by the structure, to a horizontal
§oes / y pE ' beam displacement Az, given by:
0.49 ij\eam 0.95 e
0.32 direction | |0.64 direction
. 0.16 @ .0.32 @ Az = Rip-0; = Rz 61?,
0 0

(a) (b)

Figure 2: Plot of the electric field (a) and magnetic field
(b) of the fundamental mode over one quarter of period of
the regular cell (gap = 0.2mm), at synchronous frequency.
These fields are calculated for a bunch charge of 3.2 nC and
50 pm long in an infinite travelling wave structure.

beam trajectory is close to the central axis there is no de-
flecting voltage. The deflection appears only as two spikes
which are far from the structure center and close to the edge
of the cavities.

EXPERIMENTAL RESULTS

The structure was installed in the vacuum chamber lo-
cated in the experimental FACET section. A camera lo-
cated after the vertically bending magnet records the screen
image of the bunch at each pulse. The beam optics between
the test structure and the camera converts the horizontal
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where e is the electron charge, Ris (= 14 m) is the op-
tics coefficient that converts a beam horizontal angle into
a beam horizontal displacement, given by the deflecting
voltage V,, and the beam energy £. By measuring Ax
on the diagnostic screen, the deflecting voltage is deter-
mined. The FACET beam had an energy E = 20.35 GeV,
a charge of 3.2 nC and an RMS bunch length of about
50 pum. To vary the structure properties and gradients, we
first remotely set the gap between the two blocks and then
horizontally moved the structure position with respect to
the beam, changing the gradient. During a horizontal scan
we could clearly observe horizontal deflection of the beam
centroid, from which the deflecting voltage was calculated
using Ri2. Figure 4 shows this analysis of a horizontal
scan. Vertical error bars correspond to standard deviation
of the centroid positions caused by transverse position jitter
of the FACET bunch, pulse to pulse variation of the bunch
shape and rf breakdowns. We believe that good correspon-
dence between the simulated and measured deflecting volt-
ages confirms our simulations of the accelerating voltage.
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Figure 3: Deceleration voltage (a-b) and transverse voltage (c-d) as a function of the horizontal beam-structure displace-
ment, for different gaps. The fields are generated by a 3.2 nC bunch with o, = 50 pm in 10 cm long structure. The solid
lines are calculated with CST, the ‘X’ points with the code “NOVO”.

e o
N o

o
N

<
N}

Deflecting voltage [MV]
8 o

<
o

-1 -0.5 0 0.5 1
Beam offset [mm]

Figure 4: Measurement of beam deflection in a horizontal
scan with gap = 0.9 mm. Blue line is the simulation.

With the known gradient and data from the “arc-
detector”, we put the beam on the central axis and ex-
posed the structure to a large number of pulses. The break-
down rate results are 0.66 1/(pulse m) with 3200 pulses
and E,cqr = 0.57 GV/m considering the sum of all modes
(gap = 0.9 mm), and 0.38 1/(pulse m) with 500 pulses and
Eyear = 0.47 GV/m considering the sum of all modes (gap
= 1.1 mm). Our tests were done in a large vacuum chamber,
as a consequence, the vacuum pressure was 7 - 1077 Torr.
We conjecture that rf conditioning and a lower vacuum
pressure could reduce the measured breakdown rate.

DISCUSSION

In this experiment we studied physics of rf breakdowns
in mm-wave metallic travelling wave accelerating struc-
tures. The breakdown rates are relatively high for the field
levels and pulse lengths as compared to values extrapolated
from x-band experiments [2, 10]. X-band structures were
conditioned by more than 10® rf pulses, typically without
beam and vacuum pressures below 10~8 Torr. In this exper-
iment the rf field is excited by the FACET beam so the num-
ber of pulses was limited to < 10° and the vacuum level is
7-10~7 Torr. The breakdown rate is expected to improve
with a better vacuum and more conditioning time. More-
over the beam halo was intercepted by the structure and a
few times, the whole beam was dumped into the structure
due to linac faults. All of the above could contributed to a
relatively high breakdown rate. These experiments are the
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first yielding quantitative measurements of rf breakdown
rate in this parameter space. It will take many more exper-
iments to understand the physics of it.

CONCLUSIONS

In conclusion we report experimental measurements of
rf breakdown statistics and deflecting forces in a copper
travelling wave accelerating structure at sub-THz frequen-
cies. The breakdown rate results are 0.66 1/(pulse m) with
Epear. = 0.57 GV/m (considering the sum of all modes),
and 0.38 1/(pulse m) with E},cq5 =0.47 GV/m (considering
the sum of all modes). This structure can be used as either
a wakefield-driven or an rf powered accelerating structure.
For the latter one, a gyroklystron would be a practical rf
drive source.

ACKNOWLEDGMENT

We thank the experiment crew: Brendan O’Shea,
Spencer Gessner, Oliver Williams, Chris Pearson, Erik
Adli, Carl Lindstrom, Michael Litos. We thank Vitaly
Yakimenko and the FACET team for their excellent sup-
port.

REFERENCES

[1] D. H. Whittum, “Millimeter-Wave Drivers for Future Lin-
ear Colliders” in 22nd International Conference on Infrared
and Millimeter Waves, Wintergreen, USA, 1998, Report No.
SLAC-PUB-7809, 1998.

(2]

V. A. Dolgashev, “Progress on high-gradient structures”,
AIP Conf. Proc. 1507, 76 (2012).

S. Doebert, et al., “High gradient performance of NLC/GLC
X-band accelerating structures”, in Proc. of IEEE PAC
2005, Knoxville, Tennessee, 2005, pp. 372374, SLAC-
PUB-11207.

(3]

[4] C. Adolphsen, “Normal Conducting rf Structure Test Facil-
ities and Results”, in Proc. of IEEE PAC 2003, Portland,

Oregon, 2003, pp. 668672.

[5] V. A. Dolgashev, “High magnetic fields in couplers of X-
band accelerating structures”, in Proc. of IEEE PAC 2003,

Portland, Oregon, 2003, pp. 12671269, SLACPUB-10123.

V. A. Dolgashev, and S. G. Tantawi, “RF Breakdown in X-
band Waveguides”, in Proc. of EPAC 2002, Paris, France,
2002, pp. 21392141.

(6]

ISBN 978-3-95450-147-2
499



MOPMW041

[7]

[8]

[91

[10]

(1]

[12]

[13]

A. Grudiev, S. Calatroni, and W. Wuensch, “New local field
quantity describing the high gradient limit of accelerating
structures”, Phys. Rev. STAccel. Beams 12, 102001 (2009).

V. Dolgashev, S. Tantawi, Y. Higashi, and B. Spataro, “Ge-
ometric dependence of radio-frequency breakdown in nor-
mal conducting accelerating structures”, Appl. Phys. Lett.
97, 171501 (2010).

F. Wang, C. Adolphsen, and C. Nantista, “Performance lim-
iting effects in X-band accelerators”, Phys. Rev. ST Accel.
Beams 14, 010401 (2011).

H. H. Braun, S. Dbert, I. Wilson, and W. Wuensch, “Fre-
quency and Temperature Dependence of Electrical Break-
down at 21, 30, and 39 GHz”, Phys. Rev. Lett. 90, 224801
(2003).

D. Yu, H. Henke, H. H. Braun, S. Dobert, and W. Wuensch,
“High power test of a 30-GHz planar accelerator”, in Parti-
cle Accelerator Conference, 2001. PAC 2001. Proceedings
of the 2001, 2001, vol. 5, pp. 38583860 vol.5.

W. Wuensch, H. Braun, M. Valentini, CERN-CLIC-NOTE-
413 (1999).

M. Dal Forno, V. Dolgashev, G. Bowden, C. Clarke, M.
Hogan, D. McCormick, A. Novokhatski, B. Spataro, S.
Weathersby, and S. G. Tantawi, “rf breakdown tests of mm-
wave metallic accelerating structures”, Phys. Rev. Accel.
Beams 19, 011301 (2016).

ISBN 978-3-95450-147-2

500

[14]

[15]
[16]
[17]

(18]

[19]

[20]

Proceedings of IPAC2016, Busan, Korea

Facility for advanced accelerator experimental tests

(FACET), http://facet.slac.stanford.edu/
CST Studio (©), https://www.cst.com/
GdfidL (©), https://www.gdfidl.de/

A. Novokhatsky, The Computer Code NOVO for the Calcu-
lation of Wake Potentials of the Very Short Ultra-relativistic
Bunches, Report No. SLAC-PUB-11556, 2005.

A. Novokhatski, Field dynamics of coherent synchrotron ra-
diation using a direct numerical solution of Maxwell’s equa-
tions, Phys. Rev. STAccel. Beams 14, 060707 (2011).

A. Novokhatsky, Modeling of Coherent Synchrotron Radia-
tion using a Direct Numerical Solution of Maxwell’s Equa-
tions, Report No. SLAC-PUB-15258, 2012.

V. E. Balakin, I. A. Koop, A. V. Novokhatski, and V. P.
Smirnov, SLAC, Report No. SLAC-TRANS-0188, 1978.

07 Accelerator Technology
T06 Room Temperature RF



