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Abstract
The Compact Linear Collider (CLIC) study for a future

electron-positron collider with a centre-of-mass energy up to
3 TeV aims for an accelerating gradient of 100 MV/m. The
gradient is limited by Radio Frequency (RF) breakdowns,
and the luminosity requirements impose a limit on the ad-
missible RF breakdown rate. RF testing of 12 GHz structure
prototypes has shown that gradients in excess of 100 MV/m
can be reached with the required breakdown rate. However at
CLIC, the structures will be operated with significant beam-
loading, modifying the field distribution inside. The effect of
the beam-loading must be well understood but has not been
previously measured. The commissioning and operation
of an experiment to measure the effect of beam-loading on
breakdown rate and the measurement results are presented.

INTRODUCTION
The CLIC project [1] aims to collide electrons and

positrons accelerated in two opposing linacs using normal-
conducting high-gradient accelerating structures. A major
limitation for the achievable gradient is the RF breakdown
(BD) effect which causes luminosity loss due to the trans-
verse kick on the beam. A maximum breakdown rate (BDR)
of 3 · 10−7 BD/(pulse·m) is specified for a 3 TeV CLIC at
the nominal average gradient of 100MV/m in order to limit
luminosity loss due to this effect to less than 1%. An exten-
sive program has been carried out to understand and control
the RF breakdown rate in prototype CLIC accelerating struc-
tures. Results demonstrate that such low breakdown rates
are achievable [2]. All breakdown high-gradient tests so far
have been performed without any beam inside the structure.
CLIC is designed for a high RF-to-beam efficiency of around
30%. This high level of beam loading is accomplished with
a high beam current of approximately 1A, unavoidably mod-
ifying the longitudinal field profile. The input power to the
structure needs to be increased accordingly to maintain the
same average field inside the structure.
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The effect of the field profile change on the breakdown
behaviour is hard to predict. The whole-structure breakdown
rate varies approximately with electric field as E30

acc when
input power is varied [2], while the longitudinal dependency
of the breakdown rate with the surface electric field is ap-
proximately linear [3]. In order to experimentally measure
the effect of beam loading on breakdown rate, an experi-
ment is running at the CLIC test facility CTF3 [1] using a
12GHz klystron connected to a CLIC prototype accelerat-
ing structure loaded by the CTF3 beam. Any advances in
understanding this effect are of general interest not only for
the CLIC collaboration but for the high-gradient community
in general.

EXPERIMENT LAYOUT
In CTF3, a dogleg line that branches off midway along the

drive beam linac transports the CTF3 drive beam to a CLIC
prototype accelerating structure connected to a 12GHz RF
source. The basic layout of the experimental setup is shown
in Fig. 1.

The beam optics inside the dogleg line has been designed
to provide minimum beam size and maximum transmission

Figure 1: Simplified scheme of the hardware installation,
control and acquisition system.
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through the structure under test [4]. A spectrometer and
a screen installed further down the linac allow to measure
energy and Twiss parameters of the beam by a quadrupole
scan. The transmitted beam has a current of 1.2A-1.6A,
with a pulse length up to 250 ns and an energy up to 130MeV
with a pulse repetition frequency up to 50Hz.

The 12GHz installation [5] consists of a klystron, RF
pulse compressor and the RF network to transport the RF to
the structure. The LLRF is pre-amplified by a 3 kW TWT
before injecting it to the klystron. The klystron is capa-
ble of producing 50MW of 12GHz RF pulses of 1.5 µs at
50Hz repetition rate [6] driven by a Scandinova solid state
modulator [7]. The SLED I type pulse compressor is able to
compress the klystron output into a 250 ns 140MWpulse [8].
The RF is transported through an overmoded waveguides
and components system. The forward, reflected and transmit-
ted RF power is detected at directional couplers close to the
structure and measured by logarithmic detectors. Two Beam
Position Monitors (BPMs) located up- and downstream the
structure measure the beam current sent through.
A National Instruments PXIe-8133 controller equipped

with high-performance NI FlexRIO FPGA-based digitizers
(NI 5761 – 250MS/s – 4ch) [9] does the power signal reading
and interlocking complemented with serial buses, digital IO
and the CERN control system, all controlled and interfaced
to the user with an adapted version of the Labview program
used in the test stand [10]. The acquisition system checks
all signals pulse-to-pulse and stores events periodically as
well as breakdown-like events based on conservative trigger
criteria where only ∼10% of the events passing it are real
breakdowns. The breakdown identification is based on the
observation of the increase of reflected RF power and the
loss of transmitted signal through the structure compared to
the incident pulse [11]. The stored breakdown events use
a buffer which contains the two previous pulses in addition
to the breakdown pulse itself. This approach allows the
breakdowns to be compared with normal events and to check
for potential evidences of breakdown triggers.

EXPERIMENTAL RESULTS
A TD26CC CLIC structure prototype (tapered, damped,

26 cells, compact coupler) [12] was installed in the dogleg
line in May 2015. This TD26CC had already been processed
in 2013 during 6 months but was accidentally vented for few
weeks at the testing place. It was re-baked out at 650◦C
before installing it for the beam-loading experiment. The
structure needed to be reconditioned, and the conditioning
speed was lower than in the 2013 experiment. The condi-
tioning reached a saturation level, and no breakdown rate
improvement was seen in the last 108 pulses [13]. This
saturation allows the comparison of long measurements at
different gradients and configurations.
The breakdown rate for an RF pulse with the shape and

pulse length of 180 ns of the nominal CLIC RF pulse was
measured for different conditions – without beam and with
a beam current of 1.6A (Table 1).

This current is higher than the nominal CLIC current to
increase the loading and to amplify an eventual effect on the
BDR. In addition to the loaded case with acceleration, where
the RF power is absorbed by the beam, the relative RF-to-
beam phase was also modified to decelerate the beam, thus
using the beam to produce RF power instead of absorbing
it (anti-loaded). In this situation, the field rises along the
length of the structure. The field profiles for the different
cases are shown in Fig. 2.
When a BD takes place in the loaded case, typically the

transmitted power slightly drops and rises again (see exam-
ple in Fig. 3). This can be explained as the plasma formation
starts reflecting power and cuts the transmission, but after-
wards the beam-loading produces power downstream the
BD location, which can raise to a higher level due to the
high beam current of 1.6 A.

Figure 2: Longitudinal accelerating gradient profile for the
CLIC structure under test unloaded (blue lines) at 43.3MW
and 24.6MW input power, with 1.6 A of beam loaded (red
line) at 43.3MW and anti-loaded (green line) at 6.5MW
input power.

Figure 3: RF signals for a BD with beam-loading. The
incident (blue), transmitted (green), and reflected power
(red) are shown.
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Table 1: Conditions for the Various Breakdown Rate Measurements and Breakdown Rate Results

Input power (MW) Av./peak gradient (MV/m) Loading pulses BDs BDR (10−5/pulse)
43.3 100/103 Unloaded 29796700 478 1.60 +/- 0.07
43.3 75/98 Loaded 11288100 192 1.70 +/- 0.12
6.5 66/100 Anti-Loaded 8112500 76 0.94 +/- 0.11
24.6 75/77 Unloaded 3672400 5 0.14 +/- 0.06

Figure 4: Breakdown rate for the loaded (red), unloaded
(blue), and anti-loaded (green) cases at different gradient.
The plot shows both average gradient (filled dots) and peak
gradient (empty dots) for each case connected by a line. Only
statistical errors are shown.

Table 1 and Fig. 4 show the breakdown rate for all mea-
surements. The first observation is that the beam does not
increase the breakdown rate.

The breakdown rate is similar for comparable peak gradi-
ents but a lower average gradient by loading or anti-loading
does not improve the BDR. So the breakdown rate is corre-
lated to the peak gradient inside the structure rather than to
the average gradient.

Figure 5 shows breakdown cell distribution along the struc-
ture for the unloaded, loaded and anti-loaded case. While
the breakdowns are present all along the structure in the
unloaded case, the distribution clearly shifts to the region of
higher fields for the loaded and anti-loaded case. This result
further supports the hypothesis of a breakdown rate domi-
nated by peak gradient rather than by the average gradient.
More data needs to be collected to reduce statistical errors
and confirm the results.

CONCLUSIONS
An experiment has started to measure the effect of beam

loading on the breakdown rate of high-gradient accelerating
structures. The first results show a breakdown rate dom-
inated by the maximum peak gradient inside the acceler-
ating structure rather than by the average gradient for all
unloaded, loaded and anti-loaded cases. Breakdown cell
distributions inside the structure support this conclusion.
The beam presence does not seem to alter the breakdown

Figure 5: Breakdown cell distribution along the TD26CC
structure for unloaded (blue), loaded (red) and anti-loaded
(green) case.

rate for the statistics accumulated when the input power is
kept constant. Further measurements will be carried out
during the present year to draw further conclusions. If the
results are confirmed, it means that it may be possible to
optimise the structure tapering for the loaded, rather than
the unloaded, field profile giving better performance under
beam-loaded conditions.
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