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Radio frequency breakdown rate is a crucial performance parameter that ensures that the design
luminosity is achieved in the CLIC linear collider. The required low breakdown rate for CLIC, of the order

of 1077 breakdown pulse™' m~!, has been demonstrated in a number of 12 GHz CLIC prototype struc-
tures at gradients in excess of the design 100 MV /m accelerating gradient, however without the presence
of the accelerated beam and associated beam loading. The beam loading induced by the approximately 1 A
CLIC main beam significantly modifies the field distribution inside the structures, and the effect on
breakdown rate is potentially significant so needs to be determined. A dedicated experiment has been
carried out in the CLIC Test Facility CTF3 to measure this effect, and the results are presented.
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I. INTRODUCTION

The CLIC [1] TeV-range linear collider aims to collide
electrons and positrons accelerated in two opposing linacs
using normal-conducting high-gradient accelerating struc-
tures. A major limitation to the achievable gradient are rf
breakdowns (BD), which inhibit power propagation and
induce transverse kicks to the beam causing luminosity loss
[2]. The specification for maximum breakdown rate (BDR)
is 3 x 1077 BD/(pulse - m) for the 3 TeV CLIC, chosen in
order to limit luminosity loss due to breakdowns to less
than 1%. An intensive high-gradient testing program has
been carried out, and results demonstrate that such low
breakdown rates are achievable in excess of the 3 TeV
CLIC design gradient of 100 MV /m [3,4]. These tests have
been carried out without beam inside the structure.

The beam presence produces additional fields inside the
accelerating structure, that combined with the injected rf
modify the internal field distribution. The field modifica-
tion is known as beam loading [5,6]. CLIC is designed for a
high rf-to-beam efficiency requiring a high level of beam
loading. This is accomplished with a high beam current of
approximately 1.2 A, unavoidably modifying the longi-
tudinal field profile. The input power to the structure needs
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to be increased accordingly to maintain the same average
accelerating gradient inside the structure.

The effect of modifying the internal field profile on
the BDR is hard to predict since two very different
dependencies are observed during experiments with vary-
ing electric field profiles [7]. When the input power to a
structure is varied, the whole-structure BDR varies approx-
imately as

BDR « EX, (1)

where E,. is the accelerating field [ 7]. On the other hand, the
distribution of the longitudinal position of the breakdowns
indicates a linear proportionality to the peak surface electric
field [8]. The dynamic change of breakdown rate when the
field profile is changed by introducing beam is expected to
lie somewhere between these two dependencies.

In order to directly experimentally measure the effect of
beam loading on BDR, an experiment has been carried out
[9] in the CLIC Test Facility (CTF3) at CERN [10]. The rf
power is provided by a 12 GHz klystron and the beam is
taken from the electron linac of the facility. Initial mea-
surements with the beam can be found in [11,12], and this
work presents a significantly improved set of measure-
ments also with better statistics.

II. EXPERIMENT LAYOUT

The CTF3 Drive Beam linac [13] can be operated to
produce a CLIC Main-Beam-like electron beam with the
parameters reported in Table I. Branching halfway off the
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TABLE I. Beam parameters used for the experiment and CLIC
3 TeV design parameters [1,14].

This experiment CLIC 3 TeV
Beam current [A] 1.6 1.2
Pulse length [ns] 330 156
Energy [GeV] 0.13 9 to 3000
Repetition rate [Hz] 25 50
Bunch charge [pC] 530 600
Bunch separation [ns] 0.33 0.5
Number of bunches 984 312
€, normalised 75-105 pm 660 nm
€y normalised 70-130 pm 20 nm
Relative energy spread 2% <2% to 0.35%

linac, a parallel beamline (called dogleg due to the shape)
has been used for this experiment.

The beamline optics has been designed to provide
minimum size in and maximum transmission through the
structure under test [11]. An 8 mm aperture collimator is
installed upstream the structure to protect it from beam
losses. Two beam position monitors are installed one
upstream and one downstream the structure. The beam
properties can be measured by sending it down the linac
instead of the dogleg line. A spectrometer measures energy,
and a screen is used to measure energy and Twiss
parameters of the beam by a quadrupole scan.

The structure under test is fed with high power rf field
by a 12 GHz source [15,16]. The basic layout of the
experimental setup is shown in Fig. 1. The rf power
generation starts with the low level rf signal (LLRF) that
is preamplified by a travelling wave tube (TWT) and then
propagated in the XL-5 klystron [17]. The klystron is
capable of producing a 50 MW rf power pulse at 12 GHz
of 1.5 us length at 50 Hz repetition rate driven by a
Scandinova solid state modulator [18]. The klystron output
pulse is compressed by a SLED-I [19] pulse compressor
into a 250 ns 140 MW pulse [20]. The waveguide network
of around 35 m length has a power transmission coefficient
of 67% with 115 ns group delay time.

The forward, reflected and transmitted rf power are
measured through directional couplers before and after the
structure. These signals are acquired by logarithmic detec-
tors. I/Q demodulators are also installed on the three
acquisition channels and provide information on the phase
of the signals. The two beam position monitors (BPMs) up-
and downstream the structure measure the beam current
and transmission.

A National Instruments PXIe-8133 controller equipped
with high-performance NI FlexRIO FPGA-based digitisers
(NI5761—250 MSa/s—4ch) [21] acquires signals and
interlocks the system. It is also complemented with serial
buses, digital IO and links to the CERN control system, all
controlled and interfaced to the user with an adapted
version of the Labview program used in the test stand.
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FIG. 1. Simplified layout of the hardware installation, control

and acquisition system.

The acquisition system checks all signals pulse-by-pulse
and stores breakdown events, along with two preceding
pulses, and stores standard pulses every minute. The online
trigger system results in a large number of saved events.
These are then analyzed offline and typically only ~10% of
the detected events are real breakdowns happening inside
the structure under test. The online breakdown identifica-
tion 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 [22]. This system
is designed to be robust and not to discard any event of
interest. The stored breakdown events use a buffer which
contains the two previous pulses in addition to the break-
down pulse itself. This approach allows the breakdowns to
be compared with normal events and to check for potential
evidences of breakdown precursors. A more detailed
description of the setup is reported in [9,11,12].

III. RESULTS

A. Conditioning and unloaded operation

A CLIC prototype structure of type TD26CC (Tapered,
Damped, 26 regular cells, compact couplers) was used to
carry out the tests. It is described in [23] and some key
features are outlined in Table II.

The accelerating structure was previously installed, proc-
essed and tested in another location without beam. To realise
the experiment with beam it was vented, moved and installed
in the CTF3 linac. The processing and performance of the
tests without beam are reported in [4,24].

The structure was reconditioned in the new installation
and measurements began once the structure had reached
relatively stable operating gradient. This period is visible in
the left part of Fig. 2, that shows the different experiments
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TABLE II. TD26CC structure parameters with CLIC main
beam parameters and 100 MV/m of accelerating gradient
(3 TeV CLIC baseline) [23].

Average loaded gradient 100 MV/m
Input power 61.3 MW
Frequency 12 GHz
Number of regular cells 26

rf phase advance per cell 2/3 nrad
Iris radius (input/output) 3.15/2.35 mm
Group velocity (input/output) 1.65/0.83% of ¢
Q factor (first/last cell) 5536/5738
Shunt impedance (first/last cell) 81/103 MQ/m
Maximum surface electric field 230 MV/m
Structure length (including couplers) 23 cm
Filling time 67 ns
rf-to-beam efficiency 27.7%

during the year. Even with conditioning more or less
saturated some longer term variations in breakdown rate
were observed. However comparisons with different con-
ditions were made as close together in time as possible.

The rf pulse shape needed to compensate beam loading
and minimize energy spread with a current of 1.2 A [6]. The
pulse had a flat top of 180 ns and a rising edge which
compensates the transient beam loading, as in the CLIC
pulse [1]. The tests have been carried out in different
loading conditions, with and without the beam with a beam
current of 1.6 A. The higher current value and longer beam
pulse compared to the CLIC design parameters were
chosen to increase the level of beam loading and thus
the effect of the beam on the BDR.

The beam presence causes a modification of the accel-
erating gradient profile, which is shown in Fig. 3.

When the beam is present, changing the relative rf-to-
beam phase by 180 degrees makes it possible to pass from
the loaded condition, when the beam is accelerated, to the
antiloaded condition, when the beam is decelerated. In the
latter case, the output rf power from the cavity will be
increased due to the different relative phase of the rf in the
cavity and the beam induced voltage. The average gradient is
lower in the loaded case and is lower with increasing current.
Table 11T summarizes the average and peak gradient values at
different input power and configurations used for the experi-
ments. The CLIC 3 TeV nominal conditions are also included
however it was not possible to operate the test rf system at the
nominal 3 TeV input power of 61.3 MW due to limitations
mainly in the waveguide network. The highest input power
was 43.3 MW which gave an average unloaded accelerating
gradient of 100 MV /m. This is above the 72 MV /m loaded
gradient of the initial energy stage of CLIC [14].

B. Beam effect on the breakdown rate

During one year of operation, the structure underwent
more than 800 million rf pulses. The statistics used for the
analysis described later in this work is constituted by more
than 313 million rf pulses, collected using alternatively
different input power levels and switching frequently
between operation with and without beam. The effect of
the beam on the breakdown rate has been considered in
three runs at the same input power. During these timespans,
the input power level was maintained at a constant level,
while the operation was interleaving approximately three
days with beam and four days of unloaded operation per
week. The experiment schedule is shown in Fig. 2 together
with the gradient and the cumulative number of break-
downs. Only the time periods related to results presented in
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FIG. 2. Gradient and cumulative number of breakdowns during the operation of the cavity under test. The duration of tests at different

input power is outlined at the bottom of the figure, and the beam presence is indicated by the green line.
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FIG. 3. Longitudinal accelerating profile for the structure under
test: unloaded (blue lines) at 62.7, 43.3, and 24.6 MW input
power, loaded (red lines) in the 3 TeV CLIC design conditions for
with 1.6 A of beam current at 43.3 MW of input power, and anti-
loaded (green line) with the same current and 6.5 MW of input
power. The gradient profile from beam = loading without rf is
given by the difference of the blue and red curve at the same
input power.

this paper are marked. In case of periods of unstable
operation, such as the tests at 43.3 MW, only smaller sub-
periods of time featuring constant gradient operation were
taken into account. The measured BDRs are presented in
Fig. 4. The choice of performing experiments with a
breakdown rate of the order of 107> pulse™" was dictated
by the time constraints.

The measurements show that, using the same input
power, the breakdown rate is up to a factor 10 lower when
the beam is present inside the cavity. This is expected since
the breakdown probability depends on the surface field
(and so on the local gradient). The lower peak gradient in
the loaded case with the scaling of Eq. (1) would result in a

TABLE III. Gradient parameters in the different testing con-
ditions and the CLIC 3 TeV scenario. It is important to note that
the tests were conducted at lower power than the 3 TeV CLIC
conditions.

Pk. (Avg.)
Input power gradient [MV/m] Note
62.7 MW @ 1.18 A 118 (100) Nominal CLIC
3 TeV scenario
43.3 MW no beam 103 (101) Maximum power
level reached
433 MW @ 1.6 A 98 (72)
24.6 MW no beam 77 (76)
6.5 MW @ 1.6 A 103 (68) Antiloading tests

BDR a factor 3.9 lower than the unloaded case at the
same input power. The difference with this scaling can be
addressed to the reduced contribution of the regions of the
structure with lower gradient during the operation with
beam.

The data show a correlation between the BDR and the
peak gradient inside the accelerating structure, rather than
the average gradient [9]. In fact the BDR of experiments
with and without beam at the same average gradient is very
different, while it is consistent with comparing experiments
at the same peak gradient. An experiment without beam
at 24.6 MW of input power was conducted in order to
compare it with the case of 43.3 MW of input power with
beam. The average gradient for this lower input power is
higher than for the 43.3 MW unloaded case (see Table III).
The result of the run at 24.6 MW was that after 12 million
pulses no breakdown occurred, which puts an upper limit
of the BDR at such power to less than 8 x 108 pulse™,
which is inconsistent corresponding to the average gradient
scaling in the case with beam.

It has to be stressed that there was a large fluctuation
of the BDR both for loaded and unloaded runs. These
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FIG. 4. Measured BDR with alternating beam presence at different input power: 43.3 MW (left), 41 MW (center) and 38 MW (right).
The run presenting the minimum number of breakdowns has recorded four, and normally tens of breakdowns are recorded per

experiment. The error bars represent the statistical error.
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fluctuations might appear larger because the constant
conditions runs were relatively short. Long term variations
in BDR due to successive experiments at different input
power were observed. Each test period at the same input
power had interleaved tests with and without beam in order
to allow the comparison of the performance.

C. Breakdown position

If the breakdown probability depends on the surface
electric field, then the breakdown distribution along the
structure will follow the trend of the longitudinal gradient
profile. This implies that a region with a higher gradient is
more likely to breakdown. In this experiment, considering
the gradient profile in Fig. 3, the distribution of the
breakdowns along the structure is expected to be relatively
flat in the unloaded case; peaked in the front of the structure
in the loaded case and peaked at the end of the structure in
the antiloaded case.

The breakdown position can be determined from the rf
power signals from the cavity. This is because the break-
down plasma acts as a short circuit, determining the fall
of the transmitted power and the reflection of the incoming
power after the breakdown. A review of the possible
position determining algorithms can be found in [22].
The breakdown positioning algorithm used in this work
compares the relative delay between the falling edge of the
transmitted power and the rising edge of the reflected
power to estimate the position. The edges of the signals are
detected by looking at the difference with respect to the
previous pulse (see Fig. 5). The location of the breakdown
is later calculated using the group velocity profile.

The measured breakdown distribution for the different
beam loading cases is plotted in Fig. 6.
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FIG. 5. rf power signals in the case of a breakdown without
beam. Incident (INC), transmitted (TRA) and reflected (REF)
power signals are reported. The previous pulse TRA and REF
signals (with no breakdown) are reported dashed in the inset.

0.25} .Unloaded, Ng,=2671 |
. Loaded, N ;=650

0.2F .Anti-Loaded, Ngp=95 J
2
pd
€ 0.15 b
>
(o]
°
8 o1 1
0.05F b
0
1 5 10 15 20 25
Cell number

FIG. 6. Breakdown distribution in the unloaded (blue), loaded
(red), and antiloaded (green). First and last bars refer to the two
coupling cells.

The central part of the structure showed an unexpected
higher number of BDs for both unloaded and loaded case.
The origin of this anomaly is not known. It appeared after a
long period of antiloaded operation. This anomaly makes it
impossible to deduce the precise scaling law for the
longitudinal distribution of the BDs.

The breakdown distribution in the three cases is
nevertheless compatible with the reasoning given at the
beginning of Sec. III C, showing a different breakdown
distribution according to the gradient profile.

To deduce the scaling law ruling the longitudinal
distribution of the breakdowns, repeating the experiment
involving a new cavity unbiased by the more active zone in
the center of the structure would be necessary.

D. Beam effect on the rf power after the BD

A particularity of the operation with beam is the
production of rf power by the beam downstream of a
breakdown. The rf power signals for a BD with beam where
this can be seen are shown in Fig. 7. The breakdown causes
a reflection of the 1f power, and consequently a drop of the
transmitted power. When the beam is present after, a spike
in the transmitted power occurs after the breakdown. If the
beam pulse has a sufficient length afterwards, a constant
power level establishes up to the end of the beam pulse.

The 1f production after the BD can be explained with
beam generated rf downstream the BD location. While all
the rf generated by the beam upstream the BD location is
reflected there by the breakdown, the beam induced rf
builds up downstream the BD location.

This is caused by the combination of the high beam
current and the high level of beam loading of the structure.
Since this is an effect determined purely by the beam, the
plateau power never exceeds the power level induced by
pure beam loading.
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FIG. 7. rf power signals in the case of a breakdown with beam.
The same color coding of Fig. 5 is used. Fast power spikes in the
signals, like the spike at 0.6 us in the blue trace are artifacts of the
DAQ system. The consistency of the spikes in the transmitted
power, object of this section, have been validated using a parallel
detector system based on diodes.

The presence of the power spike signal has been
recorded with both the logarithmic and the I/Q detectors.
Also the spike can not originate from higher harmonics of
the klystron, as the accelerating structure acts as a filter, and
none of the higher harmonics of the klystron is in the
passbands of the structure.

The power spike occurs when the plasma induces a
transient 180 degree phase shift which momentarily shifts
the incoming rf to the decelerating, and thus rf producing,
phase. The calculations show that the spike amplitude is
consistent with the case without beam adding the beam
loading. Such calculations confirm that the spike is due to
the interaction between the beam-induced fields and the rf
during the transmitted power fall time after the breakdown.
This hypothesis is also supported by the fact that spikes
higher than the level achievable by simple beam loading
have been recorded.

Figure 8 shows a schematic representation of the effect
of a breakdown occurring 10 cm after the entrance of the
structure. The blue line represents the loaded profile during
normal operation without breakdown. When the break-
down happens, the two extreme possible situations are:
(1) The incoming rf is completely reflected back (bottom
green line case), so the output power generated by the
structure originates from the beam induced voltage only.
This mechanism explains the power production regime that
originates the “plateau” of Fig. 7. (2) The incoming rf
power is entirely transmitted, but with a phase shift of z
(top red line case), determining a power production in the
antiloading regime, as outlined in Sec. III A. These scenar-
ios assume the steady state of the beam loading in the
cavity, as described in [25]. The spike cannot be addressed
using this simple model since it is a fast and dynamic
perturbation, and can be induced by a number of causes.

[ NORMAL
0 L(c))ADED RF PRODUCTION FROM 31.9
PROFILE BEAM IN ANTIPHASE _
100 WITH RF s
=3
£ 80 g
§ BREAKDOWN | :
£ 60f | E
9 | 3
5 | 423
I 2.4 3
20 RF PRODU‘CTION 5
FROM BEAM ONLY =
|
O : 1 1
0 0.05 0.1 0.15 0.2

z (m)

FIG. 8. Possible scenarios of rf power production after a
breakdown at 10 cm after the entrance of the structure. The
maximum rf production (red curve) is calculated adding the beam
contribution to the unloaded profile starting at the breakdown
location.

An excessive power level of the spike could damage a part
of the structure not conditioned for such high fields (the last
part of the structure is subjected to lower fields due to
attenuation). Figure 9 shows the comparison of the highest
spike in transmitted power recorded and a transmitted power
during normal operation without beam. A beam-produced
power level higher than the transmitted power in unloaded
operation has never been observed. Considering that this is
a fast dynamic effect and the beam current in the CLIC
operation scenario is lower than in the tests, the power spike
is not considered a risk during CLIC operation.

Figure 10 shows the transmitted rf phase during a
breakdown event. Due to the effect of the breakdown the

201 [—No beam i
— With beam
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= 151 k
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Time (us)

FIG. 9. Transmitted power for a reference signal during normal
operation without beam (in blue), and the highest transmitted
power registered in a breakdown event during operation with
beam (in red). In both cases the input power is 43.3 MW. The
difference in the initial part of the pulse is due to a different tuning
of the pulse compressor.
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FIG. 10. Phase variation of the transmitted power signal during
a breakdown with beam (red) compared to a normal rf pulse
without breakdown (blue). The phase variation preceding the
breakdown results from the rf pulse compression used for the rf
pulse generation.

phase jumps, reaching a constant value at the beam-
produced power plateau. The phase measurement before
the breakdown is dominated by the incoming rf phase. After
the breakdown, the incoming rf is reflected, therefore the
measured phase is just the beam-induced rf phase. The phase
jump amplitude is constant, and corresponds to the relative
phase between rf and beam of 180 degrees. The measured
phase jump in this experiment is 190 % 30 degrees, as
expected for operation in oncrest acceleration.

IV. CONCLUSIONS

The beam effect on the breakdown rate has been
measured in a prototype CLIC accelerating structure
(TD26CC). These measurements go beyond previous
experiments, with much higher statistics and precision.
A breakdown rate reduction by the beam loading up to an
order of magnitude has been measured. Furthermore the
effect of antiloading conditions has been studied.

Taken together these results indicate that the local BDR
is determined by the local field and that the reduction of the
BDR is caused by the modication of the gradient profile
induced by the beam. Additional support to the local
gradient effect is given by the distribution of the break-
downs inside the structure. More data have to be collected
to deduce the correct scaling law for the breakdown
longitudinal distribution.

Overall these results suggest that an increased structure
tapering could result in a structure with a lower overall
breakdown rate while operating with beam, although this
would enhance breakdown rate in the structure without
beam, or with lowered beam current. The rf production
by the beam downstream of a BD has been observed
but does not constitute an issue for the CLIC application.
More details on setup, analysis and operation can be found
in [26,27].
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