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Abstract
The results of high-gradient tests of a tapered X-band

traveling-wave accelerator structure powered in reversed di-
rection are presented. Powering the tapered structure from
the small aperture, normally output, at the end of the struc-
ture provides unique conditions for the study of gradient
limits. This allows high fields in the first cell for a compara-
tively low input power and a field distribution that rapidly
falls off along the length of the structure. A maximum gradi-
ent of 130 MV/m in the first cell at a pulse length of 100 ns
was reached for an input power of 31.9 MW. Details of the
conditioning and operation at high-gradient are presented.
Various breakdown rate measurements were conducted at
different power levels and rf pulse widths. The structure was
standard T24 CLIC test structure and was tested in Xbox-3
at CERN.

INTRODUCTION
The CLIC collaboration is aiming at developing and test-

ing high-gradient accelerating structures for the CLIC main
linac [1, 2]. The target accelerating gradient for the 3 TeV
center of mass energy version of CLIC is 100 MV/m [3]. The
baseline design, named “CLIC-G”, operates at 11.994 GHz
in 2𝜋/3 modes at an accelerating gradient of 100 MV/m [4,5].
The high-gradient technology from CLIC has also recently
been applied in future XFEL design (CompactLight), medi-
cal accelerators (FLASH), and many other facilities [6–9].

Vacuum arcing in the structures, also referred to as rf
breakdown, is the major limitation to the achievable gradient
in room-temperature accelerating structures. Rf breakdown
will lower beam quality and damage the structure surface [10,
11]. The CLIC high-gradient specification states a maximum
breakdown rate (BDR) of 3×10−7 breakdowns per pulse per
meter at an acceleration gradient of 100 MV/m and a pulse
width of 250 ns [1].

A CLIC prototype structure named “T24” was manufac-
tured at CERN and was recently high-gradient tested in the
Xbox-3 test-stand at CERN. Tests were done without the
presence of a particle beam. The structure is iris-tapered,
constant gradient, traveling-wave with 24 accelerating cells.
Similar to the CLIC-G design, it operates at 11.994 GHz in
2𝜋/3 modes. The T24 design consists of cylinder cells which
does not include the damping waveguides [1, 4, 12–14]. It
reached an average gradient of 100 MV/m at the input power
of 37.2 MW and the gradient of the last cell is 107 MV/m.
The gradient was limited by the capability of the test-stand.
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However, powering the T24 from what is normally the out-
put, provides unique conditions for the study of gradient
limits. The first cell of the reversed structure reaches a given
gradient with a lower power. For comparison, a gradient of
107 MV/m requires only an input power of 21.6 MW. The
reversed T24 structure was named “42T” and high-gradient
tested in Xbox-3 test-stand at CERN. The comparison of
the field distributions of T24 and 42T is shown in Fig. 1.
The test-stand and operational algorithms are presented in
this paper followed by the test results and breakdown rate
measurements.

Figure 1: Field profiles of T24 (solid line) and 42T (dash
line). The input power for T24 and 42T are 37.2 MW and
21.6 MW respectively. The red curve shows the accelerating
gradient and the black curve the input power.

HIGH-POWER TEST-STAND
AND OPERATIONAL ALGORITHMS

Diagnostic System of Xbox-3
After the move of part of the Xbox-3 to Melbourne Univer-

sity [15] early last year, two 𝑋-band klystrons and two testing
slots remain at CERN. Xbox-3 combines two klystrons’ rf
power into two testing slots. The testing facility is shown in
Fig. 2.

Figure 2: Schematic of the high power rf network of half of
Xbox-3.
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Figure 3: High-gradient testing history of 42T. The plot shows the accelerating gradient of the first cell (blue), pulse lengths
(magenta), cumulative number of breakdowns (red), and repetition rate (cyan) versus the number of pulses.

Figure 4: Breakdown positions of 42T versus the number of pulses during the high-gradient test.

The pulsed rf power is produced by combining two
klystrons with a hybrid to reach a maximum of 12 MW
with a repetition rate of 400 Hz [16]. We use pulse compres-
sion in Xbox-3 which allows the production of 45 MW for
a 200 ns pulse [17]. Note that a phase ramp modulation is
applied to the klystron pulse which generates a flat top for the
compressed pulse. The phase into the klystrons is changed
every pulse to direct the power to one of the two branches
after the hybrid. The high repetition rate rf power is used
to feed the testing slots sequentially with a final maximum
repetition rate of 200 Hz.

Operational Algorithm
The control system of Xbox-3 increases the rf power to the

target value automatically at a fixed pulse width. Once the
target power value is reached, the pulse width is lengthened.
Then, input rf power is ramped from a few hundred kilowatts
again for the new pulse width.

Diagnostics used in the experiment include directional
couplers to monitor the incident and reflected rf signals
along the test line shown in Fig. 2 and two Faraday cups to
collect upstream and downstream dark currents during rf
conditioning. These signals were monitored pulse by pulse
for breakdown detection. The interlock system inhibited
the subsequent pulse when any jump in reflected rf signal
or Faraday cup signal above a set threshold was detected.
Additionally, vacuum and temperature signals were also
monitored by the interlock system. As both lines share the
interlock system, an interlock in one testing line stops the
RF pulsing in both lines [18]. Then, the system is paused
for several tens of seconds before the subsequent rf pulse,
which is sufficiently long to allow the gas pressure to recover

and to save the waveforms. These interlock events might
indicate a breakdown event and are checked during offline
data analysis. The system reduces the rf power after interlock
detection and ramps the power up again.

SUMMARY OF THE HISTORY PLOT
The high-gradient testing history of 42T is shown in Fig. 3.

The blue, magenta, red, and cyan dots represent accelerating
gradient of the first cell, rf pulse width, cumulative number
of breakdowns, and repetition rate respectively.

The gradient of the first cell reached 130 MV/m at the
end of the high-gradient test. Figure 4 presents the posi-
tions of the breakdowns during the high-gradient test. The
breakdowns occurred mainly in the first several cells which
is consistent with the field profiles being highest in the front
of the structure. The next steps are going to be a bead-pull
measurement after the high-gradient test and eventually a
post-mortem analysis.

BDR MEASUREMENTS
The BDR value is defined as breakdown number divided

by the number of accumulated pulses. BDR measurements
were conducted at different input powers and pulse widths
after the structure was conditioned, as shown in Fig. 3. The
input pulse shape was kept constant during the measurement
and the number of breakdowns was counted. The results of
the BDR measurements are summarized in Table 1.

The BDR is strongly dependent on 𝐸𝑎𝑐𝑐 and rf pulse width.
The dependencies that have been observed in many CLIC
prototype structures are reported in Ref. [19] and can be
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Table 1: BDR Measurements of 42T

Gradient in First Cell [MV/m] Pulse Width [ns] Breakdown Number Pulse Number

BDR1 119.8 109.6 70 1.465e7
BDR2 120.8 192.3 610 4.511e7
BDR3 110.4 190.4 45 4.413e7
BDR4 102.0 188.5 11 1.519e8
BDR5 120.5 189.6 638 1.053e8
BDR6 120.8 109.1 69 4.985e7
BDR7 129.6 109.6 591 1.757e7

approximated with the following relation:

𝐵𝐷𝑅
𝐸acc

30𝜏5
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, (1)

where 𝐸acc is the unloaded accelerating gradient and 𝜏 is the
rf pulse width. The factor over 𝐸acc of the first cell is 28.5
and 32.1 by fitting the results of the 190 ns and 110 ns BDR
measurements respectively, as shown in Fig. 5.
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Figure 5: Breakdown rate measurements results with the fit
curve. Blue and red dots present the BDR measurements of
190 ns and 110 ns rf pulse width.

The BDR dependency on rf pulse width can be calculated
from the BDR5 and BDR6 result from Table 1. It indicated
the factor over rf pulse width is 2.67 by fitting the two results.

CONCLUSION
The results of high-gradient tests of a tapered X-band

traveling-wave accelerator structures powered in reversed
direction named 42T are presented. The first cell of
42T reached a maximum low-breakdown-rate gradient of
130 MV/m at a pulse length of 100 ns in the test with a rela-
tively lower input power of 31.9 MW. Various breakdown
rate measurements were conducted at different power level
and rf pulse width. The BDR dependencies on accelerating
gradient and rf pulse width were studied. The factors over
the first cell gradient are 28.5 and 32.1 by fitting the results
of the 190 ns and 110 ns BDR measurements. Bead-pull
measurement and post-mortem analysis will be conducted
in the future.
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