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Accelerating gradients in excess of 100 MV=m, at very low breakdown rates, have been successfully
achieved in numerous prototype CLIC accelerating structures. The conditioning and operational histories
of several structures, tested at KEK and CERN, have been compared and there is clear evidence that the
conditioning progresses with the number of rf pulses and not with the number of breakdowns. This
observation opens the possibility that the optimum conditioning strategy, which minimizes the total number
of breakdowns the structure is subject to without increasing conditioning time, may be to never exceed the
breakdown rate target for operation. The result is also likely to have a strong impact on efforts to understand
the physical mechanism underlying conditioning and may lead to preparation procedures which reduce
conditioning time.
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I. INTRODUCTION

The CLIC accelerating gradient target [1] of 100 MV=m,
pulse length of around 200 ns and breakdown rate (BDR,
i.e., number of pulses with breakdown divided by total
number of pulses) in the range of 10−7 1=pulse=m is now
routinely achieved in prototype CLIC accelerating struc-
tures [2]. The design, manufacture and testing of the
prototypes is a well-established process. The limiting
gradient behavior has been comprehensively studied and
reasonably well understood [3]. In particular, a quantity
based on local power flow [4] appears to determine the
limiting gradient as a function of rf design for a given
manufacturing procedure. Prototype structures are manu-
factured reproducibly by KEK/SLAC and CERN according
to a procedure developed in the NLC/GLC linear collider
study [5]. Relevant details of the manufacturing procedure
will be summarized below. The structures discussed in this
paper have been tested at KEK and CERN in klystron-
powered test stands [6,7]. Testing is done almost entirely
under computer control, and the underlying algorithm
allows the structures to be conditioned while maintaining
at a user-selected breakdown rate.
The ultimate performance of the structures is now

acceptable for the CLIC project; however all the structures
tested so far have required a lengthy, three to four month, rf
conditioning period to arrive to the target performance.

Since such a long conditioning period would represent a
significant contribution to the total cost of the structures,
reducing the conditioning time is an important priority for
the CLIC study. A dedicated effort to understand and
reduce rf conditioning time has been initiated and the first
step in this effort has been to rigorously compare the
conditioning data from a set of similar rf design prototype
CLIC accelerating structures. This analysis has surprisingly
produced clear evidence that the conditioning progresses as
the number of rf pulses and not as the number of break-
downs. This analysis is described in this paper.
The insight that conditioning progresses with the number

of pulses, rather than with the number of breakdowns,
points towards an improved conditioning procedure. The
number of breakdowns a structure is exposed to can be
minimized, without increasing the conditioning time com-
pared to current procedures, by never exceeding the target
operational breakdown rate, which is 3 × 10−7 1=pulse=m
in the case of CLIC. Minimizing the number of breakdowns
could limit damage to the structure and the appearance of
so-called “hot” cells. In addition the insight will be used as
input for the investigation of new structure preparation
procedures to reduce the rf conditioning time by mimicking
the effect of rf pulses in a cost effective way.

II. EXPERIMENTAL SETUP AND
OPERATIONAL ALGORITHMS

Since the rf design of an accelerating structure has a very
strong influence on rf performance [1], this comparative
conditioning analysis has been done on the largest sub-
group of similar CLIC prototype structures which have
been tested so far. The structures considered here are the
so-called TD26CC and TD24R05 (please see [1] for
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nomenclature). These two types of structures have identical
main cells but the input and output power couplers have
different rf designs. The main fabrication features and
procedures of the structures are the same: 4. OFE (Oxygen-
Free Electronic copper) copper, diamond-turned cells,
hydrogen bonding and vacuum bakeout. CERN-tested
structures were fabricated by CERN and KEK-tested
structures were made jointly by KEK and SLAC. The rf
frequency was 11.994 GHz at CERN and 11.424 GHz at
KEK. Details of the design and fabrication of these
structures can be found in [1].
The structures were tested in either the CERN Xbox-1

facility [7] or the KEK Nextef facility [8]. Xbox-1 is a
12 GHz high power klystron test stand dedicated primarily
to the test of CLIC prototype accelerating structures. The
high-power network of the test stand consists of a 50 MW
klystron, a solid state modulator and pulse compressor.
Further information on Xbox-1 can be found in [7]. The
Nextef test stand at KEK was constructed during the NLC/
GLC project. It has been operated in recent years to support
the CLIC accelerating structure development program. It
consists of two 50 MW klystrons which are combined.
High-gradient tests made in Nextef are reported in [6] and
references therein.
The testing protocols at the two test facilities are similar.

Breakdowns in both facilities are detected by a combination
of measurement of current bursts via Faraday cups and
measurement of increased reflected rf power. High-gradient
operation in Xbox-1 is controlled by an automated con-
ditioning algorithm with operator intervention necessary
only to set a few global parameters like pulse length and
target breakdown rate. The essential features of the algo-
rithm include a loop for recovery from a breakdown and
power ramping for conditioning. Loop parameters are
automatically revised in a slow feedback loop to ensure
conditioning occurs at the target breakdown rate. In Xbox-
1, an rf pulse compressor was used during the tests
described here and the conditioning system was always
operated at 50 Hz. More details of breakdown detection and
the operational algorithm can be found in [7]. The Nextef
conditioning control is somewhat less automated. The
conditioning rate in Nextef is the outcome of user-defined
power ramping rate which is typically updated daily to
maintain the target value.
Accelerating structures in both test stands, as well as

previous testing at SLAC in NLCTA [9], are also ramped
up in pulse length as the conditioning state of the structure
progresses. Conditioning starts with a 50 to 70 ns pulse at
low power. The power is gradually increased by the
conditioning algorithm, while maintaining the target break-
down rate, until the target gradient is reached. At this point
the power is reduced by about 20%, the pulse is lengthened
and the power ramp begins again. This is repeated for about
five pulse lengths until the final target pulse parameters
have been achieved. The choice of pulse length and of pulse

length steps are set by the operator in both Xbox-1 and
Nextef. The typical overall testing time for the structures
described here is about six months.

III. DATA AND ANALYSIS

The upper plot of Fig. 1 shows the achieved accelerating
gradient (green), the pulse length during each period of
operation (black text) and the accumulated number of
breakdowns (red) with respect to the accumulated number
of pulses of a TD26CC structure tested at CERN. The slope
of the red curve, fit over an appropriate number of pulses to
average out fluctuations, gives the local breakdown rate.
The most important parameters used during the condition-
ing of the structure are summarized in Table I.
In addition to the increase in the pulse length from

period 1 to period 2, the target BDR was lowered to
2 × 10−5 1=pulse (from about 7 × 10−5 1=pulse). This was
to avoid the appearance of “sawtoothing”—the situation
when the conditioning algorithm would ramp the power,
apparently too quickly, causing the structure to break down
repeatedly which in turn caused the algorithm to react by
significantly lowering the power in order to reestablish the
target BDR. This condition was considered potentially
risky for the structure and could be eliminated by simply
reducing the target breakdown rate. More details on the
testing of the TD26CC structure can be found in [2]. The
active conditioning period, when power and pulse length
were ramped to maintain a target breakdown rate, ended
when the gradient and pulse length were 105 MV=m and
250 ns (flattop) respectively. This took about 1650 hours of
testing time (equivalent to four months of operation with an
overall up-time of about 65%). The active conditioning
period was followed by a run with constant input power
conditions, 100 MV=m and 250 ns. The breakdown rate
was free to change and decreased steadily.
The operational history of a TD24R05 structure tested at

KEK is shown in the lower part of Fig. 1. The overall
characteristics of the structure conditioning are similar,
however the pulse lengths were different and changes in
pulse length were made at different times. In addition the
KEK active conditioning period was followed by a much
longer run with constant input conditions, which were
changed from time to time during measurements of the
dependence of BDR on gradient and pulse length.
Almost all breakdowns occurred in the main cells of the
structures which have been tested, which means that the
results can be compared even though the input and
output power coupler designs in the CERN-tested
TD26CC and KEK tested TD24R05 are different, as
mentioned in Sec. II.
In order to directly compare the behavior of the two

structures throughout their operating history, the data must
be scaled to account for the differing operating conditions
(gradient, pulse length and BDR) in the two cases. This can
be done using dependencies of breakdown rate on gradient
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and pulse length, which have been observed in experiments
and are reported in [4]. The dependencies can be approxi-
mated with the relation,

E30
0 · τ5

BDR
¼ const; ð1Þ

where E0 indicates the accelerating gradient and τ the rf
pulse length. Based on this scaling law, we rearrange terms
and define the “scaled gradient”:

E�
0 ¼

E0 · τ1=6

BDR1=30 : ð2Þ

Equation (2) has been applied to the CERN TD26CC
data and the result is shown in Fig. 2. What emerges is a
rather smooth curve which increases steadily over the
course of the experiment and is no longer segmented by
the different operating conditions. The smoothness of the
scaled gradient curve indicates that the quantity represents
a well-defined physical state of the structure, and the steady
rise that it represents the conditioning state of a structure.
The scaled gradient also allows a direct comparison of
different structures. These topics will be addressed in the
following section.

IV. CONDITIONING COMPARISON

The scaled gradient can now be used to directly compare
operational data from different structures so that, for
example, the conditioning rate can be quantitatively com-
pared independently of the particular operational parame-
ters of the experiment. The scaled gradient as a function of
operating time has been compared for four similar struc-
tures (described in Sec. II): a TD26CC tested in Xbox-1, a
TD24R05 tested in Xbox-1 and two TD24R05s tested at
Nextef. The first type of comparison, shown in Fig. 3, is a

FIG. 1. Summary of CERN TD26CC and KEK TD24R05#4 raw data. The green and blue dots represent the unloaded gradient (left
axis) excited into the structure as a function of the number of pulses. The red solid line indicates the cumulated number of breakdowns
(right axis). The dots that fall below the envelope are due to the power ramping applied after a breakdown event. For the rest of the
analysis these points have been discarded. The changes in pulse widths are indicated by vertical lines.

TABLE I. Main operational parameters during the conditioning
of the TD26CC structure at CERN.

Period τ [ns] E0 [MV=m] BDR [1=pulse] Time [hrs]

1 50 30–110 7 × 10−5 580
2 100 90–110 2 × 10−5 360
3 150 95–110 2 × 10−5 200
4 200 95–110 2 × 10−5 290
5 250 95–105 2 × 10−5 220
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plot of the scaled gradient against the number of pulses.
The conditioning behavior of the four structures is remark-
ably similar. The second type of comparison, shown in
Fig. 4, is a plot of the scaled gradient versus the number of
accumulated breakdowns. In this case there is a significant
divergence in the behavior of the four structures. This
probably reflects the different target breakdown rate
(selected through the values of the parameters of the
operational algorithm) used at the two test areas. The
Xbox-1 target rate was roughly a factor of 5 to 10 higher
than the Nextef rate, and this is reflected in the accumulated
number of breakdowns to reach the same scaled gradient.
The stronger correlation of scaled gradient as a function

of the number of pulses compared to the number of
breakdowns indicates that conditioning progresses with
the number of accumulated rf pulses and not with the
number of accumulated breakdowns.
In other words, breakdowns occur during conditioning

but they are not the cause of it. This observation can be used
to optimize the operation of high-gradient accelerating

structures, and in a way based on clear experimental
evidence. For the time being this observation has only
been tested on a limited group of structures, however
subsequent structures at the Xboxes and Nextef will be
compared in the same way. Determining whether or not the
observation is valid beyond high-gradient X-band struc-
tures will require appropriate quantitative operational data
from other types of normal conducting rf structures.
The observation that conditioning progresses with the

number of pulses rather than the number of breakdowns
leads to a number of specific consequences. The first is that
conditioning at a low breakdown rate does not take longer
than at high breakdown rate, and certainly reduces the risk
of accumulated damage to the structure by limiting the
number of breakdowns, so is a better strategy. It may be that
conditioning rate depends on the field level but there is no
evidence of this in the data considered here. The effective-
ness of the low breakdown rate conditioning strategy will
be further tested in the test stands and in the CERN dc spark
system [10].

FIG. 2. Scaled gradient vs number of accumulated pulses for the structure TD26CC tested at CERN. The rescaling has been done
applying the definition in Eq. (2).

FIG. 3. Comparison of the scaled gradient vs number of accumulated pulses for several structures. Despite the different conditioning
approaches, the curves for the scaled gradient are similar.
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The second consequence is that each rf pulse appears to
act to modify the structure surface to strengthen it
against high fields and/or reduce or eliminate potential
breakdown sites in a way which does not result in a fully
evolved and detectable breakdown event. Identifying the
relevant strengthening mechanisms would be particularly
valuable since it would open the possibility of developing,
in a targeted way, a surface treatment procedure
which reproduces the effect of rf conditioning but at a
lower cost.
This same data analysis can also be used to evaluate

when a structure is approaching its highest performance. In
this case it is helpful to plot the scaled breakdown rate,
which can be found by rewriting Eq. (1) as follows:

BDR� ¼ BDR
E30
0 · τ5

: ð3Þ

The result is shown in Fig. 5. By comparing Eq. (2) with
Eq. (3) the following relation holds:

BDR� ¼ 1=E�
0
30: ð4Þ

The conditioning can be fit very well with a power law of
the type

BDR� ¼ C × nAp; ð5Þ

where np is the number of pulses and with exponents A
summarized in Table II.

FIG. 4. Comparison of the scaled gradient vs number of accumulated breakdowns for several structures. When plotted with respect to
the total accumulated number of breakdowns, the curves of the scaled gradient diverge significantly.

FIG. 5. Comparison of scaled BDR for different structures. The data are plotted in a log-log scale. The scaled BDR is decreasing
monotonically with respect to the number of pulses. The curves are fitted with a power law.

TABLE II. Summary of power law fit for the scaled breakdown
rate of the structures under study.

Structure name A

TD26CC −9.2
TD24R05#2 −6.8
TD24R05#4 −8.0
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One can see divergences from the power law fit which
may indicate that the conditioning state of a structures is no
longer improving. The structure CERN TD24R05 has not
been included in the analysis of long-term behavior since it
developed a hot cell, a jump in the breakdown rate in a
single cell, at about 108 pulses. This feature can be seen in
Fig. 3 and is believed to be due to too aggressive, too high a
target breakdown rate, conditioning parameters used at
the time.
The power law fit of the conditioning in principle also

potentially gives an insight into the nature of the con-
ditioning mechanism.

V. CONCLUSION

By using established scaling laws, operational data can
be reanalyzed with the result that high-gradient rf structures
show a smooth, continuous progression in their condition-
ing state, despite varying operating conditions.
A comparison of the conditioning behaviors of four

similar high-gradient accelerating structures tested at
CERN and at KEK suggests that the conditioning state
improves with the number of rf pulses and not with the
number of breakdowns.
These insights have important ramifications for optimiz-

ing conditioning strategies, understanding the mechanism
of conditioning and for potentially developing preparation
techniques which reduce conditioning time and conse-
quently overall investment cost.
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