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Abstract
To synthesise the experimental results and theory pertain-

ing to high-field phenomena, a model has been developed
to simulate the conditioning and operation of high-field sys-
tems. By using a mesh-based method, the high-field condi-
tioning of any arbitrary geometry and surface electric field
distribution may be simulated for both RF and DC devices.
Several phenomena observed in previous high-field tests
such as the probabilistic behaviour of vacuum arcs and the
inhomogeneous distribution of arc locations are described
by this approach.

INTRODUCTION
High-voltage conditioning is the progressive increase in

an electrode’s resistance to arcing which is developed dur-
ing high-field operation. The process is a relevant topic for
any technology where breakdown limits performance and
numerous RF and DC test facilities have been established
in this context [1–7]. To better understand the results from
these facilities and offer insight into how current condition-
ing procedures could be improved, a new discretised model
has been developed.

THE MODEL
The model is based on the progressive modification of the

electrode surface and relies on several assumptions. Given
the often inhomogeneous field distribution in high-field
devices, the electrode geometry divided into individually
treated mesh elements. Each element is assigned a scaling
factor, 𝑘𝑖 , to allow calculation of the local electric field rela-
tive to the maximum, 𝐸𝑂, for a given operating voltage. To
facilitate inhomogenuous meshing, the number of elements
and the area of each, 𝑎𝑖 , is also user-definable. Devices may
then be simulated with any arbitrary spatial resolution.

Generally, in existing conditioning procedures the field is
increased gradually, as the rate at which devices condition
quickly decreases when operating at fixed voltages [8–11]. If
a constant breakdown rate is maintained during this ramping,
the increase in operating field is asymptotic, and this is
regularly observed in high-gradient RF cavity tests [8–10].
In one instance, a cavity tested at CERN showed no reduction
in the breakdown rate when operated under fixed conditions
in the later stages of testing [10]. Results from these, and
similar RF cavity tests elsewhere, have also shown that the
conditioning of similar devices is most comparable when
plotted against the cumulative number of pulses, as opposed
to cumulative number of breakdowns [8].
∗ lee.millar@cern.ch

Based on these characteristics, the model assumes a max-
imum attainable electric field, 𝐸𝐿 , for a given reference
breakdown rate i.e. probability of arcing, 𝑃𝑅𝑒 𝑓 . The level
of conditioning of each element is denoted 𝐸𝑆,𝑖 . In a device
with a homogeneous field distribution, 𝐸𝑆 then refers to the
surface electric field which can be established at the refer-
ence breakdown rate. To provide the conditioning effect the
model assumes that, in the absence of breakdowns, 𝐸𝑆,𝑖 is
increased with each pulse as:

Δ𝐸𝑆,𝑖 = 𝛾 · 𝐸𝑂 · 𝑘𝑖
𝐸𝑆,𝑖

·
[
1 −

𝐸𝑆,𝑖

𝐸𝐿

]
(1)

where 𝛾 is a constant to allow fitting to existing data and has
units of V/m. The latter term in Eq. (1) then remains unitless
and is scalable for different materials, a characteristic which
aligns with existing test results in which different materials
were recorded as having conditioned at different rates and
to different field levels [12]. In RF cavities, the breakdown
rate has been shown to scale with the electric field as [13]:

𝐵𝐷𝑅 ∝ 𝐸30 (2)

However, as conditioning progresses the breakdown rate
for a given field level decreases. As such, it is assumed
that the probability of breakdown for a given mesh element
on each pulse, 𝑃𝐵𝐷,𝑖 , scales with the ratio of the applied
electric field to its conditioned state as:

𝑃𝐵𝐷,𝑖 ∝
[
𝐸𝑂 · 𝑘𝑖
𝐸𝑆,𝑖

]30
(3)

Experiments have also shown that it is common for several
breakdowns to occur in quick succession, followed by a qui-
escent period. This has led to the proposal that breakdowns
may be classified as primary events, which occur stochasti-
cally, and secondary events, which are a consequence of the
primary event [8, 9]. It is postulated then, that breakdowns
are capable of effectively diminishing the conditioned state
the surface. However, as devices are capable of reliably
establishing high fields after several breakdowns, improve-
ment is also possible. This could correspond physically, for
instance, to the removal of field emission sites capable of nu-
cleating future breakdowns. To capture this effect, a unitless
enhancement factor, 𝜓, is added to Eq. (3) as:

𝑃𝐵𝐷,𝑖 ∝
[
𝐸𝑂 · 𝑘𝑖
𝐸𝑆,𝑖 · 𝜓𝑖

]30
(4)
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Initially, all the elements’ 𝜓 values are assigned randomly
from an appropriately tailored Gaussian distribution, as has
been used previously to model the evolution of field emission
sites during conditioning [14]. If a breakdown is accrued,
the element in which it occurred is then assigned a new 𝜓

value. Finally, 𝑃𝑅𝑒 𝑓 is added and the probability is scaled
as:

𝑃𝐵𝐷,𝑖 = 𝑎𝑖 ·
[
𝐸𝑂 · 𝑘𝑖
𝐸𝑆,𝑖 · 𝜓𝑖

]30
·
[
1 − 𝐺

√︁
1 − 𝑃𝑅𝑒 𝑓

]
(5)

where 𝐺 accounts for the field distribution and meshing, and
is defined:

𝐺 =

𝑛∑︁
𝑖=1

𝑎𝑖 · 𝑘30
𝑖 (6)

where 𝑛 is the number of grid elements. In this way, if a
given device is fully conditioned and 𝐸𝑂 is equal to 𝐸𝐿 , the
probability of breakdown remains equal to 𝑃𝑅𝑒 𝑓 , irrespec-
tive of the meshing and electric field distribution.

RESULTS
RF Cavity Conditioning

Given the availability of data, the model was first applied
to the 12 GHz cavities for the CLIC study for tuning and
benchmarking [15–17]. However, the framework can in
principle be adapted to devices with other operating fre-
quencies and field profiles. Generally, the CLIC cavities
are comprised of 24 or 26 tapered accelerating cells and
two couplers [17–19]. For simplicity, 24 identical grid el-
ements, each corresponding to a separate accelerating cell,
were employed in simulation. As each element is assigned
its own enhancement factor, 𝜓, this approach aligns with ex-
perimental data which shows that breakdowns which occur
in quick succession often occur spatially close together, or
in the same cell [8, 20].

Prototype X-band cavities at CERN and KEK regu-
larly reach accelerating gradients of 100-120 MV/m, cor-
responding to peak surface electric fields in excess of
200 MV/m [10,21, 22]. In 2018, a CERN cavity was tested
up to a peak surface field of approximately 240 MV/m.
While operating at this level, it was noted that the break-
down rate remained fixed at 5 × 10−5 bpp (breakdowns per
pulse) and did not decrease [10]. In light of these results,
values of 240 MV/m and 5 × 10−5 were selected for 𝐸𝐿 and
𝑃𝑅𝑒 𝑓 respectively in simulation. A value of 2 MV/m was
chosen for 𝛾 and the mean and standard deviation of the
Guassian distribution from which the 𝜓 values are selected
were set to 1 and 0.12 respectively.

To control the applied field in simulation, the conditioning
algorithm from CERN’s X-band test stands was imported.
In summary, the field level is adjusted to maintain a constant,

operator-selected breakdown rate. Further details of the algo-
rithm are reported elsewhere [1, 23]. In CERN’s test stands,
conditioning of the protoype CLIC structures generally com-
mences at peak surface electric fields of ≈ 60 MV/m. As
such, 𝐸𝑆 and 𝐸𝑂 were initially set to 60 MV/m in simulation.
A breakdown rate setpoint of 3× 10−5 bpp was selected and
the first 200 million pulses of the conditioning process were
simulated. The results are shown in Fig. 1.
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Figure 1: The peak surface electric field (top left), break-
down accumulation (top right), and a probability distribution
of the number of pulses between breakdowns for all grid ele-
ments (bottom). The results of two prototype high-gradient
cavity tests are also shown for comparison.

The resulting conditioning curves resemble those of ex-
isting structures. Previously, the distribution of the number
of pulses between breakdowns has been described as the
sum of two exponential terms [8, 20] however in this case,
the probabilistic behaviour of breakdowns has been repli-
cated using only a standard Gaussian distribution acting on
numerous, independent elements. Due to the high power
employed in Eq. (5), the probability of breakdown is sensi-
tive to changes in the denominator. A consequence of this
approach is that the assigned 𝜓 values do not remain cen-
tered on the mean due to higher, more stable values being
favoured. The minimum and maximum final 𝜓 values were
1.12 and 1.4 respectively, while the average was 1.29.

In CERN’s test stands, pulsing is inhibited for several
seconds following a breakdown and the field is then auto-
matically ramped back up to the previously achieved level.
The discrepancy present from 0-2000 pulses in the probabil-
ity distribution in Fig. 1 can then be explained by changes in
the control system between tests i.e. how quickly the field
level was re-established following breakdowns.

Spatially Resolved Conditioning
A variation in the surface field distribution is typical in RF

cavities. Consequently, breakdown sites are often distributed
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inhomogenuously and visual inspections have shown that
they predominantly occur where the surface electric field is
highest [10, 24]. This effect was particularly prominent in
the test of the CLIC crab cavity, where the electric and mag-
netic fields are maximised at different angular positions [24].
Following the high-power test, the cavity was cut open via
wire electrical discharge machining and the breakdown sites
were counted [25]. The surface electric field and breakdown
distribution are shown for a single cell in Fig. 2.
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Figure 2: Electric field distribution of cell 2, iris 2 of the
CLIC crab cavity with the breakdown locations superim-
posed. An SEM image of the breakdown sites is also shown.

The clear spatial variation in the surface electric field and
breakdown distribution make this result well suited to bench-
marking and investigative studies. A portion of a crab cavity
cell was meshed with a total of 1350 elements ranging in area
from 0.0793 mm2 on the peak field regions, to 0.3396 mm2

on the cell perimeter where little activity is expected. As the
simulated portion constitutes only one fortieth of the total
cavity, 𝑃𝑅𝑒 𝑓 and the breakdown rate setpoint were reduced
to 1.25 × 10−6 and 7.5 × 10−7 bpp respectively. To provide
the correct probabilistic behaviour, the standard deviation
of the Gaussian distribution from which the 𝜓 values are
taken was set to 0.2. In simulation, the peak surface electric
field was ramped up to 220 MV/m and held constant for 50
million pulses. The results are shown in Fig. 3.

The regions where the electric field is highest accrue the
majority of the breakdowns, and the angular distribution
resembles that of the real cavity. Due to the variation in
surface field, different regions are conditioned to different
field levels and the model predicts that the ratio between
the operating field and the field level to which the surface is
conditioned is consistently higher in the peak field regions
during operation. Consequently, if the strong empirical scal-
ing in Eq. (2) applies to a cavities global behaviour, it would
not be adhered to locally on the surface where there is a vari-
ation in the applied field. This result suggests that peak field
regions then limit the rate at which the voltage is increased
during conditioning, effectively regulating the process.

CONCLUSIONS
A discretised model has been developed and, while re-

lying on several assumptions, offers potential explanations
for several experimentally observed phenomena. Notably,
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Figure 3: Simulation results for one quarter of a CLIC crab
cavity cell showing the elements’ final 𝐸𝑂 to 𝐸𝑆 ratios (top),
the number of breakdowns they accrued (centre), and the
number of breakdowns per 5° slice normalised to the maxi-
mum. Experimental data is plotted with the latter for com-
parison.

the model reproduces the probabilistic behaviour and inho-
mogenuous distribution of vacuum arcs well, using only a
standard Gaussian distribution acting on independent mesh
elements. The current model is defined in terms of the sur-
face electric field, however the use of other quantities such
as the modified Poynting vector [13], the breakdown-loaded
electric field [26], or a combination thereof, can easily be
implemented. Similarly, the use of alternative probability
distributions is another aspect which can be investigated
with the framework.
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