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Abstract

Collected reflections about breakdown in radio-frequency acceleration struc-
tures after reading a number of books on related subjects.

Achieving high gradients with high reliability in normal-conducting acceleration
structures is one of the prime concerns for future compact linear electron ac-
celerators. The high electromagnetic fields within the structures unfortunately
cause spontaneous discharges and breakdown of the fields. Thus there are con-
flicting requirements for high performance and high reliability. In practice the
performance of the structures is improved by exposing them to ever increasing
field levels, which causes discharges on the way, but improves the resistance to
breakdown over time. This is called ’conditioning’.

We have worked on discharges and breakdown in radio-frequency acceleration
structures for the past decade, both testing structures at CERN in the Two-beam
test stand [1, 2] and the XBOX test-stand [3] as well as trying to understand the
microscopic mechanisms by placing a high-voltage scanner [4] inside a scanning
electron microscope (SEM). Early on we hypothesized [5] and verified [6] that at
least part of the discharges have signatures consistent with Coulomb explosions.

An assumption we nearly always entertained was that the breakdown events
are triggered by field-emission events from microscopic whiskers that are able
to cause a significant microscopic enhancement of the local electric field above
the level to permit field emission. The macroscopic field was normally about
an order of magnitude below the threshold. But despite careful analysis in the
SEM we never saw a distinct whisker-like structure. This is consistent with
historic records [7] where whisker-like structures were not identifiable. There,
however, larger deposits such as dust or metallic scraps were identifiable and
analyzed for their field emission properties. Large field enhancement factors β
were found on those scraps but no whiskers, despite having done the analysis
inside a SEM, albeit with limited resolution. But the problem with whiskers is
already mentioned there.
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So we need to consider alternative methods to start a breakdown. An indi-
cation comes from low-voltage high-current cathodic arcs used in the industry
to deposit films using physical vapor deposition techniques and described exten-
sively in [8]. The arcs burn for a longer time, but consist of a sequence of igniting
and rapidly extinguished arcs that re-ignite at a nearby site. The burning spot
in this way wanders on the cathode in a quasi random walk. In chapter 3.5.10
of [8] it is, however, pointed out that the random walk is self-avoiding and avoids
sites that already had burnt before. Moreover, it is stated that arcing is easier on
contaminated surfaces. It appears that an arc prefers to burn where the surface
is contaminated and then avoids the spots visited before which presumably are
clean.

If we losely transfer this observation and assuming that the startup of cathodic
arcs and breakdown in accelerating structures share the same underlying physics
we might interpret the conditioning process to consist of two phases. Early on
mostly the contaminants on the inner surfaces of the structures are burnt off and
later, once the conditioning process is completed, mostly whisker-like breakdown
of metallic surfaces prevails.

There are a number of observations that support this interpretation. First,
well-conditioned structures are often covered with craters from discharges. One
might wonder, why a crater-riddled surface works better than a flat surface. This
contradicts the whisker-only breakdown hypothesis and supports the interpreta-
tion that contaminants and oxide layers burn off. Second, a statistical analysis
of pulses without breakdown between clearly identifiable pulses with a break-
down [9] shows that the distribution has two distinct regimes. One for small
times between breakdown events with a large slope and second regime at larger
times with smaller slope. This indicates that two different physical processes
are dominant in the respective regimes. We might hypothesize that contami-
nants burn in the steep regime and something related to clean surfaces, maybe
whiskers, burn in the regime with the gradual slope. Third, it is well-known
that structures need to be re-conditioned after they are vented and exposed to
air. During the time they are exposed to air, the oxide layer is reestablished and
might serve as preferential burning spot on the surface that needs to be burnt
off in the conditioning process to reestablish proper operation of the structure.
A possible theoretical model of how the breakdown of the contamination layer is
discussed in chapter 4.3 of ref. [11] as the metal-insulator-vacuum or MIV model.
Furthermore, conduction mechanisms in dielectric films, which are a precursor to
breakdown in modern miniaturized transistors is discussed in ref. [12].

Most discharges or arcs start at the cathode triggered by some event, such
as field-emission or anything else that can start a breakdown of either type.
Subsequently the arc or breakdown results in a rapidly expanding plasma cloud,
the cathode flare. The expanding plasma cloud has three effects. First, once it
hits the cathode, the high temperature melts the surface and the plasma pressure
causes a crater. Second, secondary effects such as heating and luminous emission
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are caused on the anode. This sequence is shown on high speed photographs in
chapter 4.2 of ref. [10]. Third, the electrons rapidly leave the plasma due to the
high electric fields causing the remaining ions to expand with speeds on the order
of 2× 104m/s as is reported in section 6.4.3 of ref. [10], Fig. 4.19 in ref. [8], and
table 15.1 in ref. [11]. We note that the mechanism and reported velocities agree
well with those reported in ref. [6] based on the idea that they originate from a
Coulomb explosion [5], which is rather close to the interpretation that the ions
originate from a plasma depleted of electrons.

Once the structure is well-conditioned we might hypothesize that the surface
is metallic and without surface contaminants or oxides, but badly eroded and
riddled with craters. Surprisingly, the structure performs rather well in this state
with few breakdown events many pulses apart. So, what actually causes these
few breakdown events? In section 15.1 and in particular on Fig. 15.8 in ref. [11]
it is reported that very short high-voltage pulses of a few ns duration cause brief
melting of the surface and surface tension flattens the surface afterwards. This
was shown to actually reduce the erosion and polishes the surface. Translated to
the accelerating structures this effect might indicate that structures self-heal over
time. A second indication of what happens on the conditioned surface is based
on the fact that whiskers or microprotusions are formed on liquid metal surfaces
exposed to high electric fields. This is shown on Fig. 3.15 in ref. [8] where the
heating of a metal surface was rapidly stopped resulting in many whiskers.

We may hypothesize that the breakdown events of well-conditioned structures
originate from such electro-formed whiskers. The mechanism may resemble the
following narrative. Initially the crater-ridden surface is heated due to pulsed
surface heating from the RF field during the pulse and the surface partially melts.
This causes some self-healing, but the inhomogeneities of the surface due to the
cratering are enhanced because the electric field pulls on the surface propertional
to E2 (similar to capacitor plates that also attract or pull on each other) making
the protrusions more pointed and thereby increasing the field-enhancement locally
at the tip. This causes the pulling force and then the pointedness to increase. The
mechanism is regenerative and can lead to a runaway increase of the pointedness
and this consequently increases the field emission current up to a limit where
the local ohmic heating inside the protrusion exceeds the limit given in section
5.1.4 of ref. [10]. The limit is j2td ≈ a few times 109A2s/m4 and is due to a
process that resembles that of exploding wires [13]. Note, that this runaway
process starts from the random surface left after the previous pulse. Once in a
while a rather pointed remnant is present at the start of the new pulse and may
lead to a breakdown event. This could explain the fact that the distribution of
breakdown is evenly distributed during the duration of the pulse [14], supporting
the hypothesis that the we are dealing with a non-linear regenerative process that
starts from a random initial configuration.

I briefly want to point out the time-dependece of the gas ejected atoms and
how its composition varies with time. This is discussed in ref. [15] in chapter 3
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on cathode spots. There, in Fig. 7 the gas released from electrodes is plotted as a
function of integrated current extracted from a CuCe cathode. It turns out that
initially hydrocarbons dominate with about 80% which decreases to the 10%
level while the relative abundance of hydrogen increases, which is attributed to
its release from the bulk of the cathode. This is interesting to note in the light
what we observed in the Flashbox data from ref. [3] where the ejected ions were
interpreted as being mostly hydrogen.

Summarizing we hypothesize that conditioning of and breakdown in acceler-
ation structures are closely related but operate at different time scales. Early
on during the conditioning phase we think that mostly surface contamination
or oxide layers burn off and later, once the surfaces are metallic, though crater-
ridden, pulsed surface heating causes pointed inhomogeneities, whiskers, or micro-
protrusions to spontaneously increase as a consequence of the electric field pulling
on the surface. Since this is a regenerative process starting from random initial
states the breakdown events are essentially random.

Support from the Swedish Research Council, contract 2014-6360 is acknowl-
edged.
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