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It has been investigated whether explosive electron emission may be the initiating mechanism of vacuum
breakdown in the accelerating structures of TeV linear electron-positron colliders (Compact Linear
Collider). The physical processes involved in a dc vacuum breakdown have been considered, and the
relationship between the voltage applied to the diode and the time delay to breakdown has been found.
Based on the results obtained, the development of a vacuum breakdown in an rf electric field has been
analyzed and the main parameters responsible for the initiation of explosive electron emission have
been estimated. The formation of craters on the cathode surface during explosive electron emission has
been numerically simulated, and the simulation results are discussed.
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I. INTRODUCTION

At present, intense work is underway to develop a TeV
electron-positron collider in the framework of international
cooperation on the creation of the Compact Linear Collider
(CLIC) [1]. The CLIC accelerating structure, made of
copper, operates in the X band, namely at 11.994 GHz. In a
system of this type, the particle-accelerating field strength
is limited by vacuum breakdown, which may occur over
the surface of the accelerating structure. The initiation of
breakdown is accompanied by a sharp increase in the
emission current from the structure surface, which may
reach tens or even hundreds of amperes. As this takes place,
a portion of the electromagnetic wave power is absorbed,
resulting in a decrease in particle acceleration rate. In
addition, the breakdown erodes the walls of the accelerating
structure and, hence, impairs its long-term performance.
The maximum accelerating field achieved by now is
100 MV=m, which gives rise to a macroscopic electric
field over 200 MV=m at the surface of the accelerating
structure [2].

The initiating mechanism of vacuum breakdown in rf
accelerating structures is the subject of studies aimed at
improving the stability of operation of the structures and at
seeking ways for enhancing the accelerating electric field.
These studies have been carried out since the development
of the linear collider; however, the mechanism of vacuum
breakdown in the CLIC accelerating structures still remains
obscure [2–6].
Nevertheless, recently a number of important experimen-

tal results have been obtained which, in our opinion, make a
significant contribution to the understanding of the physical
processes underlying the rf conditioning of the surface of an
accelerating structure [4–6]. In particular, two types of
breakdown were observed [4–5]: “normal breakdown”
(NL-BD), which occurred after operation over many pulses
without breakdown, and “following-pulse breakdown”
(FP-BD), which occurred at the first pulse following the
breakdown pulse and was spatially linked with the latter,
i.e., occurred at the same place. Analysis of the conditioning
of several structures tested at KEK and CERN revealed clear
evidence that the conditioning progressed with number of rf
pulses and not with number of breakdowns [6]. Finally, a
statistical examination of experimental results on rf and dc
vacuum breakdowns [5] indicated a similar vacuum break-
down mechanism for these types of breakdown.
In this paper, the rf breakdown mechanism is analyzed

based on the results of previous experimental studies of
pulsed breakdown in vacuum [7,8]. In those experiments,
rectangular pulses of high voltage (from tens to hundreds of
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kilovolts) and duration from one nanosecond to several
microseconds were used. The electrode gap spacing was
varied from hundreds of micrometers to several centi-
meters. The vacuum breakdown characteristics were inves-
tigated for a variety of electrode materials (W, Cu, Al, Mo,
Pb, several grades of graphite, etc.) and for different
cathode geometries (planes, hemispheres, cones, etc.).
The use of nanosecond voltage pulses made it possible
to minimize the contribution of slow processes (adsorption,
diffusion, migration, etc.) and secondary (anode) processes
to the development of vacuum breakdown.
As shown experimentally, the failure of vacuum insu-

lation under the action of nanosecond voltage pulses is due
to the occurrence of cathode plasma microblobs (cathode
flares). Expansion of the cathode flares into the electrode
gap is accompanied by an increase in the current emitted
from the cathode. This phenomenon is called explosive
electron emission.
A detailed investigation of explosive electron emission

has shown that the cathode material turns into plasma due
to intense energy release in microscopic regions on the
cathode surface. In the case of vacuum breakdown occur-
ring at nanosecond voltage pulses, the energy is concen-
trated mainly due to the resistive heating of cathode
microprotrusions by high-density field emission current.
The plasma formed at the cathode as a result of explosions
of the microprotrusions expands with high velocity
(∼10 km=s) into the electrode gap. The electron emission
from the cathode compensates the runaway of electrons
from the plasma boundary. The emission sites grow in
number during the discharge due to the interaction of the
high-density erosion plasma with the cathode surface.
Eventually, cathode flares cover a larger and larger cathode
region, giving rise to a sharp increase in emission current in
the vacuum diode. The operation of cathode flares results in
the formation of micrometer-sized craters on the cathode.
The study of explosive electron emission in a vacuum

diode [8] has made it possible to clearly distinguish three
stages in the development of a pulsed vacuum discharge.
During the first stage (vacuum breakdown), energy is
concentrated in microregions of the cathode surface, giving
rise to plasma formation in these regions. The second
(spark) stage is accompanied by an increase in the current
passage area on the cathode, expansion of cathode flares
into the electrode gap, and an increase in diode current. The
third (arc) stage starts as soon as the electrode gap becomes
filled up with plasma.
There are two main factors indicating that the physical

processes involved in pulsed vacuum breakdowns and in
breakdowns taking place in the CLIC accelerating struc-
tures are common in nature. These are the sharp current rise
after breakdown initiation and the type of damage to the
electrode surface (micrometer-sized craters) observed after
the discharge operation [2]. Previously, the explosive
electron emission initiated on the surface of the slow-wave

structure of a microwave oscillator was pointed out as
the cause for the limitation of the microwave pulse
duration [9,10].
The paper is arranged as follows: The first part considers

the physical processes that occur in a vacuum breakdown at
a dc electric field, and the delay time to breakdown is
shown to be related to the voltage applied to the diode.
Next, based on the results of this consideration, the
development of a vacuum breakdown in an rf electric field
is analyzed and the main parameters responsible for the
initiation of explosive electron emission are estimated. The
concluding part presents the results of a numerical simu-
lation of the crater formation on a cathode during explosive
electron emission.

II. PARAMETERS OF A DC VACUUM
BREAKDOWN

Before proceeding to an analysis of the physical processes
involved in an rf breakdown, let us consider a pulsed dc
breakdown in vacuum. In our opinion, these types of break-
down proceed by the same mechanism that relies on the
buildup of thermal instability in the cathodemicroprotrusions
due to the prevalence of Joule heating over emissive cooling
and heat removal to the bulk cathode [7,8,11,12]. The
important role of cathode microprotrusions and of the
associated electric field enhancement in the development
of rf vacuum breakdown is indicated in [3,13,14].
However, the interpretation of the contribution of cath-

ode microprotrusions to vacuum breakdown may be differ-
ent. In particular, Timko et al. [15] first simulated the
development of a vacuum discharge from the initiation of
field emission to the transition to a vacuum arc using
modern computer simulation methods. The shapes and fall
times of current and voltage curves obtained in the context
of the proposed model provided a good interpretation of
the dc spark experiments [2]. However, the breakdown time
chosen for the simulation (∼3 ns) was too short compared
with the typical breakdown times (tens of nanoseconds)
measured in the experiments [2]. A cathode microprotru-
sion was modeled by a site of area 104 nm2 on a plane
cathode. To calculate the emission current density, the field
enhancement factor β ¼ 35 was assigned to this site.
Together with the emission current, a neutral atom flux
was specified which was rigidly bound, without any
physical substantiation, with the current. Obviously, this
flux should significantly reduce β and, eventually, be
responsible for complete vaporization of an actual micro-
protrusion only due to electron emission. Besides, the
calculations used an obviously overestimated coefficient
of sputtering of the cathode surface, suggesting its bom-
bardment with keV energy ions. However, the ion energies
in the cathode spot zone of a vacuum discharge are lower by
almost 2 orders of magnitude [7,16].
The distinctive feature of the explosive emission

approach that we use in the present work is the assumption
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that a cathode microprotrusion disintegrates as a result of
intense heating by emission current. The heating of cathode
microprotrusions receives mention in [15], but it, quite
reasonably, could not be considered for the protrusion
geometry at hand. Nevertheless, the existence of a critical
electric field at which a microprotrusion is heated in an
avalanche-like manner is discussed in another paper [17]
co-authored by some of the authors of the study [15].
As mentioned above, the approach that we propose here

relies on the results of pulsed vacuum breakdown studies
[7]. To investigate the vacuum breakdown characteristics
under controlled conditions, a series of experiments was
performed with classical needle field emitters. The needles
were prepared from electrochemically etched metal wires
of diameter 0.1–0.8 mm. This technique provided needle
tip radii of 100–500 nm. The copper needles were addi-
tionally electropolished. For each emitter, a dc Fowler–
Nordheim characteristic was obtained. The voltage pulse
duration was varied from 0.7 ns to 4 μs. The shorter was the
pulse, the higher the voltage required to initiate breakdown.
The breakdown delay time was recorded as soon as the
emission current started sharply rising.
Experimental investigations of the vacuum breakdown

mechanism for needle cathodes have revealed a relationship
between the delay time to breakdown initiation td and the
current density at the cathode j, which can be described
as [7]

j2td ¼ const: ð1Þ
The same relation was obtained for plane cathodes for

breakdown delay times ranging from several nanoseconds
to tens of nanoseconds [7].
The solution of the nonstationary problem of the heating

of a needle cathode by thermal field emission current has
shown that the resistive heating of the cathode is the main
mechanism by which heat is released within a few to tens of
nanoseconds [18]. The Nottingham effect is appreciable but
not dominant in the heating dynamics. The numerical
simulation has yielded the following form of relation (1):

j2td ¼ f
ρcp
κ0

ð2Þ

where ρ is the density of the cathode material, cp is the
specific heat, and κ0 is the temperature coefficient of
resistivity defined by κ ¼ κ0T. For a cone-shaped micro-
protrusion with small cone angle, the factor f slightly
depends on geometry (cone angle and tip radius) and is
determined mainly by the temperature at which breakdown
is initiated. For this temperature, the melting temperature,
boiling temperature, or critical temperature was taken
[7,8,11,12,18].
To derive a criterion for breakdown initiation, we use the

analogy between the explosion of cathode microprotrusions
and the electrical explosion of wires [7,8]. The use of this
analogy is validated by that in both cases, the main

mechanism of heat release in a microprotrusion (thin wire)
is its resistive heating by high-density current, resulting in
an explosive metal-to-plasma transition. An important
characteristic of a wire explosion is the integral of specific
current action [19] defined by

h̄ ¼
Ztd

0

j2dt: ð3Þ

The quantity h̄, which characterizes the energy stored in
the wire prior to its explosion, slightly depends on current
density in the range around 108 A=cm2. In view of this,
relation (1) can be rewritten as

j2td ≈ h̄: ð4Þ
For copper, h̄ ¼ 4.1 × 109 A2 s=cm4 was measured [8].

This value will be used for estimates in the subsequent
discussion.
The pulsed vacuum breakdown investigations performed

with plane cathodes have revealed that at high electric fields
at the cathode surface [7], the delay time to breakdown
depends on the field not exponentially but as a power
function, td∝ðEavÞp, with p≊−3, where Eav is the macro-
scopic field at the cathode. For plane-parallel electrodes, we
have Eav ¼ U=d, where U is the voltage across the diode
and d is the electrode gap spacing. The power-law depend-
ence of the breakdown delay time on electric field is due to
the effect of the space charge of emitted electrons [20]. This
effect is responsible for the fact that the prebreakdown
current density obeys the three-halves power law:

j3=2 ¼
1

9π

�
2e
me

�
1=2 U3=2

d2eff
; ð5Þ

where e and me are the electron charge and mass,
respectively, and deff is the effective gap spacing defined
as deff ¼ U=ðβ · EavÞ, where β is the factor of field
enhancement at the cathode surface microprotrusions.
To estimate the electric field at the microprotrusion tips,

E0, in view of the space charge of emitted electrons, we use
a one-dimensional approximation (the range of its appli-
cability is discussed below). The equation for finding the
electric field at the tip of a cathode microprotrusion under
the conditions of field emission reads as [20]

4kAU3=2 expð−B=E0Þ − 3U

¼ 9k2A2E2
0d

2
eff expð−2B=E0Þ − 3E0deff ; ð6Þ

where A and B are the coefficients in the Fowler–Nordheim
equation jFN ¼ AE2

0 expð−BE0Þ, and k ¼ 2πð2me=eÞ1=2.
Next we discuss the results of a dc vacuum breakdown

experiment [21] invoking the above results of pulsed
vacuum breakdown studies. In the experiment [21], the
cathode material and treatments were the same as in the rf
breakdown experiment [2]. Both electrodes were made of
pure copper (Cu OFE, UNS C10100). The anode was a
hemispherical rounded tip, 2.3 mm in diameter, and the
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cathode was a grounded 10 × 50 mm rectangular plane
surface. The electrode gap spacing d was varied from 10 to
50 μm; most of the shots were performed with d ¼ 20 μm.
The dc breakdown field was measured, and the field
enhancement factor β was estimated using Fowler–
Nordheim characteristics. The measurements were per-
formed not only in a “conditioning mode” where the field
was increased until breakdown occurred, but also in a
“breakdown rate mode” where the working field was kept
constant. Besides these basic experiments, additional infor-
mation about the breakdown mechanism was obtained by
measuring the breakdown delay time. The voltage pulse
durationwas 1–2 s and thevoltage rise timewas about 100ns.
The average vacuum breakdown characteristics

obtained in the experiment [21] that will be used in the
subsequent discussion are the following: average field
enhancement factor β ¼ 77, average breakdown field
βEav ¼ 10.8 GV=m, and breakdown delay time (minus
diode voltage rise time) td ≈ 50 ns.
Figure 1 presents the breakdown voltage across the diode

as a function of electric field enhancement factor β for
different values of the electrode gap spacing. The curves
were obtained using relation (4) for td ¼ 50 ns. The electric
field entering into the Fowler–Nordheim equation was
calculated using relation (6). As can be seen from the
plots, for the typical experimental conditions [21], the
quantity βEav ranges from 11.2 GV=m (at U ¼ 6 kV) to
10 GV=m (at U ¼ 2 kV) irrespective of the gap spacing;
that is, it is in rather good agreement with experimental
data (in the experiment [21], the standard deviation of the

breakdown field βEav from the average value βEav ¼
10.8 GV=m was 16%). The slight increase in βEav with
decreasing β is due to the increasing effect of the space
charge of emitted electrons. The obtained threshold value
of β, such that at its higher values breakdown is initiated, is
almost equal to 48, the threshold value determined exper-
imentally for Eav ¼ 225 MV=m [21] (see Fig. 1, the data
for d ¼ 20 μm and U ¼ 4.5 kV).
Thus, the estimates obtained merely from experimental

data on pulsed vacuum breakdown describe rather well the
experimental data on the dc breakdown for the materials
used in the CLIC accelerating structures. Next, using the
results obtained here, we estimate the characteristics of the
vacuum breakdown in rf electric fields.

III. VACUUM BREAKDOWN INITIATION IN
RF ACCELERATING STRUCTURES

The mechanism of vacuum breakdown in rf electromag-
netic fields has not yet been adequately investigated
theoretically. Mesyats [9] proposed an explosive emission
mechanism of vacuum breakdown between electrodes
subject to the action of microwave fields. According to
this mechanism, breakdown occurs due to the heating of
microprotrusions by the emission current during the neg-
ative half-wave of the cathode voltage. For a cylindrical
protrusion with a small radius-to-height ratio, not taking
into account the thermal conductivity of the metal and the
temperature dependence of its resistivity, a simple formula
has been derived for the time it takes for the protrusion to be
heated to the triple point temperature:

t ¼ ðT − T0Þρcp
νj2κtj

ð7Þ

where ν is the microwave frequency and tj is the duration of
the emission current in the oscillation half-period. For j ¼
109 A=cm2 and the microwave frequency equal to 10 GHz
(tj ≈ 2 × 10−11), the time in which the protrusion will be
heated to the melting temperature is estimated to be of the
order of 10−8 s. The governing part of field emission
processes in the development of a vacuum breakdown in
an rf accelerating structure was demonstrated by Wang and
Loew [13].
The heating of a single emitter by the field emission

current is given in [9]. The existence of individual emission
centers on the surface of accelerating structures of varied
geometry with varied field enhancement factors shows up,
in particular, in the occurrence of dark current [2].
According to the estimating formulas (7), current density
is a key parameter which determines the development of
vacuum breakdown. Therefore, it is reasonable to suppose
that, in view of the exponential behavior of field emission
current density, a considerable contribution to the initiation
of breakdown is made by cathode microprotrusions having

FIG. 1. Breakdown voltageU versus field enhancement factor β
for a 50-ns delay time and a varied electrode gap spacing: d ¼ 10
(curve 1), 20 (curve 2), and 40 μm (3).
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the highest field enhancement factor. The time dependence
of field emission current density is somewhat weaker than
the exponential for high current densities at which the space
charge of emitted electrons affects the emission process.
However, in this case, with Joule heating as the dominant
heating mechanism, we have a strong dependence of the
heating time on β∶ t ∼ β−4. Therefore, breakdown is
initiated at certain sites rather than at all emission centers
simultaneously.
A numerical simulation of the heating of a conical

microprotrusion by emission current, performed in a two-
temperature (electrons and phonons) statement taking into
account the Nottingham effect, has shown that the micro-
protrusion can be heated to the melting temperature within
tens of nanoseconds if the amplitude of the electric field at the
microprotrusion is ∼10 GV=m [22]. In this case, the time of
heating to the melting temperature tm is related to the current
density, like in the case of pulsed breakdown, as

j2av · tm ¼ const; ð8Þ
where jav is the current density averaged over the rf field
oscillation period. Relation (8) holds throughout the giga-
hertz range of frequencies except the cases when breakdown
occurs within the first few oscillation periods of the electric
field. Relation (8) depicts the fact that themainmechanismof
heat release in the microprotrusion is the resistive heating by
emission current.
Keser et al. [14], having analyzed the mechanism of

heating of a microprotrusion in an rf electric field, arrived
at a different conclusion. According to their estimates,
the Nottingham effect makes a major contribution to the
heating of a microprotrusion, whereas Joule heating con-
tributes only a few percent. The difference in the results of
the studies [14,22] is due to different microprotrusion
geometries. The authors of [14] analyzed a cone micro-
protrusion with a small emission area and a large cone
angle. This type of protrusion is heated insignificantly,
even though the current density can be as high as above
109 A=cm2, as demonstrated in the experiment [23].
Before analyzing experimental data on the vacuum

breakdown in rf accelerating structures, we should note
the following: An essential feature required of a CLIC
accelerating structure is that at an accelerating field of
100 MV=cm and a nominal pulse duration, the breakdown
rate must be lower than 3 × 10−7 per pulse per meter of
structure [24]. Breakdown rate (BDR) is the probability
that breakdown will occur during any given pulse. It is
determined experimentally by divining the number of
breakdowns by the total number of rf pulses during an
operation period. In this connection, significant efforts
were made to investigate the dependence of BDR on an
accelerating field and on rf pulse duration. In these
investigations, unlike in pulsed vacuum breakdown experi-
ments [7], the surface microprotrusions responsible for rf
breakdown initiation could be formed during rf pulses

which did not cause breakdown. This is obviously related
to the rf magnetic field that heats the structure surface. The
heating can induce the formation of surface microcracks
and microprotrusions [25], which are potential emission
centers with high field enhancement factors β, promoting
breakdown initiation. As a consequence, BDR increases as
the structure surface is more and more heated [26,27]. We
do not consider these processes because the focus of our
study is on the rf breakdown per se.
By now two criteria for the initiation of vacuum break-

down in rf fields have been found experimentally [2,3]. The
first criterion relates BDR with electric field amplitude EA:

E30
A =BDR ¼ const: ð9Þ

The second criterion relates EA and tp for a constant
BDR:

EA · t1=6p ¼ const: ð10Þ
Let us briefly analyze the empirical relations (9) and

(10). Obviously, if relation (9) describes a (sharp) increase
in the probability of breakdown with electric field ampli-
tude, relation (10) should describe the dependence of EA on
the delay time to breakdown. Relation (10) implies a
probability of breakdown during an rf pulse if the break-
down delay time (“breakdown timing,” in the terminology
of [4]) is not greater than the pulse duration. For a rather
large number of “normal breakdowns” (NL-BD), these
times are uniformly distributed over the rf pulse. Hence,
for a breakdown to occur during an rf pulse, the condition
td ≤ tp must be fulfilled. As the delay time is related to the
field enhancement at the surface of an accelerating struc-
ture, to its maximum value, td ≈ tp, there should corre-
spond a minimum value of the field enhancement factor,
βthreshold, at which breakdown is possible. The empirical
relation (10) reflects the fact that βthreshold is invariable for
this relation between electric field and pulse duration.
Hence, in this case, the conditions for a breakdown to
occur remain unchanged, and the probability of breakdown
is 100% if β ≥ βthreshold. Violation of this relation would
lead to a change in βthreshold and, as a consequence, in BDR,
in view of its strong field dependence [see relation (9)].
Next, we used the results of the study [22] to estimate the

relationship between the breakdown delay time and the
macroscopic field at the surface of an accelerating structure
for oscillation frequencies ranging up to 10 GHz. We
considered a diode with plane-parallel electrodes whose
parameters were taken the same as in [21]. The amplitude
of the voltage U ¼ UA sinðωtÞ applied to the diode was
chosen so that the maximum macroscopic field at the
cathode, EA ¼ UA=d, be some hundreds of volts per meter.
The breakdown delay time was calculated using relation (4)
with the current density averaged over the rf field oscil-
lation period, jav.
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It should be noted that the numerical simulation [22] did
not consider the effect of the space charge of emitted
electrons on the electric field at the microprotrusion tip.
Therefore, according to the calculations, the heating time tm
decreased exponentially with rf electric field amplitude. In
the present study, the effect of the space charge of emitted
electrons was taken into account according to the above
procedure used for a dc breakdown. The approach used to
study the electron emission in dc fields is quite applicable
to the case of rf fields, as the electron tunneling time in field
emission is 10−15 s [28], which is 2 orders of magnitude
shorter than the oscillation period of the electric field. An
experimental studies of field emission in rf fields has
demonstrated that this phenomenon can be adequately
described using the Fowler–Nordheim theory [29].
The calculation results are presented in Fig. 2. The

calculations were performed for two values of the field
enhancement factor: βthreshold ¼ 77, equal to the average
value obtained in the study [21], and, for comparison,
βthreshold ¼ 50.
For the proposed CLIC parameters described in [24], it is

expected that at an accelerating electric field amplitude of
100 MV=m, the rf pulse duration will be 156 ns and the
electric field at the surface will be lower than 260 MV=m.
According to the plots given in Fig. 2, for the field at the
cathode equal to 250 MV=m and the rf pulse duration
tp ¼ 150 ns, breakdown may occur at β > βthreshold ≈ 70.
The values of β typical of rf structures are in the range
30–60 [2,30]. These values were obtained using the

Fowler–Nordheim characteristics for dc modes with low
emission currents. We, however, are interested in the values
of β that occur immediately before a breakdown-initiating
pulse. It is reasonable to suppose that for breakdown to be
initiated, microirregularities must be present on the surface
whose field enhancement factors would be greater than β
typical of no-breakdown cases, and this is consistent with
our estimates. It is possible that microirregularities with
anomalously high field enhancement factors are respon-
sible for the vacuum breakdowns in the CLIC accelerating
structures. It must be emphasized that these are the least
field enhancement factors at which td ≈ tp; that is, a
significant proportion of breakdowns detected in experi-
ments are initiated at microirregularities with much greater
β. This is especially the case with FP-BD breakdowns [4],
which occur, for themost part, early in an rf pulse. The origin
of microirregularities of this type still remains obscure, as
microprotrusions with such a small tip-radius-to-height ratio
can hardly be imagined. Anyhow, high-resolution imaging
of accelerating structures failed to detect such microprotru-
sions on their surfaces (see, e.g., [2]).
It is also conceivable that in the case under consideration,

two factors are effective: the presence of microprotrusions
that provide intense field enhancement and a local decrease
in work function the reason of which is not yet clear.
Nevertheless, the above analysis did not take into account
the geometric factor; however, at local fields βEA of the
order of 15 GV=m, microprotrusions showing high emis-
sivity will inevitably be heated to high temperatures by
field emission current.
The calculation results presented in Fig. 2 also match

rather well the empirical relation (10): tdðβthresholdÞ≈
tp ∝ E−6

A . At the same time, the simple model under
consideration, though providing some agreementwith exper-
imental data, fails to characterize quantitatively an rf vacuum
breakdown. In particular, according to estimates, the space
charge of emitted electrons is localizedwithin∼2 × 10−6 cm
from the cathode [20]. For microprotrusions of tip radius
<10−5 cm (such as those present on the walls of the
accelerating structures [2]), the one-dimensional approxi-
mation, disregarding dimensional effects, yields an under-
estimated value of the electric field. Thus, according to the
electric field estimates obtained using a two-dimensional
model for microprotrusions of tip radius 10 nm, the effect
of the space charge of emitted electrons becomesmeaningful
at βEav > 9 GV=m [26]. When calculating the emission
current, one must also consider the increase in effective
emission area with electric field and temperature [31,32].
A more rigorous analysis of the initiation of rf vacuum

breakdown is needed to perform a self-consistent solution
of the two-dimensional problem of the heating of a
microprotrusion by the electrons emitted from its surface
[33]. Nevertheless, we believe that the above estimates
demonstrate the probability that a vacuum breakdown in an
rf electric field may be initiated due to the heating of
microprotrusions by electron emission current.

FIG. 2. Delay time td as a function of the electric field
amplitude EA, at the surface of an rf accelerating structure for
different values of the field enhancement factor: β ¼ 77 (1) and
50 (2); curves represent the relation tdðβthresholdÞ ∝ E−6

A and the
electric field oscillation frequency ν ¼ 10 GHz.
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IV. FORMATION OF A CRATER ON THE
CATHODE SURFACE DUE TO THE

EXPLOSION OF A MICROPROTRUSION

As mentioned above, the proposed breakdown mecha-
nism is also supported by the experimental examinations
of the electrode surfaces after rf and dc breakdowns.
According to these examinations, the craters formed on
the surfaces are identical for both types of breakdown [2].
Let us illustrate the crater formation due to the explosion

of a cathode microprotrusion by results of numerical
simulations. As mentioned above, owing to the high
emission current density, the explosion of a microprotru-
sion is similar to the explosion of a thin wire. Based on this
similarity, models of explosive emission processes have
been constructed that not only explained the mechanism of
vacuum breakdown initiation but also revealed the main
characteristics of the near-cathode and plasma processes
that occur during the spark stage of a vacuum discharge
[34–37]. In the most rigorous statement assuming a
continuous metal-to-plasma transition, the problem of
the explosive destruction of a microprotrusion on a copper
cathode was solved by Shmelev and Litvinov [36,37]. The
calculations were performed for the current range 3–7 A. In
a general outline, the predicted scenario of the electrical
explosion of a microprotrusion on a cathode is the follow-
ing: Owing to the high current density, intense Joule heat
release in the microprotrusion results in fast heating of its
tip and in a sharp rise of the pressure that reaches several
hundreds of kilobars within a short time. This pressure
gives rise to a destruction wave propagating toward the
microprotrusion base. At the same time, a completely
ionized plasma (plasma flare), whose initial electron
temperature reaches 10 eV, expands in the opposite
direction with a velocity higher than 106 cm=s. As this
takes place, a continuous metal-to-plasma phase transition
occurs in a layer of most intense heat release. In the study
[36,37], the initial stage of the explosive destruction of a
microprotrusion on a cathode was numerically simulated.
The computations were carried out up to a time of the order
of 1 ns. The results obtained were used subsequently to
simulate the processes occurring in a plasma jet [38].
In the study presented here, the julia magnetohydrody-

namic (MHD) code [39] was used. With this code, based on
the particle-in-cell technique, the explosion of wires was
previously simulated in a two-dimensional approximation
(see, e.g., [40]). The system of MHD equations to be solved
with the code consists of the hydrodynamics equations that
describe the laws of conservation of mass, momentum, and
energy

∂ρ
∂t þ∇ðρvÞ ¼ 0; ð11Þ

ρ
∂v
∂t þ ρv∇v ¼ −∇pþ 1

c
j ×H; ð12Þ

∂ρε
∂t þ∇ðρεvÞ ¼ −p∇v þ j2

σ
þ∇ðλ∇TÞ: ð13Þ

Maxwell’s equations are written in a quasistationary
approximation (with no account of displacement currents)

1

c
∂H
∂t ¼ −∇ ×E; ∇ ×H ¼ 4π

c
j; ð14Þ

and Ohm’s law

j ¼ σ

�
E − 1

c
v ×H

�
; ð15Þ

where ρ is the density of the material and v is its velocity;
p, ε, and T are the material pressure, internal energy, and
temperature; H is the magnetic field strength; E is the
electric field strength in a fixed coordinate system; j is
the current density; λ is the thermal conductivity, and σ
is the electrical conductivity.
Equations (11)–(15) were solved in cylindrical coordi-

nates (r, z) using the following algorithm: The equation of
motion (12) was solved for each particle and then the
average mass velocity and the material density were found
by summation over all the particles. In this method, the
continuity equation (11) holds true by itself due to the
Lagrangian nature of the particles. The energy equa-
tions (13) and Maxwell’s equations (14) were solved on
a fixed Eulerian network, which was constructed at the start
of computations and remained unchanged throughout the
running time of the code.
Boundary conditions for the equations of motion (12)

can be specified in terms of material velocity or pressure.
When integrating Eqs. (12), the boundary condition at the
material-vacuum interface was specified as p ¼ 0, whereas
the boundary condition at the center (r ¼ 0) corresponded
to the condition of axial symmetry, that is to zero radial
velocity: vr ¼ 0. For the energy balance equation (13),
the heat flux at the boundaries was set equal to zero, which
corresponded to the absence of external heat sources and
sinks. The boundary conditions for Maxwell’s equa-
tions (14) were specified as the radial component of the
electric field vector Er ¼ 0 at r ¼ 0, z ¼ 0, and z ¼ Zmax
and the azimuthal component of the magnetic field vector
Bφ ¼ 0 at r ¼ 0 and Bφ ¼ 2IðtÞ=ðcRmaxÞ at r ¼ Rmax,
where Zmax and Rmax are the maximum values of coordinate
z and Eulerian network radius, respectively [the current
carried by the microprotrusion, IðtÞ, was calculated by
integrating network equations].
The semiempirical wide-range equations of state [41]

used in the simulation took into account high-temperature
melting and evaporation. The electrical characteristics and
thermal conductivity of the metal were calculated using
tabulated data on the conductivity of copper [42].
The problem was solved in the following statement: It

was assumed that explosive electron emission had already
been initiated, and, therefore, the current was determined
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by the parameters of the external circuit. The cathode-
microprotrusion system was included in the electrical
circuit, which was described by the equation

UoutðtÞ ¼ IðtÞRout þ UloadðtÞ; ð16Þ

where UoutðtÞ is the external source voltage, which
increased to U0 ¼ 3200 Vwithin 0.1 ns and then remained
constant; Rout ¼ 1000 Ω is the external resistance, which
was chosen so that the short-circuit current in the circuit
was equal to 3.2 A, and UloadðtÞ is the voltage across the
load (cathode-microprotrusion system). The value of the
current IðtÞ was used for the boundary condition in solving
Maxwell’s equations (4). It was assumed that a micro-
protrusion shaped as a cylinder of radius 0.3 μm and length
1.5 μm was located on the surface of a plane copper
cathode. The chosen current value 3.2 А corresponds to the
current carried by an individual cell (ecton) of the cathode
spot of a copper cathode vacuum arc [8].
Figure 3 shows the current and voltage waveforms

obtained by solving numerically Eqs. (11)–(16). The
voltage peak occurring within a few nanoseconds after
the discharge initiation is due to the electrical explosion of
the microprotrusion as a whole. A feature of the explosion
is that the metal loses conductivity in the course of heating,
as it changes from a solid to a plasma state. Subsequently,
the voltage is stabilized at a levelUload ≈ 10 V, which is the
resistive drop caused by the current passing through the
metal-plasma interface and through the computational
domain of the cathode plasma. Accordingly, the power
density “absorbed” by the material during the explosion, j
Uload, reaches tens of W=μm2.
The explosion of the microprotrusion under the action of

an electric current [Fig. 4(a)] results in the production of
a well-conducting, high-density cathode plasma, whose
temperature reaches ∼10 eV [see Fig. 4(b)]. As this takes
place, a region of elevated pressure, which can reach
several hundreds of kilobars, is formed near the cathode

surface [see Fig. 4(c)]. Under the action of this pressure, the
molten metal is expelled from the pool formed as a result
of the heating of the cathode surface region beneath the
exploded microprotrusion [Fig. 5(a)]. The results obtained
for the initial stage of the microprotrusion explosion agree
with the results of the calculations [36,37].
The melt area increases with time due to the heating of

the surface by the plasma produced as a result of the
microprotrusion explosion. Eventually, a crater, several
micrometers in radius, is formed on the cathode surface
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[see Figs. 5(b) and 5(c)]. The crater formation process is
most intense during the first few nanoseconds after the
discharge initiation. It should be noted that the above
statement of the problem seems to be invalid for times over
5 ns, as it does not take account of the emissive processes at
the metal-plasma interface. Therefore, Fig. 5(c) represents

some illustrative hypothesis. Nevertheless, the calculations
allow the conclusion that the estimated crater formation
times and crater dimensions are consistent with the sim-
ulations of the process of crater formation in vacuum arcs
[43–45]. This is not surprising if one takes into account the
common mechanism of crater formation that involves high
pressure and the existence of a dense plasma having a
temperature of several electron volts at the metal-plasma
interface.
Thus, theMHDcalculations have shown that the electrical

explosion of a microprotrusion having parameters typical of
a single emission center (ecton) may result in the formation
of a crater, several micrometers in radius, on the cathode
surface.
A different crater formation mechanism in the arc and

spark stages of a vacuum discharge is proposed in [46,47].
This mechanism implies, as that proposed in [15], the
existence of a flow of ions or ion clusters, accelerated to
keV energies at the metal-plasma interface, incident on the
cathode. An energetic ion flow incident on the cathode can
arise in the spark stage of a discharge only if the discharge
becomes unstable, and the formation of this flow is due
to the processes at the boundary of the expanding cathode
plasma [8,48–50]. However, ions with these energies
cannot arise in a vacuum arc, as the operating voltage of
a vacuum arc is as low as tens of volts [8,16]. The most
likely kinetic energy of vacuum arc ions measured for a
copper cathode is 57.4 eV [16].
The cathode surface morphology is substantially

affected by the liquid metal formed in the vacuum arc
cathode spot and extruded from the spot operation
zone. This makes the direct conditioning of electrodes
by breakdowns inefficient if the applied voltage pulse
duration is greater than the time to the formation of a
liquid-metal pool and the time to the onset of the pool
motion. The experiments [51,52] showed that the factor β
can be substantially reduced only for breakdowns of
duration <5 ns, which agrees with our calculations. This
accounts for the results of the experiments [4,6] that
have led to the conclusion that direct conditioning of
an accelerating structure with rf breakdowns does not
improve the conditioning state.

V. CONCLUSION

The estimates and numerical simulation results
obtained in this study indicate, in our opinion, that
explosive emission processes play a decisive part in an
rf breakdown. This finding provides a rather clear scenario
of the rf breakdowns developing in the CLIC accelerating
structures.
The high emission current density resulting from the local

electric field enhancement at cathode microprotrusions
and, perhaps, from a decrease inwork function is responsible
for the heating of the microprotrusions followed by their
electrical explosion. According to the results of our
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numerical simulation of the explosion of a cathode micro-
protrusion, the absorbed power density in this process can be
as high as tens ofW=μm2. Obviously, the only power source
that can be responsible for the high power absorbed during a
vacuum breakdown in a CLIC accelerating structure is rf
electromagnetic field power. The power absorption rate
increases sharply with the number of emission centers
simultaneously operating on the cathode. It is highly plau-
sible that this is the cause of the “missing power” or “missing
energy” effect [2]. As this takes place, the incident rf
electromagnetic wave starts reflecting from the expanding
high-density plasma. The portion of reflected radiation
increases with time while the plasma is filling the space
between the electrodes.
To study the physical processes involved in an rf break-

down in more detail, it is necessary to solve a self-consistent
problem that describes the heating of a cathode micro-
protrusion and the electron emission from the protrusion and
to simulate the absorption and reflection of an rf electro-
magneticwave in theCLIC accelerating structures inviewof
the initiation of explosive electron emission on their walls.
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