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Abstract. A model of the phenomenon of explosive electron
emission based on its similarity to the electrical explosion of
conductors is presented. With this model, the microexplosive
processes occurring on a cathode surface due to the action of the
explosive emission current have been simulated. The simulation
results have been used to analyze explosive emission processes
caused by the operation of unipolar arcs in thermonuclear
reactors with magnetic plasma confinement and by the initia-
tion of radiofrequency vacuum breakdowns in the accelerating
structures of linear electron—positron colliders. The structure of
the arc discharge cathode spot and the erosion characteristics
have been investigated for nanostructured tungsten (W-fuzz)
surfaces formed in thermonuclear reactors with magnetic plas-
ma confinement. For radiofrequency vacuum breakdowns, the
initiating parameters have been estimated, and prebreakdown
and microexplosive processes have been simulated.
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1. Introduction

The International Thermonuclear Experimental Reactor
(ITER) project and the Compact Linear Collider (CLIC)
project aimed at creating a linear electron—positron collider are
the largest international scientific projects currently under
implementation or under final development. These projects
have seemingly completely different goals and objectives,
suggesting different ways to achieve them. However, they
involve a common problem, namely, the initiation of
electrical discharge processes on surfaces exposed to high-
temperature plasmas (ITER) or on the surfaces of accelerat-
ing structures exposed to radiofrequency electromagnetic
waves (CLIC). In the first case, this is unipolar arcing, which
is a source of various kinds of impurities, such as liquid metal
drops, microparticles, low-temperature atoms and ions, and
the like, that contaminate the thermonuclear plasma. In the
second case, the initiation of vacuum breakdown gives rise to
significant emission currents from the surface of the accel-
erating structure, reaching tens or even hundreds of amperes.
The magnetic fields induced by these currents and the
absorption of electromagnetic wave energy in the accelerat-
ing structure during the breakdown may sharply reduce the
collider luminosity.

G A Mesyats supposed that the operation of a unipolar
arc and the initiation of radiofrequency vacuum breakdown
occur by the mechanism of explosive electron emission [1, 2].
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The phenomenon of explosive electron emission was
discovered in studying vacuum breakdowns caused by high
voltage pulses of nanosecond duration [3]. It was found that
the failure of vacuum insulation under these conditions is
due to the appearance of plasma microbunches on the
cathode (cathode flares). The propagation of cathode flares
into the electrode gap is accompanied by a sharp increase in
the emission current from the cathode. Studies of the
phenomenon of explosive electron emission have shown
that the transition of the cathode material to a plasma
state occurs due to high energy concentrated in microvo-
lumes on the cathode surface [4-6]. The main reason for the
energy concentration is the resistive heating of cathode
microprotrusions by the high-density field emission cur-
rent. The plasma produced due to microexplosions occur-
ring on the cathode propagates with high velocity
(~ 10 km s7!) into the electrode gap. This creates condi-
tions for the compensation of the electron emission from the
flare boundary immediately at the place where the flare is in
contact with the cathode surface. The cathode area carrying
the current of a vacuum discharge is called the cathode spot.
A cathode spot includes a heated region of the cathode
surface and the dense near-cathode plasma that is in contact
with this region. The cathode material within a cathode
spot, on a scale of several micrometers, goes from the solid
to a plasma state. As time passes, cathode spots cover a
larger and larger area of the cathode surface, and the
vacuum discharge changes into a spark, which is character-
ized by a sharp increase in the explosive electron emission
current. In this case, the magnitude of the explosive
emission current is limited only by the parameters of the
external circuit, which makes it possible to obtain practi-
cally unlimited (up to megaamperes) pulsed -electron
currents in the diode. This property of explosive electron
emission was used to create unique instruments and devices
for pulsed power technology [7].

Further investigations have shown that explosive electron
emission is a fundamental phenomenon, and it reflects the
reaction of the cathode surface to the action of intense energy
flows and high electric fields [8]. This paper is devoted to
another aspect of this phenomenon, which is also of great
practical importance: cases in which explosive electron
emission is an undesirable phenomenon and there is a need
to find ways to suppress it. In particular, this refers to
explosive emission processes that are initiated and self-
sustained in metal-plasma contacts and on electrodes
exposed to radiofrequency electromagnetic fields.

The fact that explosive emission processes play a decisive
part in the discharge phenomena occurring in thermonuclear
reactors with magnetic plasma confinement and in the
accelerating structures of linear electron—positron colliders
is evidenced primarily by the presence of microcraters, which
are identical to those arising upon initiation of a pulsed
vacuum breakdown, on surfaces that are in contact with the
reactor plasma and exposed to electromagnetic waves. The
main goal of this paper is to demonstrate that the use of
simple estimates of the characteristics of explosive emission
processes makes it possible to obtain a fairly clear idea of the
mentioned phenomena. The paper is arranged as follows.
Section 2 briefly outlines the main points of the explosive
electron emission model based on the analogy with an
electrical explosion of conductors and presents the results of
a simulation of the microexplosive processes occurring on the
cathode performed with the use of wide-range equations of

state of matter. Section 3 presents the results of studying the
explosive emission processes that occur in unipolar arcing
under the conditions of thermonuclear reactors with mag-
netic plasma confinement, when a layer of nanofibers
(W-fuzz) is formed on a tungsten surface exposed to helium
plasma. Section 4 is devoted to the part played by explosive
emission processes in the initiation of radiofrequency vacuum
breakdowns on the surfaces of CLIC accelerating structures.
Finally, in Section 5, the main conclusions based on the
results of the study are presented.

2. Phenomenological model
of explosive electron emission

2.1 Criterion for the initiation

of a pulsed vacuum breakdown

As noted above, the phenomenon of explosive electron
emission was discovered in studying the nanosecond vacuum
breakdown between plane electrodes [3]. Since for plane
cathodes there is always the problem of correctly determin-
ing the factor of field enhancement at the cathode micro-
protrusions, the emission area, etc., validation experiments
were carried out with classical pointed field emitters, for
which these parameters can well be controlled [9]. For each
emitter, Fowler—Nordheim characteristics were preliminarily
measured. The voltage pulse duration was varied from 0.7 ns
to 4 ps. The breakdown initiation delay time #z4 was
determined as the time at which the emission current in the
electrode gap began to sharply increase. As a result of these
investigations, it was found that this time 74 and the current
density j at the cathode are related as

j*tg = const . (1)

The solution to the nonstationary problem of the heating
of a pointed cathode by the thermionic field emission current
showed that the heat release in the cathode in the interval of a
few to tens of nanoseconds occurs mainly by the mechanism
of resistive heating [4]. The emissive source of energy release
(Nottingham effect) affects the heating dynamics to some
extent, but not decisively. As a result of the numerical
simulation, relation (1) became

) .pc

Jld =, Ko ) (2)
where p is the density of the cathode material, ¢ is the specific
heat capacity, and xy is the temperature coefficient of
electrical resistivity k = ko 7T. For a conical microprotrusion
with a small cone angle, the factor f weakly depends on its
geometry and is determined mainly by the choice of the
temperature at which breakdown is initiated. This tempera-
ture was taken as the melting point, boiling point, or critical
temperature [4, 5, 10, 11].

The existence of a relationship between current density
and breakdown delay time, determined by relation (2), which
depends only on the parameters of a particular material,
made it possible to conclude that the processes involved in
the initiation of vacuum breakdown are in many respects
similar to those observed during electrical explosions of
conductors [6, 8]. In both cases, the main mechanism of
heat release is resistive heating of a metal by a high-density
current, resulting in an explosive transition of the metal to a
plasma state. The most important characteristic of an
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electrical explosion of conductors is the integral of specific
current action [12]

— la
J :J j2de, (3)
0

which determines the delay time to the explosion of the
conductor, and since the explosion occurs in the supercritical
region when energy is rapidly deposited into the conductor
(see, e.g., [13]), it determines in fact the time in which the
material changes to a plasma state. With this in mind, the
criterion for initiation of a pulsed vacuum breakdown (1) can
be written as [8]

Ftamh, 4)

which includes the value of the current action integral
obtained for (well controlled) conditions of the electrical
explosion of the conductor.

2.2 Parameters of explosive emission processes

The use of the analogy between a vacuum breakdown and an
explosion of conductors made it possible not only to obtain
information about the processes leading directly to vacuum
breakdown but also to estimate the most important para-
meters that determine the operation of the cathode spot of a
vacuum discharge. In particular, the time dependence of the
coordinate re, (or the cross section of a conical microprotru-
sion, S = Qr2) corresponding to the volume of the micro-
protrusion material changed to a plasma state can be
expressed as

izt \ V4
Tex = <Q—2E> ) (5)

where Q =2n(1 —cos0), 0 is the cone angle, and i is the
current carried by the microprotrusion.

Obviously, the destruction of a cathode microprotrusion
cannot last indefinitely. It is logical to suppose that the
destruction stops when its rate becomes lower than the rate
of heat removal to the bulk cathode, i.e., at a time when
drex/dt = d(al)l/2 /dz, where a is the thermal diffusivity of the
material. Hence, the lifetime of the emission center can be
estimated as

l'2

- 6
16Q%a2h (6)

Te

and the coordinate r. that determines the volume of the
conical microprotrusion material having changed to a plasma
state as

r i (7)

“ 20Vah

Knowing the volume of the microprotrusion material
that changed to a plasma state, we can easily estimate one of
the key characteristics of the vacuum discharge, which
determines the process of generation of a conducting
medium in the electrode gap. This is the process by which a
vacuum discharge operates. The quantitative characteristic
of this process is the rate of ion erosion, y;, which is defined
as the ratio of the mass of the cathode material removed in
the form of ions to the charge passed through the micro-

protrusion ¢:

2 a
== g 8

As can be seen from expression (8), the ion erosion rate does
not depend on the current or microprotrusion geometry. It is
determined only by the characteristics of the cathode
material, namely, by its density, thermal diffusivity, and
specific current action integral.

The processes occurring in the cathode spot of a vacuum
discharge are cyclical due to the finite lifetime of the emission
center. This fact, as well as estimates made by using the
analogy between an explosion of conductors and a vacuum
discharge, was used in the development of the ecton model of
the cathode spot of a vacuum arc [8, 14-16]. According to this
model, the cathode spot consists of individual cells. The cells
are explosive emission centers, each emitting a portion of
electrons, called an ecton. A cycle consists of two stages: the
ecton operation stage and a short stage during which a new
explosive emission center is initiated to replace the one that
has died. The conditions for the initiation of a new ecton
process, namely, the presence of a dense near-cathode plasma
and liquid-metal microirregularities of the surface, arise
during the previous ecton process [8, 14-19]. The current
carried by a spot cell, i, is approximately two threshold
currents of the arc operation, as was established by Kesaev in
studying the structure of the cathode spot of a vacuum arc
[20]. Using the ecton model of a cathode spot, an explanation
was given for the main effects and characteristics of a vacuum
arc discharge, such as the threshold current, cathode fall
voltage, spontaneous extinction of the discharge, and the
Tanberg effect [8]. It was shown that the parameters of the arc
plasma take their finite values during the operation of a spot
cell [21, 22]. An increase in the arc current up to a kiloampere
is accompanied by a mere increase in the number of
simultaneously operating ectons, which explains the experi-
mental data showing a weak dependence of the ion flow
parameters on the vacuum arc current.

2.3 Simulation of microexplosive cathode processes

Direct use of the results of investigations on the explosion of
conductors for analyzing microexplosive processes involved
in a vacuum discharge requires a more rigorous justification
due to the obvious differences between these phenomena. A
cathode microprotrusion is a conductor segment about a
micrometer in length having a free (vacuum) boundary on one
side and a bulk cathode on the other. An ordinary conductor
can be considered to be heated uniformly along its length (if
instabilities are disregarded), whereas, when a cathode
microprotrusion explodes, additional heat is transferred to
the bulk cathode, leading not only to the removal of energy
but also to the fact that the explosive destruction of the
microprotrusion begins from its top. Therefore, an additional
component of the gas-kinetic pressure arises, the gradient of
which, normal to the microprotrusion cross section, is
directed from top to base.

The microexplosive processes occurring on a cathode
were simulated using the JULIA code [23], based on a
particle-in-cell method, which was previously used to simu-
late the explosion of conductors in a two-dimensional
approximation (see, e.g., [24]). This code, adapted to
calculate the heating of cathode microprotrusions, included
a system of hydrodynamic equations describing the laws of
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conservation of mass, momentum, and energy,

op

st = 9

L 49 =0, ©)
0 1

p—v+vav:—Vp+—j><H, (10)
ot ¢

ope i’

g“r V(pev) = —pVv + ;+V(/1VT)7 (11)

Maxwell’s equations, written in a quasi-stationary approx-
imation (not taking into account displacement currents),

1 o0H 4n
—— = E H=—j 12
e VXE, Vx E (12)
and Ohm’s law
. 1
]ZG(E——VXH), (13)
¢

where p, ¢, and T are, respectively, the pressure, internal
energy, and temperature of the material; v is its velocity; H is
the magnetic field strength; E is the electric field strength; j is
the current density; and 4 and o are, respectively, the thermal
and the electrical conductivity of the material.

The problem was solved in the following statement. It was
assumed that the explosive electron emission had already
been initiated, so the current through the microprotrusion
was determined by the parameters of the external circuit. The
cathode-microprotrusion system was included in the elec-
trical circuit, which was described by the equation

Uout - I(Z)Rout + Uload(t) 5 (14)
where Uy (7) is the external source voltage, which increased
to Up=3200V in 0.1 ns and then remained constant;
Roue = 1000 Q is the external resistance, the value of which
was chosen so that the short-circuit current in the circuit
would be equal to 3.2 A; and Ujpaq(?) is the voltage drop
across the load (cathode—microprotrusion system). The value
of the current /(¢) was used as a boundary condition in solving
the Maxwell’s equations (12). It was assumed that a
microprotrusion shaped like a cylinder 1.5 pm high is located
on the surface of a plane copper cathode. In the calculations,
the radius of the cylinder, r., was varied between 0.2 and
0.4 pm.

Copper (CLICK accelerating structure) and tungsten
(ITER divertor) were chosen as test materials. The current
was set equal to 3.2 A, which corresponds to the (doubled
threshold) current carried by an individual cell (ecton) of the
vacuum arc cathode spot for copper and tungsten cathodes [8,
20]. The geometric dimensions of the microprotrusion
corresponded to those observed during the initiation of a
vacuum breakdown and explosive electron emission [6, 25].

The method used for solving the system of equations (9)—
(14) is described in detail in [26, 27]. The calculations were
performed using wide-range semi-empirical equations of state
and tabular data on the conductivity of copper and tungsten
[28, 29].

It should be noted that a similar approach to simulating
the explosion of microprotrusions invoking wide-range
equations of state was used previously [30-33]. However, the
purpose of these papers was to study the products of the

explosion of a microprotrusion [30, 31] or the initial stage of
crater formation and the parameters of the produced plasma
[32, 33]. The parameters of microexplosive processes and, in
particular, the current action integral were not investigated in
detail. At the same time, the system of equations (9)—(14) was
solved using modern methods (in particular, a particle-in-cell
method) to simulate the parameters of the explosion-
produced plasma and more accurate equations of state to
describe the states of the cathode material, including
metastable ones [26, 27]. The use of these equations made it
possible to rigorously trace the state of the material during the
explosion of a microprotrusion and obtain detailed informa-
tion on the interaction of the explosion-produced plasma with
the liquid metal formed in the operating zone of the cathode
spot of a vacuum discharge [19].

2.4 Current action integral

for microexplosive processes

Figure 1 shows the time dependence of the voltage across the
load during the explosion for a thin wire and a cathode
microprotrusion. Using these plots, one can estimate the
value of the current action integral, which is usually
determined for the time interval between the beginning of
the voltage pulse and the point at which the voltage peaks, 7c.
At a current density of 1.1 x 10° A cm™2, the integral equals
2.43 x 10° A%scm™ (fex = 1.9 ns) for the exploded thin wire
and 3.1 x 10° A2s cm™ (o = 2.6 ns) for the cathode micro-
protrusion (. = 0.3 um). It decreases t0 2.7x10° A2scm™* as
the current density is decreased to 6.4 x 108 A cm™
(re = 0.4 um).

The difference in the values of the current action integral
might occur due to different methods of its determination.
Figure 2 shows the temperature distribution and the phase
state for a copper cathode microprotrusion at a time of 2.2 ns.
As can be seen from this figure, the top of the microprotrusion
has been heated to a temperature of 1.4 eV and is in a plasma
state, while the temperature of the rest of the microprotrusion
decreases monotonicly to about 0.2 eV at the base. As can be
seen from Fig. 2b, the microprotrusion, with the exception of
its top, is in a liquid state with small two-phase (liquid plus
gas) inclusions. The current action integral determined by the
time at which the top material has changed to a plasma state is
2.6 x 10° A?s cm™. Anyway, in view of the different
conditions for the explosion between thin wires and cathode
microprotrusions, the difference between the current action
integral values is not significant. Therefore, in what follows,
we will use its value obtained by the traditional method for a
microprotrusion entirely subjected to explosive destruction.

Similar results were obtained in studying the current
action integral for tungsten microprotrusions. Figure 3
shows the time dependence of the load voltage at a current
density of 1.1 x 10° A cm~2. The value of the current action
integral, determined for the time the voltage peaked, is
2 x 10° A%s cm~*. When the current density was decreased
to 6.4 x 108 A cm~2, the current action integral decreased to
1.6 x 10° A?s cm™* [34], whereas for the explosion of a
tungsten wire it is 1.85 x 10° A%2s cm™* [13]. It should be
noted that the tendency for the current action integral to
decrease with decreasing current density is also characteristic
of the explosion of thin wires. The reason for this decrease is
that, when energy is rapidly deposited into a conductor
(microprotrusion), inertial forces keep its material in a liquid
state, thereby increasing the energy input in the conductor
before the explosion [13, 35].
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Figure 1. Time dependence of voltage across a load: a thin copper wire of
radius 0.3 um (a) and a copper cathode microprotrusion of radius 0.3 (b)
and 0.4 pm (c). Current is 3.2 A for all cases.

The above results on the calculation of the explosion of a
microprotrusion allow the conclusion that its analogy to the
electrical explosion of conductors, invoked previously to
estimate the parameters of the initiation of a breakdown and
of the processes occurring in the cathode spot of a vacuum
discharge, is quite justified. We will use below the values of the
current action integral obtained for tungsten and copper
cathode microprotrusions to analyze the mechanisms
involved in the operation of unipolar arcs and in the
initiation of radiofrequency vacuum breakdown.
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Figure 2. Temperature distribution (a) and phase state (b) at a time of 2.2 ns for
a copper cathode microprotrusion. Current is 3.2 A; r. = 0.3 pm.
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Figure 3. Time dependence of the load voltage for a tungsten cathode
microprotrusion during its heating. Currentis 3.2 A; r, = 0.3 pm.

3. Unipolar arcs in thermonuclear facilities
with magnetic plasma confinement

3.1 Factors contributing to the initiation of a unipolar arc
Unipolar arcs are arc discharges that occur when a metal
surface is exposed to a plasma [36]. Arc discharges of this type
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are sustained by the potential difference between the wall and
the plasma that arise due to the thermal motion of the plasma
electrons. A discharge of this type is called a unipolar arc since
it is sustained with no external source and its current
circulates between the plate and the plasma.

Unipolar arcing manifests itself primarily through the
microcraters that are formed at places of contact between the
plasma and the electrode. Unipolar arcs were intensely
studied in the 1970s—1980s, when they were detected in
almost all thermonuclear facilities [37]. It was believed that
unipolar arcs were the main suppliers of impurities that
polluted the reactor plasma. Along with the study of
unipolar arcs in tokamaks, a number of experiments were
carried out on their initiation on metal surfaces exposed to
intense radiation and plasma flows [38—42]. In these experi-
ments, it was convincingly proved that the formation of
craters on the exposed surface is associated with the eroding
effect of the arc plasma rather than with the action of an
external energy source. However, the experimental material
accumulated in studying unipolar arcs has not led to
significant progress in understanding this phenomenon:
“there are no reliable experimental data on the discharge
conditions leading to arcing or on the frequency of arc
occurrence” [43]. This was due to objective difficulties in
studying this phenomenon associated with spontaneous and
short-term arcing, the uncontrollability of the arcing para-
meters, and the creation of special conditions for arc
initiation such as ‘dirty’ electrodes and external effects.
Moreover, the model of a ‘hot spot’ as a source of erosive
plasma with an emission current density of 108 A cm™2 [44]
was generally accepted, but the mechanism of its operation
remained obscure.

Interest in studying this phenomenon also decreased due
to the use of a divertor in thermonuclear facilities, so that the
plasma was confined by the magnetic separatrix rather than
by the wall, a significant improvement in the conditions for
confining thermonuclear plasma, and the proposed use of
carbon as the material of the first wall. However, subsequent
investigations of the properties of carbon in thermonuclear
facilities showed that it was highly dispersed under the action
of the reactor plasma, and the carbon layers deposited on the
walls could accumulate and keep a large amount of tritium for
a long time [45]. Therefore, tungsten was chosen as the
material for the ITER divertor: it not only captures and
keeps a small number of hydrogen isotopes, but also is able to
withstand high thermal loads due to its high melting point and
thermal conductivity, and, additionally, it has a high
sputtering energy threshold.

Despite significant progress made in improving the
conditions for thermonuclear plasma confinement, over the
past 10 years, unipolar arcs have been detected in many
thermonuclear facilities such as the ASDEX upgrade
(Axially Symmetric Divertor Experiment Upgrade) [46—48],
the LHD (Large Helical Device) [49], DIII-D [50-52], JT-60U
[53], T-10 [54], and W7-X [55]. To initiate an arc discharge on
pure tungsten, its surface should be exposed to a power
density of about 100 MW cm™2 [56]. It is obvious that this
power density is unattainable in the stationary operating
conditions of future thermonuclear facilities, for which it is
expected to be about 1 kW cm~2 [57]. However, two factors
significantly increase the probability of unipolar arcing in
thermonuclear facilities. The first is the repetitive magnetohy-
drodynamic instability of the thermonuclear plasma that
shows up as Edge-Localized Modes (ELMs). In this case,

the plasma acting on the divertor produces a power density of
about 1 MW cm~2 [43, 58]. The second factor is the change in
the surface morphology of tungsten exposed to helium
plasma [59, 60]. Helium ions are generated in the course of
thermonuclear reactions. A tungsten surface exposed to
helium plasma becomes nanostructured (‘fuzzed’). The
conditions for the formation of fuzz arise when the tempera-
ture of the tungsten surface is in the range of 1000-2000 K and
the energy of the incident helium ions is above 20 eV [61]. It is
these divertor surface temperatures and incident ion energies
that are inherent, according to estimates, in stationary plasma
confinement modes [57, 62, 63]. A fuzz layer consists of
individual fibers 10-20 nm thick which involve cavities
containing helium atoms.

3.2 Results of experimental studies of arc discharges

with W-fuzz samples

The experimental modeling of the effect of ELMs on fuzz
structures carried out at the NAGDIS-II (Nagoya University
Divertor Plasma Simulator IT) facility made possible, perhaps
for the first time, the direct, controlled, and long-term
observation of unipolar arcing [64, 65]. Unipolar arcing was
initiated by irradiating a tungsten plate 20 x 20 x 0.2 mm in
size, placed in a helium plasma of density 7 ~ 2 x 10'* cm™3
and electron temperature T, ~ 6 ¢V, with a 694-nm laser.
Since that time, a series of studies of various characteristics of
vacuum arc discharges with W-fuzz cathodes has been carried
out. Most of the experiments were performed at the
NAGDIS-II facility; similar experiments were also carried
out at the PISCES-A (Plasma Interaction Surface Compo-
nent Experimental Station A) (University of California, Los
Angeles, USA) and MEVVA.Ru (Institute of High Current
Electronics, Siberian Branch, Russian Academy of Sciences,
Tomsk) facilities.

In short, the following main properties of arc discharges
with W-fuzz samples were revealed:

(1) An arc with a current of a few amperes was stably
initiated in a helium plasma when the tungsten plate
potential was no greater than —55 V [66] and the threshold
value of the potential decreased with an increase in current,
[67]. The arc operation voltage increased almost linearly
from 36 to 65 V as the arc current was increased from 4 to
26 A [68].

(2) The threshold arc operation current was found to be
1.5-2 A. The duration of arc operation at these currents is a
few milliseconds [69].

(3) The velocity of motion of a cathode spot in a tangential
magnetic field was found to depend on the thickness of the
nanostructured layer. At a thickness of 1 pum, this velocity was
1.5 x 10* ms~! and decreased to about an eighth of that value
at a thickness of 5 um. In this case, the width of the spot track
increased by about a factor of five [70, 71].

(4) The erosion rate was also found to depend on the
thickness of the nanostructured layer: it increased sharply
from 0.5 to 1.5 mg C~! as the thickness was increased to
above 2 um [68]. At this thickness, grouping of the cathode
spot cells occurred, and this resulted in a sharp broadening
of the track of the spot during its motion in an external
magnetic field [72].

(5) The plasma electron temperature, according to spec-
troscopic measurements, was in the range of 0.5-1 eV [73-75].
The mean charge of tungsten ions in the arc plasma was +1,
and it increased as the nanostructured layer was destroyed
under the action of arc discharge pulses [76].
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WD 143 mm 5.0 kV x 20k 2

WD 153 mm 15.0kV x 8.0k 5

Figure 4. SEM images of a fuzz structure taken before (a) and after (b) the action of an arc discharge.

Before analyzing the processes occurring directly in the
cathode spot and arc plasma of W-fuzz samples, we would
like to make a few remarks regarding the technique of the
experiments performed at the NAGDIS-II and PISCES-A
facilities. All experiments were carried out with tungsten
plates placed in helium plasma, mostly in an external
tangential magnetic field, i.e., the cathode spots moved in
the direction opposite to that of Ampere’s force. The helium
plasma was responsible for some features of the discharge
operation, such as a relatively low plate potential at which the
discharge was initiated and an increase in the discharge
operation voltage with arc current (see Section 3.1). We
have shown that these discharge properties, which are not
typical of a conventional vacuum arc, were related to a
decrease in potential in the helium plasma during the passage
of the discharge current [67, 68].

Figure 4 shows SEM images of a fuzz structure formed on
a tungsten surface and the track of the cathode spot after the
action of an arc discharge. The presence of this structure,
consisting, as mentioned above, of individual nanofibers 10—
20 nm thick, leaves no doubt that the arc discharge operation
was self-sustained through the explosive emission (ecton)
mechanism. This was related to the high field enhancement
factor iy [77] and current density gain f; [78]. The latter
quantity determines the increase in current density over the
nanofiber cross section through which the total current flows
from the top and side surface above the cross section,
regardless of the nature of this current (emission current or
ion current from the plasma).

The fuzz layer formed on a tungsten plate not only
significantly improves the conditions for the occurrence of
explosive emission processes, but also radically changes the
properties of the tungsten surface. In particular, the fuzz
density was about 6% of the density of pure tungsten [79],
and the thermal conductivity of the tungsten surface layer
sharply decreased due to the small transverse dimensions of
the nanofibers and helium atoms embedded in them [80]. As
can be seen from the image of the spot track, a significant
burnout of the nanostructured layer occurred during the
operation of the arc discharge, but the spot did not pass to
the smooth tungsten surface. Thus, it can be concluded that
the conditions for the operation of an arc discharge in the
presence of a fuzz structure are more favorable than those
for a pure tungsten cathode, which manifests itself, in
particular, in stable discharge operation at currents of a
few amperes.

3.3 Explosive emission model for simulation

of a radiofrequency vacuum breakdown

We proposed an explosive emission (ecton) model of the
operation of a cathode spot on a nanostructured tungsten
surface [81]. According to this model, the spot consists of
individual cells (explosive emission centers), the operation
time of which is determined by the burnout time of the
nanostructured layer (Fig. 5).

The spot cells, upon their operation, leave micrometer-
size craters on the surface, which are visible especially clearly
for nanostructured layers of small thickness in any image of
the spot track (Fig. 6). In this model, fuzz is considered a
special medium, which is different from tungsten in arcing
properties. For a spot operating on a flat surface, formulas
(5)—(7) appear as follows:

The time-dependent radius of the crater formed upon the
operation of a spot cell is described as

- 1/4
li. [t
exf = ~_ | & 5 15
et 2“(hf) (13)
the cell lifetime, as
2
i
=—= _ 16
fef 64n2al hy (16)
and the crater radius, as
- (17)

Ferf = ——
4Tl:\/ af/’lf

where i, is the current through the cell, and /4 and a; are,
respectively, the current action integral and thermal diffusiv-
ity of the fuzz structure.

It should be noted that, according to (16), the operation
time of a spot cell on a smooth tungsten surface at a current of
a few amperes is not above some tenths of a nanosecond. That
is why only the fuzz layer burns out and the spot does not pass
to the clean surface of the tungsten plate when the layer
thickness is small.

To estimate the parameters of a cell of the cathode spot of
an arc on a tungsten cathode with a fuzz layer by using
formulas (15)-(17), we need to know the current action
integral and the cell current. The thermal diffusivity and
thermal conductivity of tungsten fuzz were measured in [80].
Let us estimate the current action integral for W-fuzz cathodes.
For the case of adiabatic heating of the cathode material by a
high-density current flowing through the cathode, the specific
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Plasma layer

Plasma layer

Arc direction

Figure 6. Track of a cathode spot moved over the surface of a tungsten cathode with a fuzz structure of thickness 1 um. Arc current is 4 A [72].

current action integral can be written as [8]

h— J PO (18)
wy k(W)

where w; is the energy density deposited to the cathode before

its explosion. With the assumption of a linear dependence of

resistivity on temperature, k = x( 7, which is typical of most

metals, (18) becomes

(19)

where ¢ is the heat capacity, T, is the critical temperature of
the material, and T is the initial temperature. Then, the ratio
of the specific current action integrals can be expressed as

f;—f — mﬂ (20)
hw Kor

where /w and row are, respectively, the specific current action
integral and the temperature coefficient of resistance of pure
tungsten. When writing (20), it was assumed that 7, does not
change upon the formation of W-fuzz; below, we will discuss
the validity of this assumption. For the quantity /w, which
varies with current density, we take an average value equal to
1.5 % 10° A%s cm™ (see Section 1).

The change in the current action integral value after the
formation of a fuzz structure is primarily associated with a
decrease in the mean free path of electrons due to the small
size of nanofibers and the presence of cavities containing
helium atoms. This shows up as a sharp decrease in thermal
conductivity and, accordingly, an increase in electrical
resistance. The temperature coefficient of resistance, xof, can
be estimated from the Wiedemann—Franz—Lorentz law

L

== 21
Kof }-f ) ( )

where L ~2.84 x 107® V K72 is the Lorentz constant for
tungsten and A; = 0.015 W cm~! is the thermal conductivity
of W-fuzz [80]. As a result, we have /iy ~ 1.4 x 10° A>scm™
(we used Koy ~ 3 x 107 Q cm for tungsten [82]).

Using the obtained value of the specific current action
integral and expressions (15) and (17), we can estimate the
radius of the crater formed on the W-fuzz surface as a
function of time and spot cell current as

Fext = 0.65 (i20)'/* (22)

and the radius of the crater formed due to Joule heating as

Fef = 2.2i . (23)
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Figure 7. Sketch illustrating the motion of a cathode spot in an external magnetic field in the case of a fuzz layer /3 of small thickness (a) and large

thickness (b).

b)

Figure 8. Erosion tracks on surfaces with fuzz layers of different thicknesses. Arc current is 7 A [68].

To obtain the estimation relation (23), we used the thermal
diffusivity of W-fuzz a;r = 0.092 cm? s~! reported in [80]. In
(22) and (23), the crater radius, the current, and the time are
expressed in micrometers, amperes, and nanoseconds,
respectively. If the W-fuzz thickness is larger than that
determined by (23), the layer does not burn out comple-
tely, and the spot ‘sticks’ in it, i.e., it may return to the
former place. Thus, so-called grouping of the spot cells
occurs, and the spot’s trajectory becomes ‘entangled’
(Fig. 7), while this is not the case with a small fuzz
thickness [70-72]. As a result of the cell grouping, the
velocity of the spot motion in the external tangential
magnetic field decreases sharply, the track of the spot
broadens, and traces of molten metal appear (Fig. 8).
Expressions (22), (23) include the current per spot cell. To
estimate it, we will use the results of studying the structure of
the track of a cathode spot moving in an external magnetic
field in the case of a small thickness of the nanofiber layer,
when there is no grouping of the cells (see Fig. 6). The choice of
a small layer thickness is dictated by the fact that, first, the
track width in this case is small enough to accurately determine
the number of simultaneously operating spot cells and, second,
since the nanofiber layer is almost completely destroyed during
the operation of the cathode spot, a new cell cannot appear in
the same place. In Fig. 6, individual craters are clearly visible in
the spot track; their number varied from two to three along the
track width, and the average crater size was a few micrometers.
The track looks like a herringbone with separate branches,
which indicates the division of the spot and the existence of
individual cathode spots having an internal structure. The

current per individual spot is approximately equal to the
threshold current of the vacuum arc, i.e., to 1.5-2 A; hence,
the current per spot cell can be estimated to range between 0.5
and 1 A. Direct counting of the number of simultaneously
operating spot cells using high-speed photography yielded the
same estimate of the current per spot cell (0.5-1 A) for a
nanostructured layer 1 to 3 pm in thickness [75].

And, finally, a close estimate of the current per spot cell
can be obtained taking into account the changes in erosion
characteristics that occur when the thickness of the nano-
structured surface layer becomes greater than 2 pm, as was
found in the experiment described in [68]. The observed
threefold increase in the erosion rate was due to the grouping
of the cathode spot cells and the appearance of a liquid metal
fraction in the spot. According to (23), such a grouping of
spot cells is possible at r¢f < l4, i.€., at currents of 0.9—-1 A.
The reason for the increase in erosion rate will be considered
in Section 3.4.

A cell current of the order of 1 A allows us to estimate
some parameters of the cathode spot. The radius of the crater
should match the thickness of the fuzz layer. With its
thickness of ~ 1 um, the radius of an individual crater
observed in experiments ranged from 0.8 to 1.3 pm [72]. For
this fuzz thickness, the velocity of motion of a cathode spot
cell in an external tangential magnetic field should be,
according to (23), about 3.5 x 10* cm s~!. The average
velocity obtained experimentally is ~ 1.5 x 10* cm s7! [71].
The agreement with the experiment is quite good, considering
that an actual cathode spot moves along a curvilinear
trajectory.
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3.4 Erosion characteristics of arc discharges

with W-fuzz samples

From the viewpoint of using tungsten as a divertor material in
thermonuclear facilities with magnetic plasma confinement, it
is a critical challenge to have the arc discharge erosion
products enter the thermonuclear plasma. According to (8),
the rate of ion erosion of a fuzz, y;, is about 196 pg C~!. For
pure tungsten, we have y,y ~ 125 ng C~!. In view of the
cyclicity of the processes occurring in the cathode spot of a
vacuum arc, a correction was introduced [1, 4, 5] to formula
(8), which reduces the erosion rate for a pure tungsten cathode
by 20-40%. Our estimation indicates that the rate of ion
erosion of W-fuzz is higher than that of pure tungsten, despite
the fact that its density is much lower. At the same time, it is
approximately one third the total erosion rate measured for a
nanostructured layer of small thickness. We have shown that
a significant contribution to the erosion can be made by the
mechanical destruction of nanofibers under the action of a
plasma jet expanding from the sample [68].

The results of a study of the mass-charge composition of
the arc plasma for W-fuzz cathodes are presented in [76]. It
was found that, during about the first five pulses, when the
main part of the fuzz layer burns out, ions with the lowest
ionization potential, namely singly charged tungsten and
carbon ions, are present in the arc plasma. Then, within
about 10 pulses, the rest of the fuzz is destroyed. This region,
in which the mean charge state of tungsten ions remains
lower than that in the plasma of arcs with pure tungsten
cathodes, can be called a transition region between the fuzz
and the pure tungsten. Finally, starting from approximately
the 15th pulse, the mean charge state of tungsten ions is close
to that for a pure tungsten cathode. Figure 9 shows the mass-
charge spectrum for the first pulse, when the arc operates
directly on the fuzz surface. Let us analyze the obtained
results. From formula (8) for the erosion rate, it is easy to
obtain an expression for the mean charge state of an arc
plasma [21, 22]:

7 3iim /’;1‘ 172
~ 2ieep \ ar ’
where i is the ion current directed from cathode to anode [84],

i is the electron current (arc current plus ion current), and m
is the ion mass.

(24)

Substituting the parameters of the fuzz in (24), we obtain
an estimation relation for the mean charge state number of
tungsten ions in the arc plasma: Z = 8i/i,. The measure-
ments reported in [83] showed that the values of i /i. for ten
different metals are in the range from 0.08 to 0.1. A wider
spread in the values of j; /i, measured for metal cathodes, from
0.05 to 0.14, was obtained by the authors of [84]. Thus, it can
be concluded that fuzz formation and the associated change
in the physical and explosive emission properties of the
cathode lead to a decrease in the mean charge state of
tungsten ions in the arc plasma to +1, as was observed
experimentally. As the fuzz is more and more destroyed
from pulse to pulse, the mass-charge composition of the
plasma ions gradually becomes similar to that characteristic
of pure tungsten cathodes. The mean charge state number of
tungsten ions increases from +1 to +3.

The experimentally found dependence of the mass-charge
state composition of an arc plasma on the number of pulses is
due to a change in the efficiency of ionization processes in the
plasma. The mean charge state number of ions in a plasma
can be determined as a function of density and temperature
from the expression [85]

AT?3/? I(Z.nT
S exp(_ (Zn, ))7
n T

(25)

where Z is the mean charge state number of the ions, the
factor 4 = 6 x 102! cm™3 eV—3/2, T is the plasma tempera-
ture, and n is the density of the plasma heavy component. For
tungsten, the average ionization potential /= Iy — Al as a
function of mean ion charge state can be estimated, for ion
charge numbers up to +3, as Iy = I} Z, where I} ~ 8 ¢V is the
first ionization potential. The correction Al = Ze?/Lp is the
decrease in ionization potential due to the Coulomb interac-
tion in the region of weakly nonideal plasma and
Lp = [T/(41'cZzezn)]]/2 is the Debye radius.

Figure 10 shows the mean charge state number of the
W-cathode arc plasma as a function of the electron tempera-
ture for plasma densities of 10" and 10*® cm~3. The choice of
these plasma densities was dictated by the fact that, in this
range of densities, the charge composition of the arc plasma
becomes settled, and then it ‘freezes’ [86]. Using the given
plots, one can obtain an estimate of the plasma temperature
depending on the mean charge state number, T ~ Z [eV],
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Figure 9. Typical mass-charge spectra of arc plasma for W-fuzz cathodes
measured during the first arc pulses.
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Figure 10. Temperature dependence of the mean charge state number of
tungsten ions at a plasma density of 10'® (black) and 10%° (red) cm~3.
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which agrees with the results of calculations of the ionic
composition of arc plasmas [87].

Based on the performed analysis of the mass-charge
composition of the arc plasma, some conclusions can be
drawn about the change in T, during the formation of fuzz
on a tungsten surface. At a temperature close to T,
conductors explode [13]. The destruction of an exploding
cathode microprotrusion starts at the top. However, as can be
seen from Fig. 2, the temperature of the main part of the
microprotrusion is also close to T¢;. It is obvious that, for a
nanofiber structure, the binding energy of tungsten atoms
and, accordingly, the critical temperature can be significantly
lower than those for pure tungsten. This, in particular, is
indirectly indicated by the intense erosion of W-fuzz
cathodes. For pure tungsten, the estimates of T, obtained
by various methods are in the range from 12,000 to 23,000 K
[88]. These estimates exceed the electron temperature values
we obtained for the mean charge state number +1 (first
pulses). Hence, it can be concluded that the formation of
fuzz reduces T,; to about 1 eV. It should be noted that the
decrease in T, has an insignificant effect on the earlier
estimates, since /iy logarithmically depends on the critical
temperature and, moreover, since the current action integral
in relations (15) and (17) is to the inverse fourth power and
under the square root, respectively. However, the change in
T, must be taken into account when analyzing the heating of
a cathode, particularly in the stage of formation of a liquid
metal fraction.

Electrode erosion in the form of liquid metal droplets
makes the largest contribution to the total erosion and may
have, in principle, the most significant impact on thermo-
nuclear plasma. As noted in Section 3.3, the formation of a
liquid metal fraction, clearly visible in the track of the cathode
spot (see Fig. 8), is induced by the grouping of cells at a
nanostructured layer thickness of more than 2 um. To
analyze the processes responsible for the cell grouping, we
use the solution of the heat equation with a moving boundary
[85],

(26)

T() = Torexp {,M} ,

ars

When writing (26), it was assumed that a destruction wave
propagates into the bulk cathode, with the temperature at the
wave front T (rexr) = T and the front velocity vy = drex/dz.
Taking into account the significant differences in the
thermophysical properties between W-fuzz and pure tung-
sten, the boundary condition can be written as 7'(/q) = Tp. In
view of this boundary condition and the relationship between
the wave propagation velocity and rexr described as
i2

~N—— 27
A TT=T @7)

we can obtain the dependences of the destruction zone and
melt zone radius on the nanostructured layer thickness /3. For
the latter case, the melt zone is defined by the condition
T (rm) = Tm. The plots of these dependences are given in
Fig. 11 for two values of the initial temperature Ty. As can be
seen from the plots shown in the figure, at a small W-fuzz
thickness and Ty = 1000 K, the nanostructured layer is
almost completely destroyed due to Joule heating, and for a
1-um-thick W-fuzz layer, the melt zone thickness is about
0.1 pm. The choice of the initial temperature equal to 1000 K

/4, pm

Figure 11. Dependences of the destruction zone radius rer (solid curves)
and melt zone radius ry (dashed curves) on nanostructured layer
thickness. Blue curves correspond to Ty = 1000 K, red curves, to
Ty = 3000 K.

was dictated by the conditions of experiments [68] that were
carried out at this temperature of the plate. At short operation
times of spot cells (shorter than 10 ns), the cells, driven by the
magnetic field, move with high velocities over the surface,
leaving behind craters with slightly melted nanofibers along
the crater radius. The situation is different when the
temperature increases due to the grouping of spot cells. The
reasons for this increase in temperature are the following.
First, the cell operation time increases; second, as noted in
Section 3.3, the layer does not burn out completely and the
spot may return to the place already heated, and, third, the
surface is heated additionally due to the presence of other cells
closely located.

To conclude this section, we consider the direct influence
of the erosion processes that occur during unipolar arcing on
the thermonuclear plasma. The calculations performed by
the authors of [89] show that, when tungsten enters the
plasma at a rate of more than 30 mg s~!, the radiative losses
can reach 60% of the energy heating the thermonuclear
plasma. Taking into account that, in the case of spot cell
grouping, the tungsten influx rate is 12 mg s~! at a current of
7 A [68], the above threshold (30 mg s~!) will be exceeded at
a unipolar arc current of 25 A. This situation is quite real; in
particular, in the experiment on studying unipolar arcs that
was carried out on the PISCES-A facility [67], the arc current
reached 80 A. At the same time, there are two factors that
can moderate the detrimental effect of unipolar arcs. The
first is that, as noted in Section 3.2, the higher the arc
current, the lower the potential of the plate required to
sustain the discharge due to the resistance of the plasma in
contact with the plate. The second factor is that, as
calculations have shown, the thickness of the nanostruc-
tured layer can be limited due to ELM plasma instabilities
affecting its growth [90]. Thus, it can be concluded that the
degree of influence of unipolar arcs on the course of
thermonuclear reactions in thermonuclear facilities under
development is currently open to question. Nevertheless, it is
obvious that the problem does exist and needs a further
detailed study.
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4. Initiation of a vacuum breakdown
in the accelerating structures
of electron—positron colliders

4.1 Criteria for the initiation

of a radiofrequency vacuum breakdown

Interest in studying the mechanism of radiofrequency
vacuum breakdowns arose in connection with the progress
in high-power microwave electronics [7]. Investigations have
shown that an obstacle to increasing microwave energy is the
so-called effect of microwave pulse shortening, due to which
an increase in power leads to a decrease in pulse duration, and
the generated microwave energy is not over several ten joules
[91]. The main cause of this effect is the radiofrequency
vacuum breakdown of the resonators and slow-wave struc-
tures of microwave generators. Recently, studying the
mechanism of radiofrequency vacuum breakdowns has also
become relevant in connection with the development of linear
electron—positron colliders, which are associated with further
progress in elementary particle physics. To achieve high
luminosity with the colliders, the energy of colliding particles
must be as high as several teraelectronvolts. This is the goal in
developing the CLIC facility at CERN [92, 93]. Since the
particles (electrons and positrons) are light, to avoid energy
losses for radiation, the accelerated particles must move along
a linear rather than a circular path, as they do in the Large
Hadron Collider. The maximum voltage generated by DC
voltage sources is on the level of several megavolts; therefore,
the method of particle acceleration by radiofrequency
electromagnetic waves was chosen. As a result, an accelerat-
ing gradient of the order of 100 MV m~! was achieved.
However, even with such a high gradient, the length of the
accelerating structure for each type of particle should be more
than 20 km. The main factor limiting the magnitude of the
accelerating field is the vacuum breakdown developing from
the surface of the accelerating structure [94]. In addition to the
above-mentioned magnetic fields induced by emission cur-
rents and the absorption of the electromagnetic wave energy
during a radiofrequency breakdown, the breakdown-induced
change in the surface morphology of the accelerating
structure significantly increases the probability of repeated
breakdown initiation at the same place during the next
accelerating pulse [95, 96].

The CLIC accelerating structure, designed to operate in
the X-band, namely at 11.994 GHz, will be made of copper.
One of the main requirements for the accelerating structure is
that, at a 100-MV-m~! accelerating gradient, the breakdown
rate per pulse per m of the accelerating structure must be less
than 3 x 1077 [93]. The breakdown rate (BDR) is the
probability of breakdown initiation in a given pulse; it is
determined experimentally by dividing the number of break-
downs by the total number of pulses. In view of this
requirement, experimental studies of the radiofrequency
vacuum breakdown were mainly aimed at studying the
breakdown statistics and the feasibility of electrode condi-
tioning by pulses of electromagnetic waves. The study of the
breakdown rate for accelerating structure prototypes has
shown that the breakdown occurs spontaneously and uncon-
trollably; before its development, the structure is exposed
without breakdown to tens to hundreds of thousands of
pulses [96]. It has been found in [95, 96] that there are two
types of breakdowns: a ‘normal breakdown’ (NL-BD), which
occurs after the action of many pulses without breakdowns,

and a ‘following-pulse breakdown’ (FP-BD), which occurs
during the first pulse following the breakdown pulse. It turns
out that there is a spatial relationship between FP-BDs and
NL-BDs: they occur in almost the same place. It is obvious
that the conditions for the FP-BD initiation arose as a result
of the breakdown having occurred during the previous pulse.
Therefore, it was concluded that the efficiency of the
conditioning process is determined by the total number of
electromagnetic wave pulses rather than by the number of
breakdowns [97]. For a large number of pulses, the NL-BD
development times are uniformly distributed over the dura-
tion of the electromagnetic wave pulse, while FP-BDs occur
mainly at the beginning of the pulse. Examination of the
statistics of radiofrequency (RF) vacuum breakdowns and
vacuum breakdowns that occurred at a DC diode voltage [96]
suggests that there is a common mechanism for these types of
breakdowns.

As a result of a large number of experiments, two criteria
for the development of vacuum breakdowns in radiofre-
quency fields have been found. The first one relates the
breakdown rate and the electric field amplitude Ex:

30
EA

BDR

and the second one relates E£5 and the pulse duration #; at a
constant BDR:

= const,

(28)

Ex tpl/6 = const . (29)

In view of (28) and (29), we obtain an expression relating the
three quantities, Ea, 7, and BDR [98]:
E/iorrf
BDR

= const. (30)

4.2 Microexplosive processes

in a radiofrequency vacuum breakdown

To analyze the processes involved in a radiofrequency
vacuum breakdown, we start with an investigation of the
microexplosive processes initiated on electrodes by gigahertz
electromagnetic waves. For this purpose, calculations were
carried out using the system of equations (9)—(13) that were
solved with the voltage in the electric circuit specified as [27]

Uout (1) = Upsin (wt), sin (w?) >0,

Uout(t) =0, sin(w?) <0, (31)
where o = 2nv with frequency v = 12 GHz.

Figure 12 shows the calculated time dependence of the
load voltage during the explosion of a cathode microprotru-
sion at a radiofrequency circuit voltage. The plot shown in
Fig. 12 makes it possible to estimate the current action
integral for this case h=j?1/4 =29 x10° A’s cm™*,
where 7~ 9.6 ns is the delay time to the explosion and
j=1.1x10° A cm~2 is the current density at a peak voltage
across the gap. Thus, according to the calculations, the value
of the current action integral changes slightly when going
from DC to RF voltage.

Subsequent investigations of the behavior of the current
action integral have shown that its value decreases a little with
a decrease in current density, which, however, is also
characteristic of cases with a DC voltage. At the moment of
explosion, the voltage Ujy,q reaches 100 V and then stabilizes
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Figure 12. Time dependence of load voltage Ujoag for radiofrequency
circuit voltage determined by formula (31) with Uy = 3200 V (3.2-A
current amplitude); ro = 0.3 pm.

at a level of about ~ 10 V. The quantity Ujy,gq is the resistive
voltage drop that occurs during the current flow through the
metal-plasma contact and the cathode plasma region under
calculation. Accordingly, during the explosion of a cathode
microprotrusion, the power density, jU)oaq, reaches tens of
watts per square micrometer. The electromagnetic wave is the
only source of energy absorbed by the microprotrusion
during the explosion. Apparently, this accounts for the
‘missing energy’ effect that was observed in the experiment
on studying the radiofrequency vacuum breakdown in CLIC
accelerating structures [94].

Figure 13 shows material density distributions in the post-
explosion phase for the cases of DC and RF voltage. As can
be seen from the figure, these distributions are almost
identical. This accounts for the common nature of the
surface damage (micrometer-size craters) caused by DC and
RF vacuum breakdowns. Thus, it can be concluded that the
parameters of microexplosive cathode processes do not
change in going from a DC to an RF electric field.

4.3 Explosive emission model

of a radiofrequency vacuum breakdown

Before investigating the parameters responsible for the
initiation of explosive electron emission in a radiofrequency

vacuum breakdown, we consider the results of a study of DC
vacuum breakdown reported in [99]. The authors of [99] used
the same cathode material and cathode treatment techniques
as those used in the study of the radiofrequency breakdown in
CLIC accelerating structures [94].

In the experiment described in [99], both electrodes were
made of pure copper (Cu OFE, UNS C10100). A rounded rod
2.3 mm in diameter served as the anode, and the grounded
cathode was a 10 x 50-mm plate. The electrode gap spacing d
was varied from 10 to 50 um; most of the shots were carried
out at d = 20 um. The breakdown electric field and the field
enhancement factor, which was determined from the Fowler—
Nordheim characteristics, were investigated. Their values
were obtained in the ‘conditioning’ mode, when the number
of breakdowns was counted at a DC voltage. In addition, the
breakdown delay time and threshold voltage were investi-
gated. The voltage pulse duration was 1-2 s with a rise time of
100 ns. Below, we will use the following average values of the
vacuum breakdown characteristics obtained in [99]: average
field enhancement factor during breakdown f§ = 77, average
breakdown field fE,, = 10.8 GV m~!, and average break-
down delay time (minus the diode voltage rise time)
tq4 ~ 50 ns.

The studies of pulsed vacuum breakdown [4—6] have
shown that, at high electric fields at the cathode, the
exponential field dependence of the breakdown initiation
delay time becomes a power dependence, 74 x EJ,, where
E,, is the macroscopic field at the cathode. For plane
electrodes, we have E,, = U/d, where U is the diode voltage
and d is the electrode gap spacing. The change in the
dependence of the delay time on the electric field strength is
because of the influence of the space charge of emitted
electrons, due to which the emission current density obeys
the ‘3/2 power’ law [6]

) _L g 1/2 U3/2
J3/2 = on \ me desz )

where e and m, are, respectively, the electron charge and
mass. The effective gap spacing is determined as
degr = U/ (PEay), where f is the factor of field enhancement
at cathode microprotrusions.

To calculate the electric field at the top of a microprotru-
sion taking into account the space charge of emitted electrons,
Ey, we use the one-dimensional approximation, as the space
charge of emitted electrons is localized at distances of the

(32)

0 0.5 1.0 1.5 2.0 2.5
R, pm

0 0.5 1.0 1.5 2.0 2.5
R, pm

Figure 13. Material density distribution in the post-explosion phase for (a) an RF (z = 10 ns) and (b) a DC (¢ = 3 ns) circuit voltage. Calculation

parameters are the same as in Fig. 12.
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Figure 14. Dependence of breakdown voltage U on the field enhancement
factor at a breakdown delay time of 50 ns for different gap spacings:
d =10 pm (1), 20 um (2), and 40 pm (3).

order of 107% cm from the emission boundary [100]. The
equation for finding the electric field at the microprotrusion
top is written as

B 2B
4k U2 exp <f —) —3U=9k%4 2E02deszexp <f —) —3Eydesr
Ey Ey

(33)

where 4 and B are the coefficients in the Fowler—Nordheim
equation jpn = AE exp (—BEy) and k = Zn(Zme/e)]/z.

Figure 14 shows plots of the dependence of the diode
breakdown voltage on the field enhancement factor f for
different electrode gap spacings. The given plots were
obtained with the use of expression (4) with 7 =3.1x
10° A%s cm™ and t4 = 50 ns. The electric field entering in
the Fowler—Nordheim equation was calculated using expres-
sion (33). Ascan be seen from Fig. 14, for the conditions of the
experiment [99], the quantity fE,, varies in the range from
11.5GW m™! (at U=6kV) to 10 GW m~! (at U =2 kV)
irrespective of the electrode gap spacing, which is in quite
good agreement with experimental data, giving virtually the
same threshold value of the field enhancement factor as that
reported in [100]: f =48 (see curve 2 in Fig. 14) for the
macroscopic field on the cathode surface E,, = 225 MV m~!.
Thus, the simplest estimates based on the results of investiga-
tions of pulsed vacuum breakdown describe quite well the
experimental data on the DC breakdown for the materials
used in CLIC accelerating structures. Next, we use the
obtained results to consider the processes leading to the
initiation of explosive electron emission in radiofrequency
vacuum breakdowns.

In what follows, we analyze the empirical relations (28)
and (29). Obviously, (28) reflects a sharp increase in the
breakdown probability with an increase in electric field
amplitude. Relation (29) should reflect the relationship
between Ea and the time of breakdown initiation. It implies
that a breakdown is possible within a radiofrequency pulse if
the time of its initiation is less than the pulse duration: tq < 7.

tq, NS

100 |~

50

0 200 Ex.MVm! 400

Figure 15. Dependence of the breakdown delay time 74 on electric field
amplitude E on the surface of an accelerating structure for f = 77 (/) and
B = 50 (2). Curves represent relation #q o Ej .

For ‘normal breakdowns’ (NL-BD), these times are uni-
formly distributed over the pulse duration [96]. Since the
delay time is related to the field enhancement on the surface of
the accelerating structure, its maximum value #q =~ ¢, must
correspond to the minimum value of the field enhancement
factor at which breakdown is possible, fesnord- EMpirical
relation (29) implies that, with such a relationship between
electric field and pulse duration, f,.sho1q femMains unchanged;
that is, the conditions for breakdown initiation do not change
and a breakdown occurs at ff = B ehoid- Violation of this
relationship would lead to a change in f.pnoiq @nd, as a
consequence, to a change in BDR, in view of its strong field
dependence [see relation (28)].

A simulation of the heating of a cathode microprotrusion
by the thermal field emission current under the action of an
alternating electric field of frequency 10 GHz is presented in
[101]. Tt should be noted that the application of classical
emission formulas to the case of electric fields varying in the
gigahertz range is justified due to the fact that the electron
tunneling time of 10'> s [102] is two orders of magnitude
shorter than the electric field oscillation period. In simulation
[101], the space charge of emitted electrons was not taken into
account; therefore, quantitative estimates of the breakdown
initiation parameters based on the calculations would be
incorrect. Nevertheless, an important result of the simulation
is that a relationship between the cathode heating time to the
melting point, #y,, and the current density averaged over the
oscillation period was found to be j2 #, = const, indicating
that the main source of heat release in a cathode microprotru-
sion is its resistive heating by the emission current. This
relationship did not depend on the frequency in the gigahertz
range if no breakdown occurred within the first oscillations of
the electric field.

Taking into account the results of this simulation, we
estimate the relation between the delay time and the
macroscopic field at the cathode at a field oscillation
frequency lying in the 10-GHz range, for which we will use
(4) with j replaced by j,,. Consider a diode with plane
electrodes, having parameters similar to those used in [100],
to which a voltage U = Uy sin (1) is applied. We choose the
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voltage amplitude so that the maximum macroscopic field at
the cathode, Eo = Ua/d, is several hundred megavolts per
meter. The effect of the space charge of emitted electrons will
be taken into account according to the procedure described
above for a DC electric field.

The calculation results are shown in Fig. 15. The
calculations were performed for the field enhancement factor
p =77, equal to the average value obtained in [99], and, for
comparison, for P enmoid = 50, approximately equal to the
threshold value.

The expected operating parameters of the CLICK
accelerating structure are: the radiofrequency pulse duration
at a field gradient of 100 MV m~! is 156 ns, the full pulse
duration is 240 ns, and the maximum electric field on the
surface is less than 260 MV m~! [94]. According to the plots
shown in Fig. 15, with a surface field of 250 MV m~! and a
radiofrequency pulse duration of 150 ns, breakdown is
possible at > B esnold = 70. The typical values of f§ for the
copper electrodes used in accelerating structures range
between 30 and 60 [95, 103]. These values were obtained
using the Fowler—Nordheim characteristics for a DC mode at
low emission currents. We, however, are interested in values
of f immediately before the breakdown-initiating pulse. It is
natural to suppose that, for a breakdown to be initiated,
microirregularities must exist on the cathode surface whose
field enhancement factors, in accordance with our estimates,
would exceed the typical values of f corresponding to no
breakdown cases.

We emphasize that B ehoiq = 70 is the minimum value of
the field enhancement factor at which 74 ~ #,; that is, a
significant proportion of the breakdowns detected in experi-
ments was initiated at microirregularities with much greater
f. This is especially true for FP-BDs [95], which occur mainly
in the initial phase of a radiofrequency pulse. The formation
of such microirregularities during FP-BDs is obviously
associated with the appearance of the liquid-metal phase of
the cathode spot, the extrusion of which from the melt zone
leads to the formation of new explosive emission centers
[8, 19]. The calculation results given in Fig. 15 are also in good
agreement with the empirical relation (29): 14(Binreshold) =
tp o< ExS.

4.4 Simulation of prebreakdown processes
The considered simplest model of the initiation of radio-
frequency vacuum breakdown, providing some agreement
with experimental data, does not present a rigorous quanti-
tative description of the characteristics of a radiofrequency
breakdown. In view of this, a model was developed that self-
consistently takes into account the heating of a cathode
microprotrusion, the emission of electrons, and the effect of
the space charge of emitted electrons [104, 105].

The effect of the space charge of emitted electrons was
taken into account by solving the Poisson equation written in
cylindrical coordinates

AU(V,Z) = —475,06(1’,2) ) (34)
where p, is the space charge of emitted electrons. Equation
(34) was solved by the particle-in-cell method.

The field emission current density was calculated in the
Miller-Good approximation [106]:

. 4ume (< (°
JFE = J dSJ danFD(S)D (Em Sn) ) (35)

h3)o 0

where D(E.,¢,) is the transparency of the potential barrier
at the metal-vacuum interface, E. is the electric field
strength on the microprotrusion surface, fgp is the Fermi—
Dirac function describing the energy distribution of elec-
trons in the metal, ¢ = (fik)?/(2m) is the energy of the
electrons having the wave vector k in the metal,
en = (Hky)?/(2m) is the energy of the electrons moving
along the normal to the potential barrier, and 7% = h/(2n)
is Plank’s constant. According to the Miller-Good approx-
imation, we have

D(E.,&,) = [1 +exp (Q(Ec,gn))r] , en < EL,

D(Ec,en) =1, & >eL, (36)
4\5 m2e’ 1/4 ~
O(E, n) =5 (h“E ) (), (37)
Ve E,
y (38)

7‘8F+(/’*8n‘7

where e = er + @ — \/e3E;/2 is the height of the potential
barrier for the electrons, and v(y) is the work function; the
function ¢ is determined by elliptic integrals [107].

The heating of the microprotrusion by the emission
current was taken into account using the two-temperature
(electrons and phonons) system of heat equations [4]

oT. .
pee(Te) 5= = V(%e(Te, Ty) VTe) — G(Te — Tp) + x(Tp) 72,
(39)
0Ty

pep(Tp) = =V (2p(Tp)VTp) + G(T: — Tp), (40)
with the boundary and initial conditions

_/’{C(Teva)VTe|S:qNOll7 Te,p(rvz7 t)|z:0 = TOa

Tep(r,z,0) =Ty. (41)

Here, c.(cp) and Ac(4,) are the heat capacity and heat
conductivity of the electron (phonon) subsystem, respec-
tively; G is the electron—phonon coupling coefficient, which
determines the rate of energy exchange between electrons and
phonons; x is the resistivity of the microprotrusion material;
Ty is the initial temperature; and gnoy 1S the energy released
on the surface due to the Nottingham effect:

s = 5| " e don o= W fen (@)D (Ben) (42

0 0

where u is the chemical potential at 7.
The distribution of the current inside the microprotru-

sion, j = —x~!'VU, was calculated by solving the Laplace
equation with the boundary condition on the surface
VU|s = Kjem-

The two-temperature (electrons and lattice) model was
used in the calculations, since the energy released in the
microprotrusion heated by the emission current due to both
sources (Nottingham and Joule effects) enters the electronic
subsystem and then is transferred to the lattice [4]. Thus, in
the general case, the electron temperature becomes ‘sepa-
rated’ from the lattice temperature. The higher the emission
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Figure 16. Dependences of the maximum temperatures of electrons (blue
curve) and the lattice (red curve) on radiofrequency pulse duration.
Calculation parameters: electric field amplitude on the surface, Ex =
300 MV m~!, T, =300 K, B 65 (microprotrusion tip radius ry, =
22.5 nm, height hynp, =2 pm, and cone half-angle o =3°); G =4x
107 Wm= K1,

5.025 ns a 11.025 ns b 15.032 ns c
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Figure 17. Two-dimensional profiles of electron temperature 7, and lattice
temperature 7}, (right) at the microprotrusion tip (between z = /i, and
z = hmp — 20ryp) for time points (a) 5.025, (b) 11.025, and (c) 15.032 ns.
Calculation parameters are the same as in Fig. 16.

current density, the greater the difference between the
electron and phonon temperatures. The difference between
the electron and phonon temperatures results in so-called
high-frequency electron heat conduction, such that part of the
energy entering the electronic subsystem is not transferred to
phonons but is removed into the bulk microprotrusion [108].

The calculations were carried out for a conical micro-
protrusion with a tip radius of several ten nanometers, height
of 1-2 pm, and cone angle of up to 10 deg. The electric field
enhancement factor § was determined from the solution of
the Laplace equation; its value was varied by varying the
geometrical parameters of the microprotrusion. In all calcula-
tion runs, the electric field amplitude was 300 MV m~! and
the frequency was 10 GHz. The time of initiation of explosive
electron emission was assumed to be the time at which the
lattice became heated to T, = 8390 K.

The variations in electron and phonon temperatures are
shown in Figs 16 and 17. Let us briefly dwell on the physical
processes responsible for this behavior of the temperatures.
The effect of the space charge of emitted electrons has the
result that, at the time zero, the maximum electric field at the
microprotrusion tip is approximately half that obtained from
the solution of the Laplace equation. The electric field is more
evenly distributed over the tip and its adjacent region. Here,
the initial increase in temperature is caused by heating due to
the Nottingham effect; the electron and phonon temperatures

25 -

20

tq, NS

0 20 40 60 80 100 B 120

Figure 18. Dependence of the breakdown delay time on field enhancement
factor f. Electric field amplitude at the cathode Ex = 300 MV m~!. Dots:
simulation results; curve: 7g o< (BEx) ™.

quickly reach values close to the inversion temperature above
which the Nottingham effect becomes cooling. As the tip is
heated, the thermal addition to the field emission current is
compensated by a decrease in the electric field, which
enhances tip cooling due to the Nottingham effect, while the
further increase in temperature slows down sharply, and the
maxima of the electron and phonon temperatures move into
the bulk microprotrusion. As this movement progresses, the
emission current density at the tip also decreases, since the field
is screened by the beam of electrons emitted from the
peripheral part of the microprotrusion. The electron emission
from this microprotrusion part increases the total emission
current, thereby increasing the current density over the
microprotrusion cross section and the energy released due to
Joule heating. As a result, the temperature reaches a maximum
at a distance of several ten ry,, from the tip, where cooling due
to the Nottingham effect is not substantial. The temperature of
a significant part of the microprotrusion adjacent to its tip
exceeds the melting and boiling points of copper as early as the
Sth and the 11th nanosecond, respectively.

Figure 18 shows the calculated time of heating of the
microprotrusion to the critical point as a function of the factor
p. As can be seen from this figure, the relation 74 (BEA)f6
holds at large f8, and then ¢4 sharply increases, and at f = 60
the phonon and electron temperatures reach stationary values
below T¢,. Accordingly, the simulation predicts the threshold
microscopic field at which a radiofrequency vacuum break-
down will develop: fEA ~ 18 GV m~!. The above estimations
performed using the current action integral gave approxi-
mately the same value of fE5 (= 17.5 GV m™!).

Thus, the estimations and calculations performed for the
processes involved in a radiofrequency vacuum breakdown
allow us to assert with confidence that this type of break-
down, like a nanosecond pulsed vacuum breakdown, occurs
due to explosive emission processes. Associated effects also
observed during radiofrequency breakdowns are an increase
in emission current and similar traces of surface damage such
as micrometer-sized craters. The absorption of the electro-
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magnetic wave energy during microexplosive processes
occurring on the electrode surface in a radiofrequency
vacuum breakdown gives rise to the ‘missing energy’ effect,
such that the energy of the wave propagating in the electrode
is lower than the energy of the incident and reflected waves. A
distinctive feature of a radiofrequency vacuum breakdown is
the presence of an alternating magnetic field, which is
responsible for additional heating of the electrodes. Stressful
changes in the electrode surface structure and local heating of
some surface sections may significantly increase the prob-
ability of breakdown. In particular, we have shown that,
when the surface microprotrusions are heated to 1000 K, the
breakdown probability may increase by more than an order
of magnitude, all other conditions being equal [105].

5. Conclusion

The estimates and the numerical simulation results presented
in the paper, in our opinion, quite convincingly testify in favor
of the explosive nature of the processes that occur during
radiofrequency vacuum breakdowns and unipolar arcing in
thermonuclear facilities with magnetic plasma confinement.
The use of simple estimation procedures based on the analogy
between the phenomena of explosive electron emission and
electrical explosion of conductors is an effective way of
analyzing and interpreting experimental data. The main
cause of the occurrence of explosive emission processes is
the changes in the structure and properties of the surfaces
exposed to electromagnetic waves and helium plasma.
However, whereas in the second case these changes are
large-scale and easily observable, in the first case they are
local, and their cause remains the subject of discussion. The
surface changes may occur due to the heating of surface
irregularities by an alternating magnetic field, dislocations
piling up, surface melting, etc. [105, 109—112]. The complexity
of studying the cause of the initiation of explosive emission
processes on a surface exposed to electromagnetic waves is
associated with the spontaneous and uncontrolled develop-
ment of the breakdown. Moreover, there is a combination of
many factors, in addition to those mentioned above, such as
nonideal vacuum conditions, evaporation of impurities and
copper atoms from the surface, and electron emission (dark
current), that may lead to a breakdown. Significant progress
in this matter can be achieved only by developing an
experimental technique for studying radiofrequency vacuum
breakdowns, which would make it possible to strictly control
the emission processes, surface structure and temperature,
and vacuum conditions.
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