30

M. D. Radmilovi¢-Radjenovi¢, et al.: Simulation Study of Direct Current ...
Nuclear Technology & Radiation Protection: Year 2020, Vol. 35, No. 1, pp. 30-35

SIMULATION STUDY OF DIRECT CURRENT VACUUM

BREAKDOWN AND ITS APPLICATION TO HIGH-GRADIENT

ACCELERATING STRUCTURES
by

Marija D. RADMILOVIC-RADJENOVIC * and Branislav M. RADJENOVIC
Institute of Physics, University of Belgrade, Belgrade, Serbia

Scientific paper
https://doi.org/10.2298/NTRP2001030R

It is well known that radio frequency breakdown is one of the main limitations in high fre-
quency accelerators. Similarities have been detected between breakdowns in direct current
vacuum gaps and those in superconducting radio frequency cavities. Therefore, cavity break-
downs due to electric field phenomena can be understood by studying direct current vacuum
breakdowns. Significant irregularity of a surface and a variety of involved processes objec-
tively stipulate a number of factors which may lead to a breakdown. In this paper, the effects
of surface conditions, accelerator gradient, pulse length, and operating frequency on the
breakdown have been studied by using COMSOL simulation package. It was found that the
dependence of breakdown rate on accelerating gradient and pulse length follows scaling laws.
Based on the time evolutions of electron density and the potential in cone-cylinder electrode
configuration at the pressure of 0.1 Pa, the time scale of a vacuum breakdown has been estab-
lished. It was also confirmed that the emission from an electrode surface can be regarded as a
major factor leading to electrical breakdown in vacuum. The obtained results could be very
useful in high-gradient accelerating structures.
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INTRODUCTION

Electrical breakdown is a serious constraint in
many technologies related to strong electric fields. In
radio-frequency (RF) linear accelerators and micro-
wave cavities RF breakdown causes limitations of the
maximum achievable gradient and the reliability of
such devices [1-8]. Breakdowns primarily occur in ar-
eas of high electric field, but an electric field is far
from being the only parameter that might affect break-
down rate (BDR). Better understanding of break-
downs could particularly be beneficial for particle ac-
celerators which require the highest attainable electric
fields in microwave resonators that accelerate parti-
cles. Despite some differences, breakdown voltage in
microwave resonators shares some features with
breakdowns in direct current (DC) vacuum gaps [9].

Although breakdowns in radio frequency cavi-
ties have been studied for a long time and are related to
DC vacuum breakdowns, which have been studied for
an even longer time, there is no standard model or a
mechanism or a model which explains the data. An
electrical breakdown always starts with the multipli-
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cation of some primary electrons accelerated by the
electric field. In the case of sufficiently low pressures
the mean free path of the electrons is long and the ini-
tial avalanche proceeds until plasma is generated in the
entire discharge gap [6, 10, 11] Under very low pres-
sures, the breakdown mechanism is usually called the
vacuum breakdown. A vacuum breakdown is domi-
nated mostly by electrodes and not affected by gas
since the mean free path is of the order of few meters,
so an electron crosses the gap without any collisions
[12]. Consequently, current growth prior to break-
down cannot occur due to formation of electron ava-
lanches. As it can clearly be recognized from fig. 1, a
vacuum breakdown occurs at very low pressure, while
a gas breakdown takes place at pressure higher than
0.1 Pa. In the transition zone (between 0.1 and 1 Pa)
both types of discharge can be presented. In the range
of vacuum discharge, breakdown voltages are dis-
persed due to surface conditioning effects and are in-
dependent of gas type presenting a clear difference be-
tween the two kinds of discharges.

In this study, we applied the COMSOL simula-
tion package [13] in order to investigate the DC break-
down at the pressure of around 0.01 Pa which belongs
to the vacuum zone according to fig. 1. Since DC
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Figure 1. Breakdown voltage as the function of pressure;
experimental data [12] are represented by circles, while
squares correspond to simulation results

breakdowns are simpler it is useful to study them as a
necessary starting point for future understanding of an
RF breakdown. In DC spark systems it is also possible
to separately test the effects that variously affect the
breakdown. Although breakdowns primarily occur in
areas of high electric field, electric field is far from be-
ing the only parameter which affects BDR. Here, the
effect of the electric field and the pulse length on the
BDR was considered. In addition, the time evolutions
of the electron density and the potential in cone-cylin-
der electrode configuration at the pressure of 0.1 Pa
have been analyzed in order to reveal the time scale of
a breakdown in vacuum. The results are discussed
with application to the suppression of vacuum break-
down in high-gradient accelerating structures.

VACUUM BREAKDOWN

A vacuum electrical breakdown can be referred
to as a sudden, catastrophic exchange of the charge be-
tween two electrodes with a potential difference
which, prior to breakdown, were separated by vac-
uum. By definition, there is an absence of a significant
number of charge carriers in vacuum. A vacuum
breakdown is usually a cathode dominated process
with the anode acting only as a passive collector of
electrons. For a breakdown to occur there must be a
potential difference between electrodes. A metal sur-
face exposed to a large enough positive electric field,
will emit electrons [ 14]. This process is known as field
emission and the emitted electrons as field emitted
electrons.

The probability of an electron escaping from the
surface of a metal depends on the properties of the
metal, on the kinetic energy of the electron perpendic-
ular to the surface as well as on the electric field at the
metal surface. The emission current density can be ex-
pressed as follows [15]

often referred to as the dark current since it occurs
without intense flash. Actually, breakdowns have a
tendency to occur on areas of a cathode which exhibit
enhanced levels of field emission. At low tempera-
tures the expression for the electron current jp takes
the form of the Fowler-Nordheim equation [16]
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where E is the electric field and ¢ is the material work
function (expressed in eV). The enhancement factor3 is
introduced because of surface irregularities and it is de-
fined in terms of the local field divided by the average
surface field. Its numerical value for a particular surface
can be estimated from the slope of the so-called
Fowler-Nordheim plot [16]
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Establishing and understanding empirical scal-
ing laws related to a breakdown provide the informa-
tion necessary to design accelerating structures with
higher performance. It was shown that BDR scales

with pulse length 7 was in accordance with the follow-
ing law

BDR o« E3°¢3 4)

where E was the accelerating gradient. It was shown
that £°”/BDR = const at a fixed pulse length 7. On the
other hand, the dependence of gradient on pulse length
at a fixed BDR follows a well established scaling law
[17]

Et"® = const &)

that has been confirmed in many experiments (see for
example [17]).

SIMULATION TECHNIQUE

Nowadays computer simulation has become an
essential part of science and engineering [18, 19]. For
this study, the DC vacuum breakdown was analyzed
by applying COMSOL software package to solve the
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continuity and transport equations by using the finite
element method [13]. The electron density and mean
electron energy were computed by solving the follow-
ing pair of drift-diffusion eqs. [13]

%(ne)m[—ne(ue-E)—De-Vne]=Re ©)
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with I, =—(ueE)n, —D_ eVn_and

D.=uT.,u, =(5/3)u, and D, =, T, In DC dis-
charges, Townsend coefficients are usually used in-
stead of rate coefficients, so the electron source term
and the electron energy loss are expressed as [15]

R, = %1xjaan‘Fe‘and R, = ilxjaan‘Fe‘ASj(g)
J= J=

where ¢ is the Townsend coefficient for reaction j and
I, — the electron flux.

One of the crucial steps in finite element calcula-
tions is meshing. Since meshing means surface separa-
tion into a number of smaller elements, computation
time increases with the number of mesh elements.
Therefore, meshing should be fine enough to get accu-
rate results, convergence and stability, and coarse
enough to avoid long calculation time.

Commercial simulation tool COMSOL is also ca-
pable of modeling some of the relevant electromechani-
cal effects in the cavity. As an illustration, fig. 2 shows
the accelerating component of the electric field of the
1.3 GHz n—mode along the cavity axis including field
vectors calculated by applying COMSOL package.
Since the maximum values of the field are around the
cavity irises, inthese areas field emission effect is most
probable. When the electric field reaches the threshold
value, field emission becomes important since it affects
the characteristic of the cavity. Since small imperfec-
tions on the cavity surface act as field emitters, the per-
fect cleaning, for example by high pressure water rins-
ing, is the most effective remedy against field emission.

RESULTS

Figure 3(a) shows that the breakdown voltage
increases with successive flashovers, until a constant

T
g e 100
f=::3 200

300

il

Figure 2. Component of the electric field along the 9-cells
TESLA cavity operation on 1.3 GHz nt-mode

value is achieved. After that, the electrodes are
assumed to be conditioned. This increase in voltage is
attributed to the burning off by sparking of micro-
scopic irregularities or impurities which may exist on
the electrodes. Unconditioned electrodes may have
breakdown values lower by around 50 % of the values
recorded for the breakdown voltage with conditioned
electrodes. The effect of electrode degradation after
several breakdowns can be seen from SEM pictures
shown in fig. 3(b) [11].

Figure 4 shows the electric field at various gap
sizes based on current-voltage characteristics and cor-
responding Fowler-Norheim (F-N) plot recorded with
pressure around 0.01 Pa [20]. The current starts at
around 0.5 pA and then increases rapidly due to field
emission effect. As can be seen from fig. 4(a), a shorter
gap leads to the formation of stronger electric field and
enhanced field emission. When the electric field be-
comes sufficiently strong, the electrons are liberated
from the surface by quantum mechanical tunneling
that leads to a breakdown. The current generating
mechanism before breakdown is field emission, as
confirmed by a linear F-N plot [20] with a negative
slope shown in fig. 4(b).
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Figure 3. The dependence of breakdown voltage on the
number of breakdowns (a) and SEM micrographs of the
electrode surface after several breakdowns (b) [11]
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Figure 5. The dependence of frequency on electric field;
theoretical prediction [21] and simulation results are
presented by solid line and symbols, respectively
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Figure 4. The electric field against the current (a) and
corresponding F-N plots for the pressure of around
0.01 Pa (b); lines show fit to the experimental data
(symbols) [20]

A breakdown in a cavity is almost always associ-
ated with some of cavity walls being heated until it va-
porizes and the gas is then ionized by field emission.
When this takes place all the incoming RF is reflected
back up the coupler which is the major limitation to gra-
dient in most pulsed RF cavities that can permanently
cause damage of the structure. Although the exact
mechanisms are still not well understood, Kilpatrick
summarizes several data and theories according to a
simple empirical criterion [21] drawn in fig. 5 where the
white region corresponds to the region without sparks.
All the limiting factors scale differently with frequency
(i. e., wavelength) and vary with pulse length.

In a typical high gradient experiment, the BDR
expressed in “breakdown per pulse” (bpp) is usually
measured at a fixed value of accelerating gradient and
pulse length. However, it is most convenient to com-
pare performance in terms of achieved gradient at a
given value of pulse length and BDR by scaling the
measured data. This has to be done in two steps: first,
by scaling the gradient vs. BDR and then by scaling the
gradient vs. pulse length as shown in fig. 6 which
shows the dependence of BDR on electric field and on
pulse length. The results of the fit shown in fig. 6
clearly demonstrate that expressions (4) and (5) de-
scribe well all the available experimental data [22] in a
wide range of gradients and pulse length, respectively.
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Figure 6. The effect of (a) electric field and (b) pulse
length on the BDR measured in the compact linear
collider accelerating structures (symbols) [22]; the line is
the fit of the experimental data

Breakdowns in accelerating structures usually
occur in high field regions of the iris. As can be ob-
served from fig. 7(a), the main trend is that the acceler-
ating gradient decreases when the iris aperture is in-
creased. The maximum surface gradient which is on the
iris tips, is a factor 2.1 higher for these structures. The
maximum gradient corresponding to the onset of the
saturtion in conditioning process, while the lower gra-
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Figure 7. Accelerating gradient as the function of iris ra-
dius and thickness (a) and frequency and pulse length (b)

(b)

dients correspond to the structure where BDR is 0.1 per
hour.. On the other hand, the accelerating gradient is
higher as the pulse length is shorter and frequency is
higher as displayed in fig. 7(b).

Figure 8 contains simulation results for (a) elec-
tron density and (b) electric potential including elec-
tric field arrows for the cone-cylinder electrode ar-
rangements at very low pressure of around 0.1 Pa. The
presented results confirm that a vacuum electrical
breakdown is a sudden exchange of charge between
two electrodes dominated by surface processes. Since
the electric field is very high, the field emission effect
enhances secondary emission from the surface and
breakdown occurs [23].

CONCLUSIONS

This paper focuses on studying the parameters
that affect the BDR in the low BDR regime. For that
reason COMSOL simulation package has been used in
order to determine the influence of electric field, fre-
quency and pulse length on the breakdown. All the
limiting factors scale differently with frequency (i. e.,
wavelength) and vary with pulse length, although they
tend to be different from cavity to cavity. The acceler-
ating gradient is higher as pulse length is shorter and
frequency is higher. However, it was shown that for
frequencies above 1 GHz and for very short pulses the
Kilpatrick limit has basically lost its importance be-
cause the maximum achievable fields are governed by
different phenomena. The fitting of the measured data

y
4

Figure 8. Electron density (a) and electric potential
including electric field arrows at the initial time ( = 0)
when breakdown occurs for cone-cylinder electrodes at
pressure of 0.1 Pa (b)

taken from references reveals that the dependence of
BDR on gradient and on pulse length follows estab-
lished scaling laws which has been observed in many
experiments. Time evolutions of electron density and
the potential of the cone-cylinder electrode configura-
tion at pressure of around 0.1 Pa allow us to establish
the time scale of a vacuum breakdown. It is also con-
firmed that breakdown in vacuum is dominated by sur-
face processes. More precisely, out-gassing from an
electrode surface is regarded as a crucial factor leading
to electrical breakdowns in vacuum.
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Mapuja [I. PAIMUJIOBUHh-PABEHOBWh, bpanucias M. PABEHOBUh

CUMYIJIAIINJA KAPAKTEPUCTUKA IMPOBOJA Y BAKYYMY U IbUXOBA
INPUMEHA HA AKHE/IEPATOPCKE CTPYKTYPE BUCOKUX I'PAIUIJEHATA

[Mo3naTo je ma MexaHm3am pauo-pereHTHOT Mpobdoja MPeACTaBba jefjaH Off 3HAYajHUJUX
orpaHuuaBajyhux ¢akropa y BUCOKO (ppeK(eHTHUM aKlenepaTopuMa. Y OUeHe Cy CIMYHOCTU u3Meby
npob6oja (ycieq jeqHOCMEpHE CTpyje) Yy BaKyyM U mpoboja y CymepIpOBOIHAM paguo-(ppeKPeHTHAM
mymbruHaMa. 3aTo ce Mpo0oj y HIyIybUHAMAa, yCIIes] jaKor 0Jba, MOXKE Pa3yMETH 1 TpOoyUuaBameM Mpodojay
BaKyyMy. ¥ OBOM pajy, 3aBHCHOCT IPOOOJHOT HANIOHA Off TPafMjeHTa 10Jba, Ty>KWHE UMIyJca I (ppeK-
¢eHuyje je mpoydaBaHa KopulthemeM ofroBapajyher copTBepckor mnakera 0a3MpaHOr Ha METORY
KOHAUYHHX eJIeMeHaTa. Y 0U€Ha je Ia 3aBUCHOCT po6oja off TpajiujeHTa I0Jba U y>KUHE UMITYJICA IOAJIeXe
3aKOHMMa CKajupama. J[loOujeHn pe3yiaTaTH MOTY ce KOPHCTUTH NPHWIMKOM KOHCTPYKIHje BHUCOKO-
IpajljeHTHHUX aKIeIepaTOPCKUX CTPYKTYpa.

Kmwyune peuu: akuenepaitiop, wyilwuna, iipo6oj, COMSOL



