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Multipactor Discharge on a Dielectric
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This paper proposes a novel theory of single-surface multipactor discharge on a dielectric, such as
an rf window. Using a Monte Carlo simulation, we obtain the susceptibility diagram, applicable to
a wide range of materials, in terms of the rf electric field and of the dc electric field that may result
from dielectric charging. The electron multiplication mechanism assumes realistic yield curves of
secondary electrons, including distributions of emission velocities and angles for these electrons. The
susceptibility diagram thus constructed allows an immediate assessment of the range of rf power over
which multipactor may be expected to occur. A simple analytic theory is constructed to explain the
simulation results. [S0031-9007(97)04847-3]
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Multipactor discharge is a ubiquitous phenomenon o
served in a multitude of devices that employ microwave
[1]. In the worst scenario, its presence leads to destructi
of ceramic rf windows [2–5], erosion of metallic struc-
tures, melting of internal components, and perforation
vacuum walls [1]. Multipactor may occur when a metal
lic gap or a dielectric surface is exposed to an ac elect
field under some favorable conditions, and its avoidan
has been a major concern among workers on high pow
microwave sources [6], rf accelerators [4,5], and spac
based communication systems [7].

Among the few publications on the theory of multi-
pactor, the type of discharge that has been analyzed m
is the two-surface multipactor [1,8–11], with even fewe
publications on single-surface multipactors. Virtually al
of these theories assume an rf electric field normal to t
surface. They are not applicable to a dielectric surface,
in the case of an rf window, where a significant rf electri
field can lie parallel to that surface.

In this paper, we present a theory of single-surface mu
tipactor discharge on a dielectric, significantly extendin
the only existing theoretical treatment [2] on this subjec
known to us. We shall evaluate the combined action
an rf electric field that is parallel to the dielectric surface
and of a dc electric field normal to the surface that will b
present if the dielectric accumulates any charge. This su
face charging has been experimentally verified in a varie
of situations [2–4,12]. We shall compute the multipacto
growth, using realistic yield curves of secondary electro
emission. A Monte Carlo simulation is performed, usin
empirical data as input, to account for the distribution
of the emission velocities and emission angles of the se
ondary electrons. We ignore the space charge effects
loading by the multipactor, and the saturation mechanis
(if any).

The geometry for this type of single-surface multipacto
is shown in Fig. 1. Electrons emitted with a random
velocity y0 and a random anglef with respect to the
positive y axis are subjected to forces imposed by th
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electric fields. The dc electric fieldEdc does not impart
any energy to the electrons but simply bends back the
trajectory to strike the surface at a later time. The r
electric field, of magnitudeErf0 and frequencyv, acts
only in they direction (parallel to the surface) and imparts
energy to the multipactor electrons, as well as translate
them along they axis. Having gained energy from the rf,
the electron strikes the surface with much larger energ
and, therefore, emits a number of secondary electrons
the process of secondary electron emission [13]. Thes
secondaries also leave the surface and strike back at a la
time, gaining energy in the process. If the conditions ar
such that there is a net gain in the number of electron
eventually a large amount of energy gained from the r
electric field will be deposited on the surface, possibly
leading to surface damage or breakdown.

The average number of secondary electrons emitte
for each primary electron, called the secondary electro
yield d, is a function of the impact energy of the primary
electron Ei and the angle to the normalj at which it
strikes the surface [13,14]. The dependence of yield o
impact energy is qualitatively similar for most materials,
and has been fitted empirically by Vaughan [14] in a
formula that depends mainly on the maximum yield
dmax and the energy at which it occurs,Emax (Fig. 2).
These two parameters are material dependent. We spec
them and adopt Vaughan’s formula for secondary yiel
to initiate the Monte Carlo simulations. Two values of
impact energy, termed the first and second crossov

FIG. 1. Model of a single-surface multipactor in a parallel rf
and normal dc electric fields.
© 1997 The American Physical Society 193
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FIG. 2. Dependence of secondary electron yield on impa
energy.

points,E1 andE2, respectively, result in a yield of 1, with
d . 1 in between (Fig. 2). For impact at an angle, th
parametersEmax anddmax are adjusted in calculating the
yield, according to the following equations [14]:

Emax ­ Emax0

µ
1 1

ksj2

p

∂
,

dmax ­ dmax0

µ
1 1

ksj2

2p

∂
.

(1)

Here, Emax0 and dmax0 are the parameters for an impac
angle of 0± (i.e., normal to the surface), andks is a surface
smoothness factor ranging from 0 for a rough surface
2 for a polished surface. In this paper, we setks ­ 1,
representing a typical dull surface [14]. It is worth notin
that in this situation, since the electrons gain their ener
from the parallel rf, most impacts will be at almost grazin
incidencesj ø py2d.

To estimate the growth rate of the multipactor di
charge, we follow the trajectory of a weighted macropa
ticle over a large number of impacts in a Monte Car
simulation. Each time a macroparticle leaves the surfa
we assign it a random initial energyE0 ­

1
2 my

2
0 (m is

the electron mass) and anglef, according to the follow-
ing distributions:

fsE0d ­
E0

E2
0m

e2E0yE0m , (2a)

gsfd ­
1
2

sinf , (2b)

where E0m is the peak of the distribution of emission
energies. Note that the expected value ofE0 is 2E0m,
in

194
TABLE I. Typical secondary electron emission parameters for materials commonly used
rf windows (adapted from Ref. [13]).

Material dmax0 Emax0 seVd E1yEmax0 E2yEmax0

(Grazing incidence)
Al 2O3 (alumina) 1.5 9 350 1300 0.23 0.011 10.2 24.5
Quartz-glass 2.9 420 0.072 15.6
Pyrex 2.3 340 400 0.107 13.7
Technical glasses 2–3 300 420 0.136 0.068 12.6 15.9
SiO2 (quartz) 2.4 400 0.099 14.1
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gsfd df ­ 1 over 0 , f , p . Since the
secondaries are typically emitted with energies of t
order of the work function of the material [13,14], w
set E0m in this analysis to0.005Emax0 (i.e., 2 eV for
Emax0 ­ 400 eV; see Table I).

An electron launched att ­ 0 from the surface aty ­
0 with a velocityy0 and an angle from the positivey axis,
f, according to the distribution in Eq. (2), experiences
force due to the rf electric field,Erf0 sinsvt 1 ud. We
assume the initial phaseu of the rf to be uniformly
distributed. Solving the equations of motion for th
electron gives

Eix ­
1
2

my2
0 sin2 f

Eiy ­
1

2m

µ
eErf0

v

∂2Ω
cos

∑
2my0 sinf

esEdcyvd
1 u

∏
2 cossud 1

my0 cosf

esErf0yvd

æ2

, (3)

whereEix and Eiy are thex and y components, respec
tively, of the impact energy. The impact angle is then

j ­ arctan

√s
Eiy

Eix

!
. (4)

Given the impact energy and angle, the yield is det
mined from Vaughan’s empirical formula [14] mentione
above.

We use this value of the yield to adjust the charge
the macroparticle, then emit it again with a random v
locity. Observing the time evolution of the charge on th
macroparticle over a sufficiently long time, we can s
either an exponentially growing or an exponentially d
caying trend, depending on the external parameters c
sen (Edc, Erf0, anddmax0). Hence, the simulation results
in a time average over the random distributions rath
than an ensemble average. To illustrate, we pick the c
dmax0 ­ 2.0, typical for some glasses used in rf window
(Table I). We then systematically vary bothEdc andErf0,
and, for each point on thesEdc, Erf0d plane, we can deter-
mine the exponential growth rate (ine folds per bounce).
A positive rate indicates growth and a negative one dec
A rate of zero identifies a point on the boundary of th



VOLUME 80, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 5 JANUARY 1998

f

nd
he
4

ith

e-
e
a
o

f
act
d
er

ell

ual

ion
ed
an
ue

rgy

n,
ng

l to

in
multipactor region. This information is displayed in the
form of a contour plot for the casedmax0 ­ 2.0 in Fig. 3.
The contour in bold (labeled “0”) is the boundary of the
multipactor region.

Figure 4 shows the boundary regions for selecte
values ofdmax0, corresponding to typical materials used
in rf windows (see Table I). This set of curves applies t
a wide range of dielectric materials and provides a goo
indication whether multipactor is to be expected or no
A glance at Fig. 4 indicates the range of rf power ove
which the window may be subject to multipactor. If the
design parameters lie within the multipactor boundarie
(positive growth rate), then multipactor is possible an
the design needs to be modified. Note the wide ran
of parameters over which multipactor on a dielectric i
possible (in contrast to the narrow range in metals [1]
Thus, dielectric materials are much more susceptible
multipactor than metals.

Following is the physical explanation for the shape o
the susceptibility curves (Fig. 4). For any given value
of the fields, the growth rate is determined by th
average value of the secondary electron yield, averag
over the random emission energy and angle distributio
[Eqs. (2a) and (2b)]. Changing the magnitude of the
electric field changes the amount of energy the electr
gains. Changing the dc field changes the amount of tim
spent in flight, and, hence, also the amount of energ
gained. Notice from Fig. 2 that the secondary electro
yield is above unity only for impact energies in betwee
the two crossover points. If the rf electric field is too
high or too low, then the amount of energy gained wi
vary accordingly, and, thus, the impact energy will fal
outside of this region, whered , 1. This explains the
existence of upper and lower boundaries. Preist a
Talcott mention experimental evidence for the existenc

FIG. 3. Contour plot of growth rates, in units of Npybounce,
in the plane of sEdc, Erf0d for dmax0 ­ 2.0, as provided by
Monte Carlo simulation, assumingE0myEmax0 ­ 0.005.
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of the lower boundsErf mind and predict the existence o
an upper boundsErf maxd [2]. Furthermore, if the dc field
is increased, the electron spends less time in flight, a
so the rf electric field must be increased to maintain t
same impact energy and yield. Notice also from Fig.
that the multipactor region widens with increasingdmax0,
since that implies a wider range of impact energies w
yields above 1.

The preceding physical understanding of the phenom
non is useful in constructing an analytic solution for th
susceptibility curve boundaries. The key to obtaining
simple analytic solution is to assume that, at the tw
crossover pointsE1 andE2, the secondary electron yield
curve (Fig. 2) is approximately linear with variation o
impact energy. Under that assumption, an average imp
energy equal toE1 or E2 corresponds to an average yiel
of unity. Thus, we can average the impact energy ov
the distribution of emission velocities and angles as w
as over a uniform distribution of rf phases,u, to obtain the
expected value. Setting that average impact energy eq
to E1 or E2 yields an equation for the boundary (Erf0 as a
function ofEdc).

The process of averaging over the random emiss
velocities and angles is quite tedious, yields complicat
solutions, and, hence, does not possess much of
advantage over the Monte Carlo method. The techniq
can be considerably simplified, however, if we assumeall
electrons are emittednormal to the surface, with asingle
energy equal to the average energy of the emission ene
distribution sE0 ­ 2E0md. As will be seen, this drastic
approximation does not qualitatively change the solutio
and provides us with further insights. Hence, substituti
E0 ­ 2E0m andf ­ 90± into Eq. (3), averaging overu,
and setting the resulting average impact energy equa
E1, then E2, we obtain the following equations for the

FIG. 4. Composite plot of multipactor region boundaries
the plane ofsEdc, Erf0d for various values ofdmax0 (from the
innermost boundaries,dmax0 ­ 1.5, 2.0, 2.5, 3.0, 6.0, and9.0d,
assumingE0myEmax0 ­ 0.005.
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FIG. 5. Multipactor regions derived analytically (dashed
compared with the ones obtained through Monte Carl
simulations (solid) fordmax0 ­ 1.5 and dmax0 ­ 6.0. Here,
E0myEmax0 ­ 0.005.

lower and upper boundaries, respectively:

eErf min

v
p

mEmax0
­

vuut 2E1yEmax0

1 2 cos
≥

4v
p

mE0m

eEdc

¥ , (5a)

eErf max

v
p

mEmax0
­

vuut 2E2yEmax0

1 2 cos
≥

4v
p

mE0m

eEdc

¥ . (5b)

These boundaries are compared in Fig. 5 to the on
obtained from Monte Carlo simulations. As can be see
the agreement is reasonably good for three out of the fo
cases studied [15]. The slopes of the curves in Fig. 5,
the limit of largeEdc, are 1

2

p
E1,2yE0m, as easily deduced

from Eqs. (5a) and (5b). Since impact is close to grazin
j ­ py2, the values ofE1 andE2 for grazing incidence
should be used in Eqs. (5a) and (5b) (these values a
listed for some materials in Table I).

In conclusion, the model and simulations presente
in this paper provide us with a theoretical framework
for predicting multipactor occurrence in windows and
other dielectrics, perhaps for the first time. The insigh
provided paves the way of treating saturation due t
space charge forces or rf loading, which will be addresse
in a future publication [16]. The universal curve thus
constructed (Fig. 4), in addition to being a useful desig
tool, alerts us to the wide range of parameters over whic
multipactor threatens dielectrics. This is in contrast t
the narrow range of multipactor in metals, which are
more sensitive to a resonance condition. Furthermore, t
multipactor electrons in a dielectric impact the surfac
at grazing angles, resulting in much higher seconda
electron yields. All of these, together with the poor hea
conduction in a dielectric, perhaps partially explain th
well-known, but inadequately understood, vulnerability o
ceramic windows to rf breakdown.
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