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Space-Charge Effects on Multipactor on a Dielectric
Agust Valfells, John P. Verboncoeur, and Y. Y. Lau, Member, IEEE

Abstract—This paper analyzes the effects of space charge
shielding on the steady state of multipactor discharge on a dielec-
tric. Analytic methods are used to obtain an exact function for the
potential in the discharge, assuming a Maxwellian distribution of
emitted electrons. An equation for the amount of power deposited
on the dielectric by the multipactoring electrons, for a given
saturation level, is given. A simple method for obtaining the
saturation level, for a given material, is obtained.

Index Terms—Breakdown, multipactor, window failure.

I. INTRODUCTION

M ULTIPACTOR discharge on a dielectric is a secondary
electron avalanche along the surface of a dielectric,

driven by an RF wave. This phenomenon is commonplace and
can be highly detrimental in high-power microwave devices.
The secondary avalanche may deposit energy to the window
to cause failure [1]–[9], or it may lead to flashover if plasma
is formed along the surface, via desorption and subsequent
ionization, of gas from the dielectric [8].

Earlier studies [6] of multipactor discharge on dielectric have
focused on a kinematic theory for the conditions for multipactor
initiation, as well as a dynamic theory of evolution of the dis-
charge and its saturation mechanism [7]. The kinematic theory
has led to the construction of generalized susceptibility dia-
grams, including the effects of external and RF magnetic fields,
and of an oblique RF field on the dielectric [10]. The dynamic
theory indicates that surface charging of the dielectric, rather
than loading of the RF, provides the saturation mechanism, and
that the power deposited on the dielectric, by the discharge, is
on the order of 1% of the incident RF power.

The theories described above did not take into account the
space charge effects of the electrons in the discharge. It was
assumed that the multipactoring electrons are pulled back to the
surface only by the positive charge that is left behind on the di-
electric surface. The space charge effects are thus ignored. This
is not a serious limitation in the case of the kinematic theory, in
which we are mostly interested in the conditions leading up to
multipactor discharge, and we may, therefore, ignore the space
charge effects. Recently, Neuberet al.noted that the effects of
space charge can significantly alter the impact energy of the
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multipactoring electrons [9]. Although not explicitly stated,
their model assumed that the multipactoring electrons have
a monoenergetic emission velocity. Their model also yielded
the peculiar result that a 10% increase in emission energy can
lead to a two order-of-magnitude increase in the impact energy.
The apparent reason for this increase is that the monoenergetic
beam assumption used to calculate the field profile leads to a
sharp spatial cutoff in the restoring field. This process leads
to something akin to an “escape velocity,” whereby electrons
emitted above that velocity (e.g., by 10%) are very weakly
affected by the restoring field. It results in a long flight time
and the opportunity to gain a large amount of energy.

In this paper, we focus on how the space charge affects the
steady state. We assumed a Maxwellian distribution in the
velocity of the emitted electrons. The potential distribution
and density profiles for this one-dimensional (1-D) problem
have been solved exactly. These analytic results have also been
compared with those obtained from the particle simulation code
XPDP1 [11]. The combined analytic theory and PIC-simulation
allow us to examine the effects of the flux density of secondary
electrons, of the distribution of emitted secondary electrons,
and of the frequency and field strength of the RF driving the
discharge. We will include a sample calculation of the energy
spectrum of the electrons incident on the dielectric for typical
parameters and, thus, compare the power deposited to the
dielectric with the estimate from the simple dynamic theory
(which ignores space charge effects). We will also discuss,
briefly, some other effects, such as RF magnetic field, and finite
geometry.

Section II describes the physical model used in our simula-
tion. In Section III, we give a brief analysis of the problem.
Section IV includes the most important results, and a few con-
cluding remarks are made in Section V.

II. M ODEL

To simulate the multipactor discharge at a given time, we use
a 1-D, planar model. A schematic diagram is shown in Fig. 1.
Electrons are injected from the left plate with a current den-
sity , and a Maxwellian distribution with thermal velocity

. We concentrate on normally emitted current, even though
some of our analysis allows for nonnormal emission of particles.
An infinitesimal capacitor in series with the emitting plate, the
“cathode,” is used to replicate the dielectric behavior, whereby
the injected current sets up an electric field, which pulls the elec-
trons back to the emitting plate. A small number of electrons
manage to traverse the gap, of length, which leads to non-
perfect shielding of the electric field across the gap. This is not
unreasonable. As in a real device, some of the electrons emitted
from the dielectric escape to the surrounding structure.
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Fig. 1. Model used for analysis and numerical simulation of multipactor
discharge. The emission energy isA , and the impact energy isA .

The emitted electrons are accelerated by an RF electric field,
parallel to the cathode. Those electrons that do not traverse the
diode then hit the cathode with an impact energy,, and angle
. It should be noted that we make an electrostatic assumption;

i.e., no spatial variation occurs in the RF fields. This assumption
is valid up to the limit that the transverse excursion length is less
than one-quarter of the RF wavelength.

To calculate the secondary electron emission caused by the
flux of incident electrons, we use Vaughan’s secondary emission
model, which describes the secondary emission coefficientas
a function of the impact energy and impact angle of the
primary electron [12], [13].

(1)

In the above formulas, is the energy at which the sec-
ondary emission curve, for normally incident electrons, peaks
(we use eV), is the value of the secondary
emission coefficient at that peak (we use ), and is
a parameter describing the surface roughness (we use ,
which is typical for a dull surface). In the analytic theory, we
shall consider a steady-state problem with a constant emission
current density, . The consistent value of is taken to be the
one that produces an average secondary yield, .

The PIC code used, XPDP1 [11], has one spatial dimension of
variation, and includes all three velocity components. We use an
anode–cathode gap spacing, m, and a time step,

s. The grid is uniform with cells. The number of
electrons per macroparticle is . The code is nonrelativistic.

For the XPDP1 simulations, we use the following set ofstan-
dard parameters:

A/m

m/s

kV/m

GHz

These values are used in all runs of XPDP1, except for the pa-
rameter that is being varied at the time. The choice of the stan-
dard parameters is determined by two things: The average im-
pact energy should be of the same scale as a typical value of
the first crossover energy for a dielectric and by computational
practicality. This rule limits us to the parameters above. The an-
alytic solution is valid for general parameters.

III. A NALYSIS

As multipactor discharge is believed to lead to vacuum
window failure, it is of great interest to calculate the energy
spectrum and the flux of the electrons incident on the dielectric
to assess the power density of the impinging electrons. We
will now derive some general relations for the average energy
deposited on the dielectric, which are valid regardless of the
characteristics of the injected current.

First, we wish to look at how much energy a primary electron
may gain during its time of flight. Disregarding the RF magnetic
field, the force equation for the direction along the electrode is
(Fig. 1)

(2)

The energy gain from the RF electric field by the primary elec-
trons, during one bounce, is

(3)

where is the time of flight of the electrons and vis their
initial velocity in the -direction. This may be rewritten, after
solving (2), as

(4)

Now, we can use this result to obtain the maximum energy that
the RF field can impart to an electron in flight. It is clear from
(4) that the imparted energy is at most

(5)

In the case , we may neglect the first term
on the right-hand side of (5) and expect to see a sharp dropoff
in the energy spectrum at a value of

MV/m
GHz

eV (6)
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To find the average impact energy, we may begin by averaging
(4) over the emission phase,, which is assumed to have a uni-
form distribution from 0 to 2. This eliminates the first term of
the right-hand side of (4), and the average becomes

(7)

To obtain the average impact energy , we average (7) over
the flight time and add to it the average emission energy

(8)

where is the distribution function of the possible flight
times and is the average emission energy.

Equations (4)–(8) are valid for any distribution of the emitted
electrons. It is possible in some cases to obtain the flight time as
an explicit function of the emission velocity, and a few other
parameters characterizing the emission, such as the injection
current density and thermal velocity, for example. This will be
done later for a Maxwellian distribution of injected electrons.

For a general distribution of the injected electrons, we
may use energy conservation and the flux continuity of the elec-
trons as a basis for determining the density profile

(9)

Here, we make use of the fact that , the 1-D
current conservation relation , and
the conservation of energy relation .
In some cases, at least, the integral on the right-hand side of (9)
may be solved to yield a differential equation for the potential

. In the case of a Maxwellian distribution of the injected
electrons, it is possible to obtain explicit equations for the po-
tential and the time of flight. With

(10)

(9) can be evaluated explicitly and Poisson’s equation becomes

(11)

where . Equation (11) has the solution (which may
be verified by direct substitution)

(12)

where the surface electric field is given by

(13)

and the plasma frequency at the surfaceis given by

(14)

Note that (12) gives

(15)

and that , where . Note that
the upper limit of integration assumes a semiinfinite system.
For the bounded system as in the XPDP1 simulations, and the
model depicted in Fig. 1, the same result is obtained by adding
the “anode” wall charge.

From energy conservation, we obtain the following expres-
sions describing the upward motion of an electron emitted with
velocity in a potential described by (12):

(16)

and via direct integration

(17)

The height of the trajectory of an electron emitted with
velocity is found by setting the right-hand side of (16) equal
to zero

(18)

Realizing that an electron reaches the pinnacle of its trajec-
tory after half the flight time, we obtain from (17) the following
expression for the time of flight:

(19)

Having obtained , some scaling laws become apparent.
First of all, let us look at the average impact energy

(20)

which with the substitution becomes

(21)
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Fig. 2. Comparison of averaging functions for shielded,G(U), and
nonshielded,1 � exp(�U ), multipactor.

where we define

(22)

The function defined in (22), which may be called anaveraging
function, describes all of the effects of the injection current. In-
terestingly, it is solely dependent on the ratio , and com-
pletely independent of the temperature of the injected current
(the temperature manifests in the average impact energy only via
the average emission energy, which may usually be neglected).
The averaging function is useful when we later calculate the
power deposited on the dielectric. It is shown in Fig. 2.

For the Maxwellian distribution, the injection current density
is given by

(23)

The power , per unit area, deposited on the dielectric by the
incident electrons is

(24)

It is of some interest to compare these results to those obtained
when space charge effects are ignored. In the latter case, an
emitted electron is subject only to the surface electric field
[of (13)]. The flight time then becomes

(25)

Fig. 3. Impact energy spectrum from XPDP1 using the standard parameters
(see Section II). The vertical line denotes the value of the impact energy,A ,
equal to the drop-off energy,A , as given by (6).

and the average incident energy is

(26)

whereas the power deposited per unit area is given by

(27)

Fig. 2 compares the averaging functions and
. Note that at high density levels (when

is small), the value of the averaging function, for the case in
which shielding is taken into account, is about a factor of 2
higher than for the case in which space charge effects are ig-
nored, because a greater fraction of particles has a flight time
long enough to allow acceleration toward the limiting energy

. At high values of , where the charge density is low, the
averaging functions converge.

IV. SIMULATION RESULTS

Let us first compare the above analytic theory with results
obtained from the PIC-code XPDP1. Fig. 3 shows the impact
energy spectrum. The predicted dropoff at is clearly
apparent. Fig. 4 shows how the potential varies with distance.
The discrepancy between the theoretical estimate for the po-
tential, and of the potential realized in the code, is caused by
electrons escaping across the diode, thus leading to imperfect
shielding of the electric field. Fig. 5 shows how the average im-
pact energy varies with RF field strength, exhibiting the pre-
dicted square law dependence [cf. (21)]. Fig. 6 shows impact en-
ergy again, concentrating on the averaging function,
of (21), as the injection current (recall that ) is varied,
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Fig. 4. Potential calculated for standard parameters.

Fig. 5. Variation of average impact energy with RF field strength. Circles
denote results from XPDP1, and the solid line is a curve fit.

and as the frequency is varied while keeping the ratio
constant (compare Figs. 2 and 6). The expected saturation level
is fairly well met; however, it is exceeded at two points, but that
is most likely a statistical or numerical effect. Fig. 7 shows the
effect of varying the RF frequency, keeping other parameters
constant. The average energy scales like in this region as

scales in a roughly linear fashion in this parameter
range (see Fig. 6). For higher values of, where the -function
levels off, we may expect the average energy to scale like.

The comparisons with the PIC-code are favorable and seem to
validate the analysis. The most interesting question is now to be
answered, namely, what are the values of key parameters, such
as the electron density and power delivered to the dielectric at
saturation? To answer this question, we use a Monte-Carlo code
to generate electrons emitted normally from the dielectric with
a Maxwellian distribution in velocity, as described by (10), and
a uniform distribution in the RF phase,. Using the equations
we have for the flight time and energy gain, we may calculate

Fig. 6. Effect of the averaging function. Alternate variation of injection current
density and RF frequency. Note that when the frequency is varied, the RF field
strength is also varied to keep the ratioE =f constant at a value of1:6 �
10 [Vs/m]. The horizontal line depicts the maximum average energy gain
according to (5), and it is equal to one-fourth of the value of the dropoff energy,
A , according to (29).

Fig. 7. Variation of average impact energy with RF frequency. Circles denote
results from XPDP1, and the solid line is a curve fit.

their impact energy, whereas the impact angle,, is found to be
(see Fig. 1)

(28)

Then, given the impact energy and impact angle, (1) may be
used to calculate a secondary emission yield for that particular
electron. If we assume a thermal velocity, for a given RF field
(magnitude and frequency specified), the only free parameter
is , which corresponds to the secondary electron flux. The
plasma density may then be set, so that the average secondary
emission yields equal unity, corresponding to the steady state.
As soon as the steady-state plasma density is found, our analytic
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Fig. 8. Saturation curve forA = 420 eV, � = 3, andkT=e =
2:8 eV.

Fig. 9. Alternate diagram of averaging function,G(U ), for shielded case.

theory then yields the energy spectrum, average energy, density
profile, power deposited to the dielectric, etc.

Using the Monte-Carlo approach, it is a simple matter to con-
struct a curve, relating the parameters and (or, equiv-
alently, ). Fig. 8 shows such a curve. Given the magnitude
and frequency of the RF, we readily read the value offrom
the graph. Having determined the plasma frequency, we may
turn to Fig. 2, or the equivalent Fig. 9, to determine the value
of the averaging function. Using (21), we may calculate the av-
erage energy of electrons hitting the surface

(29)

with given in (6). Then, we may proceed directly to obtain
the incident power density, by rewriting (24) in the useful form

W/m eV GHz eV (30)

Fig. 10. Comparison of saturation curves forA = 420 eV, � = 3,
andkT=e = 2:8 eV, with shielding effects (solid line), and without shielding
effects (dashed line).

TABLE I
ILLUSTRATION OF IMPORTANCE OFSHIELDING, A = 420 eV, � = 3,

kT=e = 2:8 eV,E = 3 MV/m, AND f = 2:85 GHz

To illustrate the effect of the shielding by space charge,
Fig. 10 depicts saturation curves with and without space charge
effects, for comparison. Note that higher charge density is
reached at saturation when space charge effects are included.

The results of a sample calculation, comparing results ob-
tained with and without shielding, are shown in Table I. The fol-
lowing parameters are used for the calculation: GHz;

MV/m; eV; ; and v
m/s, i.e., eV.

When shielding is ignored, we arrive at the result (for
, which is the most common case) that , namely,

that the power deposited is a fixed fraction of the incoming RF
power (usually on the order of 1%). This is not necessarily the
case when shielding effects are included.

V. CONCLUDING REMARKS

A few questions arise in conjunction with the results we have
obtained so far. First of all, we note that the electron density
at the surface is typically substantially higher than the critical
density for the incoming RF. Now, we compare the length scale
of the density , from (15), with the plasma skin depth
and realize that the length scale is much smaller than is the skin



VALFELLS et al.: SPACE-CHARGE EFFECTS ON MULTIPACTOR ON DIELECTRIC 535

depth; hence, no appreciable decay of the RF will occur within
the multipactor discharge.

Another question is whether loss of electrons from the dis-
charge (in our model, they drift across the diode) will affect our
results. If the characteristic length of the system is, we find
from (18) that the electrons that will be lost are those emitted
with velocity v , such that

(32)

The limiting number given by the right-hand side of (32) is typ-
ically greater than five, so that a small fraction of the emitted
electrons (less than 1%) will be lost. Hence, the potential is not
greatly altered. Then, we wonder how the average impact en-
ergy is affected, because those electrons with the longest flight
time now add no energy to the surface. Simulations reveal that
the average energy is in fact not affected, to any extent, by the
loss of these electrons. This process can be understood by real-
izing that the majority of those particles, whose impact energy
approaches the upper limit , are not lost from the discharge.

A third consideration is the effect of the RF magnetic field.
Because the magnetic force on the particles is proportional to
their velocity, we may expect the magnetic field to affect only
the higher energy electrons. Simulations using XPDP1 show
that for relatively low values of the maximum attainable energy,

keV, the energy spectrum is identical despite whether
an RF magnetic field is included. Previous work on suscepti-
bility to multipactor discharge [10] has shown that in the ab-
sence of space charge effects, a strong electromagnetic wave
incident on the breakdown side of a dielectric the high-energy

keV multipactoring electrons are pushed toward the sur-
face by the magnetic forces. This process leads to saturation in
the possible energy gain of the multipactoring electrons, which
has been verified by simulation for test particles with RF electric
field strengths ranging from 1 MV/m to 1 GV/m. More impor-
tantly, it should also be noted that in the steady state, most of the
multipactoring electrons are low energy and, thus, not affected
by the RF magnetic field. Hence, the effects of the RF magnetic
field will not greatly alter the results of the analysis presented
in this paper. Further study on magnetic field effects is desirable
for completeness, however.

It should also be noted that, in general, the distribution func-
tion of emission velocities of the secondary electrons is not
Maxwellian. The true distribution is more complicated. How-
ever, the Maxwellian approximation is adequate in terms of re-
sults, and it has the advantage that it yields a closed-form so-
lution for the potential, which is very useful in illuminating the
physics involved. The authors have also used a uniform distri-
bution function in their analysis yielding similar results.

An important assumption made in our model is that the RF
electric field is parallel to the surface of the emitter. Previous
work [10] has shown that if the RF electric field has an angle
of obliqueness of as little as 5to the surface of the dielectric,
it can have a great effect on the susceptibility to multipactor, as
the RF now has a component that affects the flight time of the
emitted electrons. It is likely that an oblique RF field may also be

important with regard to saturation of the discharge. This issue
needs to be further investigated.

It should also be noted that in a realistic multipactor dis-
charge, the emission current density will vary with a frequency
equal to the RF frequency, because the secondary emission is
time dependent from the time variation of the RF field. We
believe that our model correctly portrays the time-averaged
physics of the system. This needs to be confirmed by use of
a dynamic model, in which the emission current is calculated
in a self-consistent manner, given the angle of incidence and
impact energy of each incident particle.

Finally, let us summarize the main results of our work, as
follows.

1) Shielding of the surface electric field is important with
regard to the saturation of multipactor discharge quanti-
tatively. The electron density in the discharge, at satura-
tion, is higher than was expected when shielding effects
were ignored. The power deposited on the dielectric is
higher than was previously expected (typically, four times
higher, i.e., both the impact energy and current are about
a factor of 2 higher).

2) The energy spectrum of incident electrons has a cutoff at
a prescribed value, , given by (6). This is a maximum
value; the RF magnetic field may actually limit the impact
energy to a lower value.

3) A simple method of obtaining the power deposited on
the dielectric by the multipactoring electrons is given by
use of (30) and Figs. 8 and 9. Note that Fig. 8 is only
applicable to certain material; i.e., it assumes fixed values
of , , v , and .

4) High-energy electron impact is enhanced because of
space charge shielding, corroborating experiments made
at Texas Tech University [9].
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