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Abstract
An experimental and numerical investigation is made of multipactor discharges in a coaxial
waveguide. Particular attention is given to the determination of the multipactor threshold and
the distribution of the impact energy of the electrons. Simulations are carried out for different
parameters of the secondary emission coefficient of the electrode surfaces. This makes it
possible to determine these parameters through a comparison between the numerical and
experimental results. The comparison also shows that the observed multipactor is mainly of
polyphase (non-resonant) nature and represents a mixture of single- and double-surface
multipactor discharges.

1. Introduction

Multipactor discharges constitute a potentially severe problem
for modern microwave systems involving high powers and
operating close to vacuum conditions [1–7]. The multipactor
phenomenon has been intensively studied experimentally,
theoretically and numerically for more than 50 years [8–18].
However, comparisons between experimental and theoretical
results present a difficult problem. On the one hand,
multipactor experiments do not, in general, involve detailed
measurements of the secondary emission properties of the solid
surfaces which generate the multipactor electron avalanche.
On the other hand, numerical results are usually obtained using
a particular model for the secondary electron emission yield
and the sensitivity of the concomitant results on this model
is not clear. Some data on the secondary emission properties
of different materials can be found in the ESA standard [19].
However, these data do not take into account the contamination
of solid surfaces that is present in realistic experiments.

5 Author to whom any correspondence should be addressed.

The secondary emission properties are known to be very
sensitive to different surface contaminations and consequently
the simulations which are carried out using standard emission
data may deviate significantly from the experimental results
[20]. However, the problem can be turned around in such
a way that a comparison between numerical calculations and
measurements is instead used to obtain information concerning
the (unknown) parameters of the secondary emission yield.

The determination of the multipactor threshold is the
most simple and common measurement in an experiment.
In order to obtain a comprehensive comparison of these
measurements with theory, it is necessary to know the
dependence of the multipactor threshold on frequency and the
geometrical parameters of the system [2, 21–24]. However,
having access to additional experimental data (i.e. not only
the multipactor threshold) and by carrying out numerical
simulations within a wide range of parameters, it is possible
to determine the parameters of the secondary emission yield
even in the case of fixed system geometry and frequency. For
example, in [20] such additional information was obtained
by experimental investigation of multipactor discharges in a
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Figure 1. Scheme of the experimental setup: (1) coaxial waveguide, (2) fluoro-plastic windows, (3) vacuum chamber, (4) electric-discharge
vacuum pump, (5) matched load, (6) multi-pin input for power supply of the collectors and (7, 8) microwave detectors. Collectors K1–K8

record the electron/ion current depending on the dc bias applied.

rectangular waveguide within a wide range of transmitted
microwave powers and by using independent measurements of
the first cross-over energy of the secondary emission yield in
the waveguide. In the present paper, multipactor breakdown in
a coaxial transmission line is investigated experimentally and
simulated numerically. The geometry of the coaxial line, as
well as the microwave frequency, was kept fixed. In contrast
to [20] it was not possible to measure the first cross-over energy
in the waveguide. Instead the distribution of the impact energy
of the multipacting electrons was measured in the experiment,
as suggested in [24]. This information made it possible to
do a comprehensive comparison with numerical simulations
and was also used to confirm the polyphase nature of the
multipactor discharge [25–29].

2. Experimental setup

A schematic picture of the experimental setup used for
investigating the multipactor discharges in a coaxial cylindrical
waveguide is shown in figure 1. The central section of the
coaxial waveguide 1 with an outer electrode (made of brass)
of radius Rout = 12.5 mm and an inner electrode (made of
duralumin) of radius Rin = 3 mm is placed in the vacuum
chamber 3. Within the chamber, the waveguide narrows
linearly to the radii of Rout = 4 mm and Rin = 2 mm.
The outer electrode has a set of holes for pumping out the
waveguide and (in the case of a multipactor discharge) for
extracting the electron current to the ring collectors K1–K8.
The diameter of the holes was small enough (0.5 mm) to avoid
significant perturbations of the electromagnetic field in the
waveguide. Four collectors K1–K4 are arranged along the
narrowest cylindrical part of the waveguide (of length L =
5 cm), whereas the other K5–K8 collectors are installed in its
expanding conical part (more specifically in the cross-sections
where the radius of the outer electrode equals 4.4 mm, 4.7 mm,
5.8 mm and 10.8 mm, respectively). The electric current from

the collectors was recorded using an oscilloscope (Tektronix
TDS 220), which visualized the time evolution of the current.
The potential bias between the collector and the outer electrode
could be varied and the dependence of the collector current on
this potential bias could be determined. Thus, information
concerning the energy distribution of the impacting electrons
[24] could be obtained. This made it possible to measure
also the ionic current (if any) to the collectors and thereby
to distinguish the electron multipactor effect from the plasma
effect caused by microsparks [20, 27].

The fluoro-plastic windows 2 separated the central
vacuum section of the waveguide in the chamber from the
side sections, which were filled by air at atmospheric pressure.
The right (edge) waveguide section was held at atmospheric
pressure and equipped with the matched load 5 to realize the
regime of a travelling electromagnetic wave in all sections of
the coaxial line and to keep the power reflection coefficient
very low (less than 0.25%). To reduce the possibility of the
appearance of microsparks at the metal–dielectric interface
[30, 31], the windows were positioned in the widest portion of
the coaxial waveguide, where the microwave electric field is
the weakest. Furthermore, to reduce the density of the plasma
that can result from the microsparks, the joint between the
window and the inner electrode was sealed by a narrow circular
groove. The chamber and the waveguide are pumped out to a
pressure of (2–3)×10−6 Torr by the oil-free electric-discharge
(titanium) pump 4. The fundamental mode in the coaxial line
was excited at a frequency f = 2.45 GHz by a microwave
generator (magnetron) that operated in the pulse repetition
regime with pulse duration τf = 1 ms, peak power P � 3 kW
and repetition frequency F = 0.4 Hz. The detector heads 7
and 8 measure the microwave field intensity in the input and
output sections of the waveguide. The field intensity in these
sections depends on the wave reflection and the absorption that
would be caused by a discharge in the waveguide. Therefore
it was possible to identify such a discharge using signals from
detectors 7 and 8.
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Figure 2. Representative pulse oscillograms from the detectors at
the input (a) and output (b) sections of the vacuum chamber in the
case of low input power (P = 0.9 kW) when there is no discharge in
the coaxial waveguide. The vertical arrow ↓ in the top line indicates
the beginning of the microwave pulse.

3. Experimental results

Figures 2 and 3 present typical oscillograms of the signal
obtained from the microwave detectors 7 and 8 in qualitatively
different cases of microwave powers below and above the
breakdown threshold. At low microwave powers (P �
0.9 kW), the signals from both detectors have a similar
profile—a replica of the profile of the microwave pulse (see
figure 2). However at higher power levels (P � 1 kW),
the signal profiles are qualitatively different (figure 3) and
demonstrate an abrupt jump (up or down) in the field intensity
after a temporal delay that depends on the excess power above
the threshold. In the input section, a sharp increase in the
microwave field intensity is observed which can be understood
as a result of constructive interference between the incident
electromagnetic wave and the reflected electromagnetic wave
that appears due to the presence of the discharge in the
waveguide. At the same time the field intensity in the output
section decreases as a result of both partial reflection and
absorption of the incident wave.

The signals from collectors K1–K8 present additional
information on the discharge properties. At low microwave
powers, the electric current from all collectors is zero during
the pulse whereas at higher power levels current pulses are
recorded from all collectors, although with slightly different
time delays and different peak values (figure 3). The current
profile is found to be qualitatively similar for all collectors.
Typically it starts with a very short peak (with a duration
of about 2–10 µs) and is followed by a considerably slower
increase in the current and the establishing of a certain quasi-
stationary level. The first peak is associated with the electron
multipactor discharge since no ionic current is detected during
this time. The multipactor peaks are found to appear almost
simultaneously at all collectors although the values are quite
different (the highest peak amplitude is detected at the collector
K5, as seen from figure 4)6. On the other hand, the delay of the
second current peak is quite different for different collectors.
These peaks and the quasi-stationary current are associated

6 The observed phenomena (the simultaneous formation of the first current
peak at different collectors as well as the separation of the maximum current
from the dielectric seal) confirm that the physical mechanism behind is not
plasma jets generated by micro-sparks at the metal–dielectric interface, but
rather due to multipactor discharges.

Figure 3. The same as in figure 2 but in the case of high input power
(P = 1.5 kW) when there is a discharge in the coaxial waveguide.
Lower part of figure shows representative oscillograms of the
electron current signals from collectors K8 (c) and K5 (d). The
vertical arrow ↓ in the top line indicates the beginning of the
microwave pulse.

with plasma formation due to ionization of gas desorption from
the waveguide walls. An ionic current is detected at this stage
when the negative potential bias between the collector and
the outer coaxial electrode becomes strong enough to reflect
all electrons. The electric current to the collector (if any) is
then completely determined by ions. It should also be noted
that perturbations of the signals from the microwave detectors
(figures 2 and 3) are observed only after the plasma formation.

Figure 5 illustrates the dependence of the multipactor peak
current on the bias voltage applied between collector K4 and the
outer electrode of the coaxial waveguide. The current–voltage
characteristics make it possible to determine the distribution of
the electron impact energy, W , at the outer electrode (figure 6).
Note that F(W) ∝ djek/dUp, where the impact energy is
related to the potential as W = −eUp. This distribution is
found to be considerably different from that corresponding to
a resonance multipactor discharge. In fact, resonance theory
predicts a narrow peak in electron impact energy [32], whereas
the measurements demonstrated a relatively wide spread of
electron impact energy extending up to 60 eV. Figure 6 also
shows the existence of a considerable fraction of electrons
with small energy (less than 10 eV) that can only be due to
electrons returning to the surface of emission without having
experienced any significant acceleration by the microwave
field.

4. Numerical simulations

Numerical simulations of the multipactor discharge in the
coaxial line were carried out using the software COAXMUL
which represents an upgrade of a previous version described
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Figure 4. Peak value (arbitrary units) of the multipactor electron
current for different microwave powers and positions of the
collectors along the coaxial waveguide. Each indicated point
corresponds to a particular collector from K8 (the most left) up to K1

(the most right). Curve 1 (triangles) corresponds to P = 1 kW;
curve 2 (squares) to P = 1.5 kW and curve 3 (circles) to P = 3 kW.
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Figure 5. Electron current to collector K4 (arbitrary units) versus
electron decelerating potential −Up for P = 1.5 kW.

in [33]. The software is based on a PIC algorithm and considers
the motion of macroparticles (subsequently named computer
particles) which have the same charge-to-mass ratio as the
electrons. The simulations are started by the launching of
seed particles having stochastic initial velocities governed by
a Maxwellian probability distribution. These particles move
under the action of the electromagnetic field and release a
number of secondary particles when they collide with the
metal walls. The secondary emission is considered as a
stochastic process with a probability distribution governed
by the impact energy of the particles and chosen so as to
correspond to Vaughan’s approximation [34] for the average
value of the secondary emission yield. The secondary particles
are assumed to start with stochastic initial velocities governed
by the same Maxwellian probability distribution as the seed
particles.

In conventional PIC software, the charge and mass of the
computer particles are fixed during the simulations whereas
the number of particles varies. It should be emphasized
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Figure 6. Distribution of electron impact energy obtained from the
current–voltage characteristics shown in figure 5.

that using a small number of computer particles leads to
considerable stochastic fluctuations in the results whereas a
large number of computer particles require long simulation
times. Therefore, it is difficult to simulate the long time
evolution of the multipactor. To avoid this problem in the
software COAXMUL, the charge and mass of the computer
particles are not considered as fixed (only the ratio between
these quantities is kept fixed). This makes it possible to keep
the number of computer particles within a desirable range
using the following prescription: when, during the course
of the simulation, the number of computer particles exceeds
some threshold value, Nth, the software randomly excludes
one-half of these particles from further consideration and
simultaneously doubles the charge and mass of the remaining
particles. On the other hand, if the number of computer
particles becomes less than 0.3Nth, the software splits each
computer particle into two new particles having one-half of
the previous charge and mass. This procedure makes it
possible to study the long time evolution of the multipactor
avalanche while still having high simulation speed and
accuracy.

It is important to note that the software uses the
macroparticle mass and charge only to calculate the total
electron number which is determined as the ratio of the total
mass of all macroparticles to the mass of a single electron. The
trajectory of each macroparticle is determined by its charge-
to-mass ratio, and consequently this trajectory and also the
impact velocity coincide completely with the trajectory and
the impact velocity of a single electron. This means that any
macroparticle can be treated as the corresponding number of
electrons having the same coordinate and velocity. A collision
of a macroparticle with a solid surface is treated as a collision of
the corresponding number of electrons with this surface. This
process is accompanied by a release of secondary electrons, the
number of which is determined by the electron impact energy or
by the impact velocity of the macroparticle. However, within
the software the secondary electrons are again integrated into
the macroparticles having the same mass and charge as the
impacting macroparticle.

The first series of simulations was carried out to study the
dependence of the initial stage of the multipactor avalanche
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Figure 7. The dependence of the relative increase in the electron
number, N/N0, after 100 microwave periods on the microwave
power, P , and the properties of the secondary emission yield of the
waveguide walls. All simulations were completed taking the same
coaxial waveguide with electrode radii Rin = 2 mm, Rout = 4 mm,
the same frequency 2.45 GHz and the same value of the first
cross-over energy W1 = 20 eV. Each curve represents results
calculated for fixed maximum value of the secondary emission yield
(the solid lines correspond to σmax = 2, whereas the dotted lines
correspond to σmax = 3) and fixed value of the average initial
energy, Ws , of emitted electrons (the chosen value is shown close to
the lines).

on the secondary emission properties of the waveguide walls
and the microwave power transmitted through the waveguide.
The number of seed particles (having the conventional electron
charge and mass) was taken to be N0 = 25 000 and these
particles were launched from the surface of the inner electrode
during the first microwave period. The inner and outer
electrode radii were taken to be 2 mm and 4 mm, respectively,
the microwave frequency was 2.45 GHz and the threshold
value of the computer particles was Nth = 50 000. In these
simulations, the number of electrons, N , was recorded after
100 microwave periods and the relative increase in the electron
number, N/N0, was plotted against the microwave power,
P , for different combinations of parameters such as average
initial energy of electrons, Ws , first cross-over point, W1,
and maximum value, σmax, of the secondary emission curve.
The results (figures 7 and 8) demonstrate that the threshold
power for the multipactor avalanche (which corresponds to
the equality N/N0 = 1) is sensitive to the values of Ws

and W1 whereas its dependence on the value σmax is less
pronounced. On the other hand, figure 8 clearly illustrates
that the threshold power, 900 W (the same as that observed
in experiments), can be realized using considerably different
combinations of parameters (for instance, Ws = 1 eV and
W1 = 10 eV or Ws = 5 eV and W1 = 20 eV). The multipactor
simulations were repeated for these parameter combinations,
but using a larger value of Nth (Nth = 2 × 105) and studying
the temporal evolution of the electron number, the power
deposition on the electrode surface and the impact electron
energy. The microwave power was taken to be 1.5 kW in these
simulations which were aimed at determining the distribution
of the electron impact energy. At this high microwave power,
the growth of the multipactor avalanche was faster in the case

200 600 1000 1400 1800
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10
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10
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10
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3 
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N/N

0

P (W)

Figure 8. The same as in figure 7, but taking σmax = 2 for all curves
and different combinations of W1 and Ws . Line 1 corresponds to
W1 = 30 eV and Ws = 5 eV; line 2 to W1 = 20 eV and Ws = 1 eV;
line 3 to W1 = 20 eV and Ws = 3 eV; line 4 to W1 = 20 eV and
Ws = 5 eV; line 5 to W1 = 10 eV and Ws = 1 eV; line 6 to
W1 = 10 eV and Ws = 5 eV.

of Ws = 1 and W1 = 10 eV (figure 9). The evolution of
the impact electron energy shows a sequence of peaks, shifted
with respect to each other at the inner and outer electrodes.
The amplitudes of the peaks in impact energy are similar in
both cases (figure 10). However, one can clearly see that
in the first case (Ws = 1 and W1 = 10 eV), the duration
of the impact energy peaks is shorter and their amplitude is
higher at the outer electrode. The difference between the two
cases becomes more pronounced when the time evolution of
the heating power at both electrodes is studied (figure 11).
In the simulations the relative heating power was calculated
as follows. During each temporal interval equal to 0.05 of
the microwave period, all impact energies at each electrode
were summarized: W∑ = ∑

Wi . During the same temporal
interval all initial energies of the secondary electrons were
also summarized: W0

∑ = ∑
W0i . The relative heating

power (during the considered temporal interval), Q, was then
calculated as Q = 20(W∑ − W0

∑)/(NT ), where N is the
number of electrons in the middle of the considered temporal
interval and T denotes the microwave period. Specifically,
in the first case electrons collide with the outer electrode
more often and thereby the heating power is considerably
higher there than at the inner electrode. The same asymmetry
between the outer and inner electrode is observed also in the
second case, but the difference in the heating power is not
so pronounced in this case. Detailed simulations were also
used to calculate the distribution of electron impact energy at
the outer electrode (figure 12). In both cases considered, the
numerical results demonstrate the presence of a considerable
fraction of electrons with low impact energy, in agreement
with the measurements (cf figure 6). Also in both cases,
no electron impact energies greater than 80 eV were found.
However, in contrast to the experiment, the fraction of electrons
with impact energies between 20 and 60 eV was found to be
very small in the first case whereas in the second case this
fraction was found to be in reasonable agreement with the
measurements.
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Figure 9. The evolution of the relative number of electrons at high
microwave power, P = 1.5 kW and for different parameters of the
secondary electron emission yield. Line 1 corresponds to σmax = 2,
W1 = 10 eV and Ws = 1 eV and line 2 to σmax = 2, W1 = 20 eV and
Ws = 5 eV.
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Figure 10. The evolution of impact electron energy, W (averaged
over a time interval equal to 0.05 microwave periods), at high
microwave power P = 1.5 kW and for different parameters of the
secondary electron emission yield ((a) corresponds to σmax = 2,
W1 = 10 eV and Ws = 1 eV and (b) to σmax = 2, W1 = 20 eV and
Ws = 5 eV). The solid line represents the electron impact energy at
the outer electrode, whereas the dotted line represents the impact
energy at the inner electrode.

5. Discussion

In general, the multipactor phenomenon is discussed in terms
of resonance between the oscillations of the electrons and
the rf electric field in the device volume [8, 11, 32]. When
resonance theory is used to analyse multipactor breakdown
in a coaxial line [23, 35], it predicts growth of an electron
avalanche only within relatively narrow separated bands of
transmitted power. However, these predictions are not in
agreement with our experiments where the multipactor was
observed within a wide range of powers in agreement with the
predictions of the polyphase multipactor theory [25–29]. One
important reason for this discrepancy is the spread of initial
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Figure 11. The evolution of heating power, Q, per multipacting
electron (averaged over a time interval equal to 0.05 microwave
periods) at high microwave power P = 1.5 kW and for different
parameters of the secondary electron emission yield ((a)
corresponds to σmax = 2, W1 = 11 eV and Ws = 1 eV and (b) to
σmax = 2, W1 = 20 eV and Ws = 5 eV). The solid line represents the
heating power at the outer electrode, whereas the dotted line
represents the heating power at the inner electrode.
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Figure 12. The distribution of electron impact energy at the outer
electrode (normalized to the maximum value). The presented results
are averaged over the last 8 (i.e. from 92 up to 100) microwave
periods. The simulations are carried out using the same parameters
as in figures 10 and 11. Line 1 corresponds to σmax = 2, W1 = 11 eV
and Ws = 1 eV and line 2 to σmax = 2, W1 = 20 eV and Ws = 5 eV).
Superimposed are the experimental results presented in figure 6.

(This figure is in colour only in the electronic version)

electron emission velocity, which is not negligible compared
with the impact velocity corresponding to the first cross-
over point of the secondary emission curve. This statement
is confirmed by the results of the numerical simulations.
Actually, figure 7 demonstrates that separated narrow peaks
(not very well pronounced) in the dependence of the relative
number of electrons on microwave power appear only in the
case of small initial energy, Ws , of the secondary electrons.
(Note that Ws is directly proportional to the square of the
electron velocity spread in the case of a Maxwellian probability

6



J. Phys. D: Appl. Phys. 43 (2010) 345206 I A Kossyi et al

distribution.) Another argument for the polyphase nature of
the observed multipactor process is the wide distribution of
electron impact velocities found both in measurements and in
simulations (figures 6 and 12). It should be emphasized that
the strong periodic pulsations in electron impact energy and
heating power (figures 10 and 11) are also in agreement with
the polyphase theory [27], which predicts that the probability
of electron collisions with the walls oscillates with a phase
shift of π/2 with respect to the microwave field oscillations.

At first sight a serious argument against the polyphase
nature of the multipactor seems to be the fact that the numerical
simulations indicate a considerable influence of the electron
initial energy on the multipactor threshold. When applied to
the plane-parallel model, the polyphase theory [27] does not
predict such an effect since the contribution of the electron
initial energy to the impact energy is relatively weak. However,
the situation changes drastically when the multipactor occurs in
a coaxial waveguide. As found in previous studies [23, 35, 36],
depending on parameters, two qualitatively different regimes
of multipactor (two-sided and one-sided) are possible in a
coaxial waveguide. Specifically, when the initial electron
velocity is neglected and the ratio of outer to inner radii exceeds√

3, theory predicts that only one-sided multipactor (localized
at the outer electrode) is possible [35]. This result is caused by
the action of the Miller (or ponderomotive) force which tends
to push electrons out of regions with strong rf field (here the
vicinity of the inner electrode). Clearly, a finite initial velocity
makes it possible for an electron to overcome the Miller
repulsion and shifts the border between the two-sided and one-
sided multipactor regimes towards higher values of Rout/Rin.
In our experiments, this ratio was taken as Rout/Rin = 2 and
consequently an increase in electron energy from 1 up to 5 eV
corresponds to a transition from a multipactor which is mainly
one-sided to one that is mainly two-sided. This conclusion is
confirmed by numerical simulations (cf figure 11) and makes
it possible to understand why the multipactor threshold is so
sensitive to electron initial energy.

In order to understand the observed distribution of electron
impact velocities, we emphasize the following points:

(i) A spread of electron initial velocity results in a
considerable spread of the corresponding flight times and
therefore an important part of the electron impacts at
‘wrong’ phases of the microwave field, i.e. at moments
when this field does not accelerate secondary electrons
out from the surface of emission, but instead pushes them
back to this surface. Such secondary electrons return in
a short time with an energy close to their initial energy
and contribute to the peak of low energy electron impacts
(figure 12). The low energy peak contains approximately
half of all impacts whereas its width is about the average
initial energy of the secondary electrons.

(ii) When a secondary electron starts from the outer electrode
and returns to this electrode, its maximum impact energy
is 2mV 2

ω [35], where VωeE/mω is the electron oscillatory
velocity at the outer electrode (e and m denote electron
charge and mass, respectively, ω is the circular field
frequency and E denotes the electric field amplitude at
the outer electrode). At the input power, P = 1.5 kW,

the maximum impact energy of returning electrons is
estimated to be 2mV 2

ω ≈ 24 eV, which corresponds to
one of the intermediate peaks in figure 12.

(iii) When a secondary electron starts from the inner electrode
and then collides with the outer electrode, its maximum
impact energy can also be estimated using the approximate
theory of electron motion in a coaxial waveguide [35] with
the result mV 2

ω (1+
√

5.5)2/2 ≈ 67 eV, which corresponds
to the peak with a high impact energy in figure 12.

The above simple analysis implies that the contribution to
the multipactor avalanche from electrons which transit between
the electrodes is important even in the considered case of small
initial energy of the electrons.

6. Conclusion

An experimental study and numerical simulations have been
carried out for a multipactor discharge in a coaxial waveguide
in vacuum and the obtained results have been analysed and
compared. This comparison makes it possible to determine the
parameters of the secondary emission yield of the waveguide
walls in the experiment. It is also possible to conclude that the
multipactor discharge observed in the experiment is excited in
the polyphase regime and that both one-sided and two-sided
multipactor avalanches contribute to the discharge.
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