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Suppressing and initiation of multipactor discharge on a dielectric by an external dc bias
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The results of studying experimentally the influence of an external dc electric field on the multipactor
threshold on the surface of a dielectric (quartz) are presented. In the experiments, a high-Q-factor
microwave resonator was excited at the TEq;, mode in the 3-cm wavelength band. The dependence of the
breakdown threshold on the value and direction of the electrostatic field is determined. It is found that the
external dc field repulsing the electrons from the dielectric surface increases the threshold significantly,
whereas the field attracting the electrons decreases it. It is shown that one can manage the multipactor
efficiently, namely suppress or initiate it, by changing the direction and intensity of the dc field.
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The term ““multipactor discharge’™ means a specific form
of the discharge occurring in vacuum near a dielectric or
metal surface under the effect of a high-frequency electro-
magnetic field [1]. The mechanism of the discharge evo-
lution is associated with the avalanche-type multiplication
of free electrons as they are bombarding the surface.
Currently, the multipactor is regarded as an extremely
undesirable phenomenon, which prevents generation and
release of high-power electromagnetic radiation in micro-
wave generators and impedes efficient operation of space
communication systems. For example, a multipactor dis-
charge on the surface of a dielectric window in a high-
power microwave vacuum device may destroy the window.
Therefore, studying the conditions of multipactor initiation
and suppression seems to be rather important, specifically,
for the development of output windows used in high-power
microwave generators, accelerating dielectric structures of
electron-positron accelerators, and active compressors of
microwave pulses [2—4].

Preconditions of multipactor initiation are the presence
of an external field, which brings the electrons back to the
surface, and the excess of the electron’s energy over the
value, at which the secondary electron-emission yield is
equal to unity. Therefore, all existing methods of multi-
pactor suppression can be subdivided into two categories.
The first category includes the methods allowing one to
decrease the energy and secondary emission of electrons.
Such methods include changing the geometry of the wave-
guide system (electromagnetic field structure) in order to
reduce high-frequency fields on the dielectric surface [4,5]
or modifying the dielectric surface by using special corru-
gations [6] or depositing films with low secondary electron
emission yields on it [7-9]. However, in some cases it is not
possible to change the system geometry, and the method of
surface modification is complicated and not always pro-
duces the desired results. The other group comprises the
methods, which implies production of static electric
[10,11] or magnetic [9,12] fields near the dielectric surface,
which prevent the electrons getting back to it. Indeed, by
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generating an external electron-repulsing field near the
surface, one can stop the initiation of an electron avalanche
regardless of the value of the secondary electron-emission
ratio of the surface material. The possibility to use an
electrostatic field to suppress the multipactor on the surface
of a window in coaxial devices inputting microwaves into
accelerating structures was considered in papers [11,13].
The external electric field was produced by applying a
voltage between the central and external electrodes of the
coaxial line. In the considered case, both fields, high-
frequency and electrostatic ones, were directed normally
to the dielectric surface. Multipactor suppression was ob-
served only in a narrow range of parameters, which is
determined by the ratio of the microwave power and the
voltage.

The most common theoretical models of the multipactor
[14,15] employ the approximation of a homogenous rf
electric field, which is parallel to the dielectric surface,
and assume that there is an external static field (electric or
magnetic) driving the electrons back to the surface.
Figure 1 shows the schematic of the multipactor discharge
on dielectric in parallel rf and normal dc fields. The energy
of the electrons bombarding the surface is determined by
the intensity of the microwave field and the time of their
getting back to the surface under the effect of static fields
[14,15]. Calculations show that the breakdown threshold is
strongly dependent on the value of the initial electrostatic
field driving the electrons back. At the same time, as far as

€,

FIG. 1. Schematic of a multipactor on dielectric in parallel rf
and normal dc fields.
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we know, the influence of the external electrostatic field on
the multipactor threshold has not yet been studied purpose-
fully in experiments.

Our paper presents the results of studying the influence
of an external dc bias on the multipactor threshold on the
dielectric surface. The experiments were performed *‘clas-
sically,” i.e., the electric field of the microwaves is parallel
to the dielectric surface, and the external electrostatic field
is directed normally to it.

The scheme of the experimental setup is shown in Fig. 2.
The setup was based on a resonator cavity formed by a
cylindrical waveguide 45 mm in diameter and excited at a
frequency of 9.4 GHz (the TE;, mode), an iris diaphragm
(7), and a plane T-shaped copper electrode (11). The
electrodes had no Ohmic contact with the resonator walls,
but its diameter was calculated so as to ensure a close-to-
unity reflection coefficient for the TE,; mode. The distance
between the diaphragm and the electrode (the length of the
resonator) could be changed from the outside by means of
a special movable piston (14). The electrode was fed with a
potential from a low-current high-voltage source (18 in
Fig. 1), which allowed one to regulate the voltage in the
range from U = 0 until U = =20 kV. Quartz disks with
different thicknesses were installed in an antinode of stand-
ing wave in the resonator. The measured loaded Q factor of
the resonator depending on the thickness of the studied
disk amounted to Q; = (0.9-1.3) X 10*. Such a Q factor
ensured high intensities of the electric field at the dielectric
surface even for a low level of the input rf power. The
resonator was installed in a vacuum chamber pumped off to
the pressure p = 1076 Torr. The tf pulses were sent to the
resonator input via a mode converter, which formed the
TEy; mode of the circular waveguide and a microwave
window (6). Microwaves were produced by a magnetron

e

FIG. 2. Scheme of the experimental setup: 1—magnetron, 2—
directional coupler, 3—circulator, 4—mode converter, 5—circu-
lar waveguide, 6—microwave window, 7—diaphragm, 8—
studied dielectric disk, 9—high-voltage input, 10—insulator,
11—electrode (back wall of the resonator), 12—observation
window, 13 and 14—disk and electrode transfer mechanisms,
respectively, 15—pressure gauge, 16—mechanical pump, 17—
ion pump, 18—high-voltage source, 19—microwave detector,
and 20—oscilloscope.

(1) generating a power of up to 250 kW in pulses with the
duration 7 = 1-6 us and a pulse repetition rate of up to
20 Hz. The resonator was tuned to the magnetron fre-
quency by changing the length of the resonator.

It was shown in [16,17] theoretically and experimentally
that multipactor can take place on a dielectric surface in
strong electromagnetic fields even in the absence of exter-
nal static fields, since an inhomogeneous microwave field
can by itself ensure the return of the emitted electrons to
the surface. Indeed, in an inhomogeneous microwave field,
an electron is affected by the averaged ponderomotive
force Fy, which is proportional to the gradient of the rf
electric field [18]. The intensity of the potential electric
field E,, near the dielectric surface, which is equivalent to
the above-mentioned force, can be written as

F e
E¢=—¢= .
—e 4dmow
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where e and m are the electron charge and mass, w is the
frequency of microwaves, and E; is the intensity of the
microwave field on the disk surface. In the absence of an
external electrostatic field, this force may either drive the
emitted electrons back to the surface or repulse them
depending on the gradient sign. Therefore, in the experi-
mental conditions, the electric field E,, which was normal
to the dielectric surface, was determined by the superpo-
sition of the external dc field E, and the axial component of
effective field E4, ~ V,|E,|* [Eq. (1)] formed by the gra-
dient of the rf potential, £, = E,, = E.

In the experiment, we used polished quartz disks having
the surface roughness R, = 0.1 um and three different
thicknesses, namely, d; = 2.3 mm, d, = 4.2 mm, and
d; = 6 mm. The disk thickness was calculated to provide
three different ponderomotive force configurations on the
disk surface facing the electrode: (1) driving the electrons
back to the surface (d,), (2) no force (d,), (3) the electrons
are repulsed (d3). The other surface of the disk was in-
stalled at a node of the standing wave. Thus, the conditions
for the multipactor initiation were created on only one side
of the disk with a specified direction and value of the
ponderomotive force. The characteristic structure of the
electric field in the resonator and distribution of the am-
plitude of the microwave field along axis z in the maximum
of the radial distribution of the TE;;, mode for disks
having different thicknesses are shown in Fig. 3. The
calculations were performed by the finite difference time
domain method [19].

In the experiments, we studied the influence of the value
and direction of the electrostatic field generated by means
of the electrode on the multipactor threshold. At the initial
stage, the structure of the electrostatic field lines in the
resonator was calculated for each disk, Fig. 4. The shape of
the electrode was chosen such as to generate a quasiho-
mogenous electrostatic field mainly directed normally to
the surface of the dielectric disk. The ratio of the transverse
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FIG. 3. (Color) Instantaneous distribution of the microwave field in the resonator for disks having different thicknesses (la—d; =
2.3 mm, 1b—d, = 4.2 mm, lc—d3; = 6 mm) and (2a-2c) dependence of the amplitude of the rf electric field at the maximum of the
TE(;, mode on the longitudinal coordinate for an incident power of 100 kW. 1—amplitude of the 1f field, 2—quartz disk, 3— electrode

(back wall of the resonator).

and the longitudinal component of the dc field on the
surface of the dielectric at the maximum of the TEg,
mode amounted to E,/E, = 0.4, 0.29, and 0.12 for the
disks d,, d,, and d;, respectively.

The distance between the disk and the electrode was
assumed corresponding to the excitation of the TE(;, mode
in the resonator and amounted to 30, 18, or 7 mm, respec-
tively, depending on the disk thickness. For the thin disk,
the maximum intensity of the electrostatic field was
achieved near the electrode edge, and with an increasing
disk thickness, the distribution of the electric field near the
dielectric surface became more homogenous (Fig. 4). The
calculations showed that, when the electrode voltage was
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U = %20 kV, an electrostatic field with the amplitudes of
the normal components equal to E,; = *0.2, E, = *1.2,
and E.3 = =22 kV/cm for the disks d,, d,, and dj3, re-
spectively, could be produced on the quartz surface. Here,
the positive sign of the normal component E,, of the dc field
corresponds to the negative potential on the electrode. In
this case, the electrostatic field drives the electrons back to
the surface of the quartz disk.

In the experiments, we measured the incident micro-
wave power and the power reflected from the resonator.
Typical waveforms of the incident and reflected powers in
the absence of a discharge and with a multipactor are
shown in Fig. 5. The tuning of the cavity into the resonance

Quartz disk Electrode Isolator
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FIG. 4. Distribution of the electrostatic field lines inside the resonator for quartz disks having different thicknesses:

(a) d;y = 2.3 mm, (b) d, = 4.2 mm, and (c) d3 = 6 mm.
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FIG. 5. (Color) Oscillograms of the incident (1) and reflected
(2—without multipactor, 3—with multipactor) microwave
pulses.

led to a decrease in the reflected microwave power (curve
2). The reflected power was minimum when the generator
frequency coincided exactly with the eigenfrequency of the
cavity. Multipactor occurred when some threshold power
was exceeded, and was registered by the changes in the
shape of the reflected microwave pulse. Excitation of the
discharge led to the detuning of the cavity from the reso-
nance and an abrupt increase in the reflected power (curve
3). The calculations showed that the resonant state was lost
when the total number of electrons in the multipactor
exceeded N = 3—4 X 10°. The typical duration of the dis-
charge evolution, which was determined by the duration of
the front of the reflected signal, did not exceed 50 ns. The
value of the electric field on the dielectric surface at the
moment of multipactor initiation (breakdown threshold
E,.) was determined by measuring the incident and re-
flected microwave power allowing for the distribution of
electric field in the resonator, Fig. 3.

Figure 6 shows the experimental dependence of the
threshold intensity Ey, of the microwave field on the di-
electric surface, at which multipactor was initiated, on the
amplitude of the normal component E, of the external
electrostatic field for disks with different directions and
gradients of the rf potential.

It is seen from the figure that, in the absence of an
external dc field (E, = 0), the breakdown threshold in-
creases when one passes over from a disk with the pon-
deromotive force attracting electrons (Fy < 0) to a disk
with the repulsing force (F4 > 0). Indeed, in this case, the
effective electric field normal to the dielectric surface is
determined by only the gradient of the high-frequency
potential, £, = E4z, and is equal to Eyz = —3; 0; or
+10 kV/cm for the disks d; d,, and dj, respectively.
Note, however, that this field is formed not immediately,
but grows gradually from zero up to the maximum, as the
microwave energy is stored in the resonator. The typical
time of the change in the rf potential gradient is determined
by the time of oscillation stabilization in the resonator, 7 =
0,/ ~ 150-200 ns. The effect of the inhomogeneous
microwave field on the multipactor was studied in detail
in [16,17].

In the experiment, no influence of the external electro-
static field on the multipactor threshold was observed for
the disk d;, when the ponderomotive force drove the
electrons back towards the surface, Fig. 6(a). It might be
connected with the fact that the gradient of the rf potential
near the surface of this disk reached a value of —3 kV/cm,
whereas the amplitude of the dc field in this experiment
was too small and did not exceed E.; = *=0.2 kV/cm.
Therefore, the total external field E, changed insignifi-
cantly and did not affect the character of the electron
motion near the dielectric surface and, hence, the value
of the breakdown threshold.

The experiments showed that in the absence of the
ponderomotive force (Fy, =0), even a weak (E,~
—200 V/cm) negative dc field resulted in a significant
increase in the multipactor threshold, Fig. 6(b). In this
case, the breakdown threshold exceeded the maximum
amplitude of the electric microwave field E; ~
120 kV/cm, which could be achieved in the experiment
with the disk d, and was determined by the power of the
microwave generator. Indeed, in this experiment, the elec-
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FIG. 6. Dependence of the multipactor threshold on the amplitude of the electrostatic field for quartz disks having different
thicknesses and directions of the ponderomotive force, Fy: (a) d; = 2.3 mm, Fy <0, (b) d, = 4.2 mm, F, = 0, (c) d3 = 6 mm,

F¢>O~
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trostatic force repulsed the electrons away from the dielec-
tric surface, thus preventing the multipactor evolution. It is
seen from the Fig. 6(b) that multipactor exists and can be
triggered even in the absence of an external static field. In
this case the appearance of the electric dc field returning
the electrons to the surface is usually associated with
accumulation of the charge on the dielectric surface
[14,20]. Therefore this experiment demonstrates that the
positive electric field related to the surface charge is rela-
tively low ( < 200 V/cm) and, hence, does not affect
noticeably the results of measuring the breakdown thresh-
old at higher values of the dc fields E 4, and E. Note also
that under the experimental conditions, when the multi-
pactor occurred steadily in each pulse in the series of
microwave pulses with repetition rate 20 Hz, the positive
voltage (E, < 0) fed to the electrode resulted at once in the
disappearance of the discharge in the next pulse in the
series. When the voltage was removed, the multipactor
occurred again. Thus, by applying or removing the voltage
at the electrode, one could suppress or initiate the
multipactor.

At the same time, the positive electric field (E, > 0)
changed the threshold of the discharge initiation only in-
significantly, excluding the area in the proximity of the
point E. = 400 V/cm, where the threshold decreased by
10%—-15%, Fig. 6(b). Remember that for E, > 0, the ex-
ternal dc field drives the electrons back to the surface. In
this case, the energy of the returning electrons is deter-
mined by both the intensity of the microwave field, and by
the time * of their stay in this field (before they come back
to the surface) [14]:

) 2

where W, = 1-3 eV is the typical energy of the electrons
emitted from the dielectric surface. In relatively weak
electrostatic fields (0 < E, <4 kV/cm, in our case),
when the return time " is long as compared with the rf
field period (wf* > 1), the electrons bombard the surface
with the energy which is equal to the energy of their natural
oscillations in the microwave field near the dielectric sur-
face [14]. In the experiment, it leads to the fact that in the
region of the dc field values which ensure that the condition
wt* > 1 are fulfilled, the dependence of the breakdown
threshold on the value of the electrostatic field becomes
weakly pronounced, Fig. 6(b).

In the experiment with the sample d5, Fig. 6(c), the
ponderomotive force arising in the inhomogeneous rf field
repulsed the electrons away from the quartz surface. As a
result, the multipactor on this disk did not develop in the
absence of the external dc field either. In this case, the
breakdown threshold exceeded the maximum field Ey, >
90 kV/cm which could be achieved on the surface of the
disk d5 and was determined by the power of the microwave
generator. Therefore, the negative electrostatic field (E, <

0) did not change the threshold of the multipactor initia-
tion. The change in the polarity of the dc field (E, > 0)
resulted in a significant decrease in the breakdown thresh-
old, which decreased to the value equal to E, =
30 kV/cm already at E, = 2 kV/cm, Fig. 6(c). Indeed,
in this case the electrostatic field counterbalances the
potential rf field E 47, so that the resulting field £, becomes
positive (E, = Ey, + E, > 0) and starts driving the elec-
trons back towards the dielectric surface. As in the pre-
vious experiment, here one could suppress or initiate the
multipactor by applying or removing the electrode voltage
(in this case, having the negative polarity). A further
increase in the electrostatic field led to a smooth increase
in the breakdown threshold by approximately 15%, which
was due, evidently, to a decrease in the energy of the
electrons bombarding the dielectric surface, since the du-
ration of their stay in the microwave field (wt* < 1) short-
ened when the electrostatic field increased considerably to
be equal to E, >4 kV/cm.

It should be noted that at present there is no developed
theoretical model for the one-side multipactor on dielectric
in an inhomogeneous microwave field in the presence of an
external dc field, with which the obtained experimental
results could be compared quantitatively. For example, in
paper [16] the model of a multipactor in an inhomogeneous
field of a circularly polarized TE|; mode was developed (in
our case, the TE;; mode was used). Additionally, in the
model the case of E;. = 0 is considered. Therefore we
hope that the experimental results presented here will serve
as a basis for theoretical activity on this subject.

Thus, the experiments performed showed that one can
control the multipactor discharge on a dielectric effectively
by suppressing or initiating it. Note that the found effect
makes it possible to use such an undesirable phenomenon
as a multipactor for practical purposes, e.g., in high-power
microwave switches [4] intended to modulate the Q factor
in active compressors of microwave pulses.
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