
 

Measurement of Dielectric Multipactor Thresholds at 110 GHz

S. C. Schaub , M. A. Shapiro, and R. J. Temkin
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

(Received 24 June 2019; published 25 October 2019)

We report experimental measurements of the threshold for multipactor discharges on dielectric surfaces
at 110 GHz. Multipactor was studied in two geometries: electric field polarized parallel to or perpendicular
to the sample surface. Measured multipactor thresholds ranged from 15 to 34 MV=m, more than 10 times
higher than those found at conventional microwave frequencies. Measured thresholds were compared with
prior data at lower frequencies, showing agreement with theoretical predictions that thresholds increase
linearly with frequency. Measurements of the rf power dissipated in the multipactor show low dissipation
(≤ 1%) for the parallel electric field case, but very strong dissipation for the perpendicular case, also in
agreement with theoretical predictions. The agreement between experiment and theory over a wide range of
frequencies provides a strong basis for the understanding of dielectric multipactor discharges.
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The multipactor is an avalanche of free electrons on a
surface exposed to radio-frequency (rf) electromagnetic
fields in vacuum. It is caused by secondary emission of
electrons from surfaces struck by energetic electrons that
have been accelerated by the applied rf field. The phe-
nomenon occurs in high power rf and microwave devices,
often leading to the failure of vacuum windows and
excessive noise in satellite communications. In rf accel-
erators, multipactor contributes to heat loads, beam insta-
bilities, and detuning of resonant cavities [1].
Because of its critical importance to applications in

accelerator physics [2–5], high power microwaves [6–8],
and space communications [9], dielectric multipactor has
become a topic of intensive research [10]. In 1998, Kishek
and Lau published a model based on Monte Carlo calcu-
lations that illuminated the unique nature of multipactor on
a dielectric surface, which will spontaneously charge as a
multipactor develops [11]. Their model predicted the
parameter space (rf and dc electric field values) where
dielectric surfaces with rf electric fields parallel to the
surface, e.g., rf windows, were susceptible to multipactor.
Later papers expanded upon this model to explore addi-
tional physics, such as the role of the rf magnetic field or
electric field angle on the parameter space of dielectric
multipactor susceptibility [12–16] and new multipactor
phenomena [17–19]. One of the most important predictions
that has come out of these models is that the electric fields
necessary to cause multipactor to develop (multipactor
thresholds) scale linearly with frequency.
Although the calculation of multipactor thresholds is

best studied with detailed theoretical analysis [11–19], the
linear scaling of multipactor thresholds with frequency can
be derived with a simple model. When an electron impacts
a dielectric surface, the number of secondary electrons
emitted from the surface (δ) can be accurately calculated

from Vaughan’s model of secondary electron yield (SEY)
[20,21]. This model is illustrated in Fig. 1. The curve of δ vs
impact energy Vi is defined by three material-dependent
parameters: δmax is the maximum SEY for electrons
impacting at normal incidence (θ ¼ 0), Vmax is the electron
impact energy at which this peak δ occurs, and V0 is the
minimum electron impact energy for nonzero SEY. V0 is
typically taken to be 12.5 eV. The lowest impact energy
at which δ ≥ 1 is V1, approximated by Eq. (1), derived
from [20],

V1 ≈ expð−1Þδ−1=k1max ðVmax − V0Þ þ V0: ð1Þ

Here, k1 ¼ 0.56 is an empirical constant. For impacts at an
oblique angle θ, the values of δmax and Vmax both increase
by a factor of ð1þ θ2=2πÞ. With rf electric fields parallel
to the dielectric surface (Ek), grazing impacts (θ ≈ π=2)
are expected, while rf electric fields polarized perpendicular
to the surface (E⊥) lead to predominantly normal impacts
(θ ≈ 0).
The impact energy of an electron drifting in an oscillat-

ing electric field, with negligible initial velocity, is
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FIG. 1. Dependence of secondary electron yield δ on electron
impact energy Vi and impact angle θ [20].
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Vi ¼
1

2me

�
eErf

ω
cosφ

�
2

: ð2Þ

In this equation,me and e are the electron mass and charge,
respectively, ω is the angular rf frequency, and φ is rf phase.
To first order, when the mean impact energy of electrons is
≥ V1, stray electrons impacting an uncharged dielectric (no
dc field) will, on average, yield more than one secondary
electron. Multipactor will develop through subsequent
impacts of secondary electrons [22]. Averaging over φ
yields an electric field for the multipactor threshold EMT,
which is linearly dependent on ω,

EMT ¼ ð2ω=eÞ
ffiffiffiffiffiffiffiffiffiffiffi
meV1

p
: ð3Þ

This prediction can be refined using Vaughan’s model
and Eq. (2) to calculate SEY as a function of phase. The
theoretical EMT is found as the value of Erf that solves

hδi ¼ 1

2π

Z
2π

0

δðφ; ErfÞdφ ¼ 1: ð4Þ

The value of Erf which solves Eq. (4) is 10%–20% greater
than the solution to Eq. (3) for the materials studied [23].
Because, for a specified material and impact angle,
Vaughan’s model depends only on impact energy, Eq. (2),
the linear scaling of EMT with ω is preserved.
Multipactor on dielectrics was studied using a 1.5 MW

gyrotron operating at 110 GHz with 3 μs pulses [24,25].
The output of the gyrotron was coupled into the HE11 mode
of a 31.75 mm diameter corrugated waveguide. This HE11

mode couples 98% to a Gaussian beam at the waveguide
output [26], facilitating the manipulation of the microwave
beam with optical techniques. A schematic of the exper-
imental setup is shown in Fig. 2. At the waveguide output, a
half-wave plate was used with a polarizing filter (quartz
slabs at a Brewster angle) to serve as a continuously

variable attenuator. Inside the vacuum chamber, maintained
below 10−8 Torr, one of two test structures was mounted, to
study multipactor with either Ek or E⊥ rf surface fields on
the test samples. Materials studied are listed in Table I.
Calibrated rf diodes monitored power into and reflected

from the test structures. Power reflected from the structures
was small and had a negligible effect on gyrotron operation.
An intensified CCD (ICCD) detected visible light emission
from multipactor. An electrically floating dark current
probe mounted on each test structure detected energetic
electrons that drifted out of a multipactor discharge.
The Ek test structure, shown at the beam waist in Fig. 2,

is shown in greater detail in Fig. 3. This was a Gaussian

FIG. 2. Simplified schematic of the experimental setup for
studying dielectric multipactor at 110 GHz (not to scale).

TABLE I. Experimental multipactor thresholds, EMT, as a
function of rf geometry. The tested samples had a polished
surface in the Ek structure and a ground surface in the E⊥
structure, with the exception of fused quartz, which was always
polished. Material parameter values are from [27–31]. The values
shown for alumina, a ceramic, are typical for high purity material,
but the SEY varies between vendors. Alumina was sourced from
Insaco, Inc. and CoorsTek for Ek and E⊥ testing, respectively.
Theoretical values from Eq. (4) assume a mean impact angle of
θ ¼ π=2 for the Ek geometry and θ ¼ 0 for the E⊥ geometry.

Expt. Eq. (4) Expt. Eq. (4)

Vmax EMTk ðEkÞ EMT⊥ ðE⊥Þ
Material δmax (eV) (MV=m) (MV=m) (MV=m) (MV=m)

Alumina 6 400 15 13 28 14
Sapphire
(ground)

6.4 650 � � � 15 29 16

Sapphire
(polished)

7.8 650 26 14 � � � 14

Fused Quartz 2.9 420 30 20 34 22
Crystal Quartz 3.8 400 25 17 � � � 18

FIG. 3. Magnitude of the rf electric field excited in the Ek
structure for 1 MW of input power. The peak field on the sample
is 125 MV=m. Fields were calculated with ANSYS HFSS [32].
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beam-mode cavity, designed to study multipactor in a
geometry similar to that of a rf window. The 110 GHz
beam was focused to a 2.5 mm (0.92λ) radial spot size on a
96.7% reflective semitransparent mirror consisting of two
silicon wafers separated by 900 μm. The cavity formed
between the semitransparent mirror and a reflecting spheri-
cal copper mirror contained the sample under test at the
second field maximum along the axis of symmetry (see
Fig. 3). The spherical mirror was mounted on a piezo-
electric actuator, allowing tuning of the cavity resonance.
The E⊥ test structure is illustrated in Fig. 4. The incident

110 GHz beam was focused to a 1.5 mm (0.55λ) radial spot
size on the end of a thin dielectric rod. This rod served as
both a waveguide and the sample under test. The micro-
wave beam excited an HE11 mode of a solid dielectric rod
[33–37] with about 90% coupling of the incident power.
The dielectric rod supported only one confined mode. The
diameter of each rod was chosen to maximize the surface
electric field of the excited mode (0.5 mm for alumina and
sapphire, 0.8 mm for fused quartz). Sapphire rods had c
axis orientation. To provide field enhancement, two alu-
mina plates were placed at a 5 deg angle above and below
the dielectric rod. The sides of these plates that formed the
top and bottom of the structure, away from the sample,
were metalized. This cut off the dielectric rod mode at
the end of the taper formed by the two plates, setting up a
standing wave along the rod.
Multipactor thresholds were measured by slowly increas-

ing the incident microwave power until multipactor was
detected on the three diagnostics (ICCD, dark current,
reflected power). Within experimental uncertainty, all diag-
nostics measured the same thresholds for each material and

geometry. Results are collected in Table I. The reproduc-
ibility of themeasured thresholds from sample to samplewas
better than�1 MV/m. The total uncertainty in the measured
thresholds was dominated by the precision of the rf power
measurement and was estimated as�2 MV/m. Comparison
in Table I of measured thresholds with numerical solutions
to Eq. (4) shows the model to underpredict the experi-
mental values. This may be partly due to the assumption of
homogeneous rf fields in the model.
Figure 5 shows a plot of EMT vs frequency for fused

quartz and alumina. The measured thresholds at 110 GHz
are compared to measurements by other groups at
2–11 GHz [2,22,31,38]. Though multipactor damaging of
rf windows has long been a topic of research, the bulk of
published studies have focused on the maximum power a
window can tolerate before suffering damage [39,40],
rather than documenting rf intensities at which multipactor
first develops. As a result, there are few quantitative
measurements of multipactor thresholds to which we can
compare our data at 110 GHz. The plotted data point for
fused quartz at 9.4 GHz is an upper limit, due to the indirect
multipactor detection method used in that study [38]. The
data in Fig. 5 are consistent with the theoretical prediction
of an approximately linear increase in EMT with increasing
frequency. This is an important result for the application of
high power microwave sources at subterahertz and terahertz
frequencies. The resultant high values of the multipactor
threshold at high frequencies are very helpful in avoiding
the onset of multipactor.
Theoretical studies predict very different physical

parameters of a steady state dielectric multipactor discharge
depending upon rf field geometry. With Ek, the dielectric is
predicted to charge until electrons impact with a mean

FIG. 4. Magnitude and direction of the rf magnetic and electric
fields excited in the E⊥ structure for 1 MWof power incident on a
dielectric rod sample.
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FIG. 5. Dielectric multipactor thresholds at frequencies from 2
to 11 GHz [2,22,31,38] are compared with the present data at
110 GHz (filled symbols). Data include Ek geometry for fused
quartz (diamonds) and alumina (squares) as well as E⊥ geometry
for alumina (circles). The dashed line is drawn to illustrate the
theoretical linear dependence of threshold field on frequency and
is not a fit to the data.
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energy of V1, a few tens of eV, with electron trajectories
short compared to a rf period. Power deposited on a
dielectric by electron impacts can be calculated as

Ploss ¼ NhVii=τ; ð5Þ
whereN is the number of electrons, hVii is the mean impact
energy, and τ is the mean time between impacts. It was
derived in [41] that this leads to a simple result for the rf
loss in a single pass through a rf window, Eq. (6). For Ek,

Pk
loss is given by

Pk
loss=Pin ≈ 4 × 10−3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V0m=ð1 eVÞ

p
; ð6Þ

where V0m is the most probable initial kinetic energy of
secondary electrons, taken to be 0.005 × Vmax. The deri-
vation of Eq. (6) assumes homogeneous rf fields.
Monte Carlo calculations of a fully developed dielectric
multipactor [11,41] indicate that electrons have a short time
of flight between impacts, ≪ than a rf period, leading to
trajectories that are very small compared to the rf wave-
length. In a steady state dielectric multipactor, electrons
essentially sample a homogeneous rf field.
In experiment, power dissipated by multipactor was

monitored using the calibrated reflected power rf diode
shown in Fig. 2. The results with Ek are presented in Fig. 6.
The power loss due to multipactor in one cavity round trip
(two passes through the sample) suddenly jumps to 0.4%
near 26 MV=m as one side of the sample develops multi-
pactor. The fractional power dissipation then stays constant
within experimental uncertainty until a second jump occurs
as the second side of the sample (at slightly lower field)
develops a multipactor discharge. The peak field to which
the Ek structure could be tested was limited by the multi-
pactor discharge shifting the resonant frequency of the
cavity structure at very high incident powers. The observed
power dissipation is lower than the prediction of Eq. (6),
using a Vmax of 650 eV, by about a factor of 4 [Eq. (6) is for
a single pass through a single-sided multipactor]. However,

the predicted low value (≤ 1%) of loss and the independ-
ence of loss vs Erf are clearly observed.
With E⊥, the dielectric surface is predicted to charge

until electrons have resonant trajectories, taking an integer
number of rf cycles (most probably one) from launch to
return to the dielectric surface (τ ≈ 2π=ω). These resonant
electrons gain an average energy of

hVii ¼
2

me

�
πeEdc

ω

�
2

; ð7Þ

amounting to hundreds to thousands of eVas derived in [2].
Edc is the dc electric field that arises from charging of the
dielectric. From Monte Carlo studies, at Erf above EMT, the
value of Edc to which the dielectric surface charges is
approximately linearly proportional to Erf , as can clearly be
seen in multipactor susceptibility plots such as those in
[2,4,23]. Defining Edc ¼ αErf , α is found to range from 0.3
to 0.33 for the materials tested. The number of electrons in
the multipactor can be estimated using Gauss’s law as
N ¼ ε0AEdc=e, where A is the effective area of the multi-
pactor discharge, about 4.5 mm2 in our E⊥ test structure.
Calculating loss at Erf above EMT, using Eq. (5), leads to

P⊥
loss

Pin
¼ πeε0

meω

α3

β
AðErf − EMTÞ: ð8Þ

The constant β is the proportionality between input rf
power and surface rf fields: Pin ¼ βE2

rf . For the experiment
shown in Fig. 4, β ¼ 6.4 × 10−11 Wm2=V2 for the E⊥
structure. Figure 7 shows power dissipation measured in the
E⊥ test structure. Very good agreement is obtained between
the measured values and the theoretical values from Eq. (8)
for P⊥

loss=Pin above the threshold field EMT (≈29 MV=m).
The observed linear relationship between fractional power
loss and Erf contrasts clearly with the independence of loss
vs Erf seen in the Ek structure.
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FIG. 6. Measured power dissipated ðPk
loss=PinÞ due to multi-

pactor on a sapphire sample in the Ek structure.
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FIG. 7. Measured power dissipated ðP⊥
loss=PinÞ due to multi-

pactor with E⊥ on samples of sapphire and alumina. The dashed
line is Eq. (8), using values of α, β, and A described in the text.
Equation (8) is evaluated using the peak surface value of Erf .
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The present study has measured dielectric multipactor
thresholds for various materials as a function of rf field
geometry. The linear scaling of multipactor thresholds with
frequency is experimentally supported, a promising result
for future applications at subterahertz and terahertz
frequencies. This conclusion is based on the available
results and would be strengthened by further testing of
the materials listed in Table I at other frequencies.
Measurements also verify the predicted stark difference
in the power dissipated by dielectric multipactor between
Ek and E⊥ geometries. In agreement with published theory,
power loss through a dielectric in the Ek (window)
geometry is small and independent of rf intensity. Power
loss with a strong E⊥ component, such as in a dielectric
loaded waveguide, grows linearly with the rf field and can
lead to high losses within a small surface area. The
excellent agreement between experiment and theory dem-
onstrates a very good physical understanding of dielectric
multipactor.
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