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Multipactor susceptibility on a dielectric with a bias dc electric field

and a background gas

Peng Zhang, Y. Y. Lau,® Matthew Franzi, and R. M. Gilgenbach

Department of Nuclear Engineering and Radiological Sciences, University of Michigan, Ann Arbor,

Michigan 48109-2104, USA

(Received 17 March 2011; accepted 2 May 2011; published online 31 May 2011)

We use Monte Carlo simulations and analytical calculations to derive the condition for the onset of
multipactor discharge on a dielectric surface at various combinations of the bias dc electric field, rf
electric field, and background pressures of noble gases, such as Argon. It is found that the presence
of a tangential bias dc electric field on the dielectric surface lowers the magnitude of rf electric
field threshold to initiate multipactor, therefore plausibly offering robust protection against
high power microwaves. The presence of low pressure gases may lead to a lower multipactor
saturation level, however. The combined effects of tangential dc electric field and external
gases on multipactor susceptibility are presented. © 2011 American Institute of Physics.

[doi:10.1063/1.3592990]

I. INTRODUCTION

Multipactor discharge is an ubiquitous phenomenon
observed in a multitude of devices that employ microwaves.'
It may occur when a metallic gap or a dielectric surface is
exposed to an ac electric field under some favorable condi-
tions, and its avoidance has been a major concern among
workers on high power microwave (HPM) sources, 1f accel-
erators, and space-based communication systems.' ™

RF window breakdown or dielectric failure? ™" has been
a limiting factor in many high power microwave systems. In
general, an avalanche of secondary electrons caused by mul-
tipactor discharge occurs in the prebreakdown phase. When
this avalanche of electrons reaches a sufficiently high satura-
tion level, it induces appreciable outgassing from the dielec-
tric surface. Further ionization caused by these electrons
provides a gaseous-like discharge (sometimes called flash-
over) within the desorbed gas layer, and it eventually turns
into the breakdown phase of the dielectric.”® Due to the
high susceptibility of multipactor discharge on dielectric,*®
a small amount of seed electrons may grow to a high level
that will initiate the breakdown of dielectric. To prevent the
breakdown, it is necessary to suppress or eliminate the initial
multipactor discharge.

In this paper, we extend the idea of the transmitter-re-
ceiver (T-R) switch typically used in radar systems, which
offers automatic protective isolation to electronic circuits
during its operation. During the operation of the transmitter
in radar systems, the vacuum gap across the receiver is
caused to spark by a T-R vacuum tube (typically filled with
argon and water vapor at reduced pressure), so that the effect
is that of placing a short-circuit across the receiver, the latter
will be protected from a large influx of energy.'® When a
dielectric window is exposed to HPM sources, we seek to
utilize multipactor initiation on the dielectric surface so that
the window becomes lossy and unmatched. Thus, the pres-
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ence of HPM may induce surface multipactor discharge that
blocks further propagation of the HPM, preferably at a low
power level of HPM.

The theory of multipactor discharge on a dielectric sur-
face has been extensively researched, including Monte Carlo
(MC) particle simulations,* dynamic theory,’ particle-in-cell
(PIC) simulations,”’18 analytical calculations,4 and statistical
theory.' A typical susceptibility diagram for multipactor
discharge is shown in Fig. 1, indicating the lower and upper
boundaries of the rf electric field within which multipactor
may occur.* Roughly, the lower (upper) boundary corre-
sponds to electron impact energy on the dielectric surface
equal to the first (second) crossover point in the secondary
electron yield curve* and multipactor saturation occurs at the
lower boundary.’ The effects of space charge,'® external
magnetic ﬁeld,zo’21 oblique rf electric ﬁelds,20 wave reflec-
tion,?! desorption gases,”* and external perpendicular dc bias
electric field”® on multipactor discharge on a dielectric have
been investigated. The transition of window breakdown from
vacuum multipactor discharge to rf plasma has also been
studied, by both PIC simulations'”'® and volume-averaged
global model (GM).>** Simple analytical scaling laws for
dielectric window breakdown in vacuum and collisional
regimes have been derived.”®

To initiate multipactor discharge at a lower power level
of HPM, we introduce a bias-dc electric field that is parallel
to the dielectric surface. This additional dc electric field is
expected to lower the threshold of the rf electric field for
multipactor initiation. That a tangential dc electric field may
reduce the rf threshold is supported by the well-known limit
of dc dielectric breakdown.’'>?"? Here, we quantify the
calculations. We use MC simulations and analytical calcula-
tions to derive the condition for the onset of multipactor dis-
charge at various combinations of the bias dc electric field, rf
electric field, and background pressures of some noble gases,
such as Argon.

To understand the individual effects of the tangential dc
bias electric field and of the low pressure background gas, in

© 2011 American Institute of Physics
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FIG. 1. Multipactor susceptibility boundaries from Monte Carlo simulation,
in the (Ege, Ero) plane for dmaxo =3, and Eqm/Emaxo = 0.005. Here, E. g is
the amplitude of the tangential rf electric field at frequency f, E4. is the
charging electric field on the dielectric surface, dyaxo is the maximum sec-
ondary electron yield occuring at impact energy E,.x0, and 2E,, is the aver-
age emission energy of secondary electrons.

Sec. II, we first consider the effect of a dc electric field tan-
gential to the dielectric surface. In this case, the electrons
will gain energy from both rf electric field and the tangential
dc electric field during the time of flight, leading to a lower
threshold for the rf electric field for multipactor initiation. In
Sec. III, we remove the tangential electric field but introduce
a low-pressure background gas. Under such conditions, the
collisions between electrons in flight with the background
neutral gas molecules have to be taken into consideration.
Lastly, the combined effects of the tangential dc electric field
and the presences of gas background will be presented in
Sec. IV. Concluding remarks will be given in Sec. V.

Il. EFFECT OF TANGENTIAL DC ELECTRIC FIELD

First, we consider the effect of only a tangential dc elec-
tric field. The multipactor electrons are acted on by the rf
electric field E,sin(wt+0) and tangential dc electric field E,,
and by the charging electric field E,.. Here, E,. is assumed
constant along the x-direction (Fig. 2), where the possible

space-charge effects due to multipactor electrons' "' are not
considered. Referring to Fig. 2, from the force law
o = L
mo = —le|[Eys sin(wt + 0) + E; + Eqc |, (1)
we obtain
_ el :
vy, = ——E4t+v,sin ¢, 2)
m
le] le]

vy = m—wE,f[cos(wt +0)—cosl] ——Eit+v,cos¢p, (3)

m
where the last terms account for the emission velocity at
t=0. From Eq. (2), it is clear that the transit time is given by

T =2mv, sin ¢/|e|E 4. 4)
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FIG. 2. (Color online) Schematic of a single-surface multipactor in a paral-
lel rf and normal dc electric fields, with the presence of an external tangen-
tial dc electric field, and (or) low pressure gases.

Upon impact on the surface, a primary electron produces an
average number of secondary electrons, called the secondary
electron yield, J. This yield depends on the material and is a
function of the impact energy of the primary electron, Ej,
and the angle to the normal, &, at which it strikes the sur-
face.>® For the dependence of yield on impact energy E;, we
will adopt Vaughan’s empirical formula,®® for normal
incidence

8 = O(E;) = Sy (we' ™), )

where 0., is the maximum value of §, w = E;/Emax, Emax
being the impact energy which yields d,,,x, and k= 0.62 for
w<1 and k=0.25 for w=1. Two values of impact energy,
termed the first and second crossover points, £, and E,,
respectively, result in a yield of 1, while d > 1 in between.
For impact at an angle ¢ with respect to the normal (Fig. 2),
the parameters are adjusted in calculating the yield, accord-
ing to the following equations™=:

k&
Enax = maxO(l + é )

T

2
5max = 5max0 <1 + kSé ) (6)
2n

Here Eqaxo and dpmax o are the parameters for an impact angle
£=0 (i.e., normal to the surface), and k; is a surface smooth-
ness factor ranging from O for a rough surface to 2 for a pol-
ished surface. In this paper we set k,=1, representing a
typical dull surface.®* It is worth noting that in this situation,
since the electrons gain their energy from the parallel electric
field, most impacts will be at almost grazing incidence (i.e.,

Exm/2).
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053508-3 Multipactor susceptibility on a dielectric
To calculate the evolution of the multipactor discharge,
we follow the trajectory of a weighted macroparticle over a
large number of impacts in a MC simulation.*> The initial rf
phase, 0, is uniformly distributed over 0 < 0 < 2n (Fig. 2).
Each time a macroparticle leaves the surface, we assign it a
random initial energy Ey = %mv% and angle ¢ according to
the following distributions®:
Ey _
F(Eg) = e B/, ™

1
g(¢) = 7 sin ¢, ®)

where E,, is the peak of the distribution of emission ener-
gies, on the order of the work function, i.e., a few eV. '
Note that the expected value of E, is 2E,,, and that
J'g(¢)dp =1 over 0 < ¢ < m. Substituting the random val-
ues of initial velocity (energy) and angle into Egs. (2) and
(3), we obtain the impact energy and impact angle, hence,
the secondary electron yield from Eq. (5) after time of flight
7 that is given by Eq. (4). We use this value of the yield to
adjust the charge on the macroparticle and then emit it again
with a random velocity and angle. We repeat the process to
obtain a series of yield (y, d,, ..., dy) for a large number of
impacts. The average value of secondary yield over N
impacts is calculated as & = (6; - 05 - ...5N)1/N,13 where
N =200 is used in the calculation. In this fashion, we can
determine either an exponentially growing (6 > 1) or an
exponentially decaying (6 < 1) trend in the number of elec-
trons in the avalanche, depending on the external parameters,
such as Eqc, Eio, Ey, and 0,.x0- For any given values of the
fields, the growth rate is determined by the average value of
the secondary electron yield, averaged over the distributions
of random emission energy, random emission angle, and ran-
dom rf phase at emission. The boundaries of the multipactor
susceptibility are determined when the exponential growth
rate of the electrons equals zero.

Figure 3 shows the susceptibility diagram for the multi-
pactor boundaries with the presence of tangential dc electric
field. It is clear that the presence of a tangential dc electric
field will significantly lower the magnitude of rf electric field
required to initiate multipactor (as compared to Fig. 1), thus
increasing the “area” of the multipactor susceptibility in the
(Ey, E4c) plane in which multipactor would occur.*> With
the presence of tangential dc electric field, for example,
E[MV/m] x (f/1GHz) ™" X (Emaxo/400eV) "/ =0.5 in Fig.
3(b), multipactor could readily occur in the low charging dc
electric field regime, Eg4[MV/m] x (f/1GHz) ' X (Emaxo/
4OOeV)_1/ 2 < 0.25, even before the presence of rf electric
field. This roughly corresponds to the dc electric field thresh-
old for electron avalanche on an insulator.?”3%3? However,
the upper boundary of the multipactor is not sensitive to the
tangential dc electric field, as shown in Fig. 3(a).

In order to construct simple analytic solutions for the
susceptibility diagrams, we follow Ref. 4 and assume that all
electrons are emitted normal to the surface (i.e., ¢ = 90° in
Fig. 2), with a single energy Ey = (1/2)mvj. Hence, substi-
tuting ¢ = 90° into Egs. (2)—(4), averaging over rf phase 0,
and setting the resulting average impact energy equal to E;

Phys. Plasmas 18, 053508 (2011)
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FIG. 3. (Color online) Multipactor susceptibility boundaries with various
E,, from Monte Carlo simulation, in the (Eqc, E.) plane for dpy.x0 =3, and
Eom/Emax 0= 0.003, (a) both upper and lower boundaries, (b) zoom in view
of lower boundaries in (a).

and E; at ¢ 2 /2 [cf., Egs. (5) and (6)], we obtain the fol-
lowing equations for the lower and upper boundaries:

[elEy 212/ Emio = 8(E/Ea) Eo/Emno o)
wN/MEmax o 1 — cos (2w\/2mE,,/|e|Edc) ’
which can be expressed in the normalized from as
— — — 2 —
,f _ 2E1, — 8(E;/E4)’E, (10)
' 1 —005(2\/250/Edc)’
where E’f - w\/‘i‘lff::m’ E = (U\/‘;l‘g;:mxo’ Eae = w\/lt;rll?::m’ El*z

= E1,2/Emaxo» and EO = EO/Emaxo-

Figure 4 shows the multipactor region boundaries calcu-
lated from Eq. (10). The drastic simplification introduced to
derive Egs. (9) and (10) does not qualitatively change the so-
lution shown in Fig. 3. Since the second cross-over impact
energy E, is much higher than the emission energy E, add-
ing a tangential dc electric field will not affect the upper
boundaries of the susceptibility diagram much, also shown
in Figs. 3(a) and 4(a). The slopes of the curves in Fig. (4), in
the limit of large Eq., are \/E| 2 /2E), as easily deduced from
Eq. (10). By setting Eq. (9) equal to 0, we obtain
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FIG. 4. (Color online) Multipactor susceptibility boundaries with various
E,, from direct calculation of Eq. (10), in the (Eq4c, Erfo) plane for dpaxo = 3,
and Eyy/Emaxo = 0.005, (a) both upper and lower boundaries, (b) zoom in
view of lower boundaries in (a).

E
Eq = 2, E—°, (11)
1

which is the maximum charging field below which multipac-
tor would be possible even without an rf electric field, for a
given tangential dc field E;, as shown in Figs. 3(b) and 4(b).
Note that Eq. (11) is also the same expression for dc electric
field threshold for electron avalanche on an insulator (cf.,
Eq. (A2) of Ref. 32).

lll. EFFECT OF LOW PRESSURE GAS

With the presence of gases, the electrons emitted from
the dielectric surface will undergo collisions with the gas
molecules, before impacting the dielectric surface again, as
schematically illustrated in Fig. 2. For simplicity, in this sec-
tion we remove the tangential dc bias electric field and
include the effect of low pressure gas only. In this case, the
conservation of momentum®* gives

—

9 . .
mn, 5‘; = —|e|n. [E,s sin(wt + 0) + Ege| — nemv,, v — mvG,

(12)

Phys. Plasmas 18, 053508 (2011)

where V'is the mean electron velocity, n, is the electron num-
ber density, v, is the momentum transfer collision fre-
quency, G =n.v; is the electron generation rate from
ionization, and v; is the ionization frequency. By writing Eq.
(12), we consider only the regime of low gas pressure, where
the diffusion loss and other collisions, such as excitation and
recombination, can be neglected.22

In Ref. 22, only the analytic solution to this problem
was constructed under similar simplifying assumptions as in
Ref. 4. Here we provide the MC simulation including a test
on the sensitivity of the electron energy distribution func-
tions used.

From Eq. (12) we have

8\)‘- e|lE c
5, o = _HTd’ (13)
vy E,rsin(wt + 0
vy oy = — |e|E,s sin(wr + 0) 7 (14)
or m

where v, = v; + v,,. Solving Egs. (13) and (14), we have

Eq4 . Eic
Vx:_|e| d +e“’t<VOSln¢+e d)’ (15)
mvy muvy
Efe"" .
vy = e "'vg cos ¢ + % (v sin 0 — w cos 0)
__lelEy [v sin(wt 4 0) — wcos(wt + 0)]  (16)
m(w?* + v?)

where vy is the initial emission velocity. The transit time, T,
can be obtained from the condition fof vdt = 0 as

=0. (17

(I —e™) <v0 sin ¢ + |€|Edc> — L‘Edc T

mvy, m

To obtain the gas parameters v,, and v;, the electron-neutral
momentum transfer collision cross sections ¢, and ioniza-
tion cross sections ¢; need to be examined. In this study, we
choose Argon as an example for simplicity in its chemistry;
its ionization and other collision cross sections are well char-
acterized® ™’ and straightforward (compared with air). At
low gas pressure (<50 Torr), the electron energy distribution
may be approximated as Maxwellian,>*

- ) (18)

KzT,

where Kpg is the Boltzmann’s constant and T, is the electron
temperature. Thus, the collision frequencies v,, and v; may
be averaged over all electron energies as

Um,i = Ng ij(g)o-m,i(g) \) %d& (19)

where n, is the gas density. Dividing both sides of Eq. (19)
by the gas pressure p = n,KgT,, we have

Ui 1 JOC 2ee
- = £)0,,(e)\ /| —de, 20
o L (20)

2

T

f(&)

(KBT€)73/281/2 exp (—
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FIG. 5. (Color online) Momentum transfer collision v,/p frequency and
ionization frequency v;/p for Argon as a function of electron temperature,
according to Maxwellian and Druyvesteyn distributions.

where T, (KT,) is the gas temperature, which is assumed to
be the room temperature (0.026 eV) in this study. By using
the data in Refs. 35-37 for the ionization cross section g; and
the electron-neutral momentum transfer collision cross sec-
tion ¢, for Argon, Eq. (20) is numerically integrated. The
results are shown in Fig. 5. The calculation is repeated for a
non-Maxwellian electron energy distribution, namely, the
Druyvesteyn distribution,**

2
f(s):A(KBTg)%/2 sl/zexp —B( ¢ ) ,

K5T,
_Ara/4r _ a4
A= R B="ri 1)

where I' is the gamma function. The results are also shown
in Fig. 5. It is clear that the collision frequencies v,, and v;
are insensitive to the actual electron density distribution
function.

In the low pressure regime, a multipacting electron
experiences primarily the vacuum rf electric field during its
time of flight 7, from its birth on the dielectric surface as a
secondary electron to its impact onto the dielectric surface as
the primary electron for the next generation of the secondary
electrons, after its acceleration by the vacuum rf electric field
during 7. For pressures less than 1 Torr, this condition is
largely satisfied. In such cases, the multipacting electron typ-
ically has an energy on the order of 100 eV to 1 keV,%3® for
if electric field of order of 1 MV /m and 1f frequency below
10 GHz, regardless of the dielectric material. For electron
energy on the order of 100 eV to 1 keV, the composite value
of v;/p = (v; 4 v,)/p changes little (~10'" Torr's™ ), per-
haps by a factor of 2 at the most, as shown in Fig. 5. Thus,
for simplicity, we use v,/p ~ 10'°Torr~'s~! in subsequent
calculations. Note that similar approximations are taken in
Ref. 22 for Nitrogen.

Similar to Sec. II, to calculate the evolution of the multi-
pactor discharge, we follow the trajectory of a weighted
macroparticle over a large number of impacts in a MC simu-
lation. The initial rf phase is uniformly distributed over

Phys. Plasmas 18, 053508 (2011)

0 < 0 < 27. Each time a macroparticle leaves the surface,
we assign it a random initial energy Eo = 3mvj and angle ¢
according to Egs. (7) and (8). Substituting the random values
of initial velocity (energy) and angle into Egs. (15) and (16),
we obtain the impact energy and impact angle, hence, the
secondary electron yield from Eq. (5) after a transit time
according to Eq. (17). We use this value of the yield to adjust
the charge on the macroparticle and then emit it again with a
random velocity and angle. We can determine either an
exponentially growing or an exponentially decaying trend in
the number of electrons in the avalanche, depending on the
external parameters, such as Eqy, E o, p, and dyax0- For any
given values of the fields, the growth rate is determined by
the average value of the secondary electron yield, averaged
over the distributions of random emission energy, random
emission angle, and random RF phase at emission. The
boundaries of the multipactor region are determined when
the exponential growth rate of the electrons equals to zero.*¢
Here, we examine the averaged secondary electron yield
from multipactor only; the electrons produced from ioniza-
tion are not assigned to the “macroparticle” during its flight.
Figure 6 shows the effect of various gas pressures to the
multipactor initiation. For a given normal dc electric field,
the presence of gases will introduce a drag force to the

20 —
—0 Torr

15 4 ....... 0.1 Torr ’,'
=-==-1 Torr o

- = 5Torr
10 Torr

E, [MV/m]
S

0 01 02 03 04 05 06
E; [MV/m]

5

4_
E 3 =7
> e
=) - -
w2 _ - ———s
LL] -

====-1 Torr
= = 5Torr

.10 Torr
0 0.1 0.2 0.3 0.4 0.5 0.6

E, [MV/m]

FIG. 6. (Color online) Multipactor susceptibility boundaries with gases,
from Monte Carlo simulation, in the (Eq4., Eif) plane for dpmaxo=3,
Emaxo=400 eV, f=1 GHz, and E,n/Emaxo=0.005, (a) both upper and
lower boundaries, (b) zoom in view of lower boundaries in (a).
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FIG. 7. (Color online) Multipactor susceptibility boundaries with gases, cal-
culated from Eq. (23), in the (Eqc, E:o) plane for dmax0 = 3, Emaxo =400 eV,
f=1GHz, and E,/Emaxo = 0.005, (a) both upper and lower boundaries, (b)
zoom in view of lower boundaries in (a).

electron via collisions, therefore a higher rf electric field is
required to accelerate the electrons to reach the impact
energy of Ej,, clearly shown in Fig. 6. In contrast, for a
given 1f electric field, it is shown that multipactor saturation
occurs at a lower surface charging field E4. for higher gas
pressure, since the lower boundary is shifted to the left, as
shown in Fig. 6. Note that the results are similar to those
obtained from analytic calculations (cf., Fig. 7 and Ref. 22).
The presence of low pressure gases may promote multipactor
saturation. However, if the charging dc electric field is
assumed to be due to the positive charge left on the dielectric
surface as a result of the ejection of the multipactor electrons
by secondary emission, then we may find that the total num-
ber of multipactor electrons upon saturation N is related to
the charging dc electric field Eq4. as eN /2Agy = 6 /2¢y = E,,
where A is the surface area of the dielectric and & is the free
space permittivity.® Thus, with the presence of gases, the
lower surface charging field E,. upon saturation may indi-
cate lower saturation level of multipactor electrons N. At
higher gas pressure, the multipactor saturation level could be
so low that multipactor eventually becomes irrelevant, that
is, the breakdown would be dominant by volumetric gas ioni-
zation at higher gas pressure, instead of multipactor
discharge.'”18-26-38
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The upper boundary of the multipactor is even more sen-
sitive to the presence of gases, as shown in Fig. 6(a). Due to
the large value of the second crossover point £, in the second
electron yield curve, a much higher rf power is required to
overcome the electrons’ collisional energy loss in order to
reach the upper boundary of the multipactor susceptibility
diagram.

In order to construct simple analytic solutions for the
susceptibility diagrams, we once more assume that all elec-
trons are emitted normal to the surface (i.e., ¢ = 90°), with a
single energy Ey = (1/2)mv}. Hence, substituting ¢ = 90°
into Egs. (15) and (16), and averaging over rf phase 0, the
electron impact energy is found as

1 1 21 N ) m 21 )
E(r) = Fm {ﬂ Jo (vx(r) + vy (r))d@] = EL vy (1)d0
CE 5
=——+—[1 —2cos(wt)e™"" 4+ e 7. (22)

4m(? + v7)

By setting E(7) in Eq. (22) equal to E; 5 that is obtained from
Egs. (5) and (6) after setting ¢ = /2, we obtain the lower
and upper boundaries of the multipactor susceptibility in the
normalized form as**

E%_f(l —2cos(7)e " +e ) =4(1 +;)Ern,  (23)

where Elf % ‘/—'il?f , U= U,/(U, EI,Z = El,Z/Emaxm and
7 = wr, which is obtained by normalizing Eq. (17) as

- B\
(1 - CUrT)< 2E0 +Dd) _Edc ST = O, (24)
t

where Eg = Eo/Emax o, Eqe = —4E%— It can be shown that

VMEmax o
in the limit of v, — 0, i.e., \;Dacuum background, Eq. (23)

recovers the known limit*

_ 2E_'172

Ey = S
1 — cos (2\ /2E, /EdC)

Figure 7 shows the multipactor region boundaries calculated
from Eq. (23). The drastic simplification introduced to derive
Eq. (23) does not qualitatively change the solution, upon
comparing Fig. 7 with Fig. 6.

(25)

IV. COMBINED EFFECTS OF TANGENTIAL DC
ELECTRIC FIELD AND LOW PRESSURE GAS

We now consider the situation where both the tangential
dc electric field and the low-pressure gas background are
present. In this case, the conservation of momentum>* gives

—

9] = P LE
mn, 5‘; = —|e|ne [E,s sin(wt + 0) + E, + Eq|

— nemv,,V — mvG, (26)

where V'is the mean electron velocity, n, is the electron num-
ber density, v, is the momentum transfer collision fre-
quency, G =n,v; is the electron generation rate from
ionization, and v; is the ionization frequency. By writing
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FIG. 8. (Color online) Multipactor susceptibility boundaries with both tan-
gential dc electric field E, and gases, from Monte Carlo simulation, in the
(E4e, Erto) plane for dyaxo = 3, Emaxo = 400 eV, f=1 GHz, and Eop/Emaxo =
0.005, (a) p =1 Torr with various E,, (b) E, = 0.5 MV /m with various p.

Eq. (26), we consider only the regime of low gas pressure,
where the diffusion loss and other collisions such as excita-
tion and recombination can be neglected. From Eq. (26) we
have

ov elE,.

-, o= —"7"‘, 27)
0 E,rsin(wr + 0 E
Oy _lelEgsinr £ 0) lE o
ot m m

where v, = v; + v,,. Solving Eqs. (27) and (28), we have

E E,.
V= — |e|—dC + e—nrt (VO sin ¢ + |e|—d‘> , (29)
muy; nmuy
v, =e " vycos ¢ + [elE: + [elEe
’ 0 my; m(a)2 + vtz)
. |e|Ey
x (v;sinf — wcos ) — —————
(0 ) m(w2 + utz)
. le| E;
X [vsin(wt + 0) — wcos(wt + 0)] ———,  (30)
m vy
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where v is the initial emission velocity. The transit time is
still given by Eq. (17). Similar to Sec. III, we assume
v;/p ~ 10!°Torr~'s~! in our calculations.

For the MC simulation, we apply the same approach as
in Secs. II and III to obtain the multipactor region bounda-
ries. Figure 8(a) shows the boundaries of multipactor suscep-
tibility for p=1 Torr, with various tangential dc electric
fields. Figure 8(b) shows the boundary for £, =0.5 MV /m,
but with various gas pressures. As seen earlier, the upper
boundaries for multipactor are not sensitive to the tangential
dc electric field. With the presence of gases, a much larger rf
power is required to reach the upper boundary of the multi-
pactor susceptibility. Thus we focus on the lower boundaries
of the multipactor region. Figure 8(a) shows that an increase
in the tangential dc field E, will lower the lower boundary of
the multipactor susceptibility for the rf electric field. Figure
8(b) shows that an increase in pressure will raise the lower
boundary of the multipactor regions for the rf electric field.
In order to make notable lowering in the lower boundary, a
larger tangential dc field has to be applied for higher gas
pressures.

After averaging over the rf phase 6 and setting the aver-
age impact energy equal to E;, that is obtained from Egs.

2
(a) P =1 Torr
_ IS 1 EMV/m]
= 1 /
- /
)
0.5 -
’ /
/
O T ’ T T l T
0 0.2 0.4 0.6 0.8 1
E, [MV/m]
2 7 7 2°
(b)Y E,=05MV/m | -~ -7~

E.. [MV/m]

FIG. 9. (Color online) Multipactor susceptibility boundaries with both tan-
gential dc electric field E, and gases, calculated from Eq. (31), in the (Eq,
E.0) plane for dmaxo = 3, Emaxo = 400 eV, f=1 GHz, and Eop/Emaxo =
0.005, (a) p=1 Torr with various E,, (b) E; = 0.5 MV/m with various p.
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(5) and (6) after setting ¢ = /2, we obtain the analytical
solutions for the lower and upper boundaries of the multipac-
tor susceptibility in the normalized form

E} (1 —2cos(T)e " e 2"7) +2E; (1 — e "1+ 02) /i

where all the terms are defined earlier in Secs. II and III.

Figure 9 shows the multipactor region boundaries calcu-
lated from Eq. (31). The drastic simplification introduced to
derive Eq. (31) does not qualitatively change the solution,
upon comparing Fig. 9 with Fig. 8. Thus, Eq. (31) may be
used for a rough evaluation of multipactor susceptibility
under practical conditions where both tangential dc electric
field and low pressure gases are present.

V. CONCLUDING REMARKS

In this paper, we study the combined effects of a tangen-
tial dc electric field and of an external gas at a low pressure
on the multipactor initiation. The presence of a tangential dc
electric field lowers the magnitude of rf electric field thresh-
old to initiate multipactor, therefore potentially providing a
more robust mechanism to block HPM. For a reasonably
high rf electric field, (above the threshold for multipactor ini-
tiation under vacuum), the presence of low pressure gases
may promote multipactor saturation, but at a lower saturation
level. For the case in which both tangential dc electric field
and external gases are included, the multipactor susceptibil-
ity is obtained. It is found that a larger tangential dc field
needs to be applied for higher gas pressures in order to make
a notable reduction for the threshold rf electric field corre-
sponding to the lower boundary of the susceptibility curve.

This paper may be extended in several directions, some
of fundamental interest. The natural extension concerns the
inter-relation between the Paschen curve, dc dielectric flash-
over, and the scaling laws for rf window breakdown. This
critical examination may lead to an interesting generalization
of the classical Paschen curve to include the effect of side
walls during gas breakdown. The theory developed in this
paper is to be compared with an ongoing proof-of-principle
experiment at the University of Michigan.
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