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Single-Surface RF Multipactor

zE

)sin(0 tEE rfy w=

�

�

�

�

�

�

�

�

�

�

Dielectric Window

y

z

� Multipactor dischargeis a secondary 
electron avalanchefrequently 
observed in microwave systems.

� Multipactor dischargeis a secondary 
electron avalanchefrequently 
observed in microwave systems.
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Secondary Electron Model
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� Energy and angular dependence of secondary emission coefficient

Vaughan et al, IEEE-TED (1989); IEEE-TED (1993)
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PIC Multipactor Susceptibility

• include transverse variation of ERF

• absorb at transverse wall
• neglect transverse space charge

high field susceptibility becomes vertical in 
waveguide – no upper field cutoff

TE10 rectangular waveguide
uniform plane wave

Discharge on
(Positive growth rate)

Discharge off: low � due to
• Too high impact energy
• Too small impact energy
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At transient

rfEStrong

rfEWeak

rfEWeak

At the steady state
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TE10 Multipactor Migration
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Explanation of Migration

Center

Periphery

At transient At steady state

Discharge on
(Positive growth rate)

� Susceptibility Curve
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Multipactor Power

~ 5%

• ~2 % of the input EM power is absorbed
• The phase difference between the discharge power and input 

EM power means that the electrons are not totally in 
equilibrium with the local rf electric field.

• ~2 % of the input EM power is absorbed
• The phase difference between the discharge power and input 

EM power means that the electrons are not totally in 
equilibrium with the local rf electric field.

3 MV/m, 1 GHz
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Collisional Effects
Vacuum

Torr 0.01=p

Argon  GHz, 1at    MV/m 30 =rfE

• As the pressure increases, electron-
impact ionization collisions 
dominate secondary electron 
emission as the electron source.

• At high pressures, the number of 
ions becomes comparable to that of 
electrons.

• As the pressure increases, electron-
impact ionization collisions 
dominate secondary electron 
emission as the electron source.

• At high pressures, the number of 
ions becomes comparable to that of 
electrons.

ie NN >>

atm 1=p

ie NN ~

1>ctransitnt
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PIC: Electron Mean Energy

mTorr 01  and  Vacuum =p atm 1=p

• Electrons in the multipactor 
discharge gain their energy by being 
accelerated by the rf electric field 
during the transit time.

• Electrons in the multipactor 
discharge gain their energy by being 
accelerated by the rf electric field 
during the transit time.

Argon  GHz, 2.85at    MV/m 82.20 =rfE

• At high pressures, electrons suffer 
many collisionsand lose a significant 
amount of energy gained from the rf 
electric field.

• At high pressures, electrons suffer 
many collisionsand lose a significant 
amount of energy gained from the rf 
electric field.
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Density Profile at Transition (1 Torr)

surface discharge
from secondary
emission: 

volume discharge (rf plasma)
from ionization

• High-velocity electrons generated from the secondary 
emission can reach the volume discharge region.

• High-velocity electrons generated from the secondary 
emission can reach the volume discharge region.

1<<ctransnt
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Secondary Yield vs. Pressure

* For particles accumulated over a cycle

• Below 10 Torr, the secondary yield is nearly unity so that secondary 
electron emission is sustained by itself.
• As the pressure increases and hence the volume discharge suppresses 
the secondary electron emission, it decreases to less than unity.

• Below 10 Torr, the secondary yield is nearly unity so that secondary 
electron emission is sustained by itself.
• As the pressure increases and hence the volume discharge suppresses 
the secondary electron emission, it decreases to less than unity.

Transition Pressure (10~50 Torr)

cGHz nw ~) 7.5(cGHz nw ~) 85.2(

1<ctransitnt

cnw ³

1, <avgtransitwt

surface discharge
is collisionless.

cnw <

EEPF of rf plasma is 
Druyvesteyn.
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PIC: Electron Energy Distribution

• Below 50 Torr, the EEPF is bi-Maxwellian like
• At high pressures, the EEPF becomes cutoff,with the depletion of 
high-energy electrons

• Below 50 Torr, the EEPF is bi-Maxwellian like
• At high pressures, the EEPF becomes cutoff,with the depletion of 
high-energy electrons

Spatially averaged

wn >c

Argon  GHz, 2.85at    MV/m 82.20 =rfE
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TE10 Mode Effects

Torr 200  GHz, 2.85

MV/m 41.1E0
y =

• Significant transverse loss of electrons to waveguide
• Lower growth rate
• Electron kinetic energy is not changed.

• Significant transverse loss of electrons to waveguide
• Lower growth rate
• Electron kinetic energy is not changed.
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Breakdown Time: Gas Dependence

p�   vs.
GHz 2.85at    MV/m 82.20 =rfE

• Low pressure: t for xenon is the lowest, due to largest ionization 
frequency
• High pressure: t for neon is the lowest, because the total frequency of 
collisions leading to significant electron energy loss is lowest in neon

• Low pressure: t for xenon is the lowest, due to largest ionization 
frequency
• High pressure: t for neon is the lowest, because the total frequency of 
collisions leading to significant electron energy loss is lowest in neon

( ) 810
)0(

by defined =
N
N t

t
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Scaling Law: Low p
Postulate: n(t)=n0exp(<ni>t), with the mean ionization rate <ni> ~ ni,max/2

At low p:

pvngi

1
~

1
~

1
~

sn
t

Then the scaling law predicts:

t (Argon) ~ 6.4 ns/p(Torr),

t (Neon) ~ 18 ns/p(Torr),

t (Xenon) ~ 2 ns/p(Torr).

since <sv> changes slowly near E~500 eV typical of low p regime

c
f

nw
t

>>>>
1

with t f the electron flight time

Breakdown time:

For n(t )/n0=108, we obtain t =18.4/<n>

Lau, Verboncoeur, and Kim, APL, 89, 261501 (2006)
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Scaling Law: High p
Ionization discharge regime, with w<<n
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Rate of change in electron KE: with E0 the rf electric field

Assume 50% of energy to loss terms, then

Rearranging:

Ne;)sTorr(/037.0]Torr)V/(cm[/

Xe;)sTorr(/045.0]Torr)V/(cm[/
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Scaling law predicts:
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Breakdown Scaling Law

High pressure regime:
collision dominated (nc >> w)
volumetric discharge

Low pressure regime:
surface multipactor dominated

tpp

Eeff 1
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Lau, Verboncoeur, and Kim, APL, 89, 261501 (2006)
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Enhanced Global Model* I
• Coupled continuity equations for all 

species, e.g. for oxygen:
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* Nam and Verboncoeur, APL 23, 231502 (2008)
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Oxygen Reactions
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Enhanced Global Model II

• Electron energy equation:
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• Improved RF power absorption model:
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Enhanced Global Model III
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Enhanced Global Model in Ar
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EEPF in Argon
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Breakdown time in oxygen
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Breakdown Time in Air
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Energy loss rate and Teff
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Applied E vs f for Kratio=1 in air
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Effect of Frequency
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Effect of Frequency
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Argon: frequency dependence of x
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Comparison to Experiment
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Plasma Filamentary Arrays
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2 mm
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Beam

671 to 677 ns

846 to 852 ns

1.212 to 1.218 µs

• 1.5 MW, 140 GHz Gyrotron

• 3 shots with slow (B&W) and fast 
(color) cameras

• Filaments spaced slightly less than 
l /4, propagate towards source

• Hypothesis: constructive interference 
of reflected/diffracted waves, 
propagation speed limited by 
diffusion of seed electrons
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EM Wave Model
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Fluid Model
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Filament Simulation Results

E0 = 5 MV/m, f = 110 GHz, p = 760 Torr
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Filament Spacing

0 5 10 15 20 25 30 35 40

0.09

0.12

0.15

0.18

0.21

0.24

 

 

G
ap

 b
et

w
ee

n 
tw

o 
pe

ak
s 

(D
z/

l)

E
o
(MV)

f = 110 GHz, p = 760 Torr

Increasing field strength decreases filament spacing as breakdown
threshold is exceeded closer to the previous filament.
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Conclusions
• Multipactor dominates at low p

– No upper field cutoff in waveguide
• Multipactor and ionization discharge compete at intermediate 

pressure (10-50 Torr)
– Mean energy decreases with pressure
– Discharge moves from surface (microns) to volume as pressure 

increases
– EEDF goes from bi-Maxwellian to highly cutoff with pressure

• Ionization discharge dominates at atmospheric pressure
• A general scaling law depending on the collision frequency is 

deduced
• Enhanced kinetic global model agrees with PIC model over 4 orders 

in pressure, 3 orders in f
– EEDF shape nearly independent of p, E
– EEDF shows some dependence on f for Ramsauer gases

• Wave-fluid model reproduces filamentary experiment well
– Filament distance slightly less than l /4
– Propagation speed ~ ambipolar diffusion


