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Single-Surface RF Multipactor

EM wave | 4 <© pactor discharge 1s a secondary
— \ electron avalanche frequently
— ® observed in microwave systems.
— | © E =FE ,sin(at) :leads to electron energy gain.
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Secondary Electron Model

* Energy and angular dependence of secondary emission coefficient
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PIC Multipactor Susceptibility
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Explanation of Migration

= Susceptibility Curve
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Power (MW/cm®)

Multipactor Power
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* ~2 % of the input EM power 1s 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.




CoII|S|onaI Effects
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» As the pressure increases, electron-
impact ionization collisions
dominate secondary electron
emission as the electron source.

e At high pressures, the number of

ions becomes comparable to that of
electrons.

E,,=3MV/m at 1GHz, Argon 8



Mean Electron Energy (eV)

PIC: Electron Mean Energy

3500 - - 10
Vacuum —— .
3000 } p=10mTorr -~ >
S— 8 L
2500 >
2
2000 m 6
S
1500 £ 4
u Q@
1000 y T
8§ 2
500 | o
I‘ =
0 M L L 2 0 i i i 2
0 1 2 3 4 5 0 1 2 3 4 5
Time (ns) Time (ns)
Vacuum and p =10 mTorr p =1latm
* Electrons in the multipactor e At high pressures, electrons suffer
discharge gain their energy by being many collisions and lose a significant
accelerated by the rf electric field amount of energy gained from the rf
during the transit time. electric field.

E;,=2.82MV/m at 2.85GHz, Argon



Density Profile at Transition
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e High-velocity electrons generated from the secondary
emission can reach the volume discharge region.
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Secondary Yield vs. Pressure

Transition Pressure (10~50 Torr)
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e 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.

* For particles accumulated over a cycle 1
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* Below 50 Torr, the EEPF 1s bi-Maxwellian like

Spatially averaged

» At high pressures, the EEPF becomes cutoff, with the depletion of

high-energy electrons V.> o
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Number of Electrons (1() ] ]')
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* Significant transverse loss of electrons to waveguide

* Lower growth rate
e Electron kinetic energy is not changed.

E{ =1.41MV/m

2.85GHz, 200 Torr 13



Breakdown Time: Gas Dependence

N(z) _ 10° E,,=282MV/m at 2.85
N(O) TVS. D

10°

7 defined by

Pressure (Torr)

e Low pressure: T for xenon is the lowest, due to largest ionization
frequency

e High pressure: T for neon is the lowest, because the total frequency of
collisions leading to significant electron energy loss is lowest in neon




Scaling Law: Low p

Postulate: n(t)=n,exp(<v;>t), with the mean ionization rate <v;> ~ v, ../2

For n(t)/n,=108, we obtain 1=18.4/<v>

1
Atlowp: — >>@W>>V_. with 1, the electron flight time
ty
. 1 1 1
Breakdown time: 7 ~ — ~ ~

Vi ng <GV> p

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

Then the scaling law predicts:
t(Argon) ~ 6.4 ns/p(Torr),
t(Neon) ~ 18 ns/p(Torr),
t(Xenon) ~ 2 ns/p(Torr).

Lau, Verboncoeur, and Kim, APL, 89, 261501 (2006)
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Scaling Law: High p

lonization discharge regime, with w<<v

22
Rate of change in electron KE: d;/ =2e £y —loss terms  with E, the rf electric field
t  2my

c

Assume 50% of energy to loss terms, then

2 E
_ rf 0
7 =6.8x10"2sx| (f"i j[ b )Mwm Ey = ;
10eV \ 10 m’/s \1Torr \ E,, J2A1+(o/v,)*]

. kg ( \% j 0.026 W. Y <ov>,
rranging: =
earranging p \cm—Torr \/( pT ) 10eV \ 10" m°/s

Torr -s
Scaling law predicts:

E, / p[V/(cm—Torr)]=0.064// pz(Torr—s);  Ar
E, | p[V/(cm—Torr)]=0.045/,/ pr(Torr—s);  Xe

E, / p[V/(cm—Torr)]=0.037/+/ pz(Torr—s); ~ Ne

16
Lau, Verboncoeur, and Kim, APL, 89, 261501 (2006)
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Enhanced Global Model* |

» Coupled continuity equations for all
species, e.g. for oxygen:

dn
e __ _ —
dt _ Kionnengas Kattnengas I<recnen()£r + Kdetneno— + I{det2noér n()—
dn,,
2 — —
_ Kion nengas Krec nen0+ Kmutno— n0+
dt 2 2
dn
o _ _ — —
dt o Kattnengas Kdetnen()— Kmutn()— n(); I<det2n0£r no—

where K = 2€€ 5(e) f(e)de
- m

e

* Nam and Verboncoeur, APL 23, 231502 (2008) 18



Oxygen Reactions

l)e+0, —=e+0,
2)e+0, >e+0,(r)

3-6)e+0, »e+0,(V=nn=1234)

7)e+0, —e+0,(a'A,)
8)e+0, —»e+0,(b'x))
9)e+0, -0+0

10)e+0, —e+0,(c'L, ,A’Y)
11)e+0, —e+03BP)+0(3P)

12)e+0, - e+O@BP)+0(D)
13)e+0, = e+0(0D)+O(1D)
14)e+0, >e+0; +e
15)e+0, —e+0+0 (3p’°P)
16)e+0; - 0+0

17)e+0 —e+0+e

18)0" +0, - 0+0,

19)0O +0, - 0+0, +e
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Enhanced Global Model I

» Electron energy equation:

i(éneknﬁf}:])abs_(g' K. nn +Z€ K nn +[Z nn )

dt 2 on oon e " gas exc exc e gas mom “e ~gdads
exc

» Improved RF power absorption model:

2
2
p € n, EO V ] f(g)dg

abs :jmvm {ﬁ\/vij_wz
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Enhanced Global Model Il

o The general EEDF equation in the isotropic
velocity space *

f(g) — Clgl/Ze—czé‘x
o Maxwellian: x=1, Druyvestyn: x=2

o Determine x by the ionization and dissociative
attachment from PIC model:
-K

PIC att

PIC

K.

on

£

lon(g) Clg e [Tﬁ]dg j 268 att(g) Cl‘9 e (Teﬁl dg
m

e gtt e

£

J~ 268

* J. T. Gudmundsson, Plasma Sources Sci. Technol., 10, 76 (2001). 1



Enhanced Global Model in Ar
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EEPF in Argon
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Breakdown time in oxygen

Oxygen
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Breakdown Time in Air

Air
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Energy loss rate and T
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Applied E vs f for K _;;,,=1 In air
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Effect of Frequency

- Qqnstant X is inadequate at high frequency for Ramsauer gases
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Effect of Frequency

Argon Oxygen and Nitrogen
E_ =2.82 MV/m, p=500 Torr E = 4.23MV/m
Xenon

p =500 Torr
E =2.82 MV/m, p = 700 Torr
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Sang Ki Nam and J. P. Verboncoeur, Appl. Phys. Lett., 93, 151504 (2008). ”



Argon: frequency dependence of x
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Comparison to Experiment

10%
s —&— Oxygen (GM, E = 5.64 MV/m)
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* P. Felsenthal and J. M. Proud, Phys. Rev., 139, A 1796 (1965).
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Plasma Filamentary Arrays

* 1.5 MW, 140 GHz Gyrotron

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

- Filaments spaced slightly less than , - 671 to 677 ns
M4, propagate towards source

» Hypothesis: constructive interference
of reflected/diffracted waves,
propagation speed limited by
diffusion of seed electrons

846 to 852 ns

1.212t0 1.218 ps

Y. Hidaka, et al., Phys. Rev. Lett., 100, 035003 (2008). 32



EM Wave Model

L/Plasma filament

Filament propagati
EL -

0°Z

2
Wave propagation Jz
= : : > k. o=k—(kl, +k2)

oz 7, 40 .
Medium 1 Medium 2~ Medium 3 E =Re(E ,Ze )

Z is spatial profile of E,

vacuum (1 and 3): k2 — k2 _v

1/2
plasma (2): [1 z (2) )

60(60+ JVm,(Z))

@, . - plasma frequency

v . :momentum transfer frequency

* H.C. Kim and J. P. Verboncoeur, Comp. Phys. Comm. 177 (2007) 118-121 33



Fluid Model

Particle Continuity and Electron Energy Equations

on,
ot

=-V-J +K nn_,J =—DVn —un

ion" "e" “gas®

EII

D, —D, Vn,

EII
ﬂi+ltle ne

ai(%neT):_V-qe+Pabs—(g. K nn_ +& K, nn +K nn )
5

e won won e gas exc e gas nmom e gas

3 5

Qe = __Devne]—'e +_JeTe
2 2

})abs = ene EJ2_ = ltleneEi
my

e m

S. K. Nam and J. P. Verboncoeur, Phys. Rev. Lett., 103, 055004 (2009)
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Filament Simulation Results

E,=5MV/m, f=110GHz, p =760 Torr t=6670T (T = one wave period)
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S. K. Nam and J. P. Verboncoeur, Phys. Rev. Lett., 103, 055004 (2009) 35



Filament Spacing

I T I T I T I T I T I T I

f=110 GHz, p =760 Torr
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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
lonization 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 A/4

— Propagation speed ~ ambipolar diffusion

37



