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Electron transport
In strongly attaching gases
In radio-frequency electric and
magnetic fields

J. Ati¢, D. Bosnjakovié, Z.Lj. Petrovié, J. de Urquijo, R.D. White

and S. Dujko
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Input data
FLUID MODELS OF
RF PLASMADISCHARGES )
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Transport data as function of:
frequency
amplitude of E(t) and B(t)
phases between E(t) and B(t)
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MODELING OF

ICP REACTORS
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The need for electron transport data in radio-frequency E(t) and B(t):
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High voltage technolog
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SENSORS FOR
ELECTROMEGNETIC
WAVES DETECTION
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CURRENT ISSUES IN MODELING :

1. lack of publicly available codes
Boltzmann equation based codes

Monte Carlo codes

2. N0 swarm experiments
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4 . SIMULATION TECHNIQUES

NUMERICAL SOLUTION OF
BOLTZMANN’S EQUATION

of of of
E+c-g+%(E+CxB)-§:—J(f,FO)

We apply the moment method
1. The angular dependence of f(r,c,t) in velocity
space: expansion in spherical harmonics

f(r,c,t)zi le fO(r,c,t) @)

1=0 m=-I

2. The space dependence of f(r,c,t):
powers of the density gradient operator

(O(ret)=3 3 3 (m]simc )G n(r, )

$=01=0u=—1

3. The speed dependence of f(r,c,t):
Sonine polinomes
f(Im|siu;c,t)=w(a,c)d F(vim|siu;a,tR, (cac)
v=0

B
moments - flux and bulk
_of f(r.c,f) transport coefficients ’ fr.e.t) ]

MONTE CARLO
SIMULATION TECHNIQUE

e, Maxwellian velocity distribution function

|

shift by At

collision type

.

new energy and velocity

dynamic properties: g, <x>, <v>,..

flux and bulk transport coefficients

@ STRONGLY ATTACHING GASES:

Rescaling procedures
LABORATORY for eIeCtron Compensation
eecrmomcs| - MIiric et al. Plasma Source Sci. Technol.

25, 065010 (2016)




/\CROSS SECTIONS AND ELECTRON TRANSPORT IN SFy\

for the lower values of E/n,!

1Td =1x102tVm

 Bulk drift velocity:
1. dominates the flux drift velocity over the entire range of E/n,,
KZ. exhibits a very strong negative differential conductivity effect (NDC).
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« Measurements vs. our calculations: the agreement is good for the intermediate range of E/n,,.
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4 \  PROPERTIES OF CF;,l AND SF, N

atm. lifetime [year] GWP [/] ODP [/] boiling point [°C] (E/Ng)jim [Td]
N N

N N N
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CF;l shows

promising -

insulation properties

POSSIBLE REPLACEMENT
FOR SF,!

GWP (global warming potential) — amount of heat trapped in the atmosphere; reference gas: carbon dioxide (CO.,).
QDP (ozone depletion potential) — potential to destroy ozone; reference gas: chlorofluorocarbon-11 (CFC-11).
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ROSS SECTIONS AND ELECTRON TRANSPORT IN CF,

D
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\ M

. Kimura, Y. Nakamura, J. Phys. D: Appl. Phys. 43, 145202 (2010)
easurements under the pulsed Townsend conditions are performed by Prof. J. de Urquijo and his co-workers.




4 HOW DOES THE FIELD FREQUENCY N
\__ AFFECT ELECTRON TRANSPORT?

Quasi-static
approximation (QSA):
- instantaneous relaxation
of energy and momentum

- corresponding temporal
profiles are constructed
from the DC data

- QSA is not valid for the
higher field frequencies!

Time-resolved NDC:

- QSA predicts
instantaneous NDC

- inability of momentum
to fully relax + explicit
effects of electron

attachment: just one of the

Qub—maximums stays

- Modulation amplitude decreases with increasing frequency.
- Phase-shift of the temporal profiles with respect to the E field increases with frequency.

f [MHz]: 1 10 100 1000 —o— QSA

K
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Simulation conditions: pure CF;l, Ey/n, =350 Td, By/n, = 0 Hx ]/
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HOW DOES THE MAGNETIC FIELD AMPLITUDE
AFFECT ELECTRON TRANSPORT?

)

e [eV]

4.0

3.81

3.61

3.4

3.2

3.0

2.8

- Mean energy could be increased by applying the time-varying magnetic field.
Never observed in DC electric and magnetic fields!
Dielectric characteristics can be improved by By/n,!

- There is a transition from a sinusoidal to the non-sinusoidal (triangular) profile.

- For B,y/n, less than 2000 Hx the phase-shift of the drift velocity with respect to the applied electric
field is decreased.

- Strong oscillations are induced due to cyclotron motion.

B,/n, [HX]:

10000

E(t)/E,, VL

\ VAN /
\ 7 \ vi
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0 2000 —— 5000 —— 8000
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Phase [rad]

Simulation conditions: pure CF;l, E,/n, =350 Td, f =1 GHz

1 Hx = 1x10%" Tm?3
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"\ ELECTRON TRANSPORT IN SF,-CF,l MIXTURES ;

 Mean energy is reduced by adding CF;l in the mixture.
* Attachment rate does not follow the mean energy.

100: O 75:25 ——50:50 ——25:75 0:100

CF,l : SF, [%]
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41 s — : 3
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8.0x 0.51 1.0n 1.5x 2.0n 0.0n 0.5x 1.0n 1.5z 2.0n 198 0x 0.51 1.0n 1.5x 2.0n
Phase [rad] Phase [rad] Phase [rad]
higher abundance more efficient
g —> lowerg —>
\ of CF,l attachment of electrons (a : e )
Simulation conditions:
‘ E,/n, =350 Td,
By/n, = 0 HX,
BETTER GASEOUS DIELECTRIC f=1GHz
from the microscopic physical picture N J
\ (to be checked in real-life applications) /




4 . CONCLUSION N

[ OUR CONTRIBUTION: ]

* CF;l: we have developed a complete set of cross sections for electron scattering
Standard swarm procedure
Measurements of swarm properties, PT conditions

* Electrons in Sk, and CF;l:
Rescaling procedures for electron compensation s the first calculations at low E/n,!

' WE HAVE OBSERVED:

« Strong NDC in SF;and CF;l in DC fields induced by electron attachment

* QSA: valid in the limit of the lowest frequencies

» Temporal profiles of transport coefficients:
The increase of the mean energy with By/n,
Time-resolved NDC in the profile of the bulk drift velocity: inability of momentum to be
fully relaxed + explicit effects of electron attachment




1/28/23, 4:44 PM 3aBpLuHa TpubuHa y MO Yykapuua | Xemujcko-npexpambeHa TEXHOMOLLKA LLKoNa

3ABPLWHA TPUBUHAY TO HYKAPULUA

3aBpLUHOj TpUBUHK y okBupy npojekta ,MMA- 3HameHnTa Cprikuma“, oapxaHoj 8.,jyHa 2016.roguHe y CeeyvaHoj canu MO Yykapuua, npukasaH je uenokynaH

npojekTa, ca MHOrOGPOjHMM PasNUYNTUM akTVBHOCTUMA, CyCpeTUMa y4eCcHUKa MpojeKkTa u3 OCHOBHUX U cpedmux LWkona beorpaga. MpucycrteoBanu cy
ibecopu 1 ydeHnum n3 3emyHcke rumHasmje, TexHudke wkone us Xenesuuka, O BecenuH Macnewa, kao v npeactaBHuum Kanuenapuje 3a mnage MO
apvua, JKLIB-a n unaHosu Apywtea dunsuyapa Cpbuje.

ICHULUM TpUBUHE cy umanu npunuky Aa Aobujy oaroBop Ha nuTake 3awimo je eaxHO npoyyaeamu npupodHe Hayke? CBOj NyT of LUKONICKe Knyne Ao
CKka y CBeT Hayke uanoxune cy Anekcangpa Qumuh n JacmmnHa Mupuh.

I/IBOj ,D.VICKyCI/IjI/I, y4YeHUUN OCHOBHUX U CpeHKX LLKOSa nokasanu Cy 3auHTepeCOBaHOCT 3a CBET NPUPOOHUX HAayKa 1 OBUX Mnagnx aMBULMO3HMX Hay4dHuUa,
1Cy npumepu 3ancta UHCNUpaTuBHA.

0 je 0BO 610 3aBpLUHM cycpeT npojekTa ,,Munesa Mapuh AjHWwTajH - 3HameHuTa Cprknba,,, YHECHULM NPOjEKTa Cy Ce OCBPHYMN HA aKTUBHOCTY NIlaHupaHe u

ININ30BaHe TOKOM MpojekTa, ypyveHe Cy 3axBasiHuLie y4ecHULMmMa npojekTa, capagHuumma Ha NpojekTy 1 napTHepuma npojekta: KaHuenapuju 3a mnage N0
apviua u leunjem KyntypHom LeHTpy Beorpapa.
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