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Outline

» The particle distribution function

» The Boltzmann equation (kinetic equation for low temperature plasmas)

» The Boltzmann equation for electrons (the small anisotropy approximation)
» Solving the electron Boltzmann equation (difficulties and simplifications)

» The homogeneous electron Boltzmann equation

» Results for argon (atomic gas) - variation with E/N, W/N and n/N

» Results for nitrogen (molecular gas) - influence of the VDF
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Electron kinetics in atomic and molecular plasmas
The particle distribution function

To study the kinetic behavior of particles in a dis charge plasma ...

» description in configuration space
7(z,y, z)
» description in velocity space (in energy space)

6(”:67 Uy: Uz)

» description in time
t

Definition of the PARTICLE DISTRIBUTION FUNCTION

F(7,7,t)




Electron kinetics in atomic and molecular plasmas
The particle distribution function

The particle distribution function F(r, v, t) represents the number of
particles per unit volume of phase space (r, v), at time t.

The number of particles per unit volume of configuration space, at position
r and time t, with velocity components between v, and v, + dv,, vV, and v, +
dvy, and v,and v, + dv, is

F(z,y, z, vy, vy, Uz, t)dugdvydu,
» Normalization to the density of particles

fdef dvy/ dv, F(7,0,t /F(F,U,t)d3v=f F(7,0,t)dv

» Normalization as a probability

F(7,3,t) = n(7,2) £(7,7,%)

Electron kinetics in atomic and molecular plasmas
The particle distribution function

The main problem in kinetic theory ...

f(7,9,8) =7

» Thermodynamic equilibrium
104 = Far(v) = (m/2mkpT) eap[— (o2 + 2 +v2) /ot
Maxwellian isotropic distribution function

v = (2kpT/m)Y? (thermal velocity)

» Non-equilibrium situations

Jf(7,7,t) calculated from the solution to a kinetic equation




Electron kinetics in atomic and molecular plasmas
The Boltzmann equation (kinetic equation for low te mperature plasmas)

oF _ o oOF
W—F’U'VF‘F—' (E)c
l

in configuration space due to collisions

Rate of change of F

in time in velocity space

» Gradient in configuration space
= 0 0 0

= —Cpt
oz " 3 Y 32’ Force acting on particles
» Gradient in velocity space
0 0 0 0

-
—ey + =€y,

8'0 Ovg, ° T a_vye”y v,

Electron kinetics in atomic and molecular plasmas
The Boltzmann equation

oOF 2 X 8F oF
ot m 0T

The convective derivative of F (in phase space) ...

dF
E(my Y, 2, Vg, Uy: Ug, t)
OF OF Oz OF Oy OF 0z oOF Ov, OF Ov, OF Ov,

ot " Bx 0t  Oyor | 020t  du, 0t | Ou, 8t Ov, Bt
Geot  Oyot 020t Dus OF  Ov, O Ov. Of

= dv 8F X aF
—_— . F
o ¥ dt 0t m Ov




Electron kinetics in atomic and molecular plasmas
The Boltzmann equation

> In the absence of collisions

Z_F = (0 The density of particles in phase space is constant in time

t

Vi | B
A~

>
>

X
> In the presence of collisions

dF_(a_F

— = scattering; production of new particles
7 at)c ( g;p p )

Electron kinetics in atomic and molecular plasmas
The Boltzmann equation for electrons

Working conditions ...
» The total electric field acting on electrons has the form
E = E,(7) 4+ E,exp(jwt)
dc space-charge field hf field at frequency
» No external magnetic field

» The electron distribution function F is expanded
in spherical harmonics in velocity space

in Fourier series in time

F= Z Z F? Py(cos 6) exp(jpwt)
” P ~




Electron kinetics in atomic and molecular plasmas
The Boltzmann equation for electrons

The small anisotropy approximation ...

» the electron mean free path is much smaller than any relevant dimension
of the container, A, « L

» the energy gained from the electric field per collision by a representative
electron is much smaller than the thermal energy of the electrons

» the oscillation amplitude of the electron motion under the action of the hf
field is small as compared to L

» the characteristic frequency for the electron energy relaxation by collisions
is much smaller than the oscillation frequency of the hf field, T, « 0

F(7,v) = F§(7,v) + (/v) - | By (7, 0) + F (7, v) exp(jest)|

/ N\
Isotropic component Anisotropic components
(energy relaxation) (transport)

Electron kinetics in atomic and molecular plasmas
The Boltzmann equation for electrons

The two-term expansion ...

» The isotropic equation

elastic collision operator

inelastic collision operator




Electron kinetics in atomic and molecular plasmas
The Boltzmann equation for electrons

The inelastic collision operator ...

5 " Ju=mva/2
G722 .
V, qFy — (vy + 1v4) Fy
l l — u+V,
Entrance Exit

— u+du

VJ A — u
Ve = E Vi
Exc. V, lon. V, J
— u-—V,

GROUND STATE

/ GO = n ((ve) + 2(n))

Electron kinetics in atomic and molecular plasmas
Solving the electron Boltzmann equation

Difficulties ...
> Crossed space and velocity terms involving E (1) = Fy (7, v) # n(7) fo(v)

» Self-consistent calculation of E (r) involves coupling to ion kinetics

— — 1 a 2 — — — —
V-F - __{(2) [Re(Ep- 11)—|—2E5-F01}+%VCU3F8}




Electron kinetics in atomic and molecular plasmas
Solving the electron Boltzmann equation

Space-charge separation ...

©);n /n(0)

e

e

n/n

OK at high pressures

Electron kinetics in atomic and molecular plasmas
Solving the electron Boltzmann equation

1 9 ev? = oy m 3. 0 0
‘m{(wﬂ)w”c“ R} ==
eﬁpaFé’

(Vc +jw)ﬁ11 = m a’U
[ aF8ts = n () + )

lonization is treated like an
ordinary excitation mechanism




Electron kinetics in atomic and molecular plasmas
The homogeneous electron Boltzmann equation

dG(u
) _ () — valw) — )] F(u)Va
G(u) = Ggu)+ G.(u) The total upflux in energy space
2 d
Gr(u) = —§u3/2uc(u)uc(u) J;(;) The applied field energy gain
Ge(u) = —§u3/2uc(u)3ﬁmf(u) The elastic collision energy losses

» The electron energy distribution function

F(w)vady = 0 ”()%”” :/wa(u)\/ﬂduzl

» The time-average energy gained from the hf field per collision

(eEp)2
2m (V2 + w?)

uc(u) =

Electron kinetics in atomic and molecular plasmas
The homogeneous electron Boltzmann equation

d(;iu) = [q(u) — vz (u) — v;(w)] f(u)Vu The collision operator...
= [(u+V;J)l/2f ~e i u+V;,)—u1/2f(° i(u)]
Z [(u—Y, e\\ = Vij)vji(u — Vig) — u* f (w)wis(w)]
| Au=mv?2/2
u+V,
u+du

INELASTIC

SUPERELASTIC




Electron kinetics in atomic and molecular plasmas
The homogeneous electron Boltzmann equation

dG(u)

T = [q(u) — VU Vz(u)] f(u)\/a

» Boundary conditions

Glu=0)=G(u=00)=0

» Solution for no inelastic collisions

dG 2 4
@—0 = G——3u Ve

(eE,)"  df 3mf] _q

2m(u§+w2)%+ﬁ

= f(u) = Aexp [— " 3m du]
0

M ue(u)

Druyvestein’s electron distribution function

Electron kinetics in atomic and molecular plasmas
Input data

Collision frequencies ...
d [ 2 df 3m
i |50 v+ 377)| = @-©-@ v

///

/. =No 2au/m) g =N, (2eu/m)”

N. 0 — N = Gas density

Ni £0 = Collisional-radiative model




Electron kinetics in atomic and molecular plasmas

Input data
15,755 e v
' A
- 15 - 5
= 3p° 4d
= 50 V202
N 3p° Sp A=5912-90754
© / z
S i ol B
W A=Hles-203114 A/=1095p -2B81334

Inelastic collisions
from ground-state

Electron kinetics in atomic and molecular plasmas

Input data

— Art as® 3p°

' A
~ 15| 5
5 3p° 4d
o s
. 4 5p A=5912-9075
© /
& 14 - %ﬂn‘ Ss 3p°3d
z .
W As

13

12 |—

195-203114 A/=/109 -23133k

.‘\’
/// 3g° 4p|

A=394¢-47024

Jivish 116
TN e t1sg 11,55 =

A=10484

Adioerd Inelastic + superelastic collisions
2 .
Lt A 3% from excited states




Electron kinetics in atomic and molecular plasmas
Input data

Cross sections...

IST-Lisbon, e / Ar
T

10-'.8

Cross section (m?)

01 ~%11 @021 ** 3]
XX 2 12 XX 22 e 32
%3 0013 #%23 @0 3 B )
23 [+ 4 X-X 14 ++ 24 34 ¢ F W
103 He s s XX e LhRhe B
6 ++16 XX 26 ++ 36 < X
k7 @017 *w2 @0 37
44+ 8 % 18 4+ 28 XX 38
09 *%19 @029 ww 39
X 10 20 X:-X 30

1 1
10" 10° 10*
Energy (eV)

Data from...
> Bibliography
» Databases (e.g. LXCat: www.Ixcat.net)

Electron kinetics in atomic and molecular plasmas
Input data

Independent reduced parameters ...

o |3 (w4 52 1) | = = - 1

(eEp)2 _ e’ (EP/N)2
2m (V2 +w?)  2m (v, /N)* + (w/N)?

Ue =

Independent parameters
By w
N'N




Electron kinetics in atomic and molecular plasmas
Results for argon (atomic gas)

Art 3s® 3p°
15,755 p—
- 15 - 5
<
> 3p® sp Az5912-90754
o /
x 5
55 g :m
w -
S e R
w A= 9195-20317 A/=10950- 23133l
yd
/
13 1=3049-47024 “
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Electron kinetics in ...
Results for argon (atomic gas)

Variation with E/N ... 1018 <E/N < 1015 (V cm?)
w=0

10”4 3
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Electron kinetics in atomic and molecular plasmas
Results for argon (atomic gas)

Variation with OJN ...

Average power transferred from the hf field to elect ~ rons of energy u

(eEyp)”  ve(u)
2m  v2(u) + w?

ue(w)v (u) =

» dc case (W=0)
(EEP)2
2m  v.(u)

uc(u)ve(u) = No collisions = increased heating

» hf case (W >>V,)

U (u)y (u) = (eEp)2 l/c(u) No collisions = no heatin
¢ T 9am w2 9

Electron kinetics in ...
Results for argon (atomic gas) 2m  w?

Variation with  GJIN ... 107< /N <10 (cm3s)
E/N =101V cm?2
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Electron kinetics in atomic and molecular plasmas

Results for argon (atomic gas)

Variation with QJN ...
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Electron kinetics in atomic and molecular plasmas

Results for argon (atomic gas)
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Electron kinetics in atomic and molecular plasmas
Results for argon (atomic gas)

Influence of electron-electron collisions ...

) — lg(w) = valw) - i) Fl)va
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0 U
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Electron kinetics in ...
Results for argon (atomic gas)

Variation with  n./N ...

A:
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Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)

AViev)
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Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)

Modifications to the homogeneous electron Boltzmann equation ...

crz-j(Q(C,"u/'m,)l/2

|—> Populations of vibrational excited levels




Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)

Rate balance equations for the vibrational levels .

44 45
2 : w+1,w § : w,w+1
+ NU—]. N’w-l—lQ@—l,y + N’U-I—l N'wau—Fl,y
w=0 w=0

44 45
— Ny [ D N @it + > Nu@Qutt ) + R(v) =0
w=0 w=0

> electron-vibration

Cw,u
e+ Nz(v) = e+ Na(w)

u,w

Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)

Rate balance equations for the vibrational levels .

44

E : w-+1,w } : w,w+1
+ NU—I Nw—i—lQ@—l,'y +NT)—|—1 N'UJQ'(H—I'U

w=0

44
— N [ D N QUi + > N,QUH ) + R(v) =0
w=0

> vibration-translation

Pv— =h
Ny + No(v) =" N, +Ny(v — 1)

v,u—1

Pv,v+
Ny + Ny (1) =" Ny + No(v)

v+l,v




Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)

Rate balance equations for the vibrational levels .

45 45
T Z Nwa,v_neNv Z Cv,w

w=0,w#v w=0,w#v

+ N, NP, + Ny NP,

> vibration-vibration Atom kinetics
[ wHl,w
Na() +Na(w) =" Ny(v — 1) +No(w + 1)
Qu
Q:U,:i'lw
Nz(U + 1) +N2(UJ) — Nz(U) +N2(w + 1)
2 sy

9

Electron kinetics in atomic and molecular plasmas
Results for nitrogen (molecular gas)
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Electron kinetics in atomic and molecular plasmas

Results for nitrogen (molecular gas)
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» Moments of the electron Boltzmann equation (dc case)

» The positive column of a dc discharge plasma
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Fluid modelling of dc discharge plasmas
Introduction

OF DC DISCHARGE PLASMAS

Hidrodynamic (fluid) transport equations
for electrons and ions




Fluid modelling of dc discharge plasmas
Introduction

FLUID MODELLING OF ISCHARGE PLASMAS

Direct-current discharge ((W=0)

Fluid modelling of dc discharge plasmas
Introduction

FLUID MODELLING OF DC

Details on plasma excitation
Definition of boundaries




Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

598 ] () BT 2R + o
= (- —w)Fy
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Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

Vo = 1 0 - m
V. -Fy — —— EF1+—1/'LJ3F0 =(q—vy, — ;) Fy
3 O 280 | 3m M0 (9= v i) Fo
. - LOFy
v Fl = —uVFY + SF20
m  Ov
/ oo Amv2dy Particle balance equation
0
oo 2
mu 9 :
™ X -+ 4dwrv“dv Energy balance equation
0
/ v X - - dmvdy Particle flux equation
0

fo o} va
A 4mv*dv Energy flux equation
0 e




Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

The electron particle balance equation (continuity equation)

Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

The electron flux equation

Drift-diffusion approximation

The electron transport coefficients

0o , 2

v e .

D.n, = / 3 F(? Arv?du Electron free diffusion coefficient
0 Ve

e OF)
UeTle = —f v — 0 4xv?dv  Electron mobility
0 Smy, Ov




Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

The electron energy balanc

Fluid modelling of dc discharge plasmas
Moments of the electron Boltzmann equation (dc case)

The electron energy flux equation

Drift-diffusion approximation

The electron energy transport coefficients

o} 2
EMe = T;"—UF(? A du Electron mean energy (density)
0 €
Jy° e By dmo’dv L .
D, = < Diffusion coefficient for elec. energy transport
Jy BEF Amvtdy

[ mv?_ev OFQ 4,20,
gy = —- lodmu Mobility for elec. energy transport

mw? 170 2
Jy == Amv?du




Fluid modelling of dc discharge plasmas
Electron parameters

AR E R R T R L
0 1
: 7 — F2, EYE/N,w/N =0
vl = —oVEF + Eaa— 2 Fo(E/N,a/N =0)
m v

All macroscopic quantities obtained by integration over the eedf
are exclusive functions of the independent reduced para meters

E,ﬁ (non -dccase)& (e—eincluded)
N N N

Fluid modelling of dc discharge plasmas
Electron parameters (example): reduced free diffusi  on coefficient

[¢)
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Fluid modelling of dc discharge plasmas
The positive column of a dc discharge plasma

Crookes Anode
Aston j Faraday dark space
_/\ pa \
Cathade\" [ e 4 Anode
7 X
Cathode Negative Anode
glow glow glow
Positive
column
Fluid modelling of dc discharge plasmas
The positive column of a dc discharge plasma
I ‘ez

Radial dc space-charge field Axial external field

» Reduced independent variables used in fluid description

r E,
E: W: NR? ne_)Idc

X




Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column

Electron transport equations (4x 1 st order PDE'S)

1d (vi)

— 2 (D)= N

zdz (2T) 4 N e
1 d

['= — 5 75 [(DeN) me] = (peN)
E,\? 1 1d

(”eN)(N) *” NRzdr

M= - L (D.N) e — (4N)

€ NRdx £ ne /‘LE

» Solution: radial profiles of

ne? F? 67 FE

Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column

Poisson’s equation (1 st order PDE)

1 d ( ET) eR?
g\ —

zdzt \" N)  ¢,NR

» Solution: radial profile of
E,

N




Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column

lon transport equations (2x 1 st order PDE’s)
(moments of the ion Boltzmann equation)

. (znyvp) = NR N e
(v;)/N 1 nyv, duy E, kT, 1 1 dn,
" — (N — — — =0
[”P“L N | T NREe NG W) Y N T e NEn @
» Solution: radial profiles of
Tp, Up
Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column
Spatial dependence for the electron transport param eters
E/N | € | De | e | Vi
X X X X X
X X X X X
o4 ¥ ~ Local field
A 1 A A A ~ approximation (LFA)
e(r) S IRV X X X X , Local mean energy

approximation (LEA)

Table constructed by solving the homogeneous electron Boltzmann equation




Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column

Boundary conditions

> Axi-symmetry conditions > Wall flux conditions
dne|  _ O(B) =  ne(R){w)(R)
dIE =0 1
dny o T(R) = 5 ne(R)(uo)(R)
%w:o = 0 = n(0)=---
el _
dz|,_o > Current conservation
E
T0) = 0
TA D(B) = ny(Ryup(B) = D(r) = ny(r)ep(r)

» Axis electron density

——> 8 boundary conditions
neo — lac

Fluid modelling of dc discharge plasmas
The wall boundary condition

7
Z Totally absgrbing wall
% (@r=R)

No backward flux %é 7
/

/ 2dv[ sin 6df dcp F(R,¥)v, =0

AN\

oo w/2
/ dev/ sin8df 2r [Fy (R, v) + Fy(R,v) cosf] vecosd =0
0 T

w/2

0o w/2 oo
/ vF) (R, v) 47rv2dv/ sin 6 cos 6df — / gFOI(R, v) 47rv2d1)/ (—3) sinf cos® Hdf = 0
0 T 0 T




Fluid modelling of dc discharge plasmas
Fluid model of a dc positive column

Eigenvalue calculation

» Discharge parameters
E,

N) NR) IdC

» Discharge current

> Eigenvalue calculation

E,
NR, I;, = =2
dc N

Fluid modelling of dc discharge plasmas
Classical ambipolar solution - high pressure limit

I' = nyup Flux conservation
ne =~ Ty =N Quasi-neutrality
4 D.N dn P/
'~ — — — (UeN) —
NEdz  HM
< D/ \]\n dvy E, kpT, 1 ldn
— (upN) n | =2 — LY
\ [TH_ v, " UP+WJJ (A} = N e NRndx 0
( » Ambipolar diffusion coefficient
r ~ _DaNdn D4N = —u(ppN)
:< o NR dx
E, 1 dn DN
— o~ —Up—— —
\N "ndx Uk e N

» Characteristic energy




Fluid modelling of dc discharge plasmas
Classical ambipolar solution - high pressure limit

(1 d <I/z>
< Eﬁ(xF) = S N " : li :Ed_n ——
r o~ _%gj_n rdr \ dz (Aeg/R)’
T
\

» Effective diffusion length

(Aeff ) 2 D4N SCHOTTKY CONDITION
R (NR)? (v;}/N

> Bessel solution

n(r) = ngJy (r/Aegt)

Fluid modelling of dc discharge plasmas
Classical ambipolar solution - high pressure limit

Eigenvalue calculation

» Boundary condition: zero density at wall

A
n(R)=0 = Jy(R/Ag)=0 = Eﬁ:o.z;z

» Electron gain/loss balance

<Vi> DAN

N~ (NR?(ha/R)
% EIGENVALUE
N




Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Working conditions
» Pressure 0.1 - 10 Torr
» Discharge currents 50, 150, 200 mA
» Gas temperature 500 K
» Radius 1 cm

Zero density at wall  (typical ambipolar boundary condition) = /\eﬁ (amp) = 0.42

Schottky condition  (for model results at high pressures) —> /\eﬁ =0.37

Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Charged patrticle radial profiles

T
50 mA ]

1
1.0 = 0.3 torr i
P 200 mA Bessel profile
A, =037
08 B ne/neo T
-=--n/n

p €0

06 07 08 09 1.0 0.90 095 1.00
0.0 1 1 1 0.0 ] ] 1
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Fluid modelling of dc discharge plasmas

Application to a discharge in helium

Space-charge field radial profile

3

10° .
E 50 mA

[ 200 mA

E /N (10"°V cm?)

0.2 0.4

0.6 0.8

r'R

1.0

1 — ~100sVcm-!

Fluid modelling of dc discharge plasmas

Application to a discharge in helium

Space-charge potential radial profile

simulation
® measurement [Kimura et al (1995)]
1 1 1 1

-30

0.0 0.4

0.2

0.6 0.8

r'R

Wall potential




Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Plasma wall potential vs. NR
P PR (torr cm)
1

-25

50 mA

200 mA

VR (V)

o) S S SN
1 10

NR (10'° cm?)

Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Electron mean energy radial profile

Axis value

simulation
® measurement (x 1.15)
[Kimura et al (1995)]

1 1 1

1
0.0 0.2 0.4 0.6 0.8 1.0
'R




Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Electron mean energy at discharge axis vs. NR

pR (torr cm)
1 10
v v L | v v v 1
simulations (x 0.5)

50 mA
200 mA

10} .

g(0) (eV)

[ measurements
e Kaneda (1979)
A v e
Dote and Shimecia (1662), Sefo (1953
1 10
NR (10*° cm?)

Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Power transfer radial profile

1 1 1 1
| I =50 mA
p = 0.3 torr

N
o
o

=

o

o
Ll
1

Total fractional power transfer (%)
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| Joule heating from E _ Percenta_ges are calculated
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Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Power transfer radial profile

1 1 1 1
I, =50 mA
=200 |
e\i p = 0.3 torr
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2
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Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Power transfer radial profile

1 1 1 1
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Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Power transfer radial profile
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Fluid modelling of dc discharge plasmas
Application to a discharge in helium

Power transfer radial profile
T T T T 180 T
| 1. =50 mA I =50 mA
p = 0.3 torr p =5 torr
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Percentages are calculated relative to the total
(radially integrated across the discharge) power gained from the field




Final remarks
Modelling — looks complicated

Vo = 10 ev? . S m
VR - a, { (em) [Be (B, FY) + 2B, Fi] + M”C”sF‘?}
= ((-vm-wkg
= = o € = OF
VCFO = _UVFO + EESW
= 1d (vs)
- E,OF) - = 4
(Ve + jw)F] = 90 zdz (wnyvp) = NE N
m  Ov
(vi)/N 1 nyu, du, E. kgT, 1 1dn,
i e (W N or _ I 2
1d () [n,,—|— vp/N le UP+NR1/p/N dx (1pN) N e NRn, dz
ﬂ%‘ ((EF) = NR W Te
1 d E,
" NRdz (DeN) ne] = (ueN) kG
Ez 2 1 1d _ Er gcoll
(NEN) (W) Ne — ﬁ;%(zrs) - Fﬁ N
1 d E,
r.= “NRds [(D.N) € ne] — (e N) €T

Final remarks

Modelling — practical results: discharge characteris

tic (in helium)

pR (torr cm)
1

10

Discharge
coupled power

L

10

(10*° Vv cm?)

E /N

z

1
simulations

® measurement [Kaneda (1979)]

NR (10*° cm?)

10
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