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Townsend criterial?l

I Assumptions:
1. No diffusion
2. No photoionization
3. Homogeneous electric field

I Two results:
1. Non-self-sustaining discharge — only trivial
solution

2. Self-sustaining discharge — unstable trivial and
stable non-trivial solution

Fig. 1: Non-self-sustaining (blue) and Self-sustaining (red) discharge, critical state - green.
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U — A study — Non-trivial solutions analysis

I All voltage U terms in the drift-diffusion-reaction equations (Coefficient Form PDE node
for electron n, and positive ion n, concentrations) are replaced by variable lambda:

_ Ne
V. {_De,p(ETd)Vne,p + [He,p(ETd,r) - By He,p(ETd,z) ' Ez] : ;{p} — {a(ETd) — n(ETd)} N - U (ETd) E-n, = ph

l EIECtric field IS defl ned aS: Tab. 1: Variable definitions used in the drift-diffusion-reaction-equations.

E = lambda - es.normkE Nep  Electron e and positive ion p concentrations
Dep Electron e and positive ion p diffusivities

E,. = lambda - es. E, o
Hep Electron e and positive ion p mobilities

EZ = lambda - es. EZ a lonization coefficient
es.normk n  Attachment coefficient
ETd = |1e21 : lambda - N  Neutral gas concentration
N Sph  Photoionization rate
es. ET E  Electric field
ETd,T = |1e21 - lambda - Er  r-component of electric field
NE E:  z-component of electric field
€S.Ly, Era  Reduced electric field in Td (defined as E/N)
ETd'Z = |1le21 - lambda - N Erar r-component of reduced electric field in Td 3/16

_ Erdaz z-component of reduced electric field in Td
I Presented method is based on [3]



= e
o -

Geometry — Three electrode configurations in
2D axisymmetric
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Fig. 2: Upper plane cathode (ground) against 3 different bottom anode electrodes (plane, protrusion no. 1 and protrusion no. 2, respectively). Dielectric gap distance d
(protrusion to plane) set to 1 mm.
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Boundary conditions for DDR equations

I Flux/Source node at the lower anode electrodes:

—n-(—cVu—au+y)=g—qu g=1[00]"
u= [ne’np]T q= [/’le(E’I(")d) E 8]

I Flux/Source node at the upper cathode electrode — yin g matrix is secondary
electron emission by positive ion-cathode interaction (set to 0.4):

— T es.normk
g=10,0] Ery = |1621 - lambda - N |
|0 - E-y
9= 1o - E E = lambda - es.normE
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Electric field calculation

I Space charge does not disturb external electric Coefficient Form PDE - Electric field (vV/m)
. X107~ | V/im
field "o A 2.54x10°
I External electric field is calculated only once 10| x10*
through Electrostatics physics node and then i |2-5
scaled by U (by A for U — A study) I 2
I Boundary conditions are set as follows: i 1.5
I 1V for lower three different anode electrodes 4 1
I Ground for upper plane cathodes 3: o
I Axial symmetry on the left side 1} I '
. . 0_
I Zero charge on the right side al | | v 364
0 5 X107°m
Fig. 3: External electric field calculated by 6/16

Electrostatics physics node for protrusion no. 2.
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Coefficient Form PDE - Photoionization o

. . . . . X107 | 1/(m>s)
Photolonization In air 1y A
- 14
7t 12
6r 10
5¢ 8
I Three-exponential Helmholtz model for photoionization 3 °
rate S, proposed in [4] in Coefficient Form PDE: 2 5
ph 1t
ASppi — (A * P02)° *Sphi = —4; D62 * Xext (Eta) *fq Scou _‘{_ | | ¥ 0.0166
3 0 5 10 x107°m
Sph = zi:1 Sph,i Fig. 4: Photoionization rate around protrusion no. 2.
I Quenching factor f,, partial pressure of molecular oxygen py, Tab. 2: Photoionization parameters 4],
and parameters 4, (not an eigenvalue) and A; (where i = 1, 2, 3) " ;ﬁﬁgj‘;{j‘j;jjj’f;f]
are summarised in the fab. 2 and collisional ionization S, is Ac 04886 [cm2+Tor"-2]
defined as follows: e
A2 0.1460 [cm”™-1*Torr™-1]
Scott1 = A(Erg) * N - u,(Ergq) - E - n, A3 0.89 [cm"-1*Torr™-1]
es.normk Po2 150 [Torr]
Erq = (1821 - lambda - — ) and E = lambda - es.normE f, 0.037975
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N/IN, 0N (m?)

Material properties as a function of reduced
electric field E;y — DDR equations

Tab. 3: Transport coefficients for positive ions p [5].

Source coefficients

11257

10'32_ 4
_33 — Attachment
10 °°r —lonization
20 50 200 500
E/N (Td)

up 2.0e-4 [m"2/V/s] Positive ion p mobility

Dy 5.05e-

6 [m"2/s]  Positive ion p diffusivity

Transport coefficients for electrones

x10%3
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Fig. 5: Source (ionization & and attachment 7) and transport (electron e mobility 4, and diffusivity D,) coefficients as a functions of reduced electric field £/N (Td) [6].

DN 1/(ms)
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Material properties as a function of reduced
electric field E;4y — Photolonization

Excitation-ionization frequency ratio

Lext (')

0.2r
0.1y

(oYX L= 1 W R A
107! 10° 10! 102 9/16

E/N (Ta) FEL.ZCU.CZ

Fig. 6: Excitation-ionization frequency ratio y,,, from slide 7 as a functions of reduced electric field £/N (Td) for photoionization model [4].




U —> A study — Plane

lambda(1l)=3363.7 rad/s Coefficient Form PDE - ®  lambda(1)=3363.7 rad/s Coefficient Form PDE - Positive
| | Electrones (1/m3) | | ions‘ (1/m?)
r>1<110-4 I | 1/m3 I‘>$110-4 I | 1/m3
10 /A 3.12x10° 10! |A 488x107*
9. x107° 9. x10™
8+ 3 8r 4.5
7t 7t 4
6 2.5 6 3.5
3
| 2 | 2.5
4+ 4+ 5
3 1H15 3 1HL5
1t M1 1t | #0.5
Or : -7 Or : -9
. . . /¥ 8.75%x10 , , ‘ V¥ 1.28x10
0 5 x10*m 0 5 x10*m
Fig. 7: Electron and positive ion concentrations for plane — A, = U, = 3363.7 V.
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U — A study — Protrusion no. 1

lambda(6)=3068.7 rad/s Coefficient Form PDE - ° lambda(6)=3068.7 rad/s Coefficient Form PDE - Positive
Electrones (1/m3) ions (1/m3)
x1074 [ | 3 x104 [ | | 3
m 1/m - 1/m
10t 1A 3.74%107 10} 1A 8.82%x1073
o X107 o x1073
8 1§35 8 il B
7 o E 7 1l
or 112.5 or 1116
5} 11 5 5
al 1115 4 |4
' 13
3 - 3 -
1 2
2 1 Ho.5 2 11
1t an 1t 1 8o
o | . W -4.46x107° o , . 1¥ -1.53x107%
0 5 x10™%m 0 5 x10™%m

Fig. 8: Electron and positive ion concentrations for protrusionno. 1 — 1. = U.=3068.7 V.
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U — A study — Protrusion no. 2

lambda(5)=2332.6 rad/s Coefficient Form PDE -

x1074 [
m
10¢

Electrones (;/m3)

O N WHR U N W

0 5 x10*m

lambda(5)=2332.6 rad/s Coefficient Form PDE - Positive

ions (1/m3)

1/m3 x107 [
m

1A 1.1x107 10

x107° ot
1 10 8
J 7_
| 18 6.
116 5L
| 4 4,
J 3_
{82 2t
J 0 1_
|W -4.38x107C O

1/m?3
{A 7.71x1073
x1073

Me
12
I1
1o

|W -2.36x107*

0 5 x10*m

Fig. 9: Electron and positive ion concentrations for protrusionno. 2 - A.= U, =2332.6 V.
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Townsend criterial?l

d

. . d
I Assumptions: f o dx <1n(1-|—1—) f o dx >ln(l+1—)
) i

1. No diffusion - Y

Y

2. No photoionization
3. Homogeneous electric field

I Two results:
1. Non-self-sustaining discharge — only trivial
solution

2. Self-sustaining discharge — unstable trivial and
stable non-trivial solution

Fig. 10: Non-self-sustaining (blue) and Self-sustaining (red) discharge, critical state - green.
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Townsend criteria — 1D integration

o

[X(1le2] * abs(3368 * es.normE) / N) - 7)(1e2l * [X(1le2] * abs(2958.8 * es.normE) / N) - 7)(1e21 * 1D - [X(1le2l * abs(1950 * es.normE) / N) - M(1le2l *
abs(3368 * es.normE) / N)1* N (1/m) abs(2958.8 * es.normE) /f N)]1 * N (1/m) abs(1950 * es.normE) / N)] * N (1/m)
mm ‘ ‘ ‘ mm ‘ ‘ ‘ 5 1 T
: 1 1/m : | 1/m x10 |
| A 1.24%x10° 1} |A 8.89x10* 7t
| x10° 0.9} | x10° 6.1
12 0.8l 8 5.5}
—_— 5,
10 0.7} 7 E 45
8 0.6} 6 C'(;,_ 4t
0.5 5 . 3.5
6 s 3l
0.4/ 4 2.5
4 0.3} 3 2/
2 1.5¢
2 0.2t 1 1
0.1t 0.5 0.0269950 mm
0 0 0’.& ‘ .
| | W 1.24x103 o | A A 0 0.5 1
0 0.5 mm 0 0.5 mm Arc length (mm)

Fig. 11: Positive part of a - n for plane (U, = 3368 V), protrusion no. 1 (U, = 2958.8 V) and for protrusion no. 2 only 1D section along z-axis (U, = 1950 V).

I Quantity E;4 in o(Eqy), 7(E+1y), and others exceeded beyond
available date shown in Fig. 5 and Fig. 6 for protrusion no. 2 — this 14/16
case will not provide correct result



Comparison & Conclusions

Tab. 4: Comparison of the calculated self-sustaining

I U — }\' StUdy and Townsend Crlterla for CalCUlatlng voIt.ag'esUCbyeigenvaluestudyandTownsendcriteria.

self-sustaining voltage U, — transition between non-self- A=t | U= Wi
sustaining and self-sustaining discharge: Protrusionno. 1 3068.7  2958.8

Protrusion no. 2 2332.6 1950.0

1. U — A study of non-trivial solutions

I Eigenvalue study in terms of voltage U analyses equilibrium
between gain and loss of charged particles - self-sustaining
discharge

2. Townsend criteria — 1D integration of o — 7 along z-axis

fam>mu+l

fadx<ln(l—|— y)

3/
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I Values of U, for protrusion no. 2 are different because quantity E
In a(E+4), n(E+q4), and others exceeded beyond available date



Thank you for your attention

Ing. Filip Zmeko
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