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SUMMARY
Plasmas and electrical discharge in gases

e Kinetic theory of gases
e Atomic structure

Deionization

Electron emission

Behavior of charged particles in a gas in electric fields of low E/p
Behavior of charged particles in a gas in electric fields of high E/p
Glow discharges
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IONIZATION

Cross section e For collisions between neutral particles:
d < 1+ 79
e Theareablocked by one gas particle is:
Incident particle 7r(r1 -+ r2)2
No collision: d>r +r,  thatisdefined as the cross section (A2 or 1072

------------------ - m? or 7a,). The total projected target area
(effective cross section per volume unit or
d number of collisions per unit length; m™)is:

target particle

Incident particle NO' _ 7'('(’)“1 —I— 7“2)2 _ %
where N is the gas density. If the projectile and
target particles are electrons and molecules

respectively:
Collision:d <r +r, — 1 __— k8l _ 566\ =357 nm

e — N
mri N Trip

which is larger than the previous mean free path calculated for gas molecules (63 nm).

e The collision between two particles (charged or not) is quite complex due to the
interaction between their electric and magnetic fields; for convenience, mechanics
can be used for ideal gases, but cannot be ignored for electrical discharges.




IONIZATION
Cross section

e Consider a monoenergetic beam of electrons of density » (m™) moving through a
gas with a velocity v. The number of electrons undergoing collisions per unit area
per second in a distance dx is given by:

dn = —ondx s

ey =

Heated '

filament Grid | Anode
: |
\ |

where ¢ is the collisional cross section.

Since v = dx/dt, we get: ; ,“; P
1] i G
_ —0oX " e : e
n (33) — No¢€ Fig. 2.3 Schematic diagram of apparatus for measuring the excitation

energies of gases.

where n, is initial density of the electronic beam. Multiplying both sides by the
fundamental charge, we get the current density i (A/m?):

i(x) = ige” 7"

Either of the above equations can be used to measure ¢. The same experiment is
applied for photoionization.

E. Nasser, Fundamentals o Tonization and Plasma Electronics, New York: Wiley, 1971.



IONIZATION
Cross section

Excitation
A1 Elastic
A2, A4 Excitation
A3, A5 lonization
lonization

Electron-

Elastic Excitation lonization

Fig. 3.4 The various kinds of collision product and the
respective cross sections and free paths.

E. Nasser, Fundamentals o seous lonization and Plasma Electronics, New York: Wiley, 1971.



IONIZATION
Probability of ionization

e The probability of ionization P, ie defined as the ratio:

P. _ Naion __ Oion __ A
1011 — -

No o  Aion

where No. is the number of ionizing collisions per unit length and No is the total
number of collisions per unit length. According the above equation, the probability of
collisions is defined between zero and 1, and independent of p and T.

e The number of ionizing collisions per unit length No._is also called as jonization
efficiency .

Nion = No ion

w York: Wiley, 1971.



IONIZATION
Elastic collisions

e Collisions can be divided into elastic (interchange of kinetic energy) and inelastic
(potential energy changes too) types.

e (Conservation of momentum (vertical axis) for binary collisions:
m;v; cos 0 = myu; + myvy
e (onservation of the kinetic energy:

1, .2 1 _ /2 2 2 1 2
5mv; = sm;(uj + v sin® 0) + 5myv;

e The fractional energy transferred from incident to the target
particle is given by:

1 2
Ey 3™V Amymg 0 20
E; Zm;v? (mi+my¢)?

® In a head-on collisions (6 = 0),

R BT MR Gl (olisions between gas particles: Ar + Ar

% S TR AR@sml (o|lisions between electrons and gas particles: e + Ar




IONIZATION
Elastic collisions

e (ross-section for elastic scattering of electrons in argon:

28.1 4 At fast speed, the oncoming
& "N electron has a very short time
14.0 ¢ P ¢ 4 ‘A‘ of interaction with the target
g /* b~ 5 particle.
3 5.6 4 o A ,
x107! ¢cm? ‘," 0
2.8 4 ’
p .
14 ¢ %0
X
0.56 - X
0.28 ; — } , 4
1 10 10 10° 10"
e +Ar — e +Ar Energy eV

B. Chapman, Glow Discharge Processes: Sputtering and Plasma Etching, New York: Wiley, 1980.



IONIZATION
Inelastic collisions

e Both kinetic and internal energies are changed in inelastic collisions:

e Conservation of momentum (vertical axis) for binary collisions:
m;v; cos 0 = myu; + myvy
e (onservation of energy:

1,002 1, (2 | 2 e 2 1o 02
smv; = smy(uj + vy sin®0) + smyvi + AU

i
e The fractional energy transferred from incident to the target
particle is given by:

The maximum energy transfer

AU _ TN+
E; — mi+my

COS2 0 may rise to more than 99.99%
by inelastic collision!

® In a head-on collisions (6 = 0),

it B TR ARGl Collisions between gas particles: Ar + Ar

AE? 2 TR AR@mml (o|lisions between electrons and gas particles: e + Ar




IONIZATION
Inelastic collisions

e The mostimportant collision in gas discharges is by electron impact ionization:

10.0
ool e Theelectron produced by
| electron impact can also
produce ionization and then
20 maintain the glow discharge.
o e Theminimum energy
requirement for ionization is
0.60' ° ° .
040 equal to the ionization
TCroc::sl Iszt;g:‘ion ! potential :
(a,?) 0-20-‘ :
0.104- l l/ E
0.06 L q N
0.04 1 ‘ —
0.021
He
0.01. 13 PR, + a— + 4 : s —t—t 0 ylea + T S— L T S (STRR YRS VR ek
10 15°20 3040 6080100 200 300 600 1K 2K 4K 6K 10K 20K 12 14 16 18 20 22 24 26
Electron Energy (eV) Electron Energy (eV)

e +Ar —> 2e +Ar'

B. Chapman, Glow Discharge Processes: Sputtering and Plasma Etching, New York: Wiley, 1980.




IONIZATION
Inelastic collisions

e Theionization is produced not only by electron impact, but with other possibilities
such as atom-atom collisions:

A'.
bl @ 3
S——
5

A*

First-order collisions

Second-order collisions
(Step ionization)




IONIZATION
Inelastic collisions

e ...andthermal or photo activation:

4 4
Ar Planck equation:
% 31 b= hy

2l \ = he _ (6.62x10734)(3x10%)
107! "em? — FE T 15.8x1.6x10—19

14 A =785.6 A

0 —t (j\ } t t
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10.3 124 155 207 31 62eV > hv

hv+ Ar — e + Ar*

B. Chapman, Glow Discharge Processes: Sputtering and Plasma Etching, New York: Wiley, 1980.



IONIZATION
Inelastic collisions

e The ingredients of a glow discharge are described by four types of inelastic
processes: ionization, excitation, relaxation:

o Excitation: e + Ar — e + Ar (metastable)
m excitation potential for argon: 11.6 eV

o Relaxation: Ar — hv + Ar
m Thisprocessexplains why the discharge glows!

n=>5

Photon emission
E=hv

https://en.wikipedia.org/wiki/Gas-filled_tube



IONIZATION
Inelastic collisions: deionization processes

e ...and recombination:

o Radiative recombination: e + Ar" — Ar + hv

o 3-body collision:
m e+tArr+e > Ar+e [1]
m e +Arr+Ar — Ar+Ar

o lon-ioncollision: X + X* - X+ X

e There are many other important collision processes, such as dissociation for
molecular gases, electron attachment for electronegative gas and neutral-ion
collisions, where each reaction present its own cross-section. The sum of the
individual cross-section defines the total collision cross-section.

e Aregular gas mixing composed by two different particles, such as N, and Ar,
reach tens of reactions easily! [1]

[1] A. Bogaerts, Spectrochimica Acta Part B 64 (2009) 126—140



IONIZATION
Inelastic versus elastic collisions

e Due to the discrete nature of the atoms, the gas particles can absorb only
certain quantities of energy.

e For a head-on collision between an electron and one gas particle:
~ ~ 1 2
AU ~ Ez ~ §’mevi

where m  is the electron mass and v its initial speed before collision.

e If the initial kinetic energy of the oncoming electron is higher than the first

excitation energy of the gas particle, the collision will inelastic; if not, it will be
elastic:

o The first ionization potential of the Hg is 10.4 eV, but the gas ionization
begins at lower electron energies around 4.7 €V, which is the Hg excitation

potential. It means that the ionization occurs by step ionization with two or
more collisions in a row.



IONIZATION
Saha equation and degree of ionization

e The ionization of the gas atoms or molecules as a result of the thermal
condition of the gas is known as thermal ionization. At high temperatures:
o lonization by collisions of the gas atoms with each other;
o Photoionization resulting from the thermal emission of the hot gas;
o lonization by collision with high-energy hot electrons produced by previous

processes.

Meghnad Saha

e In thermodynamic equilibrium, the degree of ionization
in terms of the gas pressure and temperature is given by:

2 —4
o2 _ 24x10~%42.5 B
1—a? D I exXp ( K,T)

where p is given in torr, £ is the ionization energy in eV, x is the
Boltzmann constant in eV/K (8.62x10° eV/K) and T the gas
temperature in K.

https://en.wikipedia.org/wiki/Meghn
ad_Saha
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E. Nasser, Fundamentals o seous lonization and Plasma Electronics, New York: Wiley, 1971,
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IONIZATION
Reading

e C(Chapter2-B. Chapman, Glow Discharge Processes: Sputtering and Plasma
Etching(pages 21-46).

e (hapter 3 -E. Nasser, Fundamentals of Gaseous lonization and Plasma
Electronics(pages 54-97).




See you next topic!
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