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Emission coefficient

Jij =
1

4π
nj Aij hνij, i < j

Particles
I atoms in ground state
I atoms in excited states

I resonance
I metastable

I ions in ground and excited
states

I molecules in ground and
excited states

I electrons
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Lenka Dosoudilová Collisional–radiative model 2 / 14



Plasma modelling
Xenon

Rate coefficients
Collisional–radiative model

Motivation
Equations
Approximative models

Continuity equation

∂ni
∂t

+∇(ni~v) =
(

∂ni
∂t

)
coll,rad

I collisional and radiative processes much faster than transport
processes

0 =
(

∂ni
∂t

)
coll,rad

I particles with long lifetimes

∇(ni~v) = −D∇2ni

I balance equation (
∂ni
∂t

)
coll,rad

= Rprod − Rloss

Equation for ground state

ngs =
p

kTg
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Approximative models

I weakly ionized plasma: ng > ne, n+
I excitation of atoms primarily by electrons
I deexcitation of atoms primarily by spontaneous emission

I simple corona model
I applicable at very low ne
I excitation solely through electron–impact excitation of gs
I deexcitation solely through spontaneous emission
I no radiation trapping
I for lowest lying energy levels with short radiative lifetimes

I Saha/thermodynamic equilibrium
I applicable at high ne
I (de)excitation by electron collisions
I for levels close Eion with long radiative lifetimes
I recombination ' ionization� excitation
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Elementary processes

I electron-impact excitation and de-excitation

e + Xe(i)↔ e + Xe(j), i < j

I electron-impact/atom-collision population transfer

e/Xe + Xe(i)↔ e/Xe + Xe(j), i < j

I electron-impact ionization

e + Xe(i)→ e + e + Xe+

I Penning ionization of excited particles

Xe(i) + Xem → e + Xe + Xe+

Xe∗2 + Xe∗2 → e + Xe + Xe + Xe+
2

I electron collisional recombination for atomic and molecular ions

e + e/Xe + Xe+ → e/Xe + Xe(j)

e + Xe+
2 → Xe(j) + Xegs
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I three-body collisional association

Xem + Xe + Xe→ Xe∗2 + Xe

Xe+ + Xe + Xe→ Xe+
2 + Xe

I electron-impact/atom-collision dissociation of excimers and
molecular ions

e/Xe + Xe∗2 → e/Xe + Xegs + Xem

e/Xe + Xe+
2 → e/Xe + Xe + Xe+

I radiative transitions and radiation trapping

Xe(i)↔ Xe(j) + hν, j < i

I radiation of excimer molecules

Xe∗2 → Xe(i) + Xe + hν

I quenching: diffusion-controlled at the wall, collisions with
neutral species and metastables
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Rate coefficient
I e.g. excitation from ground state(

∂ni
∂t

)
coll,rad

= k1i nengs

I calculation

k = 〈σ(v) v〉 =
∞∫

0

σ(v)v f (v)dv =
√

2
me

∞∫
0

σ(E)E f (E)dE

I distribution function

f (v) = 4π

(
me

2πkTe

)3/2

v2 exp
(
−mev2

2kTe

)

f (E) =
2
√

E√
π(kTe)3

exp
(
− E

kTe

)
I measurements: cross sections
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Types of cross sections σ

I optical emission

σ
opt
i→j ∼ Φobs

i→j

I apparent

σ
app
i = ∑

j<i
σ

opt
i→j

σ
opt
i→j =

Aij

∑
l<i

Ail
σ

app
i

I cascade

σcas
i = ∑

k>i
σ

opt
k→i

I direct

σdir
i = σ

app
i − σcas

i
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Lenka Dosoudilová Collisional–radiative model 9 / 14



Plasma modelling
Xenon

Rate coefficients
Collisional–radiative model

Rate coefficient
Types of cross sections
Determination of cross sections
Measurements vs theoretical calculations

Measurements of cross section
I optical emission cross section

I vacuum chamber, ultrahigh purity gas, monoenergetic beam of e−
I measuring electron current and photon emission rate

σ
opt
i→j =

Φij

n0(I/e)

I direct excitation cross sections
I electron energy loss as function of scattering angle
I differential cross section

Theoretical calculations
I Born approximation
I R-matrix
I distorted-wave approximation
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diation. As a result, we would not expect to see any radiation
trapping of the emissions for the transitions out of the 2p
levels and the observed pressure dependence of the 2p ap-
parent cross sections should entirely be due to cascade. In
this regard, it is instructive to analyze the excitation cross-
section data in light of this cascade picture, as described in
the following paragraphs.

The J? 0 levels, 2p1 and 2p5 , receive cascade from only
the J? 1 levels of the s and d manifolds, which are all opti-

cally connected to the ground state. The radiation trapping
associated with the cascades should result in a strong pres-
sure dependence of the cascade portion of the apparent 2p1
and 2p5 cross sections. In Fig. 5 we find that the 2p1 cas-
cade cross section increases from 6? 10? 20 to 58
? 10? 20 cm2 over the pressure range of 0.1–2.0 m Torr for
an electron-beam energy of 30 eV. The apparent cross sec-
tion for the 2p1 level increases an equivalent amount over
the same pressure range. Since this increment is much

FIG. 5. Pressure dependence of the apparent, cascade, and direct cross sections for the ten 2p levels at an electron-beam energy of 30 eV.

PRA 58 4609MEASUREMENT OF THE CROSS SECTIONS FOR . . .

Pressure (mTorr)
Incident electron energy 30 eV

J. T. Fons, C. C. Lin, Phys. Rev. A 58,

4603 (1998)

K. Bartschat et al., Phys. Rev. A 69, 062706 (2004)
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Z. Navrátil et al., Journal of Physics D: Applied Physics, 43 (50), 505203 (2010)
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Thank you for your attention!
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