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Instrumentation

typically grating spectrometer of Czerny-Turner
mounting equipped with CCD/ICCD detector
typical spectral range 190 – 1100 nm
sensitivity of detectors (silicon CCD,
photocathode of PMT), grating efficiency
resolution: number of illuminated grating
grooves, slit width, pixel size

R = λ/∆λ = mN



OES CR modelling CRM neon Examples Self-absorption

Sensitivities

grating efficacy, fibre efficacy, windows
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Technique overview – how we measure

collecting the light emitted by plasma (optical emission spectroscopy, OES):
non-intrusive
sensing the light at the plasma boundary

→ self-absorption can play a role

optical probes
sending the light through the plasma (optical absorption spectroscopy):

based on Lambert-Beer law
can disturb the plasma, two ports
white light, hollow cathode lamps, lasers

collecting the light emitted and reabsorbed by the plasma (self-absorption methods
of OES)



OES CR modelling CRM neon Examples Self-absorption

Technique overview – how we measure

collecting the light emitted by plasma (optical emission spectroscopy, OES):
non-intrusive
sensing the light at the plasma boundary → self-absorption can play a role
optical probes

sending the light through the plasma (optical absorption spectroscopy):
based on Lambert-Beer law
can disturb the plasma, two ports
white light, hollow cathode lamps, lasers

collecting the light emitted and reabsorbed by the plasma (self-absorption methods
of OES)



OES CR modelling CRM neon Examples Self-absorption

Technique overview – what we look at

line positions = wavelengths: electric, magnetic fields, atom velocities (Stark,
Zeeman, Doppler effect)
lineshapes and linewidths: electron density, gas pressure, density, temperatures
(Stark, van der Waals, resonance, Doppler line broadening)
line intensities: . . . all

relative – instrument spectral sensitivity is taken into account, no absolute intensity
calibration is performed
output: relative populations of excited states, excitation temperatures etc.
absolute – access to absolute densities of excited states, electron density etc.
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Absolute intensity measurement

radiant flux/zářivý tok – energy emitted/incident on surface per unit time

Φ =
dE

dt
, W (1)

irradiance – flux density (per unit surface)

I =
dΦ

dS
=

d2E

dtdS
, Wm−2 (2)

specified during calibratrion of calibrated light sources
(spectral irradiance)
optical fibre is not a detector of irradiance (acceptance
angle)
radiometric irradiance probes, cosine correction
diffusers, integrating spheres, . . .
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Absolute intensity measurement 2

radiance (zář) – radiant flux per unit perpendicular surface and unit solid angle

L =
d2Φ

dS cosθdΩ
=

d3E

dt dS cosθ dΩ
, Wm−2 sr−1 (3)

radiance × irradiance

I =
∫
Ω

L(θ)cosθdΩ (4)

For constant L (Lambert) radiators I = πL.
for description of radiating solid surfaces

θ
dΩ

dS

L(θ)
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Absolute intensity measurement 3

emission coefficient – radiant power emited by unit volume into unit solid angle

j =
d3E

dt dV dΩ
. (5)

all quantities have their spectral densities, e.g. j(λ )

emission coefficient of transition

jij =
1
4π

niAijhνij

detector plasma

r

nij(r), εij(r) 

ρ

εij(r)

dSdet

dVpl

θ

Iij =
1
Sdet

∫
Vpl

∫
Sdet

jij(r)

ρ2 Acc(θ)dVpldSdet

irradation of detector for optical thin plasma condition
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Electron temperature from Boltzmann plot?

density of atoms in excited state

ni = n
gi
Q

e−
Ei

kbTe (6)

2 gi – statistical weight, Ei – excitation energy, n – atom density, Q – state sum,
Te excitation ( ?

= electron) temperature
spectral line intensity

I ∝ niAij
hc

λ
(7)

I = C ·
giAij

λ
e−

Ei
kbTe (8)

Boltzmann plot

ln
Iλ

giAij
=− 1

kbTe
Ei + lnk1, (9)
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Possibility of electron temperature measurement

excited level balance
local thermodynamic equilibrium (LTE) plasma

– LTE condition
ne� 1.6 ·1012

√
Te(∆E )3 (cm−3)

– electron temperature from Boltzmann plot
non-LTE plasma

– corona equilibrium, excitation saturation phase, . . .
– low electron density plasma
– use of Boltzmann-plot leads to erroneous electron temperature
– CR modelling

non-Maxwellian EDF
– inelastic collisions, beam electrons, non-local EDF
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Collisional-radiative modelling

coupled DE for densities of excited states
∂ ni
∂ t

+5(ni~v) =

(
∂ ni
∂ t

)
c,r

(10)

population and depopulation processes are very fast:
∂ ni
∂ t

=

(
∂ ni
∂ t

)
c,r

= 0 (11)

not valid for ground-state atoms, ions, metastables, high pressure
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Level balance

∂ n0

∂ t
+5(n0~v0) =−Scrnen0 + αcrnenion

∂ nion

∂ t
+5(nion ~vion) = +Scrnen0−αcrnenion

classification of models (plasma state)
ionizing plasma Scrnen0−αcrnenion > 0

plasma conducting current, ionizing waves
recombining plasma Scrnen0−αcrnenion < 0

afterglows, outer regions of flames

equilibrium plasma Scrnen0−αcrnenion = 0
(ioniozation-recombination equilibrium)

ionizing plasma

recombining plasma

equilibrium plasma
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Excitation phases: corona phase

population by electron impact excitation, radiative deexcitation

kel
0inen0 +kel

minenm(+∑
j>i

ΛjiAjinj) = ∑
j<i

ΛijAijni

(12)



OES CR modelling CRM neon Examples Self-absorption

Excitation phases: excitation saturation phase

population and depopulation by electron impact

∑
j 6=i

kel
ji nenj + (αinenion) = ∑

j 6=i

kel
ij neni +Sineni

saturation of the excited state densities with increased ne

no Saha equilibrium, Sini � αinion
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Excitation phases: excitation saturation phase 2

stepwise excitation → ladder-like excitation flow
coefficients of upward processes are larger (closer upper levels, higher statistical
weights of upper levels)

ki−1,ineni−1−ki ,i−1neni = ki ,i+1neni −ki+1,ineni+1−Sineni
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Excitation phases: partial local thermodynamic equilibrium

2 equilibria: excited state × ion state, neighbouring excited states
ionization ∼ recombination � excitation flow

ki−1,ineni−1−ki ,i−1neni = ki ,i+1neni −ki+1,ineni+1−Sineni + αinenion



OES CR modelling CRM neon Examples Self-absorption

Role of dominant electron collisions

ne =1016 m−3 ne =1018 m−3
ne =1020 m−3 ne =1022 m−3

Boltzmann nBi = n0gi/g0e−Ei/kTe

Saha nSi = nenion
gi

gegion
(h2/2πmekTe)3/2eEion,i/kTe

deviation from B & S ni = r0
i n

S
i + r1

i n
B
i
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Excitation phases

argon
van der Sijde B 1984. Beitr. Plasmaphys. 24 447
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Collisional-radiative model

EDF system of
rate equations emission spectrumrate coefficients

for electron excitation

 Te, ne
E/N, ω/N

cross sections

rate coefficients

line broadening

Einstein coefficients
escape factors
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Electron distribution function

Maxwellian EDF
solution of Boltzmann kinetic equation
normalization of the EDF ∫

∞

0
f (ε)ε

1/2dε = 1 (13)

mean electron energy

〈ε〉=
∫

∞

0
f (ε)ε

3/2dε, (14)

rate coefficients k , kinv of electron collision with cross section σ and of inverse
process

k =

√
2e
me

∫
∞

0
σ(ε)f0(ε)εdε

kinv =

√
2e
me

gj
gi

∫
∞

εij

σ(ε)f0(ε− εij)εdε
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Approaches of OES data processing

line ratio methods
selection of convenient line pair (sensitivity, model simplicity, ease of measurement)
no control of model validity

„many line fitting“methods
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Line ratio method – ideal case
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Electron temperature and EDF measurement by OES+CR
J. Phys. D: Appl. Phys. 45 (2012) 045201 J B Boffard et al
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Figure 2. Optical emission cross sections for the Ar(419.8 nm) and
Ar(420.1 nm) emission lines as a function of electron energy for
excitation from (a) the ground state and (b) 1s5 metastable level.
Points are experimental measurements from [18, 20], lines are
analytical fits used in the calculation of excitation rates (see the
appendix). Dashed lines in (b) are theoretical estimates for the sum
of the cross sections out of the 1s2 and 1s4 resonance levels (long
dashed line for the 419.8 nm line, short dashed line for the 420.1 nm
line).

assume the EEDF is strictly a Maxwell–Boltmann distribution,
we calculate the excitation rates using a more general form for
the EEDF [5],

f (E; Teff) = c′
1 T

−3/2
eff

√
E e−c′

2(E/Teff )
x

, (5)

where x = 1 corresponds to a Maxwellian EEDF and
x = 2 corresponds to a Druyvesteyn EEDF. Past work
has demonstrated that an x = 1.2 generalized form more
accurately describes our measured EEDFs in an Ar ICP
at pressures �25 mTorr than the assumption of a simple
Maxwellian (x = 1.0) distribution [22]. Excitation rates as
a function of Teff for the 419.8 and 420.1 nm emission lines
obtained by convoluting the cross sections from section 2.2
with EEDFs described by different choices of x are tabulated
in the appendix. The dependence of the Teff values extracted
from the line pair ratio measurements on the assumed shape of
the EEDF (i.e. x-value) will be explored in section 4.1.3.
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Figure 3. Argon 420.1–419.8 nm line ratio obtained from
equation (3) for three fixed values of the nm/n0

metastable-to-ground state density. Curves calculated with a
generalized EEDF with x = 1.2 (see text).

2.4. Model line ratio

Based upon equation (3), figure 3 plots the predicted 420.1–
419.8 nm line pair ratio as a function of electron temperature
for three different fixed values of the nm/n0 metastable-
to-ground state density ratio. To illustrate the dependence
on the value of nm/n0, consider the temperatures extracted
from the three curves for a sample ratio ‘measurement’ of 3.
The three nm/n0 curves, spanning a factor of 20 variation
in the metastable fraction, yield electron temperatures of
2.0, 2.4 and 3.0 eV. Each of the curves demonstrate the
same characteristic behaviour of a decreasing ratio with
increasing electron temperature. Note, however, that at very
low electron temperatures (<2 eV) the line ratio begins to
decrease with decreasing electron temperature, at least at the
highest metastable fractions. This is due to the differing
energy-dependent shapes of the two metastable excitation cross
sections (see figure 2). At 4 eV, the two cross sections have a
ratio of ≈4.5, whereas the ratio is closer to 8.5 at 10 eV. Hence,
as far as the metastable excitation goes, the ratio decreases at
the lowest electron temperatures when the low-energy range is
weighted more heavily. However, the line intensities referred
in figure 3 includes contributions due to excitation from the
ground state as well as from the metastable level. When
metastable excitation is the dominant contributor, as is the
case of a high metastable fraction (nm/n0 = 2 × 10−3), the
decrease in the line pair ratio at very low electron temperatures
is discernable. With a low metastable fraction, inclusion of
the ground-state excitation significantly alters the dependence
of the line pair ratio on the electron temperature resulting in
a monotonic variation for a metastable fraction of ratio of
1 × 10−4.

For a fixed metastable fraction, the accuracy of the
extracted Teff value is proportional to the magnitude of the
slope of the corresponding curve in figure 3. Thus, at
very low metastable fractions (i.e. the 1 × 10−4 curve) the
line pair ratio technique can only be used to measure low
electron temperatures (<3 eV), whereas at higher metastable

4
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Figure 3. Best-fit results of normalized emission intensities of Ar and Kr lines from the model with those measured by the OES method for
(a) CCP and (b) ICP. Here ‘Ar, 1-2’ refers to the emission line of Ar(2p1) →Ar(1s2), and so on. The intensity of emission line ‘Ar, 9-5, Kr
9-5’ is multiplied by 0.5 for the display of weak lines. The error bar shows an uncertainty of ±10%.

or due to low sensitivity of the spectrometer at wavelengths
above 930 nm.

4. Results

In this section, we determine the EEPFs in the CCP and ICP
discharges described above by fitting the line-ratios (relative
emission intensities) from the model with those from the OES
measurement.

Firstly, we define a dimensionless parameter, the
‘normalized emission intensity’, Ix,nor,

Ix,nor = Ix∑
x=1−N Ix

. (9)

Here ‘x’ refers to an emission line of the 2p–1s optical
transitions of argon and krypton (N = 32, that is, 28
individual lines and 4 ‘combined’ lines). Secondly, we define
another parameter, �, that describes the deviation of modeling
emission intensities from the measured ones:

� =
∑

x=1−N

(ICRM
x,nor − IOES

x,nor)
2. (10)

Here ICRM
x,nor and IOES

x,nor denote the normalized emission
intensities from the CR model and the OES measurement,
respectively. By varying the EEPF parameters, T

high
e , T low

e ,
Ek and ne and using values of Tg, nAr, nKr, d listed in
table 2 in the CR model, a best-fit EEPF with a minimum
‘deviation parameter’, �, can be found. The results of the
best-fit are shown in figure 3 (for the emission intensities)
and in figure 4 (the EEPFs), as well as the Langmuir probe
EEPFs.

The CCP discharge at 10 Pa and 100 W is in the sheath
heating mode—the stochastic heating and the collisional
heating in the sheath are important (Godyak 2006). The

electron density is relatively low since most of the power is
injected into the ion acceleration channel at a low driving
frequency of 13.56 MHz (Zhu et al 2007). It is the
sheath heating process as well as the weak electron–electron
interaction at low electron density that cause the concave EEPF
shown in figure 4(a) (T high

e > T low
e ). This reasoning can be

validated using phase-resolved optical emission spectroscopy
(PROES) (Schulze et al 2010) to observe the electron dynamics
in CCP discharges and obtain the EEDF in a time-dependent
model (Schulze et al 2007, 2008). In the ICP discharge at
5 Pa and 66 W, the electron density is very high since most
of the power is injected into the electron heating channel in
the absence of high-voltage sheaths, in addition to improved
confinement of the charged particles by the magnetic field.
In this case, the strong electron–electron collisions can force
the EEPF to be a Maxwellian. In figure 4(b), the EEPF is
Maxwellian-like and slightly convex (T high

e < T low
e ), owing to

the contribution of collisional heating mechanism in the plasma
bulk (Godyak 2006).

From figure 4, in both cases of concave and convex EEPFs,
the results by the line-ratio method agree well with those
from the Langmuir probe. This suggests that it is possible to
determine non-Maxwellian EEPFs (EEDFs) by using optical
emissions in low-pressure non-equilibrium plasmas.

5. Discussion

In this section, we discuss how the EEPF parameters, T
high

e ,
T low

e , Ek and ne, affect the line-ratios under different discharge
conditions, using the CR model. In addition, we evaluate the
impact of different values of nAr, nKr, d and Tg on the results
and discuss the possible causes of uncertainties in the line-ratio
method.

6

J. Phys. D: Appl. Phys. 45 (2012) 045201 J B Boffard et al

2 3 4 5 6 7
2

3

4

5

6

7

(b)

Power
Pressure
Ar-N

2
mix

Ar-Ne mix

pr
ob

e
T

ef
f
(e

V
)

line ratio Tx=1.2 (eV)

2 3 4 5 6 7 8
2

3

4

5

6

7

8

(a)

2p
x-

1s
y
T

x=
1.

2
(e

V
)

line ratio Tx=1.2 (eV)

Figure 7. Comparison of Tx=1.2 values, extracted from
measurements of 420.1–419.8 nm line ratio (abscissa) with Tx=1.2

values extracted from an analysis of 2px → 1sy emissions from [5]
(ordinate) in graph (a), and with Langmuir probe Teff measurements
(ordinate) in graph (b). A 45◦ degree line corresponds to exact
agreement. Data points represented by four different symbols:
power, 100–1000 W at 2.5 and 15 mTorr; pressure 600 W,
1–25 mTorr; Ar–N2, 600 W, 2.5 and 15 mTorr, 7–86% N2 admixture;
Ar–Ne, 600 W, 10 mTorr, 60–99% Ne.

the issue of accuracy we introduced an improved version
of the radiation model by including: (i) the contributions
from excitation of atoms in the 1s2 and 1s4 resonance levels,
(ii) possible radiation trapping on the 3px → 1sy radiation
[5, 23] and (iii) electron collisions with excited 3px atoms
[24, 25]. The Teff values obtained from this more advanced

model are included in table 1 under the label LPR(adv),
differing only slightly from those of the original radiation
model. Likewise application of this improved radiation model
to the full set of extended measurements (pressure, power,
Ar/N2, Ar/Ne) produce only a small change (±15%) in
the effective electron temperature. Owing to the additional

complexity and dependence on additional quantities (ne,
nr,. . .), the modest gain in accuracy with the improved model
is generally not warranted. Note that this does not imply that
the additional mechanisms included in the improved model are
negligible (with the possible exception of radiation trapping)
in predicting the individual intensities, but that the effects are
nearly equal for the two lines and thus partially cancel when
taking the ratio.

Additional tradeoffs in the accuracy versus the complexity
of the line pair ratio analysis exist in the assumptions about
the shape of the EEDF and the accuracy of the metastable
fraction (nm/n0) determination. Indeed, while in the present
experiment the ground-state density (n0) was determined
from the gas pressure and a separate laser Doppler linewidth
measurement of the gas temperature [5], a simple ±100 K
estimation of the gas temperature is probably sufficient. The
following two subsections discuss the dependence of the results
on the metastable density and exact shape of the EEDF.

4.1.2. Dependence on metastable fraction. Quantitatively,
while the line pair ratio has a linear dependence on the
metastable density in equation (3), it has a near exponential
dependence on Teff (via excitation rates). As a consequence,
when one uses the inverted relation to find Teff from the line
pair ratio and metastable fraction, the results generally turn out
to be less sensitive to the value of (nm/n0). For example when
the line pair ratio has a value of three, a 50% uncertainty in
(nm/n0) results in a 10% uncertainty in the extracted value of
Teff . Thus, depending on the accuracy of Teff required for the
particular application, only an approximate value of (nm/n0)
may be needed to deduce Teff , and the required accuracy of the
metastable density numbers is relatively coarse. On the other
hand, orders of magnitude variations in the metastable fraction
are expected with plasma conditions (plasma type, pressure,
gas mixture, etc) which make a priori estimation of nm/n0 to
within a factor of 2 difficult.

In addition to the white-light absorption spectroscopy
method employed here, direct, highly accurate measurements
of the metastable density can also be obtained from
laser absorption and laser-induced fluorescence (LIF)
measurements [26–29]. Another experimental method which
avoids the need for equipment beyond what is needed for
the OES measurements utilizes changes in the measured
branching fractions of 2px → 1sy emission lines induced by
radiation trapping as a means to reliably extract metastable
and resonance level densities [23, 29, 30]. In many instances,
it may also be possible to obtain metastable densities (or
metastable fractions nm/n0) from modeling the relevant
population and depopulation mechanisms [2, 4, 31]. One
major complication, however, with the modeling approach is
that the metastable production rate (in particular) is a strong
function of the electron temperature [2, 31]. Thus, some form
of an iterative procedure must be used: a very approximate
estimate of the metastable fraction is used along with the line
pair ratio to calculate an initial Teff using equation (3) which
can then be used in the model to calculate a refined estimate
of the metastable density and the process repeated. When
such a procedure was tested on the present pure argon plasma

7
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Figure 4. EEPFs obtained using the OES line-ratio method and those obtained using the Langmuir probes for (a) CCP and (b) ICP.

Figure 5. A ‘flow-chart’ diagram describing the influence paths from T
high

e , T low
e , ne and Ek to relative emission intensity, I2p–1s, for

capacitive discharges. Numbers 1–4 denote different paths (see text in section 5.1). Dashed lines denote the effects of p, d, Tg and pAr/pKr

(see text in section 5.2).

5.1. Relation between T
high

e , T low
e , Ek, ne and line-ratios

Let us return to equation (7)—the emission intensity, I ,
depends on the density n2p and the escape factor, γ (thus the
density n1s), which are related to the EEPF parameters by the
kinetic processes through the rate balance equations (1)–(4).

In CCP discharges, the ground-state excitation processes
are important for the generation of Ar(2p) and Kr(2p).
In addition, the excitations from Kr(1s5) and Kr(1s3) are
important for Kr(2p) due to high densities of these metastables.

For the same reason, the radiation trapping processes by
Kr(1s5) and Kr(1s3) are also important. The metastable-state
excitation and radiation trapping by Ar metastables are not
important in the CCP; however, their collisional quenching
can significantly increase the population of Kr(2p). Owing to
these processes, there are four paths from EEPF parameters to
emission intensities, I2p–1s, as shown in figure 5.

Path 1 (denoted by number 1, and so on) is about the
ground-state excitation (on the left-hand side of equations (1)
and (2)). Here T

high
e determines the ratio of QAr(gs−2p) and

7
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Electric field measurement in air

R(E/N) =
FNS(0,0)

SPS(0,0)

Kozlov and Wagner 2001 J. Phys. D: Appl. Phys. 34 3164
Bilek et al 2018 Plasma Sources Sci. Technol. 27 085012
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TRG spectroscopy

based on admixing of a small amount of rare gas into plasma
mapping EDF at specific electron energies
low pressure, what is small amount?

Topical Review

where σ(v) is the electron impact cross section for the reaction
at electron speed v, and fe(v) is the electron distribution
function. The quantity 4πv2fe(v) dv is the number of
electrons with speeds between v and v + dv. This also equals
ge(ε) dε, the number of electrons with energies between ε

and ε + dε, where ge(ε) is the EEDF. It is more common to
report an electron energy probability function, gp(ε), where
gp(ε) = ε−1/2ge(ε). When ln gp(ε) is plotted versus ε, a linear
behaviour indicates a Maxwellian distribution, with a slope
equal to −1/Te. The units for ge(ε) and gp(ε) are eV−1 and
eV−3/2, respectively, and

∫ ∞
0 ge(ε) dε = 1. Since eε = mv2/2

(where ε is expressed in units of electronvolts), the rate constant
is expressed in terms of gp(ε) as

k =
√

2e

me

∫ ∞

0
σ(ε)εgp(ε) dε. (2.3)

EEPFs are usually reported as the product gp(ε)ne and are
therefore in units of eV−3/2 cm−3.

EEDFs usually deviate from a thermalized, Maxwellian
distribution, sometimes severely [45–47]. Since electrons
thermalize through collisions with other electrons and lose
large amounts of energy through inelastic collisions with
the gas, higher electron densities and lower pressures favour
Maxwellian distributions, at electron energies below the
plasma potential. However, other considerations such as
inelastic scattering at lower energies in molecular gases and
the pressure-dependent ambipolar fields (non-local effect) can
often cause higher-pressure ICP EEDFs to become more
Maxwellian [47]. High-energy electrons (at energies above
the plasma potential) are also lost at the walls, where they
can overcome the confining sheath electric fields, and hence
ICP EEDFs above the plasma potential are depleted. Large
rf electric fields, large sheath potentials, stochastic electron
heating, and secondary electrons created by ion bombardment
of surfaces and accelerated through sheaths create a high-
energy tail in the EEDF, and consequently, CCPs generally
have non-Maxwellian EEDFs with the high-energy electrons
at a ‘temperature’ that is higher than that of the lower-energy
electrons [48]. Conversely, electrostatically shielded ICPs tend
to have EEDFs that are more Maxwellian. (The higher electron
densities and generally lower pressures for ICPs, compared
with CCPs, also favour this trend.) Unshielded ICPs can also
have an enhanced high-energy tail, due to some capacitive
coupling.

The EEDF is also spatially dependent. When the electron
mean free path for inelastic scattering is smaller than the
characteristic plasma length, the EEDF is cooler far from
the regions where most of the power is deposited. When
the inelastic mean free path is large compared with the
plasma length, the shape of a non-Maxwellian EEDF will
also vary throughout the discharge. This non-local effect
is well understood [47, 49, 50]. Electrons are attracted to
regions of the plasma that are at a higher potential, where the
positive ion and electron density are highest. Higher-energy
electrons can escape these regions of higher potential and move
throughout the plasma; their ‘total’ energy (kinetic energy plus
the potential energy overcome by escaping the potential well) is
conserved. Low-energy electrons on the other hand are trapped
and therefore build up in the regions of high potential. In ICPs

near the regions of highest electron density, this non-local
effect, combined with inelastic scattering and loss of high-
energy electrons above the plasma potential, creates what is
sometimes described as a ‘three-temperature’ EEDF, in which
the low-energy and high-energy electrons are at lower (but
different) effective temperatures than those of the intermediate
electrons [47].

For high-density (>1011 electrons per cm3), low-pressure
(<10 mTorr) ICPs EEDFs near the centre of the discharge
are usually close to a Maxwellian distribution and can be
characterized by an electron temperature, Te. For an electro-
positive, weakly ionized plasma (negative ion density �
electron density � neutral gas number density), it is easy to
show that Te is related to the ionization potential of the gas by
the ‘global’ relationship [4]

Te = Ei

ln((Angleff)/vB)
, (2.4)

where Ei is the ionization potential of the neutral gas, present at
a density ng, the ionization rate constant, kiz, is approximated
by the Arrhenius expression kiz = A exp(−Ei/Te), leff is the
effective length of the plasma for positive ion diffusion, and
vB is the Bohm velocity.

Most common atoms and molecules have ionization
potentials between 10 and 15 eV, the exceptions being He and
Ne. If we take Ei = 13 eV and A ∼ 5 × 10−8 cm3 s−1 as
being representative of many gases, then for a typical value
of leff = 5 cm, Te would be 4.5 eV at 1 mTorr and 2.5 eV at
10 mTorr. The ge(ε) corresponding to Te = 3 eV is plotted in
figure 1, along with the cross sections, σ(ε), for electron impact
excitation of the Paschen 2p5 levels of Ne, Ar, Kr, and Xe from
their ground states. The product σ(ε)ge(ε) is relatively large
for Xe and Kr, considerably smaller for Ar, and extremely
small for Ne. Consequently, if trace amounts of Ne, Ar, Kr,
and Xe were to be added to the plasma, relatively intense Xe
and Kr emission would be observed, with weaker emission
from Ar and extremely weak Ne emission. Hence Ne emission
is difficult to observe in discharges with near-Maxwellian

Figure 1. EEDF, ge(ε), corresponding to a Maxwellian distribution
with an electron temperature, Te, of 3 eV. Also shown are cross
sections, σ(ε), for electron impact excitation of the Paschen
2p5 levels of Ne, Ar, Kr, and Xe from their ground states.
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Helium line ratio method

ratio of helium singlet lines R = I667/I728
He I 667.8 nm (2 1P – 3 1D)
He I 728.1 nm (2 1P – 3 1S)

3 high spectral resolution is not required
3 sensitive to fields of several kV/cm
3 verified at atmospheric pressure
7 dependence on the gas purity
7 dependence on metastable density at low field

E (R) = 2.224−20.18R +45.07R2−19.98R3 +3.369R4

[E ] = kV/cm, for 3 – 40 kV/cm, T = 310K
Ivković et al 2014 J. Phys. D: Appl. Phys. 47 055204
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Diffuse coplanar barrier discharge in rare gases
N
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diffuse,
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filamentary,
low gas purity

low gas purity,
higher voltage
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working gas

adjustable gap
metal electrodes

H
el
iu
m

50 ms 1 μs 100 ns, 10 k
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Experimental setup

 dielectric platequartz
window

insulating oil
working gas

adjustable gap
metal electrodes

coplanar DBD, brass electrodes covered with 96% Al2O3 (0.63 mm thick),
parallel gap footprint, electrode distance 4.75 mm,
helium 5.0 at atmospheric pressure, gas flow 550 sccm
AC sine-wave high voltage of 1.6 kVmax, 10.3 kHz
ICCD camera Princeton Instruments PI-MAX3 (time window 50 ns)
bandpass filters Thorlabs FL670-10 and FL730-10 (670, 730 nm, FWHM 10 nm)
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2D resolved electric field development

total light emission

electric field

CDIW: ∼ 10 kV/cm ∼ 32 kV/cm 20 – 25 kV/cm

Čech J et al 2D-resolved electric field development in helium coplanar DBD Plasma Sources Sci. Technol. 27 105002
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2D resolved simultaneous line ratio measurement
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Excited levels
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1 21000 2p6 1p0 1 0.000000
2 30332 3s [3/2]o2 1s5 5 16.61907
3 30331 3s [3/2]o1 1s4 3 16.67083
4 30110 3s′ [1/2]o0 1s3 1 16.71538
5 30111 3s′ [1/2]o1 1s2 3 16.84805
6 31311 3p [1/2]1 2p10 3 18.38162
7 31353 3p [5/2]3 2p9 7 18.55511
8 31352 3p [5/2]2 2p8 5 18.57584
9 31331 3p [3/2]1 2p7 3 18.61271
10 31332 3p [3/2]2 2p6 5 18.63679
11 31131 3p′ [3/2]1 2p5 3 18.69336
12 31132 3p′ [3/2]2 2p4 5 18.70407
13 31310 3p [1/2]0 2p3 1 18.71138
14 31111 3p′ [1/2]1 2p2 3 18.72638
15 31110 3p′ [1/2]0 2p1 1 18.96596
16 40332 4s [3/2]o2 2s5 5 19.66403
17 40331 4s [3/2]o1 2s4 3 19.68820
18 40110 4s′ [1/2]o0 2s3 1 19.76060
19 40111 4s′ [1/2]o1 2s2 3 19.77977
20 32310 3d [1/2]o0 3d6 1 20.02464
21 32311 3d [1/2]o1 3d5 5 20.02645
22 32374 3d [7/2]o4 3d′4 9 20.03465
23 32373 3d [7/2]o3 3d4 7 20.03487
24 32332 3d [3/2]o2 3d3 5 20.03675
25 32331 3d [3/2]o1 3d2 3 20.04039
26 32352 3d [5/2]o2 3d′′1 5 20.04821

32353 3d [5/2]o3 3d′1 7 20.04843
27 32152 3d′ [5/2]o2 3s′′′′1 5 20.13611

32153 3d′ [5/2]o3 3s′′′1 7 20.13630
28 32132 3d′ [3/2]o2 3s′′1 5 20.13751
29 32131 3d′ [3/2]o1 3s′1 3 20.13946
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Considered elementary processes

1 Electron impact excitation out of the g.s.

Ne(1) + e−
k1j→ Ne(j) + e−, j = 2, . . .29

2 Electron impact excitation out of 2p53s states

Ne(i) + e−
kij→ Ne(j) + e−, i = 2, . . .5, j = 6, . . .15

3 Electron impact deexcitation to the g.s. and 2p53s states

Ne(i) + e−
kij→ Ne(j) + e−, i = 2, . . .29, j = 1, . . .5, i > j

4 Electron induced excitation transfer among 2p53s states

Ne(i) + e−
kij→ Ne(j) + e−, i , j = 2, . . .5

5 Spontaneous emission and absorption of radiation

Ne(i)
ΛijAij→ Ne(j) +hν , i = 2, . . .29, i > j
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Considered elementary processes 2

6 Two-body collision induced deactivation and excitation transfer among 2p53p
states

Ne(i) + Ne(1)
kij→ Ne(j) + Ne(1), i , j = 6, . . .15

7 Chemoionization
Ne(2−5) + Ne(2−5)

kmet→ Ne(1) + Ne+ + e−

8 Two-body collision induced deactivation
Ne(2−5) + Ne(1)

k2b→ 2Ne(1)

9 Penning ionization of impurities

Ne(2-5) + H2
kH2

+

→ H2
+ + Ne(1) + e−

Ne(2-5) + H2
kNeH+→ NeH+ + H + e−

Ne(2-5) + N2
kN2

+

→ N2
+ + Ne(1) + e−

Ne(2-5) + N2
kNeN2

+

→ NeN2
+ + e−

Ne(2-5) + O2
kO2

+

→ O2
+ + Ne(1) + e−

10 Diffusion of metastable-state atoms to the wall.
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Considered elementary processes 3

12 Electron impact ionization of the ground-state and metastable atoms
13 Three-body production of dimers

Ne(2,4) + Ne(1) + Ne(1)
k3bm→ Ne∗2 + Ne(1)

Ne(3) + Ne(1) + Ne(1)
k3b3→ Nem

2 + Ne(1)

Ne(5) + Ne(1) + Ne(1)
k3b5→ Nem

2 + Ne(1)
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Spontaneous emission
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Absorption of radiation

Number of absorption transitions between states i , j (j is lower) in unit volume is

njBjiρ(ω0)

What is ρ(ω0)?
The spatial distribution of population of excited state due to the radiation propagation
can be described by Holstein equation

∂ n(~r)

∂ t
=−An(~r) +A

∫
n(~r ′)G (~r ′,~r)d~r ′, (15)

G (~r ′,~r) =− 1
4πρ2

∂T

∂ρ
,ρ = |~r ′−~r |, T (ρ) =

∫
f (ω)e−kf (ω)ρdω.

Solution of Holstein equation has a form

n(~r , t) = ∑
j

cjnj(~r)e−A/gj t , (16)

in which gj are trapping factors attached to eigenfunctions nj . Escape factor Λ = 1/g0.
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Trapping factor
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Solution of rate-equations

Initial conditions

ni (t = 0) =

{
N ≡ p

kbTn
, i = 1

0, i > 1
(17)

Runge-Kutta methods
stationary state solution: all excited states reach stationary state ( ∂ ni

∂ t = 0)
Non-linear dependence of some rate equations(

∂ n2

∂ t

)
met

=−4kmetn
2
2−2kmetn2n4− . . .− (kH2

+ +kNeH+)[H2]n2−

−(kN2
+ +kNeN2

+)[N2]n2−kO2
+ [O2]n2−

D2

l2D
n2−kionmetnen2
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Spectrum calculation and comparison

measured spectral line intensities,
integrated over lineshapes

[λk , I
exp
k ], k = 1, . . .n, n = 30

calculated total emission
coefficients of transitions

I cr
ij =

1
4π

niΛijAijhνij 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
6

8

10
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Sum S

comparison of spectra by least squares method

S =
n
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k=1
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k (Te ,ne ,n1s3 ,n1s5)− I exp
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Role of metastables

simplified 0D scheme is not valid

∂ ni
∂ t

+5(ni~v) =

(
∂ ni
∂ t

)
c,r

(18)

longer computational times
increased sensitivity at low electron
energies

3s

ground state

3p

direct
stepwise

neon
16.6 eV

1.7 eV

Plasma Sources Sci. Technol. 19 (2010) 065001 J B Boffard et al

Table 1. Fractional contributions to emission intensity due to excitation out of the ground (Grd), metastable (Met) and resonance (Res)
levels obtained from emission model. The ground state, metastable and resonance atom densities are from table 2. The EEDF is of the
generalized form with x = 1.2. The fractional contributions depend only on the upper level of the transitions but are the same for all the 1sy

lower levels with a given 2px .

Fractional contribution Fractional contribution
2.5 mTorr, Tx=1.2 = 5.4 eV 15 mTorr, Tx=1.2 = 2.7 eV

Transition Grd Met Res Grd Met Res

2p1 → 1sy 0.937 0.043 0.020 0.621 0.134 0.245
2p2 → 1sy 0.722 0.237 0.041 0.326 0.299 0.375
2p3 → 1sy 0.829 0.088 0.083 0.302 0.115 0.583
2p4 → 1sy 0.679 0.292 0.029 0.328 0.394 0.277
2p5 → 1sy 0.908 0.034 0.058 0.426 0.077 0.496
2p6 → 1sy 0.523 0.456 0.021 0.231 0.591 0.178
2p7 → 1sy 0.684 0.256 0.059 0.229 0.359 0.412
2p8 → 1sy 0.670 0.266 0.064 0.237 0.329 0.433
2p9 → 1sy 0.452 0.547 0.001 0.217 0.765 0.018
2p10 → 1sy 0.527 0.460 0.013 0.244 0.650 0.106

Differences between levels populated primarily by
excitation from the ground state and those from metastable
levels have been previously used in optical plasma diagnostics
[50–52]. In particular, the 2p1 and 2p5 J = 0 levels do not
conform to the optical dipole selection rules with respect to the
1s3 and 1s5 metastable levels (with J = 0 and 2, respectively),
and as a result have some of the smallest cross sections for
excitation from the metastable levels [46, 47]. Assuming
these levels are then dominated by ground state excitation,
emissions from these levels may act as an indicator of high
energy (>13 eV) electrons [53–56]. This is reflected in the
2.5 mTorr values in table 1, where both the 2p1 and 2p5 levels
are populated primarily through excitation out of the ground
state. However, this is no longer completely true when the
plasma contains an appreciable fraction of 1s2 and 1s4 atoms
(both J = 1) as excitation from these resonance levels into 2p1

and 2p5 is favored by the optical selection rules. At 15 mTorr,
absorption of the resonance radiation causes a drastic increase
of the 1s2 and 1s4 atom densities with gas pressure (table 2) so
that excitation from the ground state and the resonance states
become more comparable.

Because of the very large difference in electron energy
threshold between excitation out of the ground (13 eV) and
of the metastable/resonance levels (2 eV), the excitation rates
from the different initial states sample different segments of
EEDF. This can be seen by examining the energy dependence
of the integrand in equation (8) for excitation out of the ground
state and the corresponding expression for excitation out of the
metastable/resonance level as illustrated in figure 4(a) for the
2p9 → 1s5 emission and in figure 4(b) for the 2p1 → 1s2.
Due to contributions from the lower energy threshold and
larger excitation cross sections, the metastable contribution
for excitation into the 2p9 level is approximately 8000 times
larger than the ground state contribution for this level, but this
difference is partially offset by the small fraction of atoms
in the metastable levels (nm/ng ≈ 3 × 10−4). Thus, for a
more equal comparison, the metastable level contribution in
figure 4(a) has been multiplied by a factor of nm/ng. Similarly
the metastable/resonance contributions for the 2p1 level in in
figure 4(b) have been multiplied by factors of (nm/ng) and
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Figure 4. Excitation rates for (a) 2p9 level and (b) 2p1 level for
conditions corresponding to a 15 mTorr, 600 W ICP
(Tx=1.2 = 2.8 eV, nm/ng = 3 × 10−4, nr/ng = 1 × 10−4).

(nr/ng), respectively. Only those electrons within the range
13–25 eV are relevant for exciting the ground state atoms into
the 2px level whereas excitation out of the 1sy levels entails
electrons of energy as low as 2 eV all the way through 15 eV.
Excitation from the 1sy levels constitutes a significant or even a
major portion of the observed radiation as is evident in table 1.

Because the various 2px levels are populated by excitation
out of the ground, metastable and resonance levels with
different weighting, it is possible to extract the relative ratio of
low-to-high energy electrons in the plasma by examining the
emissions from a number of 2px → 1sy emission lines. For
an EEDF characterized by a Maxwell–Boltzmann distribution,
this low-to-high electron ratio uniquely determines the electron
temperature. The sensitivity of the derived OES electron

7

argon
Boffard J B, Jung R O, Lin C C and Wendt A E 2010

Plasma Sources Sci. Technol. 19(6) 065001

T = 2.8 eV, nm/ng =3 x 10−4, nr /ng =1 x 10−4
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Direct and stepwise excitation
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DC glow discharge in neon

positive column of DC glow discharge
at 1.1 Torr
OES in spectral range 300 – 850 nm
CR model with stationary BKE solver
probe measurement

Thermoelectrically
cooled MTE CCD

detector

Imaging Fibre
Adaptor

Monochromator
Jobin-Yvon Triax
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Radio-frequency discharge in neon

capacitively coupled RF discharge in neon
(13.56 MHz)
low pressure (10 Pa)
reactor R3 “Temelín”, inner diameter 33 cm,
discharge gap 40mm, electrodes 8 cm in
diameter
studied by OES/CR, OAS, PIC/MC, Langmuir
probe
absolute intensity measurement M
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RF (13.56MHz) capacitive discharge in neon at 10Pa
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MW surface-wave driven discharge in neon in coaxial configuration

OES

Ne

B
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x 0

magnetron
2.45 GHz

B

d
1

d
4

d
5

d
2

d
3

argon

two-cylinder quartz tube with copper rod antenna, length 320mm, dimensions
d1 = 5mm, d2 = 7mm, d3 = 11mm, d4 = 20mm and d5 = 24mm
microwave power 60W
pressure 300 – 700Pa of neon with research purity 99.999%, flow rate 6 – 30 sccm
OES: Jobin Yvon HR640 spectrometer with CCD detector cooled with LN2 (focal
length 640mm, grating 1200 gr mm−1)
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Electron distribution function
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Spectra fit
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using BKE solver
effect of deactivation by heavy particles on spectra under studied conditions is small
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Sensitivity to electron density and metastable density
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Axial dependencies for T = 300 K

Maxwellian EDF solution BKE
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N2 rotational temperature in C3Πu state
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Program Specair. Laux C O 2002. In Fletcher D, Charbonnier J M, Sarma G S R and Magin T, eds., von Karman Institute Lecture

Series 2002–07, Physico-Chemical Modeling of High Enthalpy and Plasma Flows Rhode-Saint-Gencse, Belgium.
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N2 rotational temperature in C3Πu state
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Effect of gas temperature
300 K N2 rotational temperature
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heating by oscillating field is governed by E/N and ω/N, elastic collisions inhance
heating
ω/N is not constant along the column
in effective field approximation

Eeff =
E0√
2

1√
1+ ω2/ν2
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Self-absorption
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Effective branching fractions Γij

isolated atom
Γij =

Aij

∑l Ail

plasma

Γeff
ij =

g(k0
ijL)Aij

∑l g(k0
ilL)Ail

absorption coefficient

k0
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λ 3
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8π3/2

√
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Aijnj

measured

Γexp
ij =

Iij/hνij

∑l Iil/hνil
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Escape factor

Mewe approximate expression

g(k0
ijL) =

2− e−k
0
ij L/1000

1+k0
ijL

assumption of homogeneous distribution of atoms
e.g. Ar 2p6 → 1s5 (763.5 nm), ρ = 10 cm
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Example – density of Ti and Ti+ in magnetron discharge

Vašina P 2015 Plasma Sources Sci. Technol. 24 065022
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Example – density of Ti and Ti+ in magnetron discharge
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