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Disclaimer

 We confine ourselves to 
low-temperature plasmas.

 We neglect continuum radiation.

 We only present a very limited set of 
diagnostics

 Sun

Chronosphere

 Astrophysical plasmas  Atmospheric pressure plasmas

He/O2 rf discharge
10 W
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Radiation of a low temperature plasma

 Colors of plasmas  Neutrals atoms and molecules
 Ions single charged
 Electrons ne << nn

Absorption and Emission

a+ e f →a
*
+ es→ a+ hν+ e s

Emission of light from the IR to the UV

Collisions and spontaneous emission
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Emission spectroscopy vs. absorption spectroscopy

 VIS: Simple equipment
 Information on upper level p

 Expensive equipment
 Information on lower level q or k

Absorption and Emission

Passive

Active

Beer's law:
I= I 0e

α⋅L

 Photon energy E = hν
 Wavelength λ-1 = (Ep-Ek)/hc
 Einstein coefficients Apk, Bkp

 Emission  Absorption 
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Spectra of the sun
Example: Absorption

line absorption on blackbody radiation
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Spectra of lamps
Example: Emission
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Information included in line emission
Emission and absorption

 Line profile broadening mechanism
 Doppler  particle temperature
 Stark electron density

Line emission coefficient
Emissivity Line profile

ε pk = n( p)A pk
hc / λ
4π

= ∫line
ελ d λ

= [photons×energy
time×solid angle ]

∫line Pλ d λ=1
ελ=ε pk Pλ

 Intensity plasma parameters

 density and temperature of
 neutrals, ions, electrons
 insight in plasma processes

 Wavelength species

 Wavelength shift particle velocity

Imax   n(p) Apk





   Tgas

   Element

P
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Energy level diagram: Atoms
Atoms and molecules

Metastable
stateLarge

energy
gap

HELIUM

2p 3P2,1,0

Resonant
transitions

Atoms

Spectroscopic notation

LS coupling

nlw 2S+1LL+S

Multiplicity
Spin S=Si

J=L+S 
(fine structure)

Angular momentum  L= Li

optically forbidden

optically allowed

ground state

electron

ground state

Transition probability Aik

(Einstein coefficient for
spontaneous emission)
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Annotations

 Paschen notation  Spectroscopic notation not convenient 
for every situation

 JJ coupling, mixed states
J = 2 1 0 1       1   3  2 1  2  0 1  2  1  0
     s5 s4 s3 s2          p10 p9 p8 p7 p6 p5 p4 p3 p2 p1 

Atoms and molecules

 Racah notation

 Paschen notation
(for heavy noble gases)

 Simple, empirical

 Numbering of levels from 
highest to lowest energy 

1s5-1s2, 2p10-2p1,... 

 3P0 => s3;  
3P2 =>  s5

 1P1 & 3P1 => s2, s4  (mixed states)

Argon

13

12

11

1

0

2p

3p5 (n+2)p3p5 (n+3)s

1p2 2s2 2p6 3s2 3p6

Argon
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Energy level diagram – potential curves

Repulsive state

Hydrogen H2, H2
+, H2

-

Atoms and molecules

+ Rotation and vibration of molecules

Abbreviations:

 Letter rises with energy
(A, B, C....)

 X: ground state
 upper case letters

(same multiplicity as 
ground state)

 Problem: History

Potential curves of H2

H + H

Spectroscopic notation

Projection on molecular axis

2S+1+

multiplet
symmetry of
wave function

+,-
g,u
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Energy level diagram – potential curves

Excitation and radiation
Franck-Condon principle

Atoms and molecules

E = Eelec  + Evib  + Erot

Rotional energy: E rot=Be hcJ (J+ 1)
Vibrational energy: E ν=(ν+ 1/2)ℏω

h νik=Δ E elek.+ Δ E vib+ Δ E rot

gJ '
k
= Nuclear spin depending

          degree of degeneration

Electronic ro-vibrational transition

Transition moment 

ε
ν' J ' ν '' J ''∝n

ν ' , J ' gJ '
k
ν

4 S
ν ' J 'ν '' J ''

S
ν ' J ' ν '' J ''= ∣D⃗ ik (Re)∣

2

⏟
Electronic Transition Moment

⋅ FC (ν ' , ν '')⏟
Frank Condon Factor

⋅HL(J ' , J '')⏟
Hönl London Factor

              = R e
2⋅q

ν 'ν ''⋅H J ' , J ''⏟
tabelled for molecules and transitions

Emissivity
Fulcher transition

Electron impact excitation
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Selection rules for optical transitions
Atoms and molecules

Molecules, diatomic
Electronic transitions

2+1+
+,-
g,u

Atoms

nl 2S+1LL+S

L=0,±1; 00 
J=0,±1; 00
S=0

=0
u  g

J'-J''=J=0,±1
P, Q, R branch

Electronic ro-vibrational transitions in VIS

Actual spectral shape depends on resolution

2nd pos. band
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Sources of information: NIST

ν̃ [cm−1
] :  wavenumber

ν̃ [cm−1 ]=
1

λ [cm]
∝ν[ s−1]∝[eV ]

Convenient unit:

www.nist.gov/pml/data/asd.cfm

Atoms and molecules
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Sources of information: Web

 Web pages (Cross sections)

 www.lxcat.laplace.univ-tlse.fr
ELECTRON SCATTERING DATABASE

 www.icecat.laplace.univ-tlse.fr
ION SCATTERING DATABASE

 Books 

 K.P. Huber and G. Herzberg: Constants of diatomic molecules

 R.W.B. Pearse; A.G. Gaydon: The identification of molecular spectra

 H. Okabe: Photochemistry of Small Molecules

 Publications, literature survey, contact colleagues, ...

YOU are responsible for the selection of data, cross sections etc.!
Select carefully! Check for the applicability of the data!

Atoms and molecules

http://www.nist.gov/pml/data/asd.cfm


Spectroscopic systems
Spectrometers and detectors

OpticsPlasma Spectrometer AnalysisDetector

 Lens systems

 Solid angle (aperture)

 Imaging optics

 VIS – VUV (MgF2)

 Fibres

 Very flexible

 VIS: glass, quartz, 
UV enhanced

 Focal length

 spectral resolution  

 Grating 

 spectral resolution  

 Blaze angle: intensity

 Slits

 spectral resolution  

 Exit: detector

 Photomultiplier

  scan

  t 

 Diode arrays

  range

 Pixel size:  resol.

 (I)CCD arrays

 Pixel size, intensity

Emission spectroscopy provides line-of-sight integrated intensities

(Dispersing element)

(2 lenses)

http://www.lxcat.laplace.univ-tlse.fr/
http://www.icecat.laplace.univ-tlse.fr/
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Spectroscopic systems

 Time resolution:       detector

 Spatial resolution:    detector, line-of-sight

 Intensity:       detector, spectrometer,
       optics

 Spectral resolution:  detector, spectrometer,
       optics

Spectroscopic systems

y
Line-of-sight

PURPOSE determines spectroscopic system!

 Survey spectrometer   pocket size  1-2 nm
   1m spectrometer   good optics  20 pm
Echelle spectrometer high resolution  1-2 pm

Line monitoring
very simple
∆t, poor ∆ ,λ
little information

Common technique
poor ∆t, ∆ , ∆x, flexibleλ
Relative intensities
moderate information

Absolute intensities
expensive technique
poor ∆t, ∆ , ∆x, flexibleλ
powerful tool

Line shift,
Line profile
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Detectors

 I(ntensified) CCD
(Charge coupled device)

 UV to near Infrared

 Gateable

 Sensitive (~1/10 PMT)

 Imaging

 PMT
(Photomultiplier tube)

 VUV to near infrared

 Gateable

 Extremely sensitive

 Integrating

Choose carefully: Wavelength, response time, sensitivity, amplification!

Spectroscopic systems
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Some spectrographs

 Classical monochromator/ 
spectrograph

 Coupling to free air

 Detection:

 Photomultiplier

 Cameras

 CCD arrays

 Miniature spectrograph

 Light fiber coupled

 CCD line

 Overview: ~ nm resolution

Spectroscopic systems
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Optical systems

 Optimum resolution R requires 
complete illumination of dispersing 
element

N: Number of illuminated grooves
t :  Illuminated base of prism

R=λ
Δ λR

R=m⋅N    Grating

R=
t⋅dn
d λ

   Prism

Optimize collecting angle!  Plan your optical path!
True for fibers, too!

Spectroscopic systems

Light source

spectrograph

slit

grating

 Aperture / Etendué

 Product of solid angle  and area F 
is a constant

 Efficiency of a spectrograph 
depends on imaging
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Optical thickness / radiation transport

 Radiation transport

 Optically thin

Emissivity is integrated over 
Line of Sight!

κν '=Absorption coefficient

κν '⋅L≪1
→e− κν '⋅L

≈1− κν '⋅L
→ I ν (L)=ενL(+ I ν(0))

κν '⋅L≫1
→ I ν (L)=

εν
κν '

εν
κν '

=Bν (T )   in LTE: Kichhoff's law

→ I ν (L)=Bν(T )

Spectroscopic systems

 Special cases

 Optically thick

Blackbody radiation from outer 
border of plasma

lens plasma

detector

L x=L x=0

Iv(0)Iv(x)       

dI ν=ενdx−I νκν 'dx

εν=
ΔE

Δ t ΔV ΔΩΔ ν

I ν(L)=I ν(0)e−κν ' L
+

εν

κν '
[1−e−κν ' L ]

Radiation transport equation

 for a homogeneous plasma
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Abel inversion: Overcome Line of sight problem
Spectroscopic systems

We measure an intensity and transform into emissivity.

 Plasmas are not homogeneous

 For radially symmetric plasmas

 Division into (onion) rings of 
constant emissivity

 Sensitive due to differentiation

 Fit of analytical functions (sin)

Line of Sight
(LOS)

Observed transversal (y) 
Line of Sight measurement

x 2
+ y2

=r2

I (y )=2∫0

x
ϵ(x )dx

Transformation: 2 x dx=2r dr

→ I (y )=2∫y=r

y=R
ϵ(r )rdr

√r 2
−y2

   Abel- Inversion

→ϵ(r )=−
1
π∫y=r

y=R dI (y )
dy

dy

√r 2−y2

 Important:       I(R)= 0  !

 Sensitive due to differentiation

 Fit of analytical functions (cos)
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Calibration of spectroscopic systems

 Spectral lamps, plasma,  tables
Example: HgCd lamp

 Resolution – line broadening – 
second order

 Tungsten ribbon lamp

 Deuterium lamp

 Ulbricht sphere

 Branching ratios

 Limited lifetime of calibrated  lamps
relative – absolute calibration

Spectroscopic systems

Wavelength:    pixel  nm Radiance – intensity
counts  W/m2/sr, ph/m2/s 
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Calibration of spectroscopic systems

[ W
m2 sr nm(cts /s) ] x 4πλ

hc
=[ photons

m2 s nm(cts / s) ]

Spectroscopic systems

Radiance – intensity
counts  W/m2/sr, ph/m2/s Ulbricht sphere

Solid angle

    d [sr]

  d =dA/r2

spectral radiance
[W/m2/sr/nm]

Exposure time

Measurement
intensity [cts/s]

Conversion factor
spectral sensitivity



Models

 We now know

 our atomic or molecular system

 know how to measure the spectra

 How can we interpret these information?

 We only see light from excited states!

 How and to what extend are these populated?
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Population densities of atoms and molecules
Models

depends on plasma parameters

Emission (absorption) spectroscopy
→ population density of excited states

εpk , photons
v ' ,v ' ' , J ' .J ' '

=n(p ,v ' , J ')Apk
v ' , v ' ' ,J ' . J ' '

electronic, vibrational, rotational

Te, ne, TA, nA, n(v), n(J), D, I, ...

depend on plasma processes

 Electron collisions
 Radiation
 Heavy particle collisions
 …

Insight into plasma processes and parameters

EIonization

hv

Excited state
n(p), v’, J’

Ground state
n(0), v, J

Lower state
n(k), v'', J''

Population?
Population models
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Basic models

 Distribution of velocities:   Maxwell equation

Models

f (v )dv=( m
2πkB T )

3/2

e
−( mv2

2 k bT )
4 πv2 dv

ne
2

n0

=
2⋅g i

Z (T ) (
2πm kB T

h2 )
3/2

e
−( E i '

kB T )
=S0(T )

Bν(T )d ν=
2hν3

c2 (
1

e
h ν

kB T
−1 )d ν

Process⇔Counter process
A+ e⇔A+

+ e+ e

n(k )=
n0

Z (T )
e
−E k

k B T

 Thermodynamic equilibrium

ONE temperature T, EVERYWHERE

 Thermodynamic equilibrium

ONE temperature T, EVERYWHERE

 Population of bound states: Boltzmann equation

 Population of bound states: Boltzmann equation

 Detailed equilibrium

 Distribution of ionized states: Saha-Eggert equation

 Distribution of radiation: Planck's equation
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Population densities of atoms and molecules
 Planck blackbody function

radiation field

 Saha equation
densities of atoms, ions, electrons

 Boltzmann distribution
population among excited states

 Maxwell distribution
particle velocities

Collisional radiative models

electron impact excitation   electron impact de-excitation
a + ef               ↔  a* + es

 electron impact ionization    three body recombination
a + ef                   ↔ i + e + es

absorption+induced emission   spontaneous emission
a + hν      ↔            a*

photo ionization      radiative recombination
a + hν      ↔     i+e

 Local thermodynamic equilibrium (LTE)

 Local Gradients, boundaries  (scales and frequencies)

 Photons leave plasma Plank's law

 Line radiation

 Electrons govern distributions Te

Can not be applied generally ! Generally can not be applied ! 
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Equilibrium models
Models

 Corona model

 Electronic excitation    vs.    photon emission  n1 ne X 1p
exc (T e)=n(p)∑

k
Apk  

large nphoton and low ne

Collisional radiative model Corona equilibrium
Population and ionization

Boltzmann equation
Saha equation

high ne low ne

Low temperature plasmas are far away from equilibrium

 (Partial) local thermodynamic equilibrium (PLTE)

 Ground state overpopulated

 Valid only close to ionization limit

 Establishes down to some level
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Collisional radiative model
Collisional radiative models

Rate equation balances excitation and de-excitation processes for each state

d n(p)
dt

=∑
k< p

n(k )ne X kp+∑
r> p

n(r )ne X rp −∑
k< p

n(p)ne X pk −∑
r > p

n(p)ne X pr

−∑
k< p

n(p)Apk+∑
p< r

n (r )Arp

− n(p)ne S p+ ne ne ni βp+ ne ni αp+…−…

=0

electron impact excitation and de-excitation with rate coefficient X [m3/s]

spontaneous emission with transition probability A [1/s]

Ionization S[m3/s] radiative recombination  [mα 3/s]
rad. 3-body rec.  [mβ 6/s]

Steady state

set of coupled equations solved with
dependence on ground state and ion density

n(p) = R1(p)n1ne + Ri(p)ni ne R(p) = population coefficients
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Population of an excited state

 Most simple case: Only ground state and one (!) spontaneous emission

 Slightly more realistic: Several transitions  → Natural lifetime  

 (Steady state)

 Population of excited state: 

 Including quenching (collisional deexcitation): 

d n(p)
dt

=n(0)ne X 0 − n(p)Apk

d n(p)
dt

=n (0)ne X 0 − n(p)Ap

τp=
1

∑
p> k

Apk

=
1

Ap

n(p)=
n(0)ne X 0

Ap

d n(p)
dt

=0=n(0)ne X 0 − n(p)Ap

Ap=∑
p> k

Apk+∑
q

nq k q

Collisional radiative models
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Typical results
Collisional radiative models

Example: atomic hydrogen

Additional processes

 self-absorption, opacity
   nH + Lyα → H* (resonance lines)

 quenching
   H2 + H* → H2 + H

 dissociative excitation, 
   recombination
   H2 + e → H* + e, H2

+ + e → H*

 ...

n(p) = f(Te, ne, nn, Tn, ....) !
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Availability of collisional radiative models
Collisional radiative models

depends on the availability of input data
Atomic and molecular physics

Molecules: manifold of levels and processes

H2, (N2)H, He, (Ne), (Ar), Ar+

requires good
quality of σ
around Ethr

The quality of a collisional radiative models depends on the quality of input data!

Cross sections or rate coefficients

X exc(T e)=∫
E thr

∞

σ(E )√2 E /me f (E )dE    with   ∫
0

∞

f (E )dE=1Electron impact excitation 

Rate coefficient cross section

threshold energy
electron energy

distribution function



V. Schulz-von der Gathen       Basics of Plasma Spectroscopy        Summer School 2014, Bad Honnef 35

Dependence of cross section

Optically allowed

Optically forbidden (Spin exchange)

(characteristic for excitation of triplet states)

Optically forbidden (Monopol)

σ jk∝f jk ln( E
E kj

) 1
E kj E

; E≫E jk

σ jk∝
1
E

; E≫E jk

σ jk∝
1

E3
; E≫E jk

Although for electronic processes the cross sections show 
characteristic shapes corresponding to radiative selection rules.

Collisional radiative models
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Analysis of radiation

Atomic
hydrogen

n=3  H

n=5  H

Collisional radiative models

                                    εpk
photons

∝n(p)Apk

                                                       εpk
photons

∝n0 ne X pk
eff
(T e , ne , ...)

ε pk
photons

n0 ne

∝
n(p)

n0 ne

Apk=R 0(p)Apk [m3
/ s ]

= X pk
eff effective emission rate coefficient

n(p) = R0(p)n0ne + Ri(p)nine + ...
    population coefficient R

Measurement CR model n(p) = f(Te, ne, nn, Tn, ....)

Coupling to ground state
(by model)
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Status: Plasma spectroscopy
Résumé

 Diagnostic methods
 Typical applications
 Some demonstrations

 Interpretation quite complex 

 Line radiation 

 Easy to measure 

                                                       εpk
photons

=n0 ne X pk
eff
(T e , ne , ...)

                            
εpk

photons=

 Atoms and molecules
 Spectrometers and detectors
 Emission and absorption
 Collisional radiative models

What can we learn by using plasma spectroscopy?
 Identification of particles

 Plasma stability

 Plasma parameter ne, Te, Tn,

 Particle densities nn,ni, n(p), n(v), n(J)

Line of sight averaged results!
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Identification of species

 UV: resonance lines, VIS, IR

 Dissociation products radicals, 
neutrals, ions

 Impurities water (→ O, OH),
air (→ N2, NO), surface (Cu, C, …)

Diagnostics: Examples

Survey spectrometer
 calibrated, fibre opticsλ
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Species temperatures: translational temperature

 Line form

 Line broadening mechanism:
Doppler broadening from velocity distribution

Spectrometer with high 
spectral resolution

 calibratedλε(ν)=g (ν)⋅εL   with  ∫
L

g (ν)d ν=1

dn
n

=√ m
2π kT

e
−

m
2 kT

v z
2

dv z    add Doppler-Effect Δλ
λ

=
v z

c
 ⇒

m
2kT

v z
2
=

m
2 kT

Δ λ2

λ0
2

c2
≡ Δ λ2

Δ λD
2

Δ λD=√ 2kT
mc2

λ0   →  large λ  , small  m

g(Δ λ)=
1

√πΔ λD
e
−( Δ λ

Δ λD )
2

ΔλFWHM=2√ln2Δ λD

I0/2

I0

0

FWHM



Diagnostics: Examples

 Doppler profile: Gaussian

 Full width half maximum
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Species temperatures: translational temperature

 Example:

Tn = 500 K → ∆ (Hλ α) = 0.01 nm = 10 pm
if ∆λA = 10 pm then ∆λmeas = 14 pm

Diagnostics: Examples

 Line broadening mechanism Doppler broadening

 Apparatus profile Gaussian (?)

Δ λ
FWHM

=√(Δ λD
FWHM

)
2
+ (Δ λA

FWHM
)

2

with Δ λD
FWHM

=
2λ

c √2ln2
kb T

m

Spectrometer with high 
spectral resolution

 calibratedλ

Δ λD
FWHM

=7,16⋅10−7
λ0√T

M
T in K; M in amu

Convolution of spectral lines
 Advantageous: light elements, high λ

 Valuable rule of thumb formula:

 Line broadening mechanism Doppler broadening

 Apparatus profile Triangular or Lorentian
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Species temperatures;  translational temperature

 Overlap of lines:

 H; = 656,2 nm

 Contribution of 5 (out of 7) fine 
structure components

 Best fit at TH= 1250 K

Diagnostics: Examples

 Line broadening mechanism Doppler broadening

Spectral overlap can deform the expected lineshape!
Be aware of your resolution!

Spectrometer with high 
spectral resolution

 calibratedλ
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Species temperatures: gas temperature
Diagnostics: Examples

 Rotational population of molecules excited state

 Excitation mechanism ground state

n(p,v’,J’) accessible by spectroscopy

Trot(ground state) = Tn

rotational quantum number is preserved (∆J= 0, ±1) by electron impact excitation

Trot(p,v’)

rotational population in the ground state
due to heavy particle collisions
∆EJ → J+1 << Tn → Boltzmann distribution

  v’+1
  J’
  n(p), v’

e

  J
  n(1), v=0

εJ ' , J ''=ε
ν ' ,ν ''(

νJ ' , J ''
ν

ν ' ,ν '' )
H J ' ,J ''

gJ '
k Z J '(T )

e
−

E rot (J ')

kT gas

Emissivity of a 
ro-vibrational transition 
(for constant upper v )

Spectrometer with 
moderate resolution

 calibratedλ
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Boltzmann Plot: Fulcher Q-branch (v=2, J=0)

⇒ ln( εJ ', J '' g J '
k

νJ ' , J '' H J , J ''
) = − B

ν ' J '(J '+ 1) 1
kT rot

+ const.

 Slope gives Trot

 Trot is often assumed to correspond to Tgas

H2

H2 3d3u(v=2) 2a3g
-(v=2)

Q(J'')

Diagnostics: Examples

Boltzmann-Plot

 Assumptions:
 Ground state: Boltzmann
 Excitation without change of J

 Also often used for excited states of atoms!
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Gas temperature from rotational population of molecules
Diagnostics: Examples

Trot as fit parameter
Measurements of N2 C 3Πu – B 3Πu, v’=0 – v’’=2

N2   Trot= Tgas

Shape is sensitive on Trot

Excitation transfer: Ar* to N2  Trot ≠ Tgas

Dissociative excitation: CH* from CH and CH4   Trot ≠ Tgas

✔ 

✔ BUT!

Computer simulation of molecular bands
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Particle densities by line ratio method: Actinometry
Diagnostics: Examples

Spectrometer with medium resolution
 calibrated, relative I calibrationλ

Relative measurements
line ratio   density ratio

 Task:
 Measure ground state densities from emission

n1 unknown
n2 well known
    (actinometer)

εpk
1

εpk
2
∝

n1 ne X pk
1
(f (E ))

n2 ne X pk
2
(f (E ))

X exc (T e)=∫
Ethr

∞

σ(E )√2 E /me f (E , t )dE

 Problematics:
 We observe only excited states

 Connection to ground state by (unknown) electron excitation

 EEDF and time dependencies not known

 Idea: 
 Compare to emission from a known reference species that responses to the 

electrons identically
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Particle densities by line ratio method: Actinometry
Diagnostics: Examples

n1∝
εpk

1

εpk
2 n2 C

Spectrometer with medium resolution
 calibrated, relative I calibrationλ

Relative measurements
line ratio   density ratio

If we find suitable gases and diagnostic lines
 n2  inert gas He, Ar, ... (p2 = n2 kbTn)
 εpk undisturbed lines

 Xpk known  & threshold; ground state excitation
➔Xpk ratio independent of f(E,t) or Te

requires cross sections with
similar Ethr and similar shape

Actinometry of H density with Kr (and Ne)

X 1(E )

X 2(E )
=

∫
E thr

∞

σ1(E )√2E /me f (E , t )dE

∫
E thr

∞

Cσ1(E )√2E /me f (E , t )dE
=

1
C
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Particle densities: Actinometry
Diagnostics: Examples

                                                       
εpk

photons
∝n0 ne X pk

eff
(T e , ne , ...)

Knowledge of dominant excitation mechanism is essential!
Requires measurements of several lines and check of consistency!
For each species you have to select the optimum actinometer gas!

Other side effects:
opacity of Lyman lines, excitation transfer from Ar, 
quenching by H2, ...

                                                       
εH γ

∝nH ne X H γ

H , eff (T e , ne , ...)+nH2
ne X H γ

H2 , eff
(T e , ne , ...)

Two densities

Direct and dissociative excitation:

ne , T e known  ⇒   n0=
εpk

X pk
eff (T e)ne

Spectrometer with medium resolution
 calibrated, I λ absolute calibrated

! dir ~ 100 ·diss , but nmol
 ~ 100 · natom 
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Electron density: Stark broadening

 Line broadening mechanism: 
Pressure broadening

 Separation and displacement of 
degenerated levels by electric fields

 Prominent: Atomic hydrogen

 Linear Stark effect

 Undisplaced term n-times degenerated

 Term separation ~ n

 (n-1) equidistant levels

 ∆E~|EF|nk with nk= ±n(n-1),n(n-2),...;0

 H and H show no central component

Levels

Transitions

Diagnostics: Examples

Spectrometer with high resolution
 calibrated, relative I calibrationλ
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Electron density: Pressure broadening: Stark

β=
E
E0

E 0=0,206 e
c

n
β→

↑

N (β)

Diagnostics: Examples

 Each sublevel/transition is broadened by 
influence of electrons and ions

 Most simple theories

 Ions: quasi-static approximation
(surrounding ions generate a statistical 
field; Holtsmark micro field, ~ ni

2/3 )

P

quasi-static ions

+

++

+

+

+

+

+
+

+

+
+

+

EH

P
b

e

electron collisions 

b: collision parameter 

 Electrons: collisional theory
(Coulomb interaction of electrons passing by)
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Electron density: Pressure broadening: Stark

 Overlap of Doppler and Stark broadening! 

 Stark dominant for relatively high ne!

ΔλFWHM [ Å]=α1/2⋅2.5⋅10−9
⋅(ne [cm− 3

])
2/3

Diagnostics: Examples

 Variety of theories

 Simplified analysis from FWHM

with tabulated /2(ne,T) e.g. for H

Values of Stark-broadening parameter α
1/2

 for the H
β
 line of 

hydrogen (486.1 nm) for various temperatures and electron 
densities.

T [K] N
e
 [cm-3] 1015 1016 1017 1018

5000 0.0787 0.0808 0.0765 ...

10000 0.0803 0.0840 0.0851 0.0781

20000 0.0815 0.0860 0.0902 0.0896

30000 0.0814 0.0860 0.0919 0.0946

Δ λFWHM [nm ]∼2⋅10−11
⋅(ne [cm− 3

])
2/3

 Rule of thumb
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Electron temperature: Line ratio method
Diagnostics: Examples

εpk
1

εpk
2 ∝

n1 ne X pk
1
(T e)

n2 ne X pk
2
(T e)

Find suitable gases and diagnostic lines

 n1, n2  inert gases (or n1=n2)
 εpk undisturbed lines
 ground state excitation
 Xpk ratio depends of Te

Example: He and Ar lines

Lines with different Ethr or different shape of (E)σ

line ratio   ratio of rate coefficients

High resolution
 calibrated, relative I calibrationλ

 wavelength

In
te

ns
ity

 [a
.u

.]

MW discharge, pressure variation

3.5eV 2.8eV 2.5eV
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A simple practical example: Excitation temperature

 DC hydrogen discharge

 Observation of 4 “Balmer” lines

 H to H

 Basic assumptions

 (P)LTE !

 Population relation between two 
levels described by Bolzmann 
distribution with Tk

Diagnostics: Examples

Ikj=K k h νkj Akj n0

gk

Z (T )
exp {− E k

kB T k
}

I ij

I kj

=
K i

K k

νij
νkj

Aij

Akj

g i

gk

exp{−E i−Ek

kB T ik
}

 Intensity of a single emission line

 Comparison of two lines
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A practical example: Excitation temperature
Diagnostics: Examples

T ik=
E i−E k

kB ln{ I ij

I kj

νkj
νij

Akj

Aij

gk

g i
}

 Calibrate your system relatively 

Edels & Gambling
Proc. Royal Soc. 1959, A 249, 225

 Look for all the constants (NIST)

 Measure the spectrum

 Calculate the excitation
temperature



V. Schulz-von der Gathen       Basics of Plasma Spectroscopy        Summer School 2014, Bad Honnef 54

rf-
voltage

trigger
time

time

Delay Gate width (3 ns)

Periode length (74 ns)

V. Schulz-von der Gathen, et al
Contrib. Plasma Phys. 
47, 508 (2007)

Phase Resolved Optical Emission Spectroscopy (PROES)

 Analysis of phase resolved emission allows insight 
in electron dynamics

➔ Phase-space diagrams

 Time dependent excitation (e.g. RF discharges)

 High repetition rate ICCD camera

 - gateable @13.56 MHz

 - photons from every cycle

Diagnostics: Examples

 Phase resolved emission images
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V. Schulz- von der Gathen, et al.,
J Phys D: Appl Phys, 41 (2008) 194004

Low power
α-mode

High power
-mode
(so-called)

J. Waskoenig, T. Gans, QUB

Sheath 
expansion

Field
reversal/
Sheath 
collaps

Electron 
amplification

Discharge dynamics:  –  modes

 Reduced electron mobility yields field reversal

 Model description shows good agreement with observations

Phase (1 period) - space (electrode gap) graphs

In
te

re
le

ct
ro

de
 p

os
iti

on
 [m

m
]

0.5
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Diagnostics: Examples
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Analysis of the excitation function

 RF excited plasma with asymmetric electrodes

secondary electrons

Heavy
 particles

Field 
reversal

expansion

Time dependent excitation function E i( t )= 1
no Aik

{ ṅPh ,i ( t )
dt

+Ai ṅPh ,i (t )}

bulk

sheath
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Typical applications of plasma spectroscopy
Applications

Identification of species 

Plasma stability

Plasma process

 radicals from dissociation
 impurities

 time traces of  inert gases

 time traces of process gases

 degree of dissociation

 active variation

 insight in complex systems

 plasma dynamics

Plasma monitoring

Quantitative
analysis

Particle densities

Plasma parameter ne, Te

Plasma chemistry, processes

Excitation processes
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Summary

 Optical emission spectroscopy 

 is a powerful diagnostic tool

 requires only 'simple' equipment

 is in-situ, but non-invasive 

 is line-of-sight integrated

Summary and Conclusions

Efforts in interpretation are compensated by manifold of results!

 Analysis

 is based on atomic and molecular physics

 ranges 

 from simple

 to quite complex based on collisional radiative models
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Some rules / advices / tips

 The optical system is not as simple as it might seem

 Imaging, sensitivities, polarities, ...

Summary and Conclusions

 Be aware of what you are assuming

 Can we really assume some equilibrium?

 Double check your basic data (cross sections, ...)

 Are they valid for your application?

 General literature

 U. Fantz, Basics of plasma spectroscopy, Plasma Sources Sci. Technol. 15 p. 137

 V.N. Ochkin, Spectroscopy of Low Temperature Plasma, Wiley-VCH

 I.H. Hutchinson, Principles of plasma diagnostics, Cambridge University Press
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The end

 Thank you for your attention!

 Special thanks to:
 Judith Golda (Actrice)

 Markus Brochhagen (Camera)

 WWW.EP2.RUB.DE

 svdg@ep2.rub.de
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