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Disclaimer

ASEFOPhYSiCHl plasmas Atmospheric pressure plasmas

He/O, rf discharge
10W

C 1396 H-Alpha Close-Up ,Nick Wright,
University College London

Sun

Chronosphere |
We confine ourselves to

low-temperature plasmas.

feftpwww moga. cdufimage galleryimtfim 060

We neglect continuum radiation.

We only present a very limited set of
diagnostics
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Absorption and Emission

Radiation of a low temperature plasma

e ~a

m Colors of plasmas ® Neutrals atoms and molecules
® lons single charged
m Electrons n_<<n

l

Collisions and spontaneous emission

ate,da +e >a+t hv+e,

N, air
orange
level p electronically excited state
e impact radiation
excitation
level q

Emission of light from the IR to the UV
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Absorption and Emission

Emission spectroscopy vs. absorption spectroscopy

Photon energy

Active

E=hv
A= (E,-E,)/hc
Apk’ ka
Absorption
P excited state

radiation field L,

Wavelength
Einstein coefficients
Emission
P T excited state
\N\N\NN~>
impact hpk, Apk
excitation k
AN Passive
q Aogs qu
42" [ T T v T T ]
= :
c
ol )
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Wavelength [nm]
VIS: Simple equipment
Information on upper level p
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B
Kk

N\N\N~> Ao Bip

Beer's law:
I=1,e*"

Intensity

806 808 810 812 814 816
Wavelength [nm]

Expensive equipment
Information on lower level g or k
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Example: Absorption

Spectra of the sun
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line absorption on blackbody radiation
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Intensity [c]

Example: Emission

Spectra of lamps
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Emission and absorption

Information included in line emission

lx = n(P) A, Intensity plasma parameters
density and temperature of
1.0 ﬂ neutrals, ions, electrons
insight in plasma processes
08 h Line profile broadening mechanism
Px Doppler particle temperature
5 061 . Stark electron density
© -
2 04 AL = Tgas Wavelength species
= B _
E Wavelength shift particle velocity
= 0.2} -
Line emission coefficient . .
L. Line profile
0.0 A Emissivity
499 500 501
hel ' j—
Waveler|gth [nm] € r = n(p) A4, Jine P d M=1
4T g, =¢ P
A pk = A
- fline 8)\ d )\‘
— Element _ photons X.energy
time X solid angle
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Atoms and molecules

Energy level diagram: Atoms

E [eV] singlet system triplet system Atoms
o458 . .S, P D 'F %8 P D F
Spectroscopic notation
2367 — 1 — LS coupling
09 gp| _3'S 2P _3D 3% __3D
. - — ] 339
?2855'1 7 —?_DE e lnlw 28+1LL+§
[ e
,f electron
Multiplicity J=L+S
f‘ NPT 20 P Spin S=XS (fine structure)
20.61 | s =0
Angular momentum L=XL
19.82
. Metastable optically forbidden
Large P g \A
: state
energy |: ground state
gap - ad
/ optically allowed
' HELIUM Resonant pticatly
transitions
0 i1 'S configuration 1s2 Transition probability A,
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(Einstein coefficient for
spontaneous emission)
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Atoms and molecules

Annotations

Paschen notati

on

]J=2101 1 321201210
SS S4 S3 SZ plO p9 p8 p7 p6 p5 p4 p3 p2 pl
A

2p -
13 o

Argon
12 Argon
11| 3P° (N+3)s 3p° (n+2)p
1

1p? 2522p® 352 3p°

0 >
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Spectroscopic notation not convenient
for every situation

JJ coupling, mixed states

Paschen notation
(for heavy noble gases)

Simple, empirical

Numbering of levels from
highest to lowest energy

1s.-1s,, 2p,,-2p,,...
3Po = 33 3Pz =~ S5

P, &°P =>s,,5s

,» S, (mixed states)

Racah notation
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Potential energy [eV]

Atoms and molecules

Energy level diagram - potential curves

Hydrogen H,, H,", H.

20

18

Potential curves of H,

16

14]

12

10

: \< ]
45- / HeH

Repulsive state

2L x1z* 1
I 9 — Singulett-System |
I Triplett-System | |
0 B ) | | | ! | 1 |
0 1 2 3 4 3)

Internuclear distance [A]
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Spectroscopic notation

Projection on molecular axis

25+1 T
f AA+E g,u

f

multiplet %, Symmetry o

wave function

+ Rotation and vibration of molecules
Abbreviations:

m |etter rises with energy
(A, B, C....)

= X:ground state

B upper case letters
(same multiplicity as
ground state)

= Problem: History

Summer School 2014, Bad Honnef
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Atoms and molecules

Energy level diagram -

Excitation and radiation

notential curves

E=E

Franck-Condon principle

elec T Evib T Erot

140 Rotional energy: E_,=B_hcd(J+1)
i Vibrational energy: E,=(v+1/2)An
20l Electronic ro-vibrational transition
5 h Vik:A Eelek.+ A Evib+ A Erot
£ 100} Emissivity
o k 4
§ g} SV'J'V”J"OCnV',J'gJ'V SV'J'\/"J"
- ﬁ k . .
3 40| g',.= Nuclear spin dependllng
E—]" degree of degeneration
Transition moment
20 F
g 2 1 n 1 (]
g = D, (R,) : I:_C(v ,V ) ~I:IL(J ,J )
I Electronic Transition Moment Frank Condon Factor Honl London Factor
: _ 2
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Internuclear distance [A]
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tabelled for molecules and transitions
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Atoms and molecules

Selection rules for optical transitions

Atoms
Energy
N
25+1 | | m=mm------= lon
nl LL+S .
AL=0,%£1; 0«40
AJ=0,+1; 0¢40 n(P)
AS=0 Ak
Radiation
L (k)
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'5 10
% 08
-‘é 0.6 |
g 04 I
= 02]
0.0 b

— 71 r 1 - 1 - T
587 588 589 590 591 592
Wavelength [nm]

. 0.8

Intensity [a

Molecules, diatomic

2x+1 +- | lon oo
AA+2 g,u )
AY=0 n(p), v’, J’ —
Uu<—4gd )
AV Radiation
pk

J'-J"=AJd=0,t1
P, Q, R branch n(k), v’’, J”

Electronic ro-vibrational transitions in VIS

1.0

| Nitrogen I\i2 '2nd pos. band b
-~ 3 3 _

| C HU = B Hg 1_3 0 2
—V'-V" _

366 368 370 372 374 376 378 380 382
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© 9o
~ o

2-4

o
N

[ 3-5

o
o

Actual spectral shape depends on resolution
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Atoms and molecules

Sources of information:| NIST Aromic SpectrA Darabase

Data——  Infomrmarion .
ASD | Lines Levels  <lrol  GromdSwes guioo o www.nist.gov/pml/data/asd.cfm

Specira  lonization Enengirs

NIST Atomic Spectra Database Lines Form

Best viewed with the latest versions of Web browsers and JavaScript enabled

Spectrum HI 'e.g., Fe I or Na, Mg, Al or mg i-iii
Lower “’avelength: 650 or Upper Wavenumber (in cm™)
Upper “’ave]ength: 660 or Lower Wavenumber (in cm'%)

Units: nm v |

Reset input Retrieve Data

656.2700699 | 656.2709702 5.3877e+07 | AAA|s2 258.09101133 - 97 492.319433 2p - 3d pr = 2D | Vo= 3| 2= 4 T8637| L2752
656.2714 cB7
656.2722 cB8

656.2724827 | 656.2724827 2.2448e+07 | AAA|82 258.09543992821 = 97 492.319611 2s = 3p g = | Yy = G| 2= 4 T8637| L6891c38
656.2751807 2.1046e+06 | AAA|82 258.9191133 - 97 492.221701 2p - 3s Zoe = 2o | A = 1y 2= I262
656.27670089 82 258.9543992821 - 97 492.221761 2s - 3s . .
Convenient unit:

656.2771534 656.2771533 2.2449e+07 | AAA|82 258.9543992821 — 97 492.211208 25 - 3p ~ =1l .

656.279 656.2819 500000 | 4.4101e+07 | AAA| 82z 259.158 = 97 492.384 2 - 3 V[Cm ]' Wavenumber
656.2795 - ~17 l 1

656.285175 656.2851760 6.4651e+07 | AAA| 82 259.2850014 = 97 492,355566 2p - 3d vV [ Cm ]— —OoCV [ S ] oC [ EV]
656.28533 }\. [Cm]
656.2854
656.2867336 1.0775e+07 | AAA|82 259.2850014 - 97 492.319433 2p - 3d 2pr = D | %y - %] 4 - 4 T8637|
656.2900442 4.2097e+08 | AAA|82 259.2858014 - 97 492.221701 2p - 3s ’pe = 25 | Fp = Yp| 4= 2 T8637

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

Sources of information: Web

m Web pages (Cross sections)

m www.lxcat.laplace.univ-tlse.fr
m www.icecat.laplace.univ-tlse.fr

® Books

m K.P. Huber and G. Herzberg: Constants of diatomic molecules
m R.W.B. Pearse; A.G. Gaydon: The identification of molecular spectra

m H. Okabe: Photochemistry of Small Molecules

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

Spectrometers and detectors

Spectroscopic systems

vAig
% 0 0

Optics

<

Lens systems
Solid angle (aperture)
Imaging optics
VIS - VUV (MgF.)
Fibres

Very flexible

VIS: glass, quartz,
UV enhanced

Spectrometer Detector

\

Focal length (2 lenses)

Photomultiplier

spectral resolution AA A\ scan

Grating (Dispersing element) AN, At

spectral resolution AL Diode arrays
Blaze angle: intensity

Slits

A range
Pixel size: AA resol.

spectral resolution AL ()CCD arrays

Exit: detector Pixel size, intensity

Emission spectroscopy provides line-of-sight integrated intensities



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

Spectroscopic systems

Spectroscopic systems

Intensity

1

Time

.
\/” \/
e R ..
- -
f el
\J
Line-of-sight

PURPOSE determines spectroscopic system!

Time resolution:  detector /Imax
Spatial resolution: detector, line-of-sight ~ __ ﬂ % AN
Intensity: detector, spectrometer, % "

optics =
Spectral resolution: detector, spectrometer, J \

optics

Wavelength]

Survey spectrometer  pocket size AA=1-2 nm

Echelle spectrometer |high resolution AA=1-2 pm

1m spectrometer— good optics  AA= 20 pm _ _
Line shift,

— Line profile

Line monitoring
very simple
At, poor AA,
little information

V. Schulz-von der Gathen

\/

Common technique Absolute intensities
poor At, AA, Ax, flexible expensive technique
Relative intensities poor At, AA, Ax, flexible
moderate information powerful tool

Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef

18



Spectroscopic systems

Detectors

PMT
(Photomultiplier tube)

BHOTO:
SERSITINE o

HMREM ‘

PHOTOCATHODE RADIANT SENSITIVITY (mA/W)

VUV to near infrared
Gateable
Extremely sensitive

Integrating

00 TRANSMISSION MODE PHOTOCATHODE

I(ntensified) CCD
(Charge coupled device)

Fiber Optic

Tapered Bundle

= == RE=
L = v
P e - = N 5
A AT P S .
25 2= T e . 5 %]
- v A 'H!rixso‘z!(z -/)\/3 = B Photocathode D
- <Gobu | 5K 1A I ‘
10 — e ! = A A ‘.’
8 - e == =
6 = = ERvESRE =
— —=F = 05 & . =
4 1= ‘ = 1 I ® L . 5
gt D7\ T e ™ =
1 A/’ sl N | L b ?
L=~ 501K ,/-f /”'* =
== e NI =
o8 - = —HiE—= o » E | T
é =10 =il 1] L ?
04[= ] (A =
I 00K [ \l \ ;7\ W
02— -+ ! ‘ =
L 41 Window
0.1 N W
100 200 300 400 500 &0DO 700800 1000 1200 ,
High Voltage
Power Supply

WAVELENGTH (nm)

UV to near Infrared
Gateable
Sensitive (~=1/10 PMT)

Imaging

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

V. Schulz-von der Gathen

Basics of Plasma Spectroscopy

Summer School 2014, Bad Honnef

Fluorescent
Screen

19



Spectroscopic systems

Some spectrographs

m Classical monochromator/ ® Miniature spectrograph
spectrograph

Collimating

mirror
slit

Focusing

mirror
Camera

m Coupling to free air

m Detection:

m  Photomultiplier

m Light fiber coupled
m CCDline

m Cameras

m CCD arrays . .
y m  QOverview: ~ nm resolution

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

Optical systems

Aperture / Etendué

Product of solid angle Q2and area F

is a constant

2
o
0 iy L, I

e,
. 8
Efficiency of a spectrograph
depends on imaging
spectrograph
Light source grating

/

o -
i I h .

slit

Optimum resolution R requires
complete illumination of dispersing
element

)

R=AT

R=m-N Grating

R=191 prism
di

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

True for fibers, too!

Optimize collecting angle! Plan your optical path!

V. Schulz-von der Gathen
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Spectroscopic systems

Optical thickness / radiation transport

m Radiation transport

lens plasma

O

detector

- >

x=L L x=0

m for a homogeneous plasma

dl,=¢,dx—I x, 'dx
. — AE
YOAtAVAQAY

Radiation transport equation

K, =Absorption coefficient

V. Schulz-von der Gathen Basics of Plasma Spectroscopy

m Special cases

m Optically thick

K, -L>1
> 1,(L)=

SV

o

v

K )

A%

-=B,(T) inLTE: Kichhoff's law

K

v

> 1,(L)=B,(T)

Blackbody radiation from outer
border of plasma
Optically thin

K, Lkl
se v i~l-k, L
> 1, (L)=¢,L(+1,(0))

Emissivity is integrated over
Line of Sight!

Summer School 2014, Bad Honnef
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Spectroscopic systems

Abel inversion: Overcome Line of sight problem

Plasmas are not homogeneous

For radially symmetric plasmas  Line of Sight ®
(LOS) ¢ .
Division into (onion) rings of e
constant emissivity e
-
&
X2+y2=r2 ’.
= € - " Dbserved transversal (y)
)=2 fo (x)dx i
Transformation: 2 x dx=2r dr Line of Sight measurement
_zfy:RE(r)rdr :-;
o =r 2 2
y , /r —y

r

Important: I(R)=0 ! Abel transformed density

Abel- Inversion

1 cv=R (I (y) dy Sensitive due to differentiation
€ (r)— T . _ |
y=r dy “/I’ _ Fit of analytical functions (Xcos)
We measure an intensity and transform into emissivity.
V. Schulz-von der Gathen Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef
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Spectroscopic systems

Calibration of spectroscopic systems

Wavelength: pixel <& nm

Spectral lamps, plasma, A tables
Example: HgCd lamp

Radiance - intensity
counts <> W/m?/sr, ph/m?/s

Intensity [counts]

Resolution — line broadening -
second order

V. Schulz-von der Gathen

Wavelength [nm]

Basics of Plasma Spectroscopy

Cd 214.4328* | Hg 2482721 280.4462 313.1883 433.9235
228.8018* 248.3829 289.3595 /ﬂ-nﬁe\ 434.7496
361.0510 253.6519% 302.1499 365.0146* 435.8343
361.2875 265.2042 302.3467 365.4833* 546.0740%
467.8156 265.3681 302.5617 366.2878 576.9596
479.9914 265.5121 302.7496 366.3276* 579.0654
508.5824 275.2775 312.5663
632.519 280.3442 313.1546 | 7.7811 |

T T T T T T T
2000 | HgCd lamp
1000 | JL -
0 T T T T T T //\ T T
364.5 365.0 365.5 366.0 366.5 367.0

Tungsten ribbon lamp

J notch

Deuterium lamp

Ulbricht sphere

L =
-

Limited lifetime of calibrated lamps
relative — absolute calibration

Branching ratios ’

gl

Summer School 2014, Bad Honnef
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Spectroscopic systems

Calibration of spectroscopic systems

Radiance — intensity

counts <> W/m?/sr, ph/m?/s dQ [sr]

10 ! l ! ' ! ] spectral radiance |
g N : [W/m?/sr/nm]
4f -
2T N
0 |

L e . T T "1 Measurement

6
- x10 intensity [cts/s]

dQ =dA/r?
Conversion factor
spectral sensitivity
W X4n}\: photons
400 500 600 700 800 m’srnm(cts/s)| hc |m’snm(cts/s)

Exposure time

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



Models
Population densities of atoms and molecules

lonization — — — =— — =—
Emission (absorption) spectroscopy - E

population density of excited states

Excited state

electronic, vibrational, rotational n(p), v, J’
v’,v",J'.J"_ LJJ /KU\» hv
Spk,photons R (+C) v’ J )A -

depends on plasma parameters h

Lower state
T,n,T,n,n(v),n{J), o, a, .. n(k), v"', J"

Al AT

ion?
depend on plasma processes > Population?®

Population models

Electron collisions -
Radiation \ -

Heavy particle collisions y

Ground state
n(0), v, J

Insight into plasma processes and parameters

V. Schulz-von der Gathen Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef 27



Models
Basic models

Thermodynamic equilibrium

temperature T,

Population of

Distribution of

Distribution of

Distribution of

Detailed equilibrium

V. Schulz-von der Gathen
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Boltzmann equatior)E

Ng %1
Z(T)
Maxwell equation

flv)dv=

n(k)=

2
mv

2k, T

312 -
e

m
2k, T
Saha-Eggert equation
n: 2.9, [2amk,T
n, Z(M)| p

4rvidy

3/2 _(E_
o kT

:SO(T)

Planck's equation
2hv?

B,(T)dv=

Process < Counter process
A+ecA'+e+e

Summer School 2014, Bad Honnef
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Collisional radiative models

Population densities of atoms and molecules

'mPlanck blackbody function % ~ electron impact excitation etectren impaet-de-excitation
\ . . . *
raglatlon field s a+e, a*+e,
. /
Saha}lquatmn S electron impact ionization threebody recombination —
den5|t|es})fgtoms/rons, electrons a+te, i+e+e

Boltzmann distﬁbution

. . absorption+ingdced-emissien spontaneous emission
population among excited states rptionT ! P u 1SS!

B N a+hv a*
Maxwell distribution N o o o
_particle velocities N phote-ionizatien radiative recombination
. a+hv i+e

S

Generally can not be applied !

Local thermodynamic equilibrium (LTE)

Local — Gradients, boundaries (scales and frequencies)
Photons leave plasma - Plank's law
Line radiation

Electrons govern distributions T

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

(Partial) local thermodynamic equilibrium (PLTE)

Ground state overpopulated
Valid only close to ionization limit

Establishes down to some level

Corona model

Electronic excitation vs. photon emission Ny N, Xi;c( T.)=n(p) Z A
k

Low temperature plasmas are far away from equilibrium

large n

and low n,

photon

high n_ *

Boltzmann equation . .y low N, corona equilibrium
Saha equation Collisional radiative model : Population and ionization

V. Schulz-von der Gathen Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef 30



Collisional radiative models

Collisional radiative model

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

dnip) =2, n(k)n X+ 2. n(r)n,X,= 2. n(p)n, X, =2 n(p)n X,

lon dt k<p r>p k<p r>p

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

- n(p)A .+ > n(r)A.,

k<p p<r

n(p)

X A spontaneous emission with transition probability A [1/s]

-n(p)n,S +n.nn B +nna+..—..

lonization S[m?/s] radiative recombination a [m3/s]
rad. 3-body rec. B [m8/s]

U

=0 | Steady state

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

n(1)

n(p) =R, (p)n,n +R(p)n.n_ R(p) = population coefficients

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



Collisional radiative models

Population of an excited state

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

dr;/ip)=n(o)neXo—”<P)Apk

Slightly more realistic: Several transitions - Natural lifetime

d’z_lip):n(O)neXo—n(p)Ap

(Steady StatE) dr(;(tp) :O:n<0)neX0_n(p>Ap

Population of excited state: _
n(p)=

Ap:Z A+ > nk,

p> k q

Including quenching (collisional deexcitation):

Summer School 2014, Bad Honnef 32
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Relative population n(p)/n,

Collisional radiative models

Typical results

Example: atomic hydrogen

1072

-1015 1015 101? 1018 1019

Corona
regime

V. Schulz-von der Gathen

*Mmsl_s_uuj
TR BRI AT BT

102[} 1021 1022 -102 1 10?_4 1025
Electrdn density [m™3]

CR Boltzmann
regime regime

Basics of Plasma Spectroscopy

Additional processes

m self-absorption, opacity
n,+Ly, > H* (resonance lines)

® quenching
H,+H*->H, +H

® dissociative excitation,
recombination
H,+e>H"+e H*+e~>H*

np)=HT_n,n,T, ..)!

Summer School 2014, Bad Honnef

33



Collisional radiative models

Availability of collisional radiative models

depends on the availability of input data
Atomic and molecular physics 2
Molecules: manifold of levels and processes

H, He, (Ne), (Ar), Ar*

Cross sections or rate coefficients

Electron impact excitation X_ (T )= f G 2E/m f(E with f f(E)dE=1
Ethr O
Rate coefficient cross section electron energy
threshold energy distribution function
f(E)....,. ............ @ —
0.3 ME 10-17
5
0.2 S 1018
o
requires good () 1 8 10°1°
quality of 0 )
around E W 1020
thr 00 D: 10

0 5 100 15 20 25 1
E, ., Energy [eV]

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

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

Dependence of cross section

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

Optically allowed -
F'y
opefuln| o EXE,
ki | = kj

Optically forbidden (Monopol)

1

o, c—: E>E.
JK E JK

Optically forbidden (Spin exchange)

1,
ijOCE' E> Ejk

(characteristic for excitation of triplet states)

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



Collisional radiative models

Analysis of radiation

pk

photons

ocn(p)Apk

/Ls

Measurement CR model n(p)=f(T,n_,n_,T,....)
n(p) = Ryfp)n,n, +Rp)nn, + .
population coefficient R
c |_ d 8photons n(p)
oupling to ground state k 3
PHng 10 9 P A =R,(p)A, [m’ls]
(by model) nyn, nyn, ° °
e e
— Xzflf effective emission rate coefficient
photons eff
pk OCnOneka(Te’ne"")
T L — 10714 ¢
Eng [M™] 1x1016 1x1018
10-15 _ - 10715 ¢
— 10-16;_ - . — 10-16;
E 10'17; - E 10"‘75
5T 3 =
X qo8 L ] SEEPTEL
H_ |
10-19_.|.|.|.|.|.| 1 ; 10-19-|.|.|.|.|.|.|.|.
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
T, [eV] T, [eV]

V. Schulz-von der Gathen

Basics of Plasma Spectroscopy

Summer School 2014, Bad Honnef
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Résumeé

Status: Plasma spectroscopy

Atoms and molecules Line radiation

‘ Easy to measure

Interpretation quite complex

Spectrometers and detectors

Emission and absorption

Collisional radiative models

Diagnostic methods
Typical applications

Some demonstrations

What can we learn by using plasma spectroscopy?
|dentification of particles

Plasma stability

Plasma parametern_, T, T ,
Particle densities n_,n, n(p), n(v), n(J)

Line of sight averaged results!
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Diagnostics: Examples

|dentification of species

Survey spectrometer
A calibrated, fibre optics

UV: resonance lines, VIS, IR

Dissociation products radicals,
neutrals, ions

Impurities water (= O, OH),
air (» N,, NO), surface (Cu, C, ...)

||||| I I-Ilﬂ | 1 T f T T |I-I
~ | moelcular radiation .
| Cul - I Hs | 2
L y i I |
\ | o
m 1 I . PR | |
I — | | | | | | | | |
300 350 400 450 500 5580 600 650 700 750
Wavelength [nm]
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Diagnostics: Examples

Species temperatures: translational temperature

Line f Spectrometer with high
‘ne form spectral resolution
g('\/):g(\/).gl_ with J‘g(\/)d\/:l A calibrated
L

Line broadening mechanism:
Doppler broadening from velocity distribution

dn:w Mo 2 dv, add Doppler-Effect Ar_"z
n \2mkT Aooc

m 2 M AN 2 AN lo
—— vy =——8L =2t
2kT * 2kT xoz AxDZ

A)\.D:1/2L7;7\0 - large A ,small m
mc

Doppler profile: Gaussian

1 _(MD)Q
VITA }\De

A}\,FWHM

g(A k)=

Full width half maximum

ANM=24In2 AN,

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



Diagnostics: Examples

Species temperatures: translational temperature

Line broadening mechanism Doppler broadening

Apparatus profile Triangular or Lorentian

\
FWHM FWHM\2 FWHM\2
AR = (A R4 (A )
k. T >
with Ang”M:ZJ\/ztnz :
c m )

Advantageous: light elements, high A

Valuable rule of thumb formula:

D

AxFWHM:7,16-107xO\/L: Tin K;Minamu

V. Schulz-von der Gathen

Basics of Plasma Spectroscopy

Spectrometer with high
spectral resolution
A calibrated

Example:

T =500K - AA(H_ ) =0.01 nm =10 pm
if AN, =10 pmthen AA__ =14pm

Convolution of spectral lines

1,00 I I I I I I I I I
7] > Doppler normiert: 7]
_ _~fAIn?2 1 -4in2 v-voy |
“‘”'V+Ene (&)
5 -
% i Avy N
= -
- Lorentz normiertt AVt e
] i Ay,
| 2n (\,_vn)z*_(%)? Avy=Av =Av ]
0,00 ] | ] 1 1 1 1 1 I
5,00 0 50

Summer School 2014, Bad Honnef
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Diagnostics: Examples

Species temperatures; translational temperature

Spectrometer with high
Line broadening mechanism Doppler broadening sgectral resolution g

A calibrated

Overlap of lines:
H. A=656,2 nm

Contribution of 5 (out of 7) fine
structure components

Best fitat T =1250 K

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

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

Diagnostics: Examples

Species temperatures: gas temperature

Rotational population of molecules excited state

Excitation mechanism ground state

Spectrometer with
moderate resolution
A calibrated

n(p,v,dJ’) accessible by spectroscopy

—4
o T

n(p), v

rotational quantum number iSpreserved (AJ= 0, 1) by electron impact excitation

rotational population in the ground-state
due to heavy particle collisions
= J AE - J+1 << T - Boltzmann distribution

T .(ground state) =T _

Emissivity of a

ro-vibrational transition € =€ ., .

(for constant upper v)

V. Schulz-von der Gathen Basics of Plasma Spectroscopy

Summer School 2014, Bad Honnef
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Diagnostics: Examples

Boltzmann Plot: Fulcher Q-branch (v=2, AJ=0)

3p°TL H
4 — 2 B Assumptions:
= 1 B Ground state: Boltzmann
Q B Excitation without change of J
:
+3 k
% a 8J' J"gJ' 1 1
e =ln : =-B J'(J'+1) + const.
4 Eg VJ',J“HJ,J" Trot
; m Slopegives T
0 m [  isoften assumed to correspondto T
ls IE; rot gas
Boltzmann-Plot
100
I an) H, 3d°T1 (v=2) »2a°E "(v=2) - H, 3dM,(v=2) —2a°5,(v=2)
_ I I
_ Q") )
£l 8 I
s | Q[3] = Tro= 350 K
- L]
£ | Q2] T
Q[4] Q[s]
L .
1 L 1 L 1 L 1 L 1 L 011 : ! : . ! : ! I : ! : I : ! : I : ! :
622 623 624 625 626 627 0 200 400 600 800 1.000

Wavelength [nm)] B J (J+1) [em~]

B Also often used for excited states of atoms!

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

Gas temperature from rotational population of molecules

Measurements of N, C 3I'Iu -B 3I'Iu, v'=0-v'"=2

4 ‘|‘ |
3 _w |
;:' |||| Tiot > Dot m
i I8
z 1\l ]
gl el
=0 /‘wauwmwwﬁ At 'JJl 'Uf [\“L_
~1 | |
i o
ol o ﬂl,lﬁuu““"’maH |'|I 'HHJ || IUJII |
376 3717 378 3'}9 380

Wavelength [nm]

Shape is sensitiveon T _,

Intensity [a.u.]

Computer simulation of molecular bands

= T . as fit parameter

20 -

15 -

||||
5 | ' || \(“
Measurement - M |||||||J|f*‘-1 e M ‘

it
0 L rn nan A *\nﬂf\f'M*Il”L.JJhﬂnjlq |‘| |“ Il A

| i i

1)

500K 1 'J |
|I | ‘ || | |LI b

A AU | 1'1 '|'1I|‘|I'II||||'\H|'r|”|I||u||| |||||II

0 L )'r'v'“"""\ JR'J""'“'\ .’III'JI l'II'-.»’ J I\

| | | N | | | |
377 3775 378 3785 379 3795 380 380.5

Wavelength [ nm ]

5t Slmulation T, =

N2 = Trot=

Tgas V

v BUT!

Dissociative excitation: CH* from CH and CH,

V. Schulz-von der Gathen

Excitation transfer: Ar*toN, = T _+#T

Basics of Plasma Spectroscopy

gas

= Trot * Tgas

Summer School 2014, Bad Honnef
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Diagnostics: Examples

Particle densities by line ratio method: Actinometry

Spectrometer with medium resolution
A calibrated, relative | calibration

Task:

Relative measurements
line ratio = density ratio

Measure ground state densities from emission

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

n, unknown 81 n Xl f (= -
n, well known gkoc 17 gk(k ) XeXC(Te):_fO(E)\/ZE/mef(E,t)dE
(actinometer) | €k M %ka(ka» E,
V. Schulz-von der Gathen Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef
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Diagnostics: Examples

Particle densities by line ratio method: Actinometry

Spectrometer with medium resolution Relative measurements

A calibrated, relative | calibration line ratio = density ratio
If we find suitable gases and diagnostic lines I

- _ o,.(E)N2EIm_f(E,t)dE
mn, inertgas He, Ar, .. (p,=n,k T) X, (E) Ef 1( ) ef( ) 1
m £ undisturbed lines =% ==
a X\E) [ co,(E)2EIm f(E t)dE C
E

n ka known ¢ & threshold; ground state excitation
>X,. ratio of f(E,t) or T_

A

requires cross sections with
similar E, _and similar shape

10713

" L] - 2
Excitation cross section (cm®)

10" ;
1 ;
€ ok i : -
nl oC _P% n2 C ., i o Hﬂ(dlrec‘c excitation)
82 " 10 ¥ --=-- H,(dissociative excitation)
P : ----- Ne 2p,
1()_21 I M N v i :I v ! N 1 ' v v ! M M M 1 ' ¥ v
. . . 0 20 40 60 80 100
Actinometry of H density with Kr (and Ne) Electron energy (V)

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

Particle densities: Actinometry

Direct and dissociative excitation:

8Hyoan neX:;eﬁ(Te’ne’ "')+nH2neXZz,eff(Te’ne"")

¥ P

Two densities

. . . 2
Excitation cross section (cm”)

10""‘-; ;
] l'* —Kr2p,
! Gdir - 100 .Gdiss ' bUt nmol~ 100 ] r‘atom i === Hﬂ(direct excitation)
107 : =-=-- H,(dissociative excitation)
Other side effects: | e 2,
opacity of Lyman lines, excitation transfer from Ar, 10! Aoy
. 0 20 40 60 80 100
quenching by H2, ... Electron energy (eV)
Spectrometer with medium resolution
A calibrated, | absolute calibrated
Tk "ok
photons eff n_, nown = n.=
Pk OCnOneka(Te’ne' ) e’ "e 0 Xeff(T )n
pk e/ e

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!
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Diagnostics: Examples

Electron density: Stark broadening

Spectrometer with high resolution
A calibrated, relative | calibration

-
1

[

Levels F
™ .'
LI / -

%E

Transitions

E |[.H|.I|

I T8 & & 2 G2 re cd A K

az HB
SNt RN T

- | e T 3

oo | :

:
- ] ] g |
5 “.llt.llt}ui.'”

o X B8 a2 R0 SE AE B k. D ek el ol D SO T DT D k

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

AE~|E_In_with n =£n(n-1),n(n-2),..,0

HB and H, show no central component

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

Electron density: Pressure broadening: Stark

Each sublevel/transition is broadened by

influence of electrons and ions 2 /\K
Most simple theories T a2 / \\
o o NB)TT N
lons: quasi-static approximation g1 T o
(surrounding ions generate a statistical 1
field; Holtsmark micro field, ~ n%3) 4 ¥ F 4 .% & & ¢ @
Electrons: collisional theory £ - o
(Coulomb interaction of electrons passing by) p=—" £4=0,206-"n
0

b: collision parameter

quasi-static ions electron collisions

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

Electron density: Pressure broadening: Stark

Variety of theories

Simplified analysis from AA_, .,

AxFWHM[Z\]:ocllz-Z.S-10_9-(ne[cm_3])2’3

with tabulated o, ,(n,T) e.g. for H,

Rule of thumb

= T p— T T T T
non
TH
HE o h
I i 1
o i 1
i
rn! I
[
i -
Il Fa
sk :;‘1'"#""” ot .
. FARA
2 TREAY
v IJIII L
o] | 1 .~ Holrgw
3 o I||""
- 1R | 11 |
! iy ||I|.
',rf] i \
i
Hi
a5l |r
]
' III "I‘
/:; I Y
3
| ’ S
] S il | | 1 1 e o
-0 —&2 =67 —¢0 -g0 0O EQ A0 A 30 100
=gy [A

AN pyp [IM]~2:107"(n_[em ™))"

Comparison af the Hallanork profbe lion broodesing ady) far the Hf:l I'ne of hydrogen

Overlap of Doppler and Stark broadening!

Stark dominant for relatively high n !

V. Schulz-von der Gathen Basics of Plasma Spectroscopy

Values of Stark-broadening parameter a, for the HB line of
hydrogen (486.1 nm) for various temperatures and electron

densities.
T[K] N, [cm?] 10 10 10Y 10t
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

Summer School 2014, Bad Honnef
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Diagnostics: Examples

Electron temperature:

High resolution
A calibrated, relative | calibration

Ratio of rate coefficients

Find suitable gases and diagnostic lines

m N, n, inert gases (or n,=n,)
mE, undisturbed lines

m ground state excitation
m X , ratio depends of T,

Example: He and Ar lines

1000

100

'10.I.I.I.I.I.I.I.I.
1 2 3 4 5 6 7 8 9 10

Electron temperature [eV]

V. Schulz-von der Gathen Basics of Plasma Spectroscopy

_Ine ratio method

Lines with different E_or different shape of o(E)

line ratio = ratio of rate coefficients

Sék nl%X;k(Te)
2 x 2
Spk n2 Meka(Te>

MW discharge, pressure variation

C T T T T \ N
¢ | 3.5eV 2.8eV 2.5eV
:é i Hel |
D, 6L i
>
= - Hel .
n
QC_) 4 F Hel 7]
E B Arl Arl A |
= 1 |
0T | w | W‘I\ | | ]
wavelength

Summer School 2014, Bad Honnef
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Diagnostics: Examples

A simple practical example: Excitation temperature

va V3

DC hydrogen discharge (< »e e v e
Observation of 4 “Balmer” lines [] ?f &) Vorpumpe
H, to H, /
! —1__

Primen-
Linse spektroskop

[ ) @

Fenster

|

0...1,5kV

9,

Basic assumptions

(P)LTE ! [

Population relation between two
levels described by Bolzmann
distribution with T,

Photomultiplier

e

Intensity of a single emission line

. 9 Ek
ij_KthijkjnO Z(T) exp _kBTk
Comparison of two lines
i: K. \\;,U A, 9 exp _E,.—Ek
ij Kk 9 Akj 9y kBTik
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Diagnostics: Examples

A practical example: Excitation temperature

Calibrate your system relatively

ook for all the constants (NIST)

Alnm] | A,; [10%s71] gi E;[eV]
H, | 656,28 | 4,4101-10 Ll 18 | -1,5111
Hg | 486,13 | 8,4193-10 2|32 | -0,8500
H]. 434,05 | 2,5304 - 10 2 | 50 =0,5440
Hs | 410,17 | 9,7320 - 10 3|72 -0,3778

Measure the spectrum

Calculate the excitation

temperature
6000 : | 1 —
S000— ]
4000~ ]
3000 m
| I i
25004 S 5 8 30
discharge current (A)
Edels & Gambling

Proc. Royal Soc. 1959, A 249, 225

V. Schulz-von der Gathen

Basics of Plasma Spectroscopy

I[a. U]

1[a.U.]

0,06 L

400
& [nm]
L B e e T B B e o B LA B S
p=260Torr J —1,0A
1,8A
26A
15| —34A
——42A
—4.8A
If\l
10 | ; h \ 4
| .
[ A N
| ‘.ll;"u !JJ 1
| / I
| Il {f Jr |
05 A il 10 [h
o ﬂr\\:f,{\b\\iif 'Q‘{_\ . Vi \Y /
1

4000

3000
X
~ 2000
[

1000

r =3l
Tap
o TBy
° Tyd
1 1 1 1 1 1
0 1 2 3 4 H 6
I/A
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Diagnostics: Examples

Phase Resolved Optical Emission Spectroscopy (PROES)

Time dependent excitation (e.g. RF discharges)

High repetition rate ICCD camera

- gateable @13.56 MHz

- photons from every cycle

rf-
voltage

trigger ~

time

time

Delay

|| Gate width (3 ns)

Periode length (74 ns)

Phase resolved emission images

Analysis of phase resolved emission allows insight
in electron dynamics

V. Schulz-von der Gathen

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

Basics of Plasma Spectroscopy

- Phase-space diagrams
Summer School 2014, Bad Honnef
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Diagnostics: Examples

Discharge dynamics: o — Y modes

05
— 0.25
S
£ 0
-
2 -0.25
=
)
2 -0.5
o
)
© 05
(@)
—
© 0.25
A
< 0
(0]
]
= -0.25
- = -0.5 !
(so-called) e o T
Time [ns] Time [ns]
V. Schulz- von der Gathen, et al., J. Waskoenig, T. Gans, QUB

J Phys D: Appl Phys, 41 (2008) 194004

Reduced electron mobility yields field reversal

Model description shows good agreement with observations
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Analysis of the excitation function

RF excited plasma with asymmetric electrodes

= 0
-..E..p- % 1.0F —I0— measured excitation function
% 5 é sl F@[E(tﬂalytlcalapproagheath
= 2 reversal
O S o6}
5 reversal :
) - |
- 10 Secondary g ™ exbansion Heavy
g Electrnns g 0.2 p partICles
% Sheath Z polofed n/q&@ﬁ-&mﬂw
el 15 . 0 10 20 30 40 50 60 70
= expansion Time (ns)
O =
— 20 = mLJ; o d excitation functi o
§ Exc‘itatiﬂ-n 5 0.8\ analytical approach
Q S
@ Ne 2p, S 06 secondary electrons /
O 25 % o°
0 10 20 30 40 5850 60 70 E 0.4 S
Time (ns) : 0.2 bulk
z 0-Cg.0-0.
0.0 L 1 L 1
R ——— 0 10 20 30 40 50 60 70
sheath T Time (ns)
P “‘a |
. o, T 1 nPh,i(t) .
Time dependent excitation function E,(t)= +A;Np, )
nA,| d !
o/
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Applications
Typical applications of plasma spectroscopy

\dentification of species  mradicals from dissociation )
W impurities
Plasma stability W time traces of inert gases > Plasma monitoring
Plasma process W time traces of process gases _
Particle densities W degree of dissociation A
Plasma parametern, T_ W active variation

> Quantitative

analysis

Plasma chemistry, processes  Binsight in complex systems

Excitation processes W plasma dynamics y,

V. Schulz-von der Gathen Basics of Plasma Spectroscopy Summer School 2014, Bad Honnef 57



Summary and Conclusions

Summary

Optical emission spectroscopy

Is a powerful diagnostic tool
requires only 'simple’ equipment
IS In-situ, but non-invasive

s line-of-sight integrated

Analysis
IS based on atomic and molecular physics
ranges

from simple

to quite complex based on collisional radiative models

Efforts in interpretation are compensated by manifold of results!
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Summary and Conclusions

Some rules / advices / tips

The optical system is not as simple as it might seem
Imaging, sensitivities, polarities, ...
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

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

V. Schulz-von der Gathen

Thank you for your attention!

Special thanks to:
Judith Golda (Actrice)

Markus Brochhagen (Camera)

WWW.EP2.RUB.DE
svdg@ep?2.rub.de

Basics of Plasma Spectroscopy
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