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© ocs

© CR modelling
© CR model for neon discharge

@ Examples
e DC

o RF
o MW

© Measurement of densities by self-absorption methods
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Instrumentation

@ typically grating spectrometer of
Czerny-Turner mounting equipped
with CCD/ICCD detector

@ spectral range and sensitivity:
detector (silicon CCD,
photocathode), grating efficiency

@ resolution: number of illuminated IRING S/
grating grooves, slit width, pixel S
size o

R=A/AA=mN
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Technique overview — how we measure

e collecting the light emitted by plasma (optical emission
spectroscopy, OES):

e non-intrusive
e sensing the light at the plasma boundary

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

e based on Lambert-Beer law
e can disturb the plasma, two ports
e white light, hollow cathode lamps, LASERS DM2 — Dvorak

@ collecting the light emitted and reabsorbed by the plasma
(self-absorption methods of OES)
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Technique overview — how we measure

e collecting the light emitted by plasma (optical emission
spectroscopy, OES):
e non-intrusive
e sensing the light at the plasma boundary — self-absorption
can play a role
e optical probes
@ sending the light through the plasma (optical absorption
spectroscopy):
e based on Lambert-Beer law

e can disturb the plasma, two ports
e white light, hollow cathode lamps, LASERS DM2 — Dvorak

@ collecting the light emitted and reabsorbed by the plasma
(self-absorption methods of OES)
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Technique overview — what we look at

e 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) DM1 — Synek

@ line intensities: . . . all



OES CR modelling CRM neon Examples Self-absorption
000

Technique overview — what we look at

e 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) DM1 — Synek

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

e radiant flux/zafivy tok — energy emitted/incident on surface

per unit time

d&
b=— W 1
dt’ ()

e irradiance — flux density (per unit surface)

2
_ 4o ﬁ, Wm 2 (2)
dS dtdS
e specified during calibratrion of calibrated
light sources (spectral irradiance)
e optical fibre is not a detector of
irradiance (acceptance angle) N
e radiometric irradiance probes, cosine \
correction diffusers, integrating
spheres, . ..
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Absolute intensity measurement 2

@ radiance (zaf) — radiant flux per unit perpendicular surface and
unit solid angle

d?o a3&
L= = Wm2srh (3
dScos0dQ dtdScos0dQ’ st (3)
@ radiance x irradiance
*L(8)
= / L(6)cosBdQ  (4)
a dQ
0
For constant L (Lambert) radiators
I =mL.
o for description of radiating solid ds

surfaces
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Absolute intensity measurement 3

@ emission coefficient — radiant power emited by unit volume
into unit solid angle

3&
= 5
1= drdvaq ®)
e all quantities have their spectral densities, e.g. j(1)

emission coefficient of transition

nifr), &(r)
o ) N
Jij = g MiAGAVij a
1 j,--(r )
[ = 7/ ") A cc(0)dV,dS,
v Sdet Vpl Sdet P2 ( ) g ot

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

@ density of atoms in excited state

n; = n&e ko Te

Q

g; — statistical weight, &; — excitation energy, n — atom

Self-absorption

(6)

density, @ — state sum, T, excitation temperature (= electron

temperature)
@ spectral line intensity

hc
| o< n;AUT
A i
= C-%e W
@ Boltzmann plot
A 1

In &+ Inky,

giAj ko Te

(7)
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Possibilities for excitation temperature measurement

excited level balance

@ local thermodynamic equilibrium (LTE) plasma
— LTE condition

ne > 1.6-102\/T.(AE)® (ecm™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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Quasi-steady state-solution of differential equations

coupled DE for densities of excited states

8n,- oy 8n,-
o) =(5) (10)

population and depopulation processes are very fast:
8n,- . an,'
ot \ dt

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

=0 (11)

c,r




CRM neon

OES CR modelling

Level balance

dno .
W + V(nO VO) = _Scrneno + Oler Ne Nion
anion

Jat

+ V(nion Vi_(;n) = +ScrNe Ny — Oter Ne Nion

classification of models (plasma state)
@ ionizing plasma S¢ neng — OerNeNion > 0
e plasma conducting current, ionizing
waves
@ recombining plasma
Scrne Ny — Oler Ne Nion < 0
o afterglows, outer regions of flames
o equilibrium plasma S.;neny — GerNeNion = 0
(ioniozation-recombination equilibrium)

Examples

Self-absor|

ption

V(g w1

ionizing plasma

I

i
i
!
| p—

i
I
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1t
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V{nowo)

recombining plasma

0

equilibrium plasma

. Vlnjw;)
— i el
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Excitation phases: corona phase

population by electron impact excitation, radiative deexcitation

kg}-neno + kg},-nenm(—i— Z /\j,-Aj,-nj) = Z/\,-J-A,-jn,'

J>i j<i
(12)
. ;V’("iﬂl)
sy}
1 gy it
il T 3C
N

Vinowo)}
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Excitation phases: excitation saturation phase

population and depopulation by electron impact

Y klnenj + (atinenion) = Y k' neni + Sinen;

JFEi J#I
V-lniwi)
3 T - ; f
i M
i I P
i +
[
)
(‘:
{4
— 0
V.l nowo)

@ saturation of the excited state densities with increasing ne

@ no Saha equilibrium, S;n; > a;njon



o stepwise excitation — ladder-like excitation flow

Ki—1,ineni—1 — ki i—1nen; = ki j11nen; — Kit1,inenjy1 — Sinen;

«4O>» «Fr «=)r» «E)»
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Excitation phases: partial local thermodynamic equilibrium

@ 2 equilibria: excited state x ion state, neighbouring excited
states

@ ionization ~ recombination > excitation flow

ki—1,ineni—1 — ki i—1nen; = ki j11nenj — Kit1,iNe N1 — SiNenj + 04 ne Nign

il .
1 P
& &

- ———

(LR
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Role of collisional processes

10'1: | . o ,10167‘“- B T b ae—
" mer m-3
I L .o _
“T 107 Sahg fine . 102
30 . ] : N ‘ —
= - . a g z i
- . e ; i
08} °'- 108 200
106;% 104 mh:
0 1 ? 13 eV % e -+ ¥ L P
. ep 10 1M 12 13 eV 1% Ep
1016 Ep. ” ;
Ne = m- - _ B
‘ ne =1020 m—3 ne =10 m
Boltzmann nB = nog,/goe E /KT
Saha n,s = ”e”nong 5 (h2/27tm kT, )3/2 Eioni/kTe

deviation from B & S nj=r? n + rin;
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Excitation phases

ESP
10  (partial)

corona
phase

el 1 1
10 16 10 18 100 mn-? 10 22

Self-absorption
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Collisional-radiative model

line broadening

Einstein coefficients

cross sections
escape factors

Y Y

rate coefficients system of .
EDF o ) emission spectrum
for electron excitation rate equations
Te, ng .
’ rate coefficients
E/N, w/N
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Electron distribution function

o Maxwellian EDF
@ solution of Boltzmann kinetic equation
@ normalization of the EDF

/ f(e)e/?2de =1
0
@ mean electron energy

() = /m f(e)e3?de,

0

Self-absorption

(13)

(14)

o rate coefficients k, k;,y of electron collision with cross section

o and of inverse process

F /

/2e
mV = fb 8 EU)EdS
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Approaches of OES data processing

@ line ratio methods

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

@ ,many line fitting" methods
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Electron temperature and EDF measurement by OES+CR
6 e A
= @CCP, 107, 100W, ArKe =21
€ s N N n,/n, metastable fraction | if ' A
f= A o
g ﬂ Wl
o 4l
T ﬂﬂmﬂ Hﬂﬁﬂ illl feafia LIlla
% T TR — 5 o
c 2}
S
St
N
° TS TV VTV
15 20 25 30 35 40 45 50 55 60
T, (eV)
7 : . . ! >
/ 10"F (2) CCP. 10 Pa. 100 W 10"
(b) 4
6F // E| I 10
s 10 10
3 /. s %)
% o o g/e A 1 ;:Q 10F D o probe —o— probe o, 10"
i ) ;d. 0‘7 Xa > A line-ratio line-ratio R
@ - = 9
-g B3 f/; * ] § 10* %“ 10°
1 10’ ° 10°
2 L L L L 10 10
2 4 5 7

0 3 6 9 12 15 0 3 6 9 12 15

lineratio T _, , (eV) Electron energy (eV)

Boffard J B et al 2012 J. Phys. D: Appl. Phys. 45 Zhu X-M et al 2012 Plasma Sources Sci. Technol. 21
045201 024003
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TRG spectroscopy

180
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40t
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Electric field measurement

E/N [Td]
250
24.6f---- lonization e+ (26 1.2 2 3|O 40 50 60
24f —5'D—5P —5!S —5D—5%P —5°S 11
—4D—T4Po—4'S  __ 4D —4P __ g
49220m  396,50m  504.8nm 447.0nm 318.8nm 471.3nm 1.0
2 ° S 09
2 _R
g < o8
2 2
g 0.7 N =10"%cm® 1
06} —Nm=10”cm3 J
——N_=10"cm*
58.4nm 2% 05 o Experiment ]
19 [0 )7 ) PO S TP TP SR TP S PR TP PR PR P P |
123 4567 8 9101112131415
ob----- He g E [kV/cm]

Ivkovic S S et al 2014 J. Phys. D: Appl. Phys. 47 055204
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Excited levels

J,=3/2 (V) J =12 [___nlpgr _Racah Paschen (V)
¢ 1 21000 2p° 1po 1 0.000000
20-26 — 27-29 3d' 2 30332 3s[3/2]3 1ss 5 16.61907
3d 2004 3 30331 3s[3/2]7 1sa 3 16.67083
19 ) 4 30110 3s' [1/2]§ 1s3 1 16.71538
4s 17 — g 5 30111 3¢ [1/2]§ 1sp 3 16.84805
16 6 31311 3p [1/2]1 2p1o 3 18.38162
1 195 7 31353 3p[5/2]z3 2pe 7 18.55511
i 8 31352 3p [5/2]> 2ps 5 18.57584
T 9 31331 3p[3/2]1 2p7 3 18.61271
100 10 31332 3p [3/2]2 2pe 5 18.63679
: — 15 ) 11 31131 3p’ [3/2]1 2ps 3 18.69336
1 P 12 31132 3p’ [3/2]> 2pa 5 18.70407
71111, 12 13 31310 3p[1/2]o 2p3 1 18.71138
3p g 14 31111 3p’ [1/2]1 2p2 3 18.72638
. 15 31110 3p’ [1/2]o 2p1 1 18.96596
16 40332 4s [3/2]3 2ss 5 19.66403
0 17 40331 4s [3/2]] 2s4 3 19.68820
g 18 40110 4s' [1/2]§ 2s3 1 19.76060
B 19 40111 45 [1/2] 252 3 19.77977
20 32310 3d[1/2]3 3de 1 20.02464
o | o 21 32311 3d [1/2] 3ds 5 20.02645
g | [Ee 22 32374 3d[7/2]§ 3dj 9 20.03465
3 ° 23 32373 3d [7/2]§ 3da 7 20.03487
Rlo 24 32332 3d [3/2]3 3ds 5 20.03675
N 25 32331 3d [3/2]7 3d> 3 20.04039
/0 5 26 32352 3d [5/2]3 3d; 5 20.04821
s 3 32353 3d [5/2] 3dy 7 20.04843
3s ; 1 27 32152 3d’ [5/2]3 355’ 5 20.13611
3 32153 3d’ [5/2]§ 35;,,’ 7 20.13630
2p° Tva o 28 32132 3d’ [3/2]3 3s] 5 20.13751
ground state 29 32131 3d’ [3/2]3 3s} 3 20.13946
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Considered elementary processes

@ Electron impact excitation out of the g.s.
_ ki . _ .
Ne(1l)+e  — Ne(j)+e, j=2,...29

@ Electron impact excitation out of 2p°3s states
. kij . _ . .
Ne(i)+e~ =4 Ne(j)+e~, i=2,...5 j=6,...15

© Electron impact deexcitation to the g.s. and 2p°3s states
kij . _ . . L.
Ne(i)+e” = Ne(j)+e, i=2,...29,j=1,...5,i>

@ Electron induced excitation transfer among 2p°3s states
kij . _ ..
Ne(i)+e” =4 Ne(j)+e, i,j=2,...5

© Spontaneous emission and absorption of radiation
~ NijAij . . . .
Ne(i) = Ne(j)+hv, i=2,...29,i>]
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Considered elementary processes 2

@ Two-body collision induced deactivation and excitation transfer
among 2p°3p states

Ne(/) + Ne(1) % Ne(j) + Ne(1), i,j=6,...15

@ Chemoionization .
Ne(2—5)+Ne(2—5) = Ne(1) +Net +e~

© Two-body collision induced deactivation
Ne(2 — 5) + Ne(1) “2 2Ne(1)

© Penning ionization of impurities
Ky +
Ne(2-5)+Hy = Hp " +Ne(1)+e”

k
Ne(2-5)+Hy %" NeH" +H+e~

Ko+

Ne(2-5)+N, =

|

Ny +Ne(1) +e”
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Considered elementary processes 3

@ Electron impact ionization of the ground-state and metastable
atoms

@ Three-body production of dimers
Ne(2,4) + Ne(1) + Ne(1) % Nes + Ne(1)
k
Ne(3) 4+ Ne(1) +Ne(1) = Nel +Ne(1)

k
Ne(5) 4+ Ne(1) + Ne(1) = Nel + Ne(1)
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Spontaneous emission

absent

o
&

Einstein coefficient A;;

70

_ 16m3y3 S
- 380/7C3 i

60

i

50

g 2me?v?

! g gmc3

Upper state
40

effective levels

Y. giAj
At = Yigi :

30

20

+ relative differences of two data
- source — NIST and Seaton 1998

no transition
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Absorption of radiation

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

n;Bjip (o)
What is p(@p)?
The spatial distribution of population of excited state due to the
radiation propagation can be described by Holstein equation

ag(t’) — —An(7)+ A [ ()6 (¥, 7). (15)
o 1 T o o _/ —kf(@)p
G(r7r) 477:[)2 apvp ‘ |a T(p)_ f(a))e do.
Solution of Holstein equation has a form
£) =Y ¢nj(F)e 4", (16)
J

in which gj are trapping factors attached to eigenfunctions n;.
Escape factor A =1/gp.
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Trapping factor

CRM neon Examples
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10° T T T T T T

s —g\; Molisch 1993 ]
— — -g Molisch 1993

10° k g" Molisch 1993 N
—-—-g Fujimoto 1979

10° 4

10" 10° 10' 10° 10° 10 10°

Parameters of solution:
@ discharge geometry
@ opacity kgR

@ spectral line profile

Self-absorption
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Solution of rate-equations

Initial conditions

N=2 =1
n,-(t:O):{ T ! (17)

@ Runge-Kutta methods
@ stationary state solution: all excited states reach stationary
state (%’;" =0)

@ Non-linear dependence of some rate equations

an
<8tz> = —4kpetns — 2kmetnong — ... — (ki + + knerr+ ) [Ha] m2 —
met

D
_(szJr + kNeN2+)[N2]n2 - k02+ [02]n2 - T22n2 — Kionmet e 12
D
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Spectrum calculation and comparison

@ measured spectral line ~ Sum S
. - . . o
intensities, integrated ';14 [ P
over lineshapes 0 0027
o 2r 0.023
exp 2
A, )k =1,...n,n=30 5" 0.020
S s} 0016
- . e
@ calculated total emission Sl Io,m
.. . 04 06 08 1.0 1.2 1.4 16 1.8 2.0
coefficients of transitions Scaling factor F (a. u.)

1
/,-jr = EniAiinjth

@ comparison of spectra by least squares method

& (9 : /Er( Te, e, ’71837”155) — I;XP)2

exp
k=1 Ik
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Role of metastables

@ simplified 0D scheme is not valid

8n,-
Jdt

an,'
ot

+ v(n,-V) =
c,r
(18)
@ longer computational times
@ increased sensitivity at low
electron energies

1.7eV

direct / Stepwise

16.6 eV
neon

ground state

Examples Self-absorption
000

1.ax10" T T T T
_ ) (a) 811.53 nm 2p, — 1s,
EAREST ]
B 1oa0"F weighted metastable level ]
g @m)" QJ(E) AEYE x[n I n])
= soao® ]
) |
g |
€ om0t | i
£ | ground state
g oot | TN @)t Qe fB EX
i} | N
¥ 2000 | 1
oo Lk P
0 5 10 15 20 2 Bl
3010 T T T T T
(b) 750.39 nm 2p, —1s,
‘o
>
2 20007 1
£
£
° weighted i \
& metastable level ! ", ground state
< . N
S oo weighted q
]
3 resonance level
w
00
0 15 20 2 E
Electron energy (eV)

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

E 2010 Plasma Sources Sci. Technol. 19(6)
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Direct and stepwise excitation

T
total

T
total

S direct X ] 120 direct X
_ | 100 E
3 2 1.0eV 5 2.0eV
& & 80 |- -
2 1BF 1 2
2 10k _ 2
£ ‘ L = 40 t .
B T 20 [
hl I|_|'|'|| W.LJ_l.l J.J .u.l. L 0 L}_ *+*| +} *!* I
580 600 620 640 660 680 700 720 740 580 600 620 640 660 680 700 720 740
wavelength (nm) wavelength (nm)
1200 T T T T 3 7000 T T T T T T
total total
1000 direct X ] 6000 [ direct X -
3 800 3.0eV 4 3 5000 [ 4.0eV
&) s
= <, 4000 [ T
2 600 E £
8 § 3000 [ 1
£ 400 E = o0k _
Ml )T ol Dthalldt] 1) T
XLl s I X 1% T I8! b I .} L

0

580 600 620 640 660 680 700 720 740 580 600 620 640 660 680 700 720 740

wavelength (nm) wavelength (nm)

Maxwellian EDF, gas temperature 300 K, fixed densities of all 1s;
levels
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DC glow discharge in neon

@ positive column of DC glow
discharge at 1.1 Torr

e OES in spectral range
300-850nm

@ CR model with stationary

BKE solver

@ probe measurement

E/N (Td)

Navratil

zZ,

18 : : : :
[ 16| —m=— probe measurement | |
--e--OES, fit 1
[ 14r OES, fit2
12t
[ el
=10} I
[ Z 8t IR
w 4 I
[ 6+ "\!!\"'\ii 4
L 4l
2l
. ! . . . . . ol— . . . .
0 2 4 6 8 10 12 14 5 10 15 20 25 30
Number of iteration Discharge current (mA)

Trunec D, Hrachova V and Kanka A 2007 J. Phys. D: Appl.cPhys. 40(4) 1037
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Radio-frequency discharge in neon

@ capacitively coupled RF discharge
in neon (13.56 MHz)
@ low pressure (10 Pa)

@ reactor R3 “Temelin”, inner
diameter 33 cm, discharge gap
40 mm, electrodes 8 cm in diameter
e studied by OES/CR, OAS,
PIC/MC, Langmuir probe

@ absolute intensity measurement
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CRM neon
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00e0

RF (13.56 MHz) capacitive discharge in neon at 10 Pa

PIC/MC model: T,

12: II

,ﬂ .

Electron temperature (eV)

PICIMC model: T,, 4 CR'model

+ Langmuir probe

0
8
e o o o o
6l 4
‘ “0¢.f¢¢oo ®
[ L ]
2 u

0 5

10 15 20 25 30 35 40
Axial position (mm)

Position 4 mm

Electron density (cm‘a)
=)

20 30
Power (W)

Navratil Z, Dvorak P,

40

50

Emission coefficient (W m™ sr)

Electron temperature (eV)

4.0
35
3.0
25
2.0
15
1.0
0.5
0.0

I Measurement: pos. 4 mm, power 50 W
[ < Fitwith CR model 7]
‘ «
falbih 1f . |
LT 1 ] ] ‘ ol s

600 620 640 660 680 700 720 740
Wavelength (nm)

Position 4 mm |

10 20 30 40 50
Power (W)

Brzobohaty O and Trunec D 2010 J. Phys. D: Appl. Phys. 43(50) 505203.

Self-absorption
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MW surface-wave driven discharge in neon in coaxial
configuration

argon

@ two-cylinder quartz tube with copper rod antenna, length
320 mm, dimensions di =5mm, db =7mm, d3 =11 mm,
dy =20mm and ds =24 mm

@ microwave power 60 W



OES CR modelling CRM neon Examples Self-absorption
0008000000

Electron distribution function

10° L e L B e e L
10" _
2
107 T NS oo
s 10° E
s 10¢f|—— 166V 1
~ —16.5Td
E 10% || 500 Pa
o ----15eV
-6
10°F|----11.9Td
700 Pa g
107 f 14eV 3
, 7.7Td k
10° T .

0 2 4 6 8 10 12 14 16 18 20
Electron energy (eV)

T1=21-25 eV, & < 15eV
To=033-043 eV 18eV <& <20eV
To.=14-16 &V Maxwellian
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Spectra fit

1.2 F T T T T T T 3 12F T Py T T T 3
320 Pa < B measured 700 Pa Il measured
< fitted > fitted
10 1 1.0 <« fitted with 2B 3p transfer ||
- -
> osl — > os} i
© S
L N
206 4 2061 B
12} [2]
c e
QD o4 < 1 Q9 o4t - B
£ £
<
0.2 —i] “ < | — 02} l l 1
00 1 |1 i ] i ETR 00 ITI.“ ] i* EN
580 600 620 640 660 680 700 720 740 760 580 600 szo 640 660 680 700 720 740 760
Wavelength (nm) Wavelength (nm)

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

17 T T T
< —=—320 Pa
3 BN 500 Pa
o 16F N A--700 Pa |
<4
2 “m-
o l7;\I\,,
o 15f — 1
£ =
L
= 4F . 4
S .
= Hoaia
5] AAaL
3 13+ a

10" 10" 10" 10"

Electron density (cm'3)

Electron temperature (eV)

2.1 145
201
19¢ {1.40
181
17 2
1135
€
161 =1
(]
151
41130
141
131
T —1.25
0.1 1 10

Used / measured metastable density ratio

sensitivity to metastables: 0.3 eV or 2 Td per order of density



OES

Axial dependencies for T =300 K

Electron temperature (eV)

CR modelling

Maxwellian EDF

CRM neon

a

320 Pa
500 Pa
700 Pa |

Axial position (cm)

)

Reduced electric field (Td

Examples Self-absorption
0000008000

HH}H:%@%E{

solution BKE

T
300 K

4 6 8 10 12 14
Axial position (cm)
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Ny rotational temperature in C3N, state

10F T T T — y,
0251 1320 Pa / .
—m=— 25cm * _/
—_ o8 ] 0 020k 7.0cm A / 1
S o —4—10.0cm L Y
. s £ /
© 06 4 = Y, p
-~ g 015+ % / +
> A
= — Vi
@ 04f R o \.\
c g 010F i
9]
€ a o \_‘ A
= o2} 4 N A 4
0.05 L1y, metit
00 ; . . 0.00 L . . , . . .
376 377 378 379 380 381 382 300 350 400 450 500 550 600
Wavelength (nm) N, rotational temperature (K)
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Effect of gas temperature

300 K N, rotational temperature

T ol 300K | T 18F = 320Pa ]
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@ heating by oscillating field is governed by E/N and w/N,
elastic collisions inhance heating
e w/N is not constant along the column
@ in effective field approximation
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Effective branching fractions I';;

@ isolated atom

M=
XA
@ plasma
ar_ 8(KGLA;
T Y g(KID)A;
@ absorption coefficient

3
ko — A _Mo_&ip
Y 87'[3/2 2kagj v

exp _ lij/ hv
Y Y li/hvi
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Escape factor

@ Mewe approximate expression
0
9 _ e kJL/1000

KOy =
g(kyL) 1+ kOL

@ assumption of homogeneous distribution of atoms
@ e.g. Ar2pe — 1s5 (763.5nm), p =10cm
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Example — density of Ti and Tit in magnetron discharge

Figure 1. Energy levels and selected transitions for density measurement of (a) Ti neutral atom and (b) Ti ion.

Vasina P 2015 Plasma Sources Sci. Technol. 24 065022
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Self-absorption

Example — density of Ti and Tit in magnetron discharge
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Figure 7. Measurements of the Ti atom and ion density for 200 us
pulse in HiPIMS mode. The pressure was set to 5 Pa, the repetition
rate to 20 Hz and the optical fiber was placed 23 mm above the target
surface. The total density of the sputtered species is added too.
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