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Uvod Kontinua molekul Kontinua atomi Priklady diagnostiky plazmatu z tvaru kontinua

Pro¢ se zabyvat kontinuem?

© rozsifené moznosti pro diagnostiku plazmatu

@ vyznamny zdroj zafeni a ztrat plazmat s vy3sim stupném
ionizace
Continuum radiation is a significant part of the total power balance
of specialty lamps such as the UHP lamps from Philips. Continuum
radiation completes the colour balance of UHP lamps in the red, and
makes it possible to use these lamps in LCD projection systems.
Bremsstrahlung radiation from e-H and e—He collisions is a major
part of the opacity of stellar atmospheres.
Lawler J E (2004) J. Phys. D: Appl. Phys. 37 1532



Nejbéznéjsi zpasoby vzniku

@ kontinua viceatomovych molekul
@ disociace

@ predisociace
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»Nepravd” kontinua — NOy

chemoluminiscence: T
NO+0O — NO;j n
Nitrogen dioxide (NO3) is : /\ \
notorious for its complex visi- =L //\
ble spectrum and has frustra- \ )
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»Nepravd” kontinua — NOy

chemoluminiscence:
NO+ O — NO;

Nitrogen dioxide (NO3) is
notorious for its complex visi-
ble spectrum and has frustra-
ted many chemists and phy-
sicists. . .

Uehara K and Sasada H 1985 High Resolution 1004 L
Spectral Atlas of Nitrogen Dioxide 559-597 nm
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o disociace molekuly AB — A+B

@ jeden z molekulovych stavil ma spojité spektrum energii

)

4
a) fotodisociace, opacny proces malo pravdépodobny, c), d) VAW vazba,, . . 5 . . = . =
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VUV kontinua vzacnych plynii — excimery
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Hopfieldovo kontinuum Hep (AL — X1¥X): 60-120nm

He; (0y15)%(0u1s)? XX} — VAW vazba, 152neV
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narozdil od atomové €ary neni kontinuum absorbovano samoabsorpci
intenzivni zdroje UV zafeni za atmosférického tlaku
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Kontinua molekul Kontinua atomi

VUV kontinua vzacnych plyni

Priklady diagnostiky plazmatu z tvaru kontinua
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Treti kontinua vzacnych plynd
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Hypotézy ptivodu
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Priklady diagnostiky plazmatu z tvaru kontinua

Treti kontinua vzacnych plynt — pavod
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Treti kontinua vzacnych plynt — helium

B

T
H
&

s
B
(snun "que) uoj0ag $504D dANEIRH

8

Relative Intensity (arb. units)

T T T
2000 4000 6000 8000 10000

Wavelength (A)

Energy (eV)

8

kontinuum Huffmann-Tanaka
Hezr cn, — A2Zg

20 v/”-—
t HepAlTH |
max 360 nm, klesad do 650 nm pfi 300 K I HepX1BF ~ - _ _ I

1 b LN

10 15, 20
Internuclear Separation (A)
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UV/VIS kontinuum rtuti
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o Hg: [Xe] 4f1#5d10 65> — nestabilni zakladni stav Hgp
@ kontinua Hgy na 253 nm, 335 a 485/510 nm, druhy rad
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UV kontinuum vodiku
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@ tvar kontinua zavisi na Ty, absolutni intenzita na T,

@ standard pro kalibraci spektrometrii v UV oblasti
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Predisociace

1 2 &K

A B

@ konfiguraéni interakce mezi diskrétnimi a spojitymi stavy
energii

e vede k: zeslabeni/vymizeni Easti spektra (nezafivy rozpad),
rozmazani hladin v okoli kfizeni

@ obdoba preionizace/autoionizace
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Predisociace

Pry
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Fic. 16. Absorption Spectrum of S: Vapor. (a) and (b) give two adjacent parts of the same original spectrogram; they overlap slightly
(13-0 band). The arrows denoted by Pr indicate the positions at which the bands become diffuse. The emission lines at the right in (b) are lines
of Hy (first order overlapping the second order spectrum).
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Predisociace Sy
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Fig. 1. (a) Ss spectrum investigated in absorption. (b) Part of (a) showing the first region
of predissociation between \2792.8 and A2615.0 and the first band of the second region below
\2615. () Absorption spectrum obtained with sulphur cell at about 750°C. (d) Bands of the
second region of predissociation showing indications of rotational structure. (e) Absorption
spectrum obtained with sulphur cell at about 450°C. (f) Emission spectrum of S,.

By comparing (e) and (f) one sees that the bands which become diffuse in absorption due
to predissociation do not appear in emission.
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Difazni atomova spektra

Mozné zpusoby vzniku difazniho/spojitého spektra
e opticky husté plazma (blackbody limit a saturace Car)
@ rozmazani hladin
@ fb prechody
e ff prechody
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Spontanni dvoufotonova emise?

hvi+ hvy, = E'—E"
P¥. vodik
281/2 — 151/2 +hV1 +hV2

A=82297%s1
20
Klarsfeld S 1969 Phys. Lett. 30A, 382.
10° 3
3 <
10
’; 10
Al
<
10t
o]
. o 0.5 1.0
X X

Tung J H et al 1984 Phys. Rev. A 30 1175
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Opticky husté plazma

Li(v)=S'(v)[L—e ]

L

n

@ opticky tlusté LTE plazma: .

Li(v) = S'(v) = L*(v) ,

1

o Kirchhoffiiv zakon pro atomy E

@ nezrealizuje Siroké spektrum energii o P

@ nebere v potaz vliv absorpce na saturace Zary

populaci vyssich stavii

@ samozvrat ¢ary v nehomogennim
plazmatu
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Opticky tlusté plazma — emisivita a absorbilita

@ vystupujici zaFeni z opticky tlustého plazmatu

Li(v)=S'(v)[L—e ]

LTE plazma:
S'(v) = L%(v)

A(v)
/—A,ﬂ
Li(v) = LB(v)-[1—e K]
@ A — absorpéni funkce, absorbilita (doplnék do 1 k propustnosti
T)
pokud A =1, vie se pohlti, pak L;(v) = LB(V)

v praxi se pojem emisivity (x koeficient emise) miize pouzivat
pro vyraz

e(v) = L(v)/LP(v) = A(v)

viz pyrometrie
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Opticky husté plazma
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UHP zdroje, sodikové &ary
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b-b, b-f a f-f pfechody

fotoionizace

@ rekombinaéni zafeni pfi zachytu

| E free-free
elektronu iontem &P ”

@ zachyt elektronu atomem (vznik
negativniho iontu)
H+e +e€< H +hv,

@ brzdné zareni na iontech éaeflf

@ brzdné zareni na atomech &ff

e fotoasociace/fotodisociace
He™(1s) +He(1s?) <> He; +hv

@ radiacni pfenos naboje
He*(1s) + He(1s?) — He +He™ +hv

bound-bound bound-free



Neostra hranice mezi volnymi a vazanymi stavy vlivem
@ snizeni ionizaéniho potencialu

@ splyvani diskrétnich hladin vlivem jejich rozsifeni

«O> «F»r « =

>

« =
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Snizeni ionizac¢niho potencialu
K odstinéni pole jadra v pfitomnosti nabitych ¢astic dojde na

Debyeové délce
ks T
ho= |22
nee

snizeni ionizaéniho potencialu atomu o

Zefe2

Up=—-
b 4-7'[801,])

pro Zeg =1, T=10*K, n. ~ 10%cm=3 je

Ap~7-108m=1304a9 — n*=+/ZAp/ao~ 36
UD ~ 0,02eV

Malé snizeni, obtizné méritelné. Q(T) koneéné.
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Splyvani hladin vlivem jejich rozsireni

@ vzdalenost mezi hladinami

1 1
— 2 N
SE, = hcRZ [(n_1)2 A

@ rozsifeni hladiny linearnim Starkovym jevem

AE, o« n?|E|, |E|<1/R?, Rons'?

o limit Inglis-Teller pro atom (Z,) a perturber (Z,)
O0E, ~ AE,

zZ 1

[p] — 21.5 —5 1029,12 m—3

p  /Mm

nm — nejvyssi kvantové Cislo pozorovaného prechodu



Uvod Kontinua molekul

Kontinua atomi

Priklady diagnostiky plazmatu z tvaru kontinua

Splyvani hladin vlivem jejich rozsireni

- Ne=57X10%

| [ Ne=2.9X10%
o Ner1.8X10%

| {BALMER
[ LT

([ I !

l0g;oINTENSITY (PHOTONS /A cm3sec)

3600

4000
WAVELENGTH

4500
(ANGSTROMS)

obloukovy vyboj ve vodiku, T ~ 10*K

Wiese et al 1972 Phys. Rev A 6 1132
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fb prechody

© Aj+hve AT +e +¢
— fotoionizace z vazaného stavu
+ radiacni rekombinace, zachyt
elektronu
e Einsteiniv-Milneho vztah (Gcinny
prifez pro zachyt)
o(v) h?v? g

a(v) m2c2v2£

o(v) — pritfez pro zachyt, a(v) -

Priklady diagnostiky plazmatu z tvaru kontinua

hv (bf)

hv=x+e—E

hw (f)

g

absorpéni Gcinny priifez o(v) = k(v)/n;, 1
g — stat. vahy stavli atomu a iontu &€= _—-mv
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Vypocet koeficientu emise fb prechodi

@ nalezneme (V)
o Kirchoffiiv zdkon v LTE

J(v) B
iy ~H )

@ obecné pro Maxwellovo rozdéleni

:h2< m

i) 2TkT

m

3/2
) ninevo(v)vie /KT
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Absorpéni priifez pro fotoionizaci

64, o am\3ZY
(V) = garabe(iy) e v2)

n _Zm(1_1/pn

n, = Q(E;_)2n2e 21 (1-1/n2)

k(v) =Y nnon(v)

atom vodikového typu
GM(v,Z) - Gauntav faktor
a o< 1/n® — pii vysokych energiich hraji velkou roli dolni stavy

a o< 1/v3 — pokles intenzity po dosazeni energie excitovaného
stavu
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fb prechody

1 ) T =l - 1x1017 ®2%P
- 61 B Ori 30 = z (b) Pure He
£ . 5 Plasma
i E E T,=022eV
i 20 3 H o <
‘ Ei E 1x10 N,=16
3 & 103 e
10 el
Lo e N e e S ‘.'I § _ 1x10
3600 3800 4000 4200 ? 3
Wavelength (A) 1 ] £ (10
3600 3800 4000 200 4400 . -!; E ‘xml‘ll 34 3.6 38
»o fotorekombinace H 32 7 rombmhin

fotoionizace .
fotorekombinace He

Radiaéni rekombinace je velmi malo pravdépodobna.

Rekombinace nabitych ¢astic na sténach

Disociativni rekombinace molekularnich ionté za
atmosférického tlaku.

oblouky, H I oblasti mlhovin
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Wavelength (nm)

Fig. 9. Continuum absorption cocfficient at 0.1 MPa. Dash line: 5000 K.
straight line: 8000 K and dotted line: 10000 K.

Adineh 2012 |EEE Trans. Plasma Sci. 40 853

K=y o (M)

T T T T 1
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Wavelength (nm)

Fig. 11.  Total absorption coefficient at 0.1 MPa and 8000 K. Straight line:
total absorption coefficient and dotted line: molecular contribution to the k.

DA
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Absorpéni koeficienty pro fb a ff pfechody

pro LTE, Maxwellovo rozdéleni, vodiku podobné atomy (s nabojem
jadra z)

1672 [ € \> 222n,kT 22y .
fb _ a _Z AH oo
W)= S (47reo) ch4Qa(T)v3eXp( KT ) (6” 1)

3
Ki(y) = 1672 [ €2 222n,kT exp R i
33/2 \4rmeg ) ch*Q.(T)v3
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Kontinua molekul Kontinua atomi Priklady diagnostiky plazmatu z tvaru kontinua

Zjednodusujici vztahy pro vypocet emisi kontinui

rekombinacni zafeni pfi zachytu elektronu iontem

_ _hc
6P = Q22 [1—e 1R | P2, Te)

brzdné zareni na |ont$ch
ff 2 neni — e £FF
&l =0GZ yENAR T (A, Te)

brzdné zareni na atomech
i 4ﬂnenahv,/ f d"(g €)ede,

do(e) _ 4 h h
ar %mef?l — (2 %) om(e)

@ Predpokladame Maxwellovo rozdéleni (7).

EP(A, Te) a (A, T.) — Bibermannovy faktory



Uvod Kontinua molekul

Bibermannovy faktory

7.0 Fe
6.5 4

6.0 o

55 T=5-11:10°' K

5.0 N=0.4-14:10" cm”®

454

4.0 4
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1.54
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Priklady diagnostiky plazmatu z tvaru kontinua

Fel(T=5000K) —=—
Fe I(T=15000K)

N,=25x10" cm®

Semi Classical

Calculation
T=14.9:10°K

N=1.7x10" cm®

Experimental
T=13.6:10° K
. N,=9.6x10" cm™
. 7=10.1:40°K
. N=5.4x10" cm™
iy 7=10.75x10° K

.
Nz em®
o

N=

—A—— T=9.4410°K
- 590 - 780nm N=2.0:10" cm®

AMnm)
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Neutralni bremsstrahlung v RF vybojich

Total Irradiation for n, =5.00e +14 cm *

300 Fr——r————————— T
Ar CCP (110 W) N

- ——25ev,7.3x10" em” z
——5.0¢eV,1.9x10" em” 57

200 M f

Wavelength (]

RF DBD/DBE jet in argon

Nikiforov el al 2016 Plasma Phys. Control. Fusion 58 014013

—
=)
=3

Emissivity (WW/cm/nm)

0
300 400 500 600 700 800 900
Wavelength (nm)

o-mode RF DBD in argon

Park el al 2014 Appl. Phys. Lett. 104 084103

Irradiance (LW/cm?/nm)

@ 8> g+ I8 for [i]/[a] ~ 1073

@ for electron density and

20 400 %0 60 700 800 900 1000

temperature measurement Wavelenght (nm)

@ RF DBD, OES of active discharge RF DBD in Ar + NH;3

Bazinette el al 2015 Plasma:Sources-Sci. Technol. 24 055021



(a) Plasma emissivity
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Figure 10, Emissivity of the Ar plasma estimated through the numerical solution of equations (1)-(3) for two typical conditions:

(@) T = 1eV.ne = 10 emand (b) Te = 2V, e = 10" cm . Values e and e are calculated through the use of the approximation

of the intcgral in equation (1) bascd on cquations proposed in Refs. [33, 40, 411, The emissivity is shown on the logarithmic scale with the
inset in part (b) demonstrating the approximations of equation (1) on a linear scale.

Nikiforov el al 2016 Plasma Phys. Control. Fusion 58 014013 PN
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Kontinua v RF vybojich

(b)

UNRIOEE  Unfiltered  514.5 nm 632.8 nm 700 nm

‘j

[
DC supply

Figure 3. (a) The plasma apparatus for the argon n-PPJ with the relevant power system. (b) Optically unfiltered and filtered images taken
using a DSLR camera with interference filters with center wavelengths of 514.5. 632.8 and 700 nm.

4000 3000
(a) (b)

2600
3500

2600
3000

2400
2500

2200
2000 2000

Figure 6. Raw images taken using a DSLR camera with (a) ! = 514.5 nm and (b) 2! = 632.8 nm interference filters. (¢) The 2D
distribution of time-averaged 7. in the argon n-PPJ

Park S et al 2015 Plasma Sources Sci. Technol. 24 034003
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Spojité zareni v temné fazi koplanarniho vyboje v heliu

Al O3

Wavelength [nm]
Wavelength [nm]

50 o < A58 !
-70 60 -50 -40 -30 -20 -10 -10

Time [ps] Time [us]

e saturated light from the active discharge > 10° photons/point
@ long-lasting emissions

@ extra light with continuous spectrum observed in the time of
the CRE
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Priklady diagnostiky plazmatu z tvaru kontinua

Méreni elektrického pole z brzdného zareni

[

bremsstrahlung cross section

do(e) 4a € [ hv hv
dA 31 mec2A 1= £ (27?)6"1(8)

Kas'yanov V and Starostin A 1965 Soviet Physics
JETP-USSR 21 193

bremsstrahlung intensity

I(A;E/N)= —neNh

BKE solver for EDF f(¢g; E/N)

strong shape dependence in VIS for low
E/N

absolute intensity increases with E/N
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Temporally and spatially resolved continuum development
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Temporally and spatially resolved continuum development
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Temporally and spatially resolved continuum development

o -217us
600
— 24+01Td
500 | 1
400 E

Intensity (a. u.)

0 1 1 1 1
300 400 500 600 700 800

Wavelength (nm)



Uvod Kontinua molekul Kontinua atomi Priklady diagnostiky plazmatu z tvaru kontinua

Temporally and spatially resolved continuum development

o  -205pus
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Temporally and spatially resolved continuum development

o -193pus
—— 31+0.1Td
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Temporally and spatially resolved continuum development
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Temporally and spatially resolved continuum development

o  -169pus
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Temporally and spatially resolved continuum development
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Temporally and spatially resolved continuum development
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Temporally and spatially resolved continuum development
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Vypocet acinného prifezu neutralniho brzdného zareni

@ cross section for radiating electron Pl e
do(e) 200 K 2 0] p£ 8
— — D—D Q @3 He )r-eereeemoeneeeeeas
g " smacn k) PP 4 d
do(e) hv hv dog
2— ——24/1——cosH dQ
A 37: meczﬂL V- / V' e “7| 4

@ approximation for hv < € .

do(e) 4a ¢ |, _hv (  hv
dA 37 mec2A 1= € (2 )Gm(g)
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