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Promocijas darba mérki un uzdevumi

Promocijas darba meérki

1. Novertét sekojosu rotacijas joslu izmantoSanas iesp&jas ABL temperatiiras
noteikSana:
a) H, molekulas Fulhera-a (2-2)Q zars,
b) OH radikala (A-X) (0-0) Q; zars
2. Noverteét tdenpraza ietekmi uz argona plazmas temperatiru un ierosinato
limenu apdzivotibam.
3. Noveértet Iliniju struktiiras ietekmi uz Iimenu apdzivotibu noteikSanas
precizitati.

Promocijas darba uzdevumi

1. lIzmantojot reabsorbcijas un absorbcijas metodes, noteikt:

a) argona sy, Ss, S4 Un Ss limenu apdzivotibas argona-tidenraza mikrovilpu
plazma, atkariba no tidenraza procentuala sastava plazma.

b) hélija 2°S;, 2'Sy, 2°Po1, un 2'P; limenu apdzivotibas divu dazadu
izméru (3 cm un 4 cm) hélija augstfrekvences bezelektrodu lampas
atkariba no generatora stravas.

2. lzmantojot spektralliniju Doplera paplasinajumu, OH radikala un tdenraza
molekulas rotacijas spektru Iiniju intensitaSu sadalfjumu, noteikt @idenradi
saturoSu augstfrekvences bezelektrodu plazmu temperatiiras atkaribu no
generatora stravas.
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1. levads

Plazmas pielietojumi miisdienas ir Joti plasi. To izmanto tadas nozares, ka
plano kartinu nogulsnésana [1], virsmu apstradé [2] (piem&ram, palielinot slapinasanu
polim@riem, kuri ietilpst krasu un Iimju sastava [3]), medicina izmantojamo
priekSmetu sterilizacija [4], polimerizacija [5], ozona razos$ana [6], plazmas ekranos
[7], izpludes gazu attiriSana [2], un citur. Plazmu izmanto ari mikroelektronikas
industrija virsmu kodina$anai, attiriSanai un materiala nogulsnéSanai [2], ka arT vides
attiriSanai no piesarnojuma un ta kontrolei [8]. Katrai no pielietojuma sféram ir savas
prasibas pret tadiem plazmas raksturlielumiem, ka aktivo dalinu koncentracijas un
temperatira. Un atkariba no S§im prasibam tiek piemeklets atbilstoSs gaismas
(plazmas) avots. Plazmas spektralkimija, pieméram, vispopularakie plazmas avoti ir

induktivi saistitas un mikrovilpu ierosinatas plazmas [2].

Saprotams, ka plazmas kimiskajam sastavam ir Joti liela nozime. Virsmu
modificéSanai biezi izmanto udenradi, slapekli, skabekli un cglgazes saturoSas
plazmas [9]. Celgazes ir kimiski inertas pamatstavokli, tapéc tas plaSi izmanto
plazmas stabiliz€Sanai, pie tam to ilgi dzivojoSie metastabilie ltmeni uzkraj; daudz
energijas, kura tiek atbrivota pie sadursmém ar virsmu. Tas ir iemesls to izmantoSanai
litografija [10-16], virsmu analizé [17] un apstradé. Sie metastabilie ITmeni spgj
ietekmét arT elektronu sadalijumu pa energijam [18]. Tadg] ir nepiecieSams izstradat
metodes, ar kuram vienkarS$i un efektivi mérit So limenu apdzivotibas. Pie tam
informacija par tadiem parametriem, ka plazmas temperattira un Iimenu apdzivotibas,
sniedz ieskatu procesos, kuri notiek plazma. Un §ada informacija ir Joti nepiecieSama
par induktivi saistitu plazmu, jo par to Sobrid nav izstradatas pietiekami pilnigas

teorijas.

Tadas induktivi saistitas plazmas ka augstfrekvences bezelektrodu lampas
(ABL) tiek plasi izmantotas atomu absorbcijas spektroskopija [P1], kur svariga augsta
intensitate un neabsorbéta spektrallinijas kontiira, un plazmas-virsmas mijiedarbibas
petijumos, kur savukart svarigi, lai nav piesarnojumu plazma, kuri médz rasties no
elektrodiem. Un, protams, informacija par plazmas parametriem ir nepiecieSama, lai
optimiz&tu gaismas avotus un lai p&titu plazmas mijiedarbibu ar virsmam [P4], jo ir

zinams, ka plazmas iedarbiba parveidojas lampas balona sienina, kura parasti ir no
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SiO, stikla. STs mijiedarbibas pétisana ir loti aktuala arf daudzam virsmu apstrades
tehnologijam.
Daudzos gadijumos, kad ir nepiecieSams uzturét plazmas tiribu, svarigi ir izmantot

neinvazivas spektroskopiskas metodes, tacu $adu metozu pielietojamiba ir japarbauda

augstfrekvences bezelektrodu plazmam dazados eksperimentalajos apstaklos.

Promocijas darba apliikotas problemas aktualitati nosaka picaugosa
interese par augstfrekvences bezelektrodu plazmu un tas pielietoSanas iesp&jam gan
zinatniskaja aparatiira, gan ari plazmas-virsmas mijiedarbibas pétijumos. Sados
petijumos un plazmas apstaklu optimizacija ir svarigi tadi plazmas parametri ka aktivo
dalinu koncentracijas un plazmas temperatira, un to noteikSanai nepiecieSams
izmantot neinvazivas metodes, tatu So metozu pielietojamibu konkr&tos apstaklos

japarbauda, salidzinot ar jau parbauditam un uzticamam metodém.

Promocijas darbs veltits augstfrekvences zemtemperatiiras bezelektrodu
plazmas spektroskopiskai diagnostikai. Darba aplikotas argonu, héliju un tdenradi
saturoSas plazmas. Izmantojot spektroskopiskas metodes, darba ietvaros noteiktas
hélija un argona zemako ierosinato (metastabilo un rezonanses) limenu apdzivotibas,

ka ar1 noteikta Gdenradi saturosu plazmu temperatira.

Promocijas darbs sastav no divam dalam: (1) l[imenu apdzivotibu noteikSana

un (2) plazmas temperatiiras noteikSana.

Promocijas darba zinatniska novitate:

O St darba ietvaros pirmo reizi argona un hélija ierosinato Itmenu apdzivotibu

mértjumos tika izmantotas ABL.

¢ Pirmo reizi tika noteiktas arT metastabilo un rezonanses lItmenu apdzivotibas

hélija ABL.

O Promocijas darba ietvaros pirmo reizi ABL plazmas temperatira tika noteikta,
izmantojot 1idepraza un hidroksilradikala rotacijas joslu intensitasu

sadaltjumus.
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Promocijas darba rezultati apkopoti 5 publikacijas zinatniskos Zurnalos, 3
rakstos starptautisko konferenc¢u rakstu krajumos un 3 starptautisko konferencu tézes
(publikaciju sarakstu skatit nodala: Promocijas darba publikaciju saraksts, bet pasas

publikacijas skatit pielikuma: Promocijas darba publikacijas).




Parskata dala. Augstfrekvences bezelektrodu plazma

2. Parskata dala

2.1.Augstfrekvences bezelektrodu plazma

Augstfrekvences bezelektrodu lampas (ABL) miasdienas loti plasi tiek
izmantotas ka Sauru un intensivu spektralliniju avoti. STm lampam rodams plass
pielietojums optiskas — nedestruktivas pétiSanas metodes, tadas ka atomu absorbcijas
spektrometrija (AAS) [P1], atomu fluorescences spektrometrija (AFS) un citas
pétisanas metodes. ABL optiska starojuma augstais blivums lauj tas izmantot
radiooptiskas rezonanses pétijumos, sensibilizetaja fluorescence, sadursmes procesu

petijumos un pétot spektralo Iniju nobides un paplasinajumus.

Bels un Blums patentéja ABL 1961.gada [19]. Daudzi zinatnieki ir p&tijusi
Sadus avotus [19-21], jau sakotngjais darbs pie tiem paradija, ka ABL staroto liniju
intensitates ir augstakas par citu avotu liniju intensitatém, pieméram dobja katoda
lampam. Tomér ABL pielietoSanu ierobezoja augstfrekvences (AF) lauka radiSanas
grutibas, ka ar tiru smago c€lgazu un pildijuma elementu iztrilkums. ABL lietoSanas
iespgjas ierobezoja armi AF generatora izm@ri un svars. Pirmas komerciali pieejamas
ABL versijas sastavéja no mazas spoles, kuras iekSiené atradas lampa, kas bija
savienota ar generatoru, izmantojot 2-6 m garu vadu [22, 23]. Misdienas nu jau nav
problému izgatavot Sadas lampas tados izméros, ka tas kopa ar AF generatoru ir
mazakas par parastu dobja katoda lampu, kuras biezi izmanto atomu absorbcijas
spektroskopija. Lielakajai dalai elementu $adas lampas ir loti labas un stabilas, tacu,
pildot tas ar daZiem elementiem, ir novérota zema intensitate un 1ss darba miizs, pie
tam ir elementi, kuriem tas vispar nav pieejamas. Tas nozimé, ka AAS joprojam ir
nepiecieSamiba p€c citiem gaismas avotiem ar augstu intensitati, stabilitati un ilgu

darba miizu rindai elementu. Un ABL var apmierinat $is prasibas [P1].

LU Atomfizikas un spektroskopijas institiita ABL izgatavoSanas tehnologija
tika attistita Joti gara laika posma. Tas ietvaros ir izstradatas metodes lampu sieninu
attiriSanai vakuuma un virsmas apstradé ar plazmu [24], ka arT darba elementu
iepildiSanai [25]. Izmantojot §is tehnologijas, var izgatavot lampas ar dazadu elementu
pildijjumu, pieméram, Sn, Cd, Hg, Zn, Pb, As, Sb, Bi, Tl, In, Se, Te Rb, Cs un

elementu maisijumiem, ka ari c€lgazém [P1]. ABL ipa$ibas (Starojuma intensitate,
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stabilitate un lampas darba muzs) ir atkarigas no lampas balona materiala, sieninu
attiriSanas tehnologijas un pildijuma, bufera gazes un darba elementa. Lai optimiz&tu
gaismas avotus, tiek veikti ar plazmas-virsmas mijiedarbibas pétijumi, jo ir zinams,
ka plazmas iedarbiba parveidojas lampas balona sienina [24, P4].

Salidzinot ar dobja katoda lampam, So lampu intensitate ir augstaka lielakajai
dalai elementu. Pie tam eksperimentalie mérijjumi ir paradijusi, ka, AAS iekartas
izmantojot ABL dobja katoda lampu vieta, daudziem elementiem (tadiem ka Cd, Zn,

Hg, As, Se, Pb, Sn, Tl un Bi) var sasniegt 1.5 — 8 reizes augstaku jatibu [P1].

Bezelektrodu izlade.

Aprakstot augstfrekvences bezelektrodu plazmu [P1], tiek aplakoti divi
bezelektrodu izlades veidi: E- un H- izlades. Literatiira sastopami ari citi nosaukumi
(piem@ram, prieksizlade un rigpkveida izlade). Pie tam E- izladei izdala divas izlades:
o- (izlade, kurd stravu blivums mazaks par 1 mA/cm?) un y- (izlade, kurd stravu

blivums lielaks par 10 mA/cmz) izlades.
Ja slégtu kolbu ar gazi pie zema spiediena ievieto induktora, caur kuru plust
mainstrava, kolba nonak lauka, kura virpulu lauka komponentes intensitate ir Ev =

dA . . e ey
—5,un potenciala lauka komponentes intensitate ir E, = —grade , un rezultgjosais

lauks izteiksies $adi [26]:

>

E= —Z—f — gradeo, (1.2

kur 4 — lauka vektorpotencials, ¢ — skalars potencials.

Kad elektriskais lauks gazé parsniedz kadu konkrétu vértibu, kuru nosaka
gazes veids, spiediens un uzlikta lauka frekvence, elektroni iegiist energiju, kura ir
pietickama atomu ierosmei un jonizacijai, ka rezultata lampa iedegas izlade. Ta ka

. 04 _ _ . . . —
parasti |grade| > |§| , sakuma iedegas izlade, kuru nosaka induktoram uzliktais
potencialais lauks. So vajo izladi sauc par E-izladi.

E- izlade, palielinoties jaudai, starojuma intensitate sakuma pieaug, bet tad

kritas, jo samazinas izlades efektivitate. Sasniedzot pietickami augstu elektronu

koncentraciju (Iidz pat 3-10'° cm™), novéro augstfrekvences gredzenveida izlades
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aizdegSanos jeb H-izladi. Pie tam elektronu koncentracija pieaug I€cienveidigi,
sasniedzot 10 — 10" cm™. Magnétiskais lauks plazmas tilpuma ieklast praktiski
netraucéti, tade] pie lielam jaudam H- izlade ir efektivaka par E- izladi. Saja gadijuma
ierobezojumi ir skinefekta dgl, jo strauji samazinas plazmas tilpums, kura tiek ievadita

augstfrekvences energija.

Principa iesp€jams aizdedzinat bezelektrodu gredzenveida izladi bez E-izlades
stadijas, ja var nodrosinat, ka elektrons sava viena noskr&jiena iegiist pietickamu
energiju, lai joniz&tu atomu [26]. Tomé&r parasti bezelektrodu lampas pie zema
spiediena sakotngji aizdegas E-izlade un tikai péc tam H-izlade. Lai noveértetu katra no
tam ietekmi, izmanto Maksvela vienadojumus, kuri apraksta elektromagnétisko lauku.
Cilindriskas geometrijas un no laika atkarigu lauku H, E ~ ™ gadijuma, inducéta

elektriska lauka stiprums var tikt izteikts sekojosa veida [27, P1]:
E,~f o+ H "R, (1.2)

kur f — elektromagnétiska lauka frekvence, R — izlades trauka radiuss, py — magnétiska
konstante. No Maksvela vienadojumiem izriet, ka H ~ j-R, tadél varam izteiksmi (1.2)
parrakstit sadi:
E,~f o -j - R?, (1.3)
kur j — stravas stiprums spolg.
Potenciala lauka stiprumu var atrast no vienadojumu sist€émas:
6p .
—+divj=0
o T T (1.4)
div(sOE ) =p

kur gy — elektriska konstante (gazém var pienemt, ka relativa dielektriska caurlaidiba
ir &, = 1) un p — elektriska ladina blivums. Potenciala lauka stiprums tad ir izsakams

sekojosi:
E,~p - R/&, (1.5)

untakaf - p~j / p» tad potenciala lauks izteiksies §adi: E,~j/f - &.

Tadgjadi varam uzrakstit So lauku stiprumu attiecibu (nemot véra, ka ¢ =

1/\€o - ko):
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Ey
EP

= (f'—R)z. (1.6)

c

Lampa ar diametru 20 mm un ierosinosa lauka frekvenci 100 MHz, §T attieciba
ir 0.04, savukart 10 mm lampa pie tas paSas frekvences §1 attieciba kliist mazaka,

proti, 0.01.

E- izlade ir iespgama tiesa jonizacija, bet, palielinot lauka frekvenci vai
ievadot viegli joniz€jamu komponenti, novérojama pareja uz izladi, kurai raksturiga
ass simetrija (cilindriskas lampas) vai sferiska simetrija (sfériskas formas lampas) un

liels starojuma spozums [20].

Augstfrekvences bezelektrodu lampu (ABL) raksturojums

ABL kolbas ir taisttas no optiski caurspidiga materiala (kvarca vai stikla), un

tas ir pilditas ar inertu gazi un noteiktiem kimiskiem elementiem.

Lampai ir balons un iss izaugums (aste), kura kondensg€jas darba elementa
parpalikums un kur§ nosaka darba elementa (parasti metala tvaiku) spiedienu lampa.
Izaugums var tikt termostatéts, lai kontrolétu metala tvaiku spiedienu lampa. Kolbam
iespejamas dazadas formas (gan cilindriskas, gan sfeériskas, gan hanteles tipa) atkariba

no pielietojuma specifikas (1.1.att.).

Starojuma ierosmei ABL

Q tiek  ievietota  augstfrekvences
generatora induktora. Tipiski tas ir

100 MHz augstfrekvences

elektromagnétiskais lauks, ar kuru

lampa ierosina intensivu pildijuma

Ty elementu atomaro spektru [28].

1.1.attels. Augstfrekvences bezelektrodu izlades lampu Kad elektriskais lauks gaze

dazadu formu pieméri [28]. . _ . _
parsniedz kadu noteiktu vértibu,

elektroni ieglist energiju, kas pietickama atomu jonizacijai un ierosmei, ka rezultata

lampa iedegas izlade. Sakuma izlade noverojama inertaja gaze.
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Bufera gazes plazma palielina lampas temperatiiru, lidz ar to palielinas ari
attieciga elementa (metala) atomu koncentracija tvaikveida stavoklt un sakas

augstfrekvences rinkveida izlade elementa tvaikos.

Paaugstinot temperatiiru, paaugstinds darba elementa (metala tvaiku)
spiediens. levérojamas kliist otra veida sadursmes un pakapeniska ierosme.
Vienlaicigi tiek novérota bufera gazes spektralo liniju starojuma intensitasu strauja
samazinasanas, kas norada uz gazes Iimenu dzESanas pastiprinaSanos ar metala

atomiem (ar tam sekojo$u metala ierosmi).

Bufera gaze (parasti c€lgaze) atvieglo izlades iedegSanos, stabilizé darba
rezimu un samazina pildijuma mijiedarbibas ar sieninu. Darba [29] autori uzskata, ka
bufera gazes spiediens maz ietekmé izladi, jo gaze nodod energiju metala tvaikiem,

tas arT norada, ka vislielako ietekmi bufera gaze atstaj uz lampas stabilitati.

Izmantojot héliju ka bufera gazi, var panakt lielaku starojuma intensitati, tacu
darba ilgums tada gadijuma ir neliels. To izskaidro ar He atomu diftiziju caur lampas
balona sieninam. Vislabakais kompromiss starp ilgdarbibu un intensitati ir izmantot
argonu ka bufera gazi. Argonu biezi izmanto ar1 dzivsudraba lampas. Lai sasniegtu
maksimalu Hg starojuma intensitati par optimalu uzskata Ar spiedienu lampa 0.5 Torr
[30, 31].

Pie zemiem Ar spiedieniem ir biezas Hg sadursmes ar sienipam, augstas
kingtiskas energijas Hg joni mijiedarbojas ar lampas balonu. Tas noved pie starojuma
intensitates samazinaSanas (iek$€ja sieninu virsma kliist tumsa) un samazinas darba

ilgums [31]. Tapéc lampas argonu iepilda Iidz 2.5 vai pat 5.0 Toru lielam spiedienam.
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2.2.Limenu apdzivotibu noteikSana

Informacija par ierosinato Iltmenu apdzivotibam ir nepiecieSama plazma
notiekoSo procesu izpratnei, kas savukart ir batiski dazadu plazmas avotu
optimizacijai. Apdzivotibu noteikSanas metozu pamata ir starojuma absorbcijas
mérfjumi. Ve&sturiski, lai no absorbcijas mérfjjumiem noteiktu metastabilo ITmenu
apdzivotibas, Ladenburgs un Reihe [32] izmantoja divas atseviskas, identiskas izlades
caurulites — vienu ka apstarojoSo, bet otru ka absorb&joso. Harrisons [33] uzlaboja So
metodi, izmantojot spoguli ta, lai pe&tama izlades caurulite kalpotu gan ka
apstarojosais, gan ka absorbgosais gaismas avots. Protams, $aja metode ir
nepiecieSams loti ripigi izmérit spogula atstaroSanas koeficientu. T.Goto ar kolégiem
[34] piedavaja modificétu reabsorbcijas metodi, kura nebutu jaizmanto spogulis,
tadejadi izvairoties no atstaroSanas koeficienta meérjjumiem. Vini mainija paSas

izlades garumu.

Maisdienas limenu apdzivotibu mérijumiem pielieto 1azera absorbciju [35-38]
un lazerinducéto fluorescenci (LIF) [39], tacu reabsorbcijas [40] un absorbcijas
metodes [41, 42] joprojam tiek aktivi izmantotas. Ta pieméram, lai analiz&tu procesus,
kuri notiek He-Cd un He-Ne lazera izlad€, mirdzizladé un induktivi saistita plazma,
darbu [43-48] autori He zemako ierosinato ltmenu (2°S, 2'S, 2°P un 2'P) apdzivotibu

noteikSanai izmantoja reabsorbcijas [44] un absorbcijas [43,45-48] metodes.

Pielietojot absorbcijas metodi, loti biitiski ir izveleties atbilstoSu gaismas
avotu. Piem@ram, darba [49] autori izmantoja Ti saturoSu dobja katoda lampu, lai
noteiktu Ti a°F limena apdzivotibas DC magnetrona izlades kamera, kuru izmanto Ti
kartipu uzputina$ana. Savukart T. Kitajima un vina kolegi sava darba [50] O(CP)
apdzivotibas noteikSanai izmantoja absorbcijas metodi, novietojot aiz kapacitativi
saistitas plazmas izlades trauka ar skabekli pilditu induktivi saistitu lampu, kuras
ierosinasanai ar 70 MHz lauku taja ievietota spole. Ir armT mérijjumi, kuros izmanto
baltas gaismas (nepartraukta spektra) avotu, pieméram, Xe lokizlades lampu, lai uz ta
fona novérotu absorbciju un tadejadi noteiktu Ne (2p°3s) un Ar (3p°4s) metastabilo un
rezonanses limenu apdzivotibas induktivi saistita augstfrekvences (13.56 MHz)

plazma [51]. Ar (3p°4s) limenu apdzivotibu noteik§anai mikrovilpu plazma ir
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izmantota reabsorbcijas metode ar vienu spoguli [40] un lazera absorbcijas metode
[52], tacu $1 promocijas darba ietvaros Ar zemako ierosinato limenu apdzivotibu
noteikSanai pirmo reizi tika izmantota Ar augstfrekvences bezelektrodu lampa

(ierosinata ar 100 MHz lauku) [P3].

Darba ietvaros pirmo reizi ir veikti ari hélija zemako ierosinato limenu

apdzivotibu mérijumi augstfrekvences bezelektrodu lampas [T2, T3].

Sava promocijas darba He un Ar ierosinato ITmenu apdzivotibu noteikSanai
izmantoju reabsorbcijas (ar vienu spoguli) un absorbcijas (ar Iinijspektra gaismas
avotu) metodes [P3, K1, T2, T3]. Reabsorbcijas efekta un abu metozu aprakstam

parskata dala izmantoti darbi [53-57].

2.2.1. StarojoSo atomu koncentracija

StarojoSo  atomu  koncentracijas  noteikSanas Ny g

pamatmetodes, balstas uz atomu koncentracijas N; un
. C e . . Vii
parejas varbitibas A, reizinagjuma A, N, noteikSanu.

Gaismas avota absorbcijas koeficienta sadalijuma N gi

. .. - .. ) 2.1.attels. Atoma energijas
funkcija x(v) (vai integralais absorbcijas koeficients  |;enu shema

0
JK(V)dv ) ir saistita ar So reizinagjumu A, N, sekojosa veida:
0

© AZ g g N
k(v)dv==—"A; -N, -—k[l——'—k], (2.1)
! 8r g; 9 N;

kur A, — parejas vilpa garums, gk Un gi— limenu i un K statistiskie svari (2.1.att.), ¢ —

gaismas izplatiSanas atrums vakuuma, N; — limepa i apdzivotiba, Ny — Iimena k

apdzivotiba.

1- 9 N
N

k i

Reizinatajs { J formula (2.1) saistits ar parejam, kuras noved pie

absorbcijas koeficienta samazinasanas (dazkart saka, ka $adas parejas atbilst negativai

12
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absorbcijai). Gadijumos, kad limenis K ir stipri mazak apdzivots par Iimeni i, proti,

- N
3—'N—k << 1, sakaribu (2.1) var parrakstit sekojosi:
k i
© 2
jx(v)dv:ﬁ-Aki-Ni&. 2.2)
5 87 g

Formula (2.2) parada ka, zinot absorbcijas koeficienta sadalijuma funkciju
x(v) vai integralo absorbcijas koeficientu IK‘(V)dV , ir iesp&jams noteikt reizinajumu
0

AiN; . Savukart, zinot parejas varbitibu vai oscilatoru stiprumu, kur§ ir saistits ar

parejas varbiitibu, iesp&jams atrast koncentraciju N;.

_ 2V 2(v—vyp)

Vp

. . 2
Zinot, ka Doplera kontiirai k(v) = kge ™" un w , varam atrast

integralo absorbcijas koeficientu:

< 1 (~x
dv==.2wAv.. 2.3
!x(v) v 2,/"‘2/«0 Vo (2.3)

kur x,- absorbcijas koeficients spektralas linijas centra, Avg- spektralas linijas

Doplera platums.

Salidzinot formulas (2.2) un (2.3) un parejot uz vilpa garumiem, iegtistam:

N =4ﬂ¢;C / T KOAED&. (2.4)
A VIn2 Ay g,

Formula (2.4), lai limena apdzivotiba N; izteiktos [cm™], sekojosas vienibas

jaizsaka pargjie lielumi: vilgu garums Ay ir [nm], absorbcijas koeficients Iinijas centra
ko ir [cm™], parejas varbiitiba Ay [s], elektrona ladins e [CGSg], gaismas atrums ¢

[cm/s]. Un linijas Doplera platums A4, jaizsaka [nm].

No formulas (2.4) seko, ka nepiecieSams zinat spektralas Iinijas Doplera
paplaSinajumu, tas nozimé, ka to vai nu jaizméra, izmantojot augstas izSkirtsp€jas

spektrometru, vai ar1 jaaprékina, zinot plazmas temperatiiru:

Ay =7.16-107 - 4, E , (2.5)

13



Parskata dala. Limenu apdzivotibu noteikSana

kur T — plazmas temperatara (izsakas [K]) un x« — elementa atommasa (argonam u =
40, hélijam u = 4).

Protams, I1dzigi var izvest formulas koncentracijas noteikSanai ar1 gadijumam,

kad Itnijai domin€ Lorenca kontira.

2.2.2. Reabsorbcijas efekts

Lai noteiktu absorbcijas koeficientu linijas centra, izmanto reabsorbcijas
efektu, proti, izstarotas gaismas absorbciju pa$a gaismas avota. ST efekta rezultata no
avota iznakusT starojuma energijas pliisma no tilpuma elementa dSy-dx telpas lenki dw

ir samazinajusies, $0 izmainu var aprakstit ar sekojosu formulu:

dF (v) 1—e <!
dF (V) = = == (2.6)

kur dF(v); — starojuma energijas plisma no tilpuma elementa dS,-dx telpas lenki dw,
izejot arpus starojosa avota ar garumu |, dF(v)/dx — energijas plisma no mirdzosa
slapa garuma vienibas, kad nepastav absorbcija, x(v) - absorbcijas koeficienta

sadaltfjuma funkcija.

Pie tam energijas pliisma ir saistita ar intensitati (jauda, kuru izstaro telpiska

gaismas avota tilpuma vieniba) sekojosa veida:
dF(v) = —i(v)dv - dw - dS,dx, 2.7)

Kur i(v) — spektrala intensitate. Savukart energijas plisma ir saistita ar virsmas

spozumu caur $adu sakaribu:

dF(v)i

dB(v); = ds,dx’

(2.8)

kur dB(v), — mirdzosa slana ar garumu | virsmas spozums. Izmantojot o sakaribu,

pariesim NO energijas pliismas UZ virsmas spozumu:

B = [ dB(v)dv = [ ((—)) 1— e Mgy, (2.9)
Ievérojot to, ka Doplera kontiiras gadijuma i(v) = ioe_‘*’z, ieglistam:
_ Lo Avp [+ _ K le—w?
L= 41 K 2\/ln_2f—°° (1 e )dw’ (210)
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Seit xp un ip — absorbcijas un emisijas koeficientu sadalijuma funkciju vértibas linijas
kontiiras maksimuma. Saja integrali integracijas robezas ir + oo, jo tiek pienemts, ka

|Av| > Avyp.

Aprékinu atviegloSanai Ladenburgs un Levi ieveda funkciju:

1 +00 _ —w?
Seol) = = [ (1-e™") da. (2.11)
ST funkcija ir ta saukta Ladenburga-Levi funkcija, tas grafiks redzams 2.2.att.

levietojot izteiksmi (2.11) formula (2.10), iegtastam:

11 s
B, = EE;_Z =) - Kol - S(ice1). (2.12)
Ka redzams no formulas (2.12),
= h T j T ) T ) - o« . - .
I pliisma, kas iziet arpus starojuma avota,

Sl kura notiek ne tikai izstaroSana, bet ari

absorbcija  (reabsorbcija), ir tieSi

0,6

S(xc )

proporcionala Doplera kontiiras

04
platumam un optiskajam blivumam (ol

0,2 4

— absorbcijas koeficients linijas centra

o Ko pareizinats ar starojuma noieto celu

! ), ka arm Ladenburga-Levi funkcijai,
2.2.attels. Ladenburga-Levi funkcija atkariba no
optiska blivuma. Aprékini veikti ar Maple 7 videé
izveidotu programmu.

kas atkariga no optiska blivuma.

Absorbcijas koeficientu
spektralas linijas centra ir iesp&ams noteikt, nomerot absoliito intensitati, tacu
absollito intensitaSu mériSana ir loti sarezgits process. Ta vieta ir iesp&jams veikt

secigus intensitates meérjjumus, kuros tiek mainits optiska cela garums.

Optisko garumu var mainit dazados veidos, piem&ram, novietojot spoguli aiz
gaismas avota, tadgjadi divkarSojot optisko garumu (ta ir ta saucama reabsorbcijas
metode, jo izmanto paSa izp&tes gaismas avota starojumu). Otrs veids — novietot citu
gaismas avotu spogula vieta (ta ir ta saukta absorbcijas metode, jo izmanto citu

gaismas avotu). S1s abas mériSanas metodes es izmantoju sava darba.

Sajas metod@s ir nepiecieSams eksperimentali izmérit, cik daudz gaismas ir

absorbéts pétamaja gaismas avota. So lielumu sauc par relative absorbciju, ta parada
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linijas intensitates izmainu, starojumam ejot cauri p€tamajam gaismas avotam.

Relativa absorbcija izsakas sadi:

absorbétais starojums caurizgajusais starojums
= =1- (2.13)

kritoSais starojums kritoSais starojums

No otras puses ir nepiecieSami §1 lieluma teor&tiski aprékini, proti, relativas
absorbcijas atkariba no optiska blivuma (Doplera paplasinajuma gadijuma $1 sakariba
izsakas caur Ladenburga-Levi funkciju). Salidzinot eksperimentali noteikto lielumu ar
teorétiski aprékinato, var atrast optisko blivumu, kas savukart saistits ar absorbcijas

koeficientu Iinijas centra, un no ta var noteikt limena apdzivotibu.

Lai var€tu izmantot reabsorbcijas un absorbcijas metodes reizinajuma N;Ay
noteikSanai, vispirms japarliecinas, vai uzstaditas prasibas atbilst realajiem

eksperimenta apstakliem.

1. Pirmais noteikums ir starojo$a staba homogenitate.

Zema spiediena gazes plazma atbilst parasti Sai prasibai. Ja avots nav
homoggens, tad nepiecieSams zinat absorbcijas koeficienta sadalijuma funkciju x(v, /).
Bet visu sarezgi tas, ka dazadas vietas ar dazadu absorbcijas koeficientu ir atSkiriga

ar1 linijas kontiira.

Ja plazmas neviendabiba aprobezojas tikai ar to, ka ir atSkirigs absorb&joSo

atomu skaits, tad So neviendabibu var nemt veéra, ievedot efektivo avota garumu.

2. Otrs noteikums ir linijas realas kontiras atbilstiba tai kontirai, kurai veikti

apréekini.
Praktiski gazu izlades plazmai pie zema spiediena un mazas izlades stravas
blivuma, spektralas Iinijas kontliru var aproksimét ar Doplera kontiiru. Jitamas
kontliras izmainas ir noveérojamas, parklajoties Iinijas sikstruktiirai vai

supersikstruktirai.
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2.2.3. Reabsorbcijas metode

Novietojot spoguli ar refleksijas koeficientu r aiz izlades caurules a, plakans
spogulis dod caurulites att€lu, ka rezultata shéma (2.3.att.) ir ekvivalenta divam
identiskam caurulitém a un b, tikai pliisma no b ir pavajinata, jo novérojami zudumi,
atstarojoties no spogula.

2
h a

 J _;(j

Fﬂ* ﬂ F a
11

—
~

| | | |
I | | |
k | k |
L A 5 A
I | | |

2.3.attels. Ilustracija reabsorbcijas metodes aprakstam.

Aprakstot So shému, pagaidam uzskatisim, ka runa ir par divam caurulitém

nevis par vienu cauruliti ar spoguli.

Lai atrastu relativo absorbciju atbilstosi sakaribai (2.13), tiek meériti tris

lielumi:
1) caurulites a starojuma plisma F,, kad izlade caurulité b ir izslégta;
2) caurulites b starojuma plasma Fy, kad izlade caurulité a ir izslégta;

3) abu caurulidu a un b starojuma plusma Fg, (Seit ievestie indeksi sp nozimé

to, ka eksperimenta tiek mérita plisma, kad spogulis ir atklats).

Uzskatisim, ka caurulites abu lodzinu caurlaidibas ir vienadas ar z. Gaismas
plisma no caurulites b, kad izlade caurulité a ir izslégta, ir vienada ar (atbilstosi

formulai (2.6)):

Fy=1 [ % (1 — e *M1) dy, (2.14)
Ar lidzigu formulu izsakas starojuma plisma F, no caurulites a, kad izlade

caurulité b ir izslegta.

Talak noteiksim, kada ir abu cauruliSu kopgja starojuma plisma Fgp. Janem
vera, ka ST starojuma pliisma no caurulites b, ejot cauri caurulitei a, taja tiks absorbéta.

Tadgjadi cauri izgajusi plisma no caurulites b bas:
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w3 [ 2B (1 — e e Wl gy, (2.15)
Parveidosim $o integrali sekojosi:

Fy=7 [ 22 (1— e @) dy — 73 [ 22 (1 — e~ ) g, (2.16)

Tatad summara pliisma no abam caurulitém biis vienada ar:
F, =F, +F,. (2.17)

Sastadisim izteiksmi relativajai absorbcijai:

A= m_ (2.18)
Fp
So izteiksmi, nemot véra (2.16), varam parveidot:
A=0"0 (2.19)
F

Starpiba Fj, — Fl; izsaka caurulites b starojuma samazinasanos, izejot cauri
caurulitei a (izlade abas caurulites ieslégta). Tapec lielums A izsaka vienas caurulites

starojuma relattvo absorbciju otra caurulitg.

Izmantojot $is sakaribas, varam lielumu A parrakstit sekojosi:

A=1+ Ji x1me Oy — [ 1 —e KM lay

Jy 2 (1—e =<y

(2.20)

Talak relativas absorbcijas izteiksmi var izteikt caur Ladenburga-Levi

funkciju, izmantojot sakaribu (2.11).

Tagad atgriezisimies pie shémas, kura ir nevis divas atseviSkas caurulites, bet
gan viena caurulite, aiz kuras novietots spogulis. Plismu no caurulites a (nemot véra
reabsorbciju un zudumus uz lodzina) apzimésim joprojam ar F. Plisma no caurulites
att€la b ir vienads ar Fs, = rF, kur r — spogula efektivais atstaro$anas koeficients, kura

nemti véra visi zudumi, starojumam ejot cauri lodziniem.

Tatad relativa absorbcija A ir lielums, kuru méra eksperimentali un salidzina ar

teoretiskiem $a lieluma aprékiniem, iegistot absorbcijas koeficientu Iinijas centra «o:
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_ S(K()l)—S(ZKol)
A= S(koD)

_awn-"/,

r

, (2.21)
A

Seit Fsp — plusma, merot ar atklatu spoguli (plisma no abam caurulitém a un b) un F —

plisma, mérot ar aizklatu spoguli (plisma tikai no caurulites a).

AtstaroSanas koeficientu r eksperimentali nosaka, mérot Fs, un F Iinijai bez

reabsorbcijas. Saja gadijuma A = 0 un:
Fy
r= (T”)K:O ~1. (2.22)

Parliecinaties par to, ka ko ir pietiekami mazs, var, veicot mérijumus ta, lai,
mainoties apstakliem, reabsorbcija samazinatos. Kamer reabsorbcija ir noveérojama, r

vertibas biis pazeminatas. P&c tam, mainoties apstakliem (piem&ram, mainot spiedienu

' ' r ' ' ' vai izlades stravas stiprumu), r vertiba

pieaugs un tad (kad praktiski izzudis

0.8 o _3-0-0-0
,» | reabsorbcija)  sasniegs  noteiktu

0.6 > -

e vertibu, vairs nemainoties. Un $1 tad

4 * 4 | ari biis patiesa r vértiba.

0.4 o 4

m/ Sai metodei ir ta priekSrociba,
0.2 -

14 | ka automatiski izpildas abu cauruliSu

0.0

] ' staroto  Iinjju kontliru  vienadiba

9 -
-

Kl . _ -
o . (atbilstiba). Par trikumu var uzskatit
2.4.attels. Relativa absorbcija A atkariba no optiska

blivuma. Aprekini veikti ar Maple 7 vide izveidotu  to, ka funkcija A atkariba no optiska

programmu. ) . .
blivuma ir Iézena funkcija optiska

blivuma vértibam sakot no &yl =4..6 (2.4.att.). Tade] velams, lai r vértiba bitu pec

iespejas lielaka. TaCu to apgriitina tas, ka r ietver arl divkart€jo izieSanu cauri
caurulites lodzinu, kur zudumi ir ne mazaki par 8 — 10 %. Tadgjadi r veértiba nav
iesp&jama lielaka par 0.8 — 0.9. Principa var samazinat zudumus uz lodzina, ja izvieto
to Brjistera lenki, ka to me&dz darit lazera caurulit€s. Tacu tad paradas starojuma
polarizacija, kas savukart apgriitina spozuma mérisSanu. Tomér ir ieteicams lodzinus
izvietot lenki attieciba pret caurulites asi, galvenokart tada veida izvairoties no

nevélamiem atstarojumiem.
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2.2.4. Absorbcijas metode

Augstaka jitiba ir metodei, kura méra absorbciju uz spektralas linijas fona.
Saja metod@ aiz starojo$ds caurulites novieto Iinijspektra avotu. Formulas nav griiti

izvest, ja izstarotajam un absorbcijas Iinijam ir Doplera kontiiras raksturs.

Tiek ievests parametrs a, kurs izsaka emitétas linijas Doplera paplasinajuma

attiecibu pret absorbcijas linijas Doplera paplasinajumu:

emisijas linijas platums Av[(,e)

=2 (2.23)

- absorbcijas linijas platums Avp

Nemot véra (2.23), intensitates sadalijuma funkcija starotajai linijai

uzrakstama $adi:
(@) = iPe~ "/, (2.24)

2vIn2 _
Avg (v —vp).

kur w =

Un absorbcijas koeficients izsakas sekojosi:
k(v) = Koe‘“’z. (2.25)

Nemot véra izteiksmes (2.23) - (2.25), relativa absorbcija uzrakstama $adi:

2 2
_ 2 iée)e_(%) do—f" iée)e_(%) e"‘ole_wzdw

A, — (2.26)
129 do
So izteiksmi var parrakstit sekojosi:
w\2
fjoooe_(?) (l—e"‘ole_w )d(u
A, = — , (2.27)
f_oooo e_(E) dw

Sis funkcijas grafiks pie dazadam parametra o vértibam redzams 2.5.attéla.
No 2.5. attéla var redzet, ka pie mazam relativas absorbcijas un sekojosi ar1
optiska blivuma veértibam precizai parametra o vertibai nav liela nozime, savukart pie
lielakam ta klast loti svariga. Pieméram, nomérot, ka A, = 0.29, no liknes a = 1.0
atradisim, ka kgl = 0.5, bet no a = 1.15 Iiknes: xol = 0.55. Jau pie lielakas relativas
absorbcijas veértibas ST starpiba ir stipri lielaka, ta pieméram, pie A, = 0.78 no liknes

ar a = 1.0 atradisim xgl = 2.6, bet no Iiknes ar o = 1.15 ieglisim xol = 3.07.
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“. 0.6 4

Eksperimentali $o relativo absorbciju atrod analogiski ka reabsorbcijas metodé

no sekojosas formulas:

F1+F,—F:
A, =", (2.28)

kur F; — pirma gaismas avota starojuma plisma, kad otraja gaismas avota izlade
izslégta, F, — otra gaismas avota starojuma pliisma (pétama avota), kad pirmaja

gaismas avota izlade izslégta, F112 - abu gaismas avotu kopgja starojuma plisma.

Saja metodé tiek
1.0 4
izmantota sekojosa

0.8 4 vienadojumu  sistéma, kura
pirmais vienadojums reprezenté
relativas absorbcijas teorétiskos
0.4 1 aprékinus pie noteiktam optiska
blivuma  vertiba, bet otrs

vienadojums - relattvas

0.0

absorbcijas eksperimentalus

merjjumus:
2.5.attels. Relativa absorbcija A, atkariba no optiska
blivuma, ja apstaro ar linijspektra gaismas avotu.
Aprékini veikti ar Maple 7 vidé izveidotu programmu.
0\2
f_ooooe_(a) (l—e_"ole_w )dw
Ay = o2
2 e_(a) dw ' (2.29)
A _ KitKs—Ki42
k @ K1

Tadejadi abas metod@s nepiecieSams vispirms teorétiski aprékinat relativo
absorbciju A vai A, pie noteiktam optiska blivuma veértibam xol. Un $is relativas
absorbcijas vertibas salidzina ar eksperimentali izméritajam veértibam, lai tad varétu
noteikt realo optisko blivumu xgl. Un talak seko atbilstosa Itmenu apdzivotibu

aprékinasana p&c formulas (2.4).
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2.2.5. Liniju struktiiras ietekme

Linijas struktiras ietekmes aprakstam tika izmantoti literatiiras avoti

[53,54,56-59].

Ieprieks aprakstitas formulas ir speka, ja runa ir par vienkar§am linijam, tacu
mérijumos biezi nakas sastapties ar sarezgitaku situaciju, kad linija vairs nav
uzskatama par vienkarsu: (1) supersikstruktiras gadijums (tas novérojams, ja kodolam
ir magnétiskais moments vai paradas izotopiska nobide) un (2) multipletu struktiira
(pieméram, Saurie He tripleti). Turpmak abus Sos gadijumus apskatisim vienoti, sakot,

ka linijai ir struktura.

Parejas varbiutiba

.-‘\!'rjrgg
Linijai ar struktiru (2.6.att.) Kkatras
komponentes starojuma jauda no tilpuma Vi
vienibas jeb intensitate: . :
N N

I, =N, Ahv,. (2.30)
2.6.attels. Atoma energijas Ilimenu

Visu komponensu kopgja intensitate: shema.

I, =Z|,j=ZNIAjhvlj. (2.31)

No shémas redzams, ka N, = z N,un N, = Z N, . Ja apskatam liniju ar visu
I i

tas struktiiru ka vienkarSu Iiniju, tad var rakstit:
li =N Ahv, (2.32)

kur Ay — parejas ,,summara” varbiatiba. Tatad, veicot mérfjumus, ir nepiecieSams

saprast, ka attiecas $1,,summara” varbitiba pret katras komponentes varbitibu.

Salidzinot izteiksmes (2.31) un (2.32) un nemot véra, ka komponensu

frekvences vj; ir loti tuvas viena otrai, ieglistam sekojosu sakaribu:

A, :Niz N, A, - (2:33)
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Nelidzsvarotas plazmas gadijuma N, ir atkarigs no izlades apstakliem. Ja vél
pie tam dazadam /—j parejam atbilst dazadas parejas varbutibas Aj;, tad no sakaribas
(2.33) seko, ka ,,summara” varbiitiba Ay ir atkariga no atomu sadalijuma pa struktiiras

apakslimeniem |, proti, ta ir atkariga no izlades apstakliem.

Ja apakslimenu apdzivotiba ir lidzsvarota, tad katrs N, ir proporcionals Itmena
statistiskajam svaram @, (pie Sauras saSkel$anas), un izteiksmi (2.33) var parrakstit

sadi:

A= A (2.:34)

9

Zg|

Ta ka reizinatajiem ir noteiktas veértibas, kuras izsakas caur kvantu

skaitliem, kuri raksturo apaksSlimenus, rezultata ari ,,summara” varbitiba Ay iegust
konkretu vertibu. No ta seko, ka Ay; iegust fizikalas konstantes nozimi tikai tad, ja

Itmenu apdzivotiba ir lidzsvarota.

1. Saskelts tikai apakséjais limenis i.

Saja gadijuma N; = Ni un izteiksme (2.33) parrakstama §adi:

Ay :ZAkj : (2.35)

Tatad ,,summara” varbitiba Ay ir visu | komponenSu parejas varbiitibu Ay

summa. Pie tam gadijuma, ja izpildas intensitasu likums, tad:

g,
A=A 1 2.36
g |Z gj ( )

savukart Iiniju intensitasu attieciba biis sekojosa:

(2.37)

Liz Az Yz 952 Fiae Vi

3
ij1 _ Akjl Vi 9 fjlk (VkuJ
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Gadijuma, ja limeni j1 un j2 atrodas tuvu viens otram (saskelSanas ir neliela),

3
Vi e iy C e _ . . .
tad [ﬂJ ~1 un liniju intensitasu attieciba ir izsakama caur oscilatoru stiprumiem

Vigo

_ .. . . | ki1 05 f jik
un [tmenu statistiskajiem svariem: = . .
I kj2 92 f j2k

2. Saskelts tikai augséjais limenis k.

Saja gadijuma sakariba (2.33) izskatas sekojosi:
1
A :_ZNIAH : (2.38)
N, 5
Ja izpildas intensitasu likums, tad visi Aj; ir vienadi sava starpa:
1
A :N_AnZN| = Ay (2.39)
k |

Tatad, ja saSkelts tikai augs€jais ltmenis, tad ,,summara” varbiitiba ir vienada

ar katras komponentes parejas varbiitibu.
Un $adi izsakama liniju intensitasu attieciba:

3
Il_li: Ny Ay Vi _ Ny iz fin .[Vllij (2.40)
Lo N As vi N g fip \vig

tatad paradas ar1 Itmenu apdzivotibu attieciba, kuru gadijuma, ja ir lidzsvarota

apdzivotiba, var izteikt caur Bolecmana likumu:

W2 -Wyy
N|1 Oy a

Ny O o (2.41)
NI2 gl2

kur W, un W, - atbilstosi limenu 12 un |1 energijas.

Un intensitasu attiecibu varam parrakstit Sadi:

Viai

| . 3
||_li ~ & . einkTWu h . m B 67W|2k-|—WI1 ‘ i ‘ [m] . (242)
I Qi Asi Vi fiz
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Gadijuma, ja limeni 11 un 12 atrodas tuvu viens otram (saskel$anas ir neliela),

8 Wi2 Wiy
Vii - e o C _
tad (—'“j ~1 un e ¥ =1, un liniju intensitasu attieciba ir izsakama caur

Viai
. . s ||_1i~fi|1 = = As _
oscilatoru stiprumu attiecibu: ~——, bet npemot veéra, ka =1, tad
II2i fi|2 AIZi
Ly 9n T
II2| g|2 fIIZ

PS multipleta (pieméram, 3Po,1,2_>381) tris Iiniju intensitasu attiecibas izsakas
sekojosi: 1 :l,:1;,=0,:0,:0,=(23,+1):(2J,+1):(2J;+1). Ja J pienem

vertibas (2, 1,0),tad: 1,:1,:1,=0,:0,:09,=5:3:1.

3. Saskelti abi limeni.

Vispariga gadijuma, ja saSkelti ir gan aug$€jais, gan apakS€jais Iimeni, tad
linijas komponensu intensitasu attiecibas atrod péc sekojosam formulam, kur L, J, S ir

atbilstoSie kvantu skaitli.

Pareja L—L:
| =23 +1)[J(J +1)+L(L+1)-S(S+D)? |
' J(J +1)
| _(L+8+D)* - 0%][0% —(L-S)"]
J,J-1 J y
T [(L+S+1D)* - +D?[(J +1)> - (L-5)%]
J,J+1 J +1
(2.43)
Pareja L—L —1:
|, =@y+pl0+S +)7 - - (3 -9)"]
' JJ +1)
N (CE L) —(S+D?][(J + L)* =S?]
J,J-1 J )
L [S?— (I -L+D°I(S+1)*-(J -L+1)?]
J,J+1 T J +1
(2.44)
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g Sis formulas ir speka, ja ir normala [L-
ip, i
‘D, s S] saite starp momentiem un lidzsvarota
3
D, ' '
augsgjo Itmenu apdzivotiba.

Pieméram, ja augigjais limenis ir D153
°P; Yy vV s (ar statistiskajiem svariem: 7:5:3) un
P ry o . apaksgjais limenis ir *Pg1, (ar statistiskajiem
Py 1

svariem: 5:3:1). Linija, kura atbilst parejai
starp Siem diviem termiem, sastav no seSam
tuvu izvietotam komponentém ar intensitasu
e . ‘ attiecibam: 1,2 : 17,9 : 100 : 17,9 : 53,6 : 23,8.
1,2 179 100 17,9 53,6 238 . . . . .
_ o i} _ Tuvinati §1 intensitasu attieciba redzama attela
2.7.attels. Linijas sikstruktiiras
komponensu intensitasu attiecibas pa kreisi (2.7.att.).
ilustracija.

Sis analizes apkopojums ir paradits tabula 2.1.

Tabula 2.1. Parejas varbitibas un linijas komponensu intensitasu attieciba atkariba no ta, vai saskelts
augsejais vai apaks$gjais I[tmenis.

Saskelts augsejais limenis k Saskelts apaksgjais [imenis i
Izpildas s
Visparigi intensitasu Visparigi . IZ.p _l{da;k
likums intensitasu likums
A A=Y NA A Aa = 2. A Ay = A
. . = — . = . (R j J {
ik i N 4 I Ki A|| i J z g j
j
Ny Ay Vi O _Akjl iy
I, Nip Ay Vi d,, ’ Agz Vi 9 fi
-1 , 5 ik
I, Ny, e fin .£Vlli ] h 9, fiu (Vi 92 i
N, 9n fi (Vi firz 92 fiae (i2

Relativa absorbcija

Veicot mérfjumus, ir nepiecieSams izSkirt tris atseviSkus gadijumus, jo
atkariba no ta, vai linijas komponentes ir izSkiramas, vai pilniba vai dal&ji parklajas,
atSkiras arT relativas absorbcijas teorétiskie aprékini un mérjjumu rezultatu apstrade.

Vispirms apskatisim, ka izsakas relativa absorbcija vispariga gadijuma.
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Tatad, ka jau iepriek$€jas nodalas tika paradits, relativa absorbcija izsakas
sekojosi:

A= e Wadv—[&" W)dv
- [& (w)dv !

(2.45)

kur & (v) - krito§a starojuma (atstarotais no spogula vai ari apstarojo§as lampas)
intensitates sadalfjums, & (v) - caurizgaju§a starojuma intensitates sadalijums. Pie

tam ir zinams, ka:
g W) =¢ W) e W (2.46)
Linijas summarais absorbcijas koeficienta un intensitates sadalijums ir
izsakams caur summu pa visam komponentém:

{K(V) =2, K (V)

£0) =3, &) (247

kur x;(v) un €’;(v) — linijas komponentes absorbcijas koeficienta un intensitates
sadalfjums.

Nemot véra izteiksmes (2.43)-(2.45), relativa absorbcija linijai ar struktiiru
izskatisies Sadi:

B ij e'j(v)dv—fzj e’j(v).e—zj Kj(v)ldv B ij s,j(v)~(1—e_zj Kj(v)l)dv

A I3e ;av - JXj€ jw)dv

(2.48)

Katrai no metodem kritosa starojuma sadalfjums &’;(v) izteiksies citadak, jo
reabsorbcijas metodé ar spoguli, kritoSais starojums ir starojums no lampas, kur§
atstarojies no spogula, savukart absorbcijas metodé€ ar Iinijspektra gaismas avotu §is

kritoSais starojums tiek izteikts caur parametru «.

Tatad reabsorbcijas metodei relativas absorbcijas izteiksme gadijuma, ja

linjjai ir struktiira, uzrakstama sekojosa veida:

J Zj%(l—e_xf (V)l)] -(1—6_21' Kf(v)l)dv
j

A=

(2.49)

ii((:))(l—@ 75 ay
]

DY

Savukart absorbcijas metodei relativas absorbcijas izteiksme linijai ar

strukturu ir $ada:
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w i\ 2
f[zj sloje_<71) l .(1_e—Zj Kj(w)l)dw
A = © ' (2.50)
(=L
ijeloje (D() dw

Izteiksmes (2.49) un (2.50) atbilst visparigam gadijumam un ir izmantojamas
neatkarigi no ta, vai komponentes pilniba parklajas, vai tikai dal€ji. Bet §is izteiksmes

vienkarSojas gadijuma, kad komponentes ir pilniba izSkiramas.

Lai aprékinatu relativo absorbciju péc izteiksmém (2.49) vai (2.50), ir

nepiecieSams zinat absorbcijas koeficientu (intensitasu) attiecibas:
oD : [kol]® : .=a:b:.., (2.51)
kur a un b utt. — intensitates.

Tad, lai nonaktu pie Iimenu apdzivotibam, nepiecieSams izmantot sekojoSu

sakaribu:
1 A5 9k
! /%Avp Alol® + [l P + o} =220 Ay - N gg"l (2.52)

Apskatisim katru gadijumu nedaudz detalizetak.

1. Komponentes pilniba parklajas

Gadijuma, kad komponenSu savstarpgjais attalums AA ir daudz mazaks par
Doplera platumu Alp, var uzskatit, ka komponentes pilniba parklajas un linijas

summarais kontiirs art ir tuvs Doplera konturai. Sis ir vienkarSakais gadijums.

Linijjai ar sapliduSsam komponent€ém absorbcijas koeficients Iinijas centra ir

vienads ar komponensu absorbcijas koeficientu Iiniju centra summu:

Ko = Z] KOj' (253)

2. Komponentes pilniba izSkiramas

Saja gadijuma liniju kontdri nekur neparklajas un pat tad, ja ar iekartu
nevaram §1s komponentes izskirt, més tas nevar uzskatit par vienu liniju ar vienu

absorbcijas koeficienta vertibu linijas centra. Izteiksmes (2.49) un (2.50) vienkarsojas.
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Sajas izteiksmes varam iznest summas zimi pirms integrala zimes, ka rezultata

iegastam izteiksmes (2.54) un (2.55).

Reabsorbcijas metode

A=

%yleol-S(coD)-A19) [iegl-S (o )-A1D+[ic1-S (1o 1)-A] D +---

%, [ico -5 (e DID)

[0 l-S (ko D)W +[rol-S (k1] P+

(2.54)

Protams, rodas jautajums, cik liela biitu kltida, ja nenemtu véra to faktu, ka

k]l
)

0,75 r T v ' . . . =
B b
& A
X
V. o
V. 3
X
A
0,50 A g
X
y'd P
.5
A A
= 2
/ ¥
X o
/ e
0,25 / @~ |
¥ "
y
/ > ~
A o A=A, (). 8,8,8,~1:3:5
/ y g
s >—A (x])
VP
0,00 . . . , , . ,
0,0 0,2 04 0,6 08

2.8.attels. Relativa absorbcija A atkariba no optiska
blivuma. Salidzinati aprékinu rezultati, gadijuma, ja
linija ir vienkarSa, un nemot véra linijas sikstruktiiru
(91:02:93 = 1:3:5). Aprékiniem izmantoti algoritmi, kas

uzrakstiti wxMaxima vide.

Iinijai ir struktira. Apskatisim

sekojosu piemé&ru. Pienemsim, ka

saskelts ir parejas augS€jais
Iimenis un Ilinijjai ir s
komponentes. Atbilstoso

statistisko svaru attiecibas butu
1:3:5. Piepemsim, ka tiesi tapat
attiecas ar1 So liniju absorbcijas
koeficienti Iinijas centra. Tad

atbilsto§i aprékinata relativas

absorbcijas atkariba no optiska
attela.

blivuma redzama 2.8.

Tagad piepemsim, ka izmérita

relativa absorbcija ir 0.25. No grafika redzams, ka pienemot liniju par vienkarsu,

iegitu vertibu &yl = 0.43, bet, izmantojot sakaribu (2.54), iegtistam, ka x,| = 0.12

(vienai no komponentém), bet summara vértiba biis 1.08. ST atskiriba klist lielaka,

palielinoties relativas absorbcijas veértibai. Ta pie izmeritas relativas absorbcijas

vertibas A = 0.35 vienkarsai linijai &, = 0.66, bet, nemot véra sikstruktiiru, x,l = 0.18

un summara vertiba ir 1.62.

Absorbcijas metode

Pienemot, ka

komponensu

intensitate

ir proporcionala absorbcijas

koeficientam linijas centra, tad Iinijai ar struktiiru relativa absorbcija izteiksies $adi:
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— Yi(kgi)Al D)
A= ](z ,?éxi,-z) (2.55)

Tagad atkal apskatisim, cik licla kluda tiktu pielauta, ja nepemtu véra linijas
struktiiru. Pienemsim, ka tiek mérita absorbcija Iinijai (o = 1.0), kura sastav no trim
komponentém un to absorbcijas koeficienti attiecas ka limenu statistiskie svari 1:3:5.
Pie relativas absorbcijas vértibas A, = 0.2, vienkarsai linijai atrastu, ka xol = 0.32,
savukart, nemot véra struktiiru, kol = 0.09 (summara vértiba: 0.81). Pie lielakas
absorbcijas atSkiriba klast lielaka, pieméram, pie A, = 0.4 vienkarsai linijai xol = 0.75,

bet ar strukttru: xol = 0.2 (summara vértiba: 1.8). 2.9. attéla ir redzams, ka atSkiras

relattvas absorbcijas funkcija no optiska blivuma abos gadijumos.

08 .
T T T . = 3
v,
X
X
,"4
0,6 A -
X

/l -

X o]  2.9.attels. Relativa absorbcija A, (a =
s i e R
T 044 X A 4 1.0) atkariba no optiska blivuma.
i " Salidzinati aprékini gadijumam, kad
=10 1 Iinija ir vienkar$a, un nemot véra Iinijas
024 o 577 a—gq €88, = 1:3:5 il sikstruktiru (gl:gz:gg = 135)
e’ i o Aprekiniem izmantoti algoritmi, kas
Y o _ - . {=
" s 1 uzrakstiti wxMaxima vide.
v
¥
0,0 ' T Y T Y T T T T
00 02 04 ,; 06 08 1,0

3. Komponentes daleji parklajas

Sis gadijums sastopams daudz biezak, tadu tas arf ir sarezgitakais no datu
apstrades un relativas absorbcijas aprékinu viedokla. Saja gadifjuma speka ir

izteiksmes (2.49) un (2.50).

2.10. att€la paradita relativa absorbcija He Itnijai ar vilpu garumu 388.9 nm.
Tai ir trfs komponentes, kuru intensitates attiecas tapat ka limenu statistiskie svari
01:02:93 = 1:3:5. Likne 1 ir aprékini gadijumam, kad linija ir vienkarSa, likne 2 ir
aprékini lmijai ar trim komponenteém gadijuma, ja S§is komponentes neparklajas
(formula (2.21)). Un likne 3 ir aprékini gadijumam, kad linijas komponentes dalgji

parklajas.
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Visu tris gadijumu salidzinajums reabsorbcijas metodei redzams tabula 2.2.

Ka redzams, starpiba starp iegiitajam vertibam visos tris gadijumos ir liela. Tas

skaidri parada, ka ir nepiecieS$ams nemt vera Iinijas struktiru.

1,0 —y

0,8 -

0,6 - A

04

0,2

: ¥ T T —TT
& —%—7% e e -ve e o e edeok
"7

A-A-A
A—A

“;\\k\l\
“,,pn)

W N -

0,0 —
04 1

0

2.10.attels. Relativa absorbcija A
atkartba no optiska  blivuma.
Salidzinati aprékini, kad (1) Iinija ir
vienkar$a, (2) Iinijas komponentes
nemaz neparklajas un (3) linijas
sikstruktiiras komponentes dalgji
parklajas (He 1 388.9 nm).
Gadijumos (2) un (3) aprekini
veikti, npemot  vera  linijas
sikstruktiru (g1:0,:93 = 1:3:5).
Aprekiniem izmantoti algoritmi,
kas uzrakstiti wxMaxima vidg.

Tabula 2.2. Relativas absorbcijas un optisko blivumu vértibu salidzinajums gadijuma,
kad tiek aplukota vienkarsa Iinija, linija ar pilniba iz8kiramam komponentem un Iinija ar
komponentem, kuras dal&ji parklajas.

A=0.07 A=0.12 A=0.35
KOjI ZK’Ojl i, ZK’Ojl Kp; ZK‘Ojl
j j j
Vienkarsa linija 0.11 0.11 0.2 0.2 0.66 0.66
Komponentes
pilniba 0.03 0.27 0.05 0.45 0.18 1.62
izSkiramas
Komponentes 0.02 0.18 0.03 0.27 0.1 0.9
daleji parklajas

Absorbcijas metode

Tatad, lai aprékinatu So relativo absorbciju, sakuma jaaprékina intensitates

sadalfjums Iinijas kontiirai, kura sastav jau no vairakam linijam, un janem véra, ka

lidzigi jasar€kina ar1 absorbcijas funkcija, kura arT ir sarezgita struktiira.

2.11. attela paradits salidzinajums trim dazadiem gadijumiem: (1) linija ir

vienkarsa, (2) linijja komponentes pilniba neparklajas un (3) linijas komponentes dal&ji
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parklajas. Aprékini veikti He linijai 388.9 nm ar statistisko svaru un komponensu

liniju attiecibu 1:3:5.

Neatkarigi no ta, kadas ir komponentes (pilniba izskirams, dalgji vai pilniba

parklajas), [imenu apdzivotibu atrod no formulas (2.4).

1,0 . S —
e B E et st e
T e
0,8 : > ,-0~° N
. "
' ’ ] 2.11.attéls. Relativa absorbcija A
el 4 S | atkariba no optiska blivuma.
' A Salidzinati aprékini, kad (1) linija
- ir  vienkarSa, (2) Iinijas
A o ’ | komponentes nemaz neparklajas
' : un (3) linijas sikstruktiiras
> »— 1 komponentes dalgji parklajas (He
02 A—2 | 1 388.9 nm). Gadijumos (2) un
*—3 (3) aprékini veikti, npemot véra
Imijas sikstruktiru (g::02:03 =
0.0 ————r . . - 1:3:5). Aprékiniem izmantoti
04 1 10  algoritmi, kas uzraksttti
& wxMaxima vide.

0

Visu trTs gadijumu salidzinajums absobcijas metodei redzams tabula 2.3.

Tabula 2.3. Relativas absorbcijas un optisko blivumu vértibu salidzindgjums gadijuma, kad tiek
aplikota vienkarsa linija, linija ar pilniba izSkiramam komponent€m un linija ar komponentem, kuras
dalgji parklajas.

A, =0.07 A,=0.12 A, =0.35
KOjI ZKOjl K, ZKOjl Kp; ZKOjl
j j j
Vienkarsa linija 0.1 0.1 0.18 0.18 0.63 0.63
Komponentes
pilniba 0.03 0.27 0.05 0.45 0.17 1.53
izSkiramas
Komponentes 0.02 0.18 0.03 0.27 0.09 0.81
daleji parklajas
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2.3.Plazmas temperatiiras noteikSana

Svarigs plazmu raksturojo$s lielums ir temperatiira. IzSkir vairakas

temperattras, kuras apraksta plazma notiekoSos procesus [60]:

(1) Kingtiska (translacijas) temperatiira Tyin, kura atbilst dalinu kustibai;

(2) Ierosmes temperatiira Texc (no anglu valodas: excitation — ierosme), kura
apraksta Bolcmana lidzsvaru;

(3) Jonu temperatiira Tjo,, Kura apraksta Saha Iidzsvaru;

(4) Elektronu temperattra Te, kura saistita ar brivo elektronu atrumu;

(5) Rotacijas temperatiira To, kura saistita ar molekulu vai radikalu svarstibu-

rotacijas ierosmi.

Induktivi saistita plazma noveéro, ka: Trot < Texc < Tion < Te, pie tam Tyin > Trot.
Biezi tiek pienemts, ka rotacijas temperatira ir vienada ar gazes kingtisko

temperaturu.

Kaut arT dazadu temperatiiru zinaSana nav pietiekama, lai izskaidrotu plazma
notiekoSos procesus, tomér to mérjjumi sniedz informaciju, kas ir nepiecieSama

plazmas apstaklu optimizacijai.

Spektroskopiskas metodes temperatiiras noteikSanai var iedalit divas lielas
grupas: (1) pasivas (ne-invazivas) metodes, kuras nav mijiedarbibas ar plazmu, un (2)
aktivas (invazivas) metodes, kuras notiek mijiedarbibas ar plazmu. Liniju intensitasu
un kontliru mé&rijumi pieder pie pasivajam metodém, taja pat laika lazera starojuma

izkliede un LIF — pie aktivajam metodém [60].

SekojoSas pasivas metodes tiek visbiezak izmantotas dazadu temperaturu

noteiksana [60]:

(1) Kinétisko temperatiiru var noteikt no Doplera platuma.

(2) lerosmes temperatiiru var noteikt no absoliitas Iiniju intensitates, tacu
visbiezak izmanto Bolcmana grafika metodi un liniju paru intensitaSu
attiecibu.

(3) Jonu temperattiru nosaka no atomu un jonu Iiniju intensitasu attiecibas.
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(4) Elektronu temperatiru nosaka no spektrallinijas intensitates un
nepartraukta starojuma (kontinuuma) intensitates attiecibas vai ari Starka
paplasinajuma.

(5) Rotacijas temperatiiru parasti nosaka no molekulu vai radikalu (pieméram,

N2, C,, H, vai OH) rotacijas spektra liniju relativajam intensitatém.

Ir zinams, ka augstfrekvences bezelektrodu plazmas (kinétisko) temperattru
var noteikt ar augstas-izskirtsp&jas spektroskopijas metodém, pieméram, izmantojot
Fabri-Pero interferometru un Z&mana spektrometru, un veicot Iinijas konttras
nelinearu modelé$anu [P2]. ST modelésana ir loti sareZgita, jo nepiecieSams risinat
inverso uzdevumu [61]. Tadél ir nepiecieSams atrast citas metodes, kuras varétu
veiksmigi izmantot augstfrekvences bezelektrodu plazmas temperatiiras noteikSanai.
Udenradi saturo$u plazmu gadijuma vienas no plasi izmantotam metodém pamata ir

spektralliniju intensitates sadalifjuma mériSana tidenraza molekulas rotacijas josla [62-
72, P3], pieméram, izmantojot Fulhera-ou (d°IT; —>a325) joslu (0-0), (1-1), (2-2) un
(3-3) Q-zarus [64-72, P3].

Temperatiiras noteikSanai no intensitates sadalijuma rotacijas josla pamata ir
noteikts teorétiskais modelis, kura ietvaros tiek veikti dazadi piene@mumi par rotacijas-
svarstibu ierosmes un dz€Sanas mehanismiem udenraza molekula. Atbilstosi Sim
modelim, translacijas temperatiira (gazes temperatiira) var but [idzsvara ar rotacijas
temperatiiru, kura noteikta vai nu no parejas augs€ja limena vai ari apaksgja, kas

savukart ir atkarigs no procesiem plazma [63,66,68].

Pieméram, Tomasini kopa ar kolégiem [66] paradija, ka tdenradi saturosas
mikrovilpu plazmas gadijuma pie spiediena 0.5 Torr plazmas temperatiiras
noteikSanai var izmantot rotacijas temperatiiru, kura noteikta no pamatlimena, tomer
pie augstaka spiediena (1 Torr) autori novéroja nesakritibu starp temperatiiru, kura

noteikta no Doplera paplasinajuma, un pamatstavokla rotacijas temperattiru.

Gargs un vina kolégi sava darba [68] salidzina temperatiiras vértibas, kuras
noteiktas no Fulhera-a Q(0-0) zara, un tas, kuras noteiktas no N, molekulas rotacijas
joslas. Autori konstatéja, ka mikrovilnu plazma pie spiediena 10 Torr rotacijas

temperatiiras, kuras noteiktas gan no augS$€ja Iimena, gan pamatlimena, ir talu no
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lidzsvara ar translacijas temperatiru un konkrétajos eksperimentalajos apstaklos

ticami neataino gazes temperatiiru.

lordanova [71] radio frekvences (27 MHz) induktivi saistitas H, plazmas
temperatiiras noteikSanai izmantoja Udenraza molekulas pamatlimena rotacijas
temperatiiru. Vina novertgja, ka spiedienu intervala 26-30 mTorr un temperatiiru
intervala 300-900K raksturigais laiks starp smago dalinu sadursmém ir daudz lielaks
par ierosinata stavokla dzives laiku, kas nozim&, ka apdzivotibu sadalijums pa

rotacijas ITmeniem ierosinataja stavokli ir pamatlimena rotacijas sadalijuma ,,kopija”.

Lebedevs un Mokeevs [72] izmantoja Fulhera-o (2-2)Q zaru, lai noteiktu
mikrovilnu plazmas temperatiiru spiedienu diapazona no 1 Torr Iidz 8 Torr. Darba
autori paradija, ka pie spiediena 1 Torr sadursmju frekvence Vo ir daudz mazaka par
starojuma dzeéSanas frekvenci v* (Vg << V¥*), kas norada, ka dotaja gadijuma plazmas

temperatiru var identificét ar pamatlimena rotacijas temperattru.

Katra konkrétaja gadijuma nepiecieSams parbaudit sakaribu starp rotacijas
temperatiiru un translacijas temperatiiru. Viens veids, ka to izdarit, ir salidzinat
rotacijas temperatiiru ar temperatiiru, kura noteikta ar kadu citu metodi, piem&ram, no

N, svarstibu-rotacijas joslas [68] vai no spektralliniju Doplera paplasinajuma [66].

Praksg ir sastopami gadijumi, kad pie H, klatbiitnes plazma spektra tomer
nevar novérot Fulhera-a. Q zarus, toties var registrét OH radikala (A22% - X?I,v =

v’ =0) joslu UV rajona pie 306.4 nm [P4]. Ir zinams, ka rotacijas joslas, kuras

atbilst Sai parejai, redzamas spektra ari pie loti mazam (~1%) H; koncentracijam [73].

OH (A-X) (0-0) zaru izmanto dazadu kimisko procesu izpété [74,75] un to var
izmantot arT plazmas temperatiiras noteikSanai [76-83], pie tam §im radikalim ir liela
nozime ari astronomiskos pétijumos, jo tas ietilpst daudzu starpzvaigznu vidé esoSo

molekulu sastava [84].

Udenraza molekulas Fulhera-o. Q zari un OH radikala (A-X) joslas (0-0) zars
plazmas temperatiiras noteikSanai ir izmantoti Joti dazadam plazmam, tomeér
augstfrekvences bezelektrodu plazmai (ierosinata ar ~100 MHz) tie vél netika

izmantoti.

Promocijas darba apliikotas divas metodes plazmas temperatiiras noteikSanai:
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1) No spektrallinijas Doplera paplasinajuma [P2, P5];

2) No divatomu molekulas (Gidenraza un hidroksilradikala) rotacijas liniju
intensitasu sadalfjuma [K2, T1, K3, P4, P5];

2.3.1. Plazmas temperatiiras noteik§ana no spektralas Iinijas Doplera

paplaSnajuma

Lai noteiktu plazmas temperatiiru no spektrallinijas Doplera paplasinajuma,
nepiecieSams registrét izvéletas linijas kontiru. Sim nolikam izmanto augstas
iz8kirtsp&jas  spektrometrus, pieméram, Fabri-Pero interferometru kopa ar
monohromatoru. Ir zinams, ka ar interferometru registrétais spektrallinijas kontira
atSkiras no realas, kuru ir nepiecieSams atrast, lai noteiktu plazmas temperatiru.

Noverotais sadalijums ir realas un aparatiiras funkcijas kompozicija [85, P2]:

FO0= [ (x=y)- ' (Y)dy+E(x), (31)

kur f(x) — noveérota linijas konttira, /”’(X) — reala linijas konttira, kuru mekl&jam, f’(x) —
aparattras funkcija, &X) — funkcija, kura raksturo mérijuma kltdas.

Lai atrastu realo spektralas linijas kontiiru, nepiecieSams risinat apgriezto
uzdevumu (formula (3.1)), taéu var pielietot ari citu metodi, proti, kontaras
aproksimé$anu ar nelinearu daudzparametru funkciju. So metodi es izmantoju sava

promocijas darba.
Kopgjais linijas platums sastav no [53,54]:
1) dabiga paplasindjuma (galigs dzives laiks atomam ierosinata stavokli),

2) Doplera paplasinagjuma (atomu termiska kustiba attieciba pret registréSanas

sist€ému),
3) sadursmju paplasinajuma (atoma sadursmes ar citiem atomiem vai molekulam),
4) rezonanses paplasinajuma (sadursmes starp vienadiem atomiem).

Linijas kontGru, kuru nosaka dabigais paplasSindjums Avg,, , rezonanses
paplasinajums Av,,,, ka arl sadursmju paplasinajums Av,,,; , var aprakstit ar Lorenca

funkciju:

Avy /7

LV =v0) = G

(3.2)
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kur Av; = Avggp, + AV, + Avg,y ir rezultSjosais Lorenca paplasinajums, v, - frekvence

spektralliijas centra.

Atomu siltumkustiba izraisa spektralliniju paplasinasanos Doplera efekta del. Ja
atomu sadalfjums pa atrumiem atbilst Maksvela sadaltjumam, veidojas spektrallinijas Gausa

kontira:

2
G(v—vy) = igexp [ 4In2 (v VO) ], (3.3)
VD
kur Av; — Gausa paplasinajums, ij - intensitate Iinijas centra.

Rezultéjosa spektrallinijas konttra, kuru registré, ir aprakstama ar Foigta

funkciju (Gausa un Lorenca funkciju kompozicija):
exp(-z°)dz
V(o) = / J‘ p(-2)
7TJ)a?+(w-y)?

a= 2 2, o=2V=Y) g (3.4)

Avg Avg

=) 12
Avg

kur V(a,w)- Foigta funkcija, v,- frekvence linijas centra, v -frekvence, a — Foigta

parametrs (Lorenca un Gausa dalu relativais ieguldijums kopgjas liijas platuma).

Lai iegtutu Doplera kontliru, no eksperimentalas konttras jaatkomponé
Lorenca dalu, kura ABL gadijuma lielako ieguldijumu dod aparatiiras funkcija. Kad
atrasta Doplera kontiira, var noteikt plazmas temperatiiru péc labi zinamas formulas

(no formulas (2.6) izsakot temperattiru T):

2
AL 1
T=pu| 2o . 35

# ( 2 7,16-107J (35)

ABL atomu Iiniju platumi parasti ir 0.005 — 0.05 nm, kas ir aptuveni 10 reizes lielaki
neka teorétiski noteikta vértiba, tas tadel, ka noveérojama saskelSanas supersikstruktiiras

komponent€s un novérojami ari izotopiskie efekti [86].
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2.3.2. Plazmas temperatiiras noteik§ana no molekulu rotacijas Iiniju relativo

intensitasu sadalijuma

Spektralas Iinijas intensitate I™* N+ (energijas daudzums laika vieniba, ko
izstaro gaismas avots visos telpas virzienos), kura paradas nvN — n'v'N' rotaciju-

svarstibu parejas dgl, var tikt izteikta sekojosi [56,87,88]:

nvN  _ nvN nvN  _ nvN he
In’v’N' = NnvN : An'v'N’hcvn’v’N’ - NnvN : An'v'N’ : A"VN:N,’
nv

(3.6)

kur N,y - parejas augija limena apdzivotiba [cm™] un A™YY . - parejas varbiitiba
(Einsteina koeficients spontanajai emisijai) [s™'], v*¥y: - linijas vilnu skaitlis [cm™],
AN - pareja nuvN — n'v'N' izstarotas linijas vilpu garums, ¢ — gaismas atrums
vakuuma un h — Planka konstante.

Ja rotaciju limenu apdzivotibas blivumi N,y kadam n, v svarstibu Iimenim

atbilst Bolcmana sadalfjumam, tad rotacijas temperatiru T, [K] §im svarstibu

Iimenim var izteikt no sekojoSas sakaribas:

E‘H.V
Noow = Gy (T32)  Gas + (2N + 1) - exp (- 22 ), (37)

kTrot
kur C,, (T9") - normésanas funkcija, kas nav atkariga no rotaciju kvantu skaitla (ta ir
atkariga no svarstibu limepa pilna apdzivotibas blivuma un temperatiiras), kK —
Bolcmana konstante, E,,,y — rotacijas limena energija, N — rotacijas kvantu skaitlis, un
Jas Ir n,v, N rotacijas-svarstibu limena statistiskais svars homonuklearai molekulai

atkariba no kodola spina vértibas un kodola permutacijas simetrijas (a vai S).

Heteronuklearai molekulai (pieméram, OH) g, =1, savukart tdenraza
molekulai (Hz) d*I1; un X'} stavokliem: g, s = 1, ja N — para skaitlis, un g, s = 3,

ja N — nepara skaitlis.

Izmantojot izteiksmi (3.7), varam intensitati parrakstit sekojosa veida:

Eny h
L = Cor (T8 » G (2N +1) - exp (= 7258) - A%y - o . (38)

KT

Apvienojot visus reizinatajus, kuri nav atkarigi no rotacijas kvantu skaitla

viena konstanté C* = C,,,,(T1S") - hc, ieglistam:

N
nvN — [* Envn AZVV’N'
Py =€ gas - (2N + 1) exp (= ) - S (3.9)
nv nv
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Talak parveidosim sakaribu (3.9) sadi:

Im/N "N’ Anl”v’N’

— * _ EnyN
gasanr At = C exp( k.T,:gf)' (3.10)

Un tagad logaritmésim izteiksmes (3.10) abas puses:

InvNN, An'v’N’ nVN
In (g “(2N+1)- AMNI) In(C™) - k-TTOE (3.11)

N
I‘r"lwv ‘N’ 'An'v’N
Ja,s'2N+1)-ATN,

Izteiksme (3.11) parada, ka lieluma to sauc par reducéto

Env N

intensitati, logaritms ir lineara funkcija no attiecibas — 7ot~ as nozimg, ka,
n'v'

grafiski att€lojot reducétas intensitates atkaribu no terma energijas, ieglist punktus,
kurus var aproksimét ar linearu funkciju un no tas slipuma koeficienta var noteikt
rotacijas temperatiru T;9%. Sadus grafikus sauc par puslogaritmiskajiem jeb

Bolcmana grafikiem.

Parejas varbatibu A, var izteikt ar elektronu-svarstibu-rotacijas linijas

stiprumu SN [erg/em®]:

nvN 64”4(Un’v’N) Snyv’N’
An'y'n 3h @2N+1)’ (3.12)

kur (2N + 1) - statistiskais svars augséjam ITmenim. Adiabatiska aproksimacija, proti,
pienemot, ka pastav nieciga perturbaciju ietekme, ko rada mijiedarbiba starp elektronu
un kodolu brivibas pakapém, linijas stipruma atkariba no rotaciju kvantu skaitliem var

tikt izteikta sekojosi:
Seine = IR w1 Sy, (3.13)

kur Syy' - Henla-Londona faktors, kur§ raksturo starojumu atkariba no rotacijas
limena (dazkart literatiira to sauc par rotacijas linijas stiprumu) un R™" .. - elektronu
un svarstibu vilpu funkciju augstako un zemako limenu dipola momentu matricas
elementi. Principa, tie ir atkarigi no rotaciju kvantu skaitliem N un N’, jo kvantu
skaitlis N ir atkarigs no svarstibu vilpa funkcijas (ta sauktais svarstibu-rotaciju
mijiedarbibas efekts). Visai biezi $o relativi mazo efektu var nenemt veéra un rotaciju-

svarstibu parejas varbiitibas var tikt parrakstitas sadi:

ATlVN, — 64” (Un v'N' ) |R 2 SNN’ (314)

3h (2N+1)’

’
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kur |R™,|? - elektronu-svarstibu parejas varbiitiba.

Promocijas darba temperatiiras noteikSanai izmantoti: (1) Gidenraza molekulas
Fulhera-a. joslas (d°Il; — a®%}) Q-zars ar v = v = 2, un (2) OH radikala rotacijas
josla (A%2* - X2II,v' = v’ = 0) pie A =306.4 nm (ta saukta Meinela pareja (Meinel

transition)).

1. Rotacijas temperatiiras noteikSana no Hp Fulhera-a joslas (d*11; - aX}) (2-2)

Q- zara

Udenraza molekulai gan elektroniskais pamatstavoklis X 12; , gan ierosinatie
stavokli d*I1, un a®%  raksturojas ar Hunda (b) gadtjumu (Hund’s case (b) [56,89]).
Limenu d>Il, un a®%; tripleta saSkelSanas ir nieciga [90]. d®I, limenim iz8kir

divas rotacijas limenu sérijas, kuras atbilstosi apzimé ar d>I1} un d>I1;.

Hao(d?1l, — a®X}) parejai atbilst sekojosi izvéles likumi [56]: AN =
0,+1, AJ=0,%1,vienigiJ=0«J=0.

Ta ka tripleta saskelSanas ir maza, tad spektra paradas tikai tris zari, proti, P, Q

un R. Tas nozimé, ka pareju Hp(d®IT, — a3X}) var uzskatit par 'TI, - 'E} pareju.

Ir zinams, ka parejas notiek tikai starp limeniem ar vienadu simetriju
[56,87,88], tade] Q- zara linijam vienmér ir zemaka A komponente neka augs€jam
limenim (IT). Rezultata Q- zara linijas, kuras atbilst parejai ar N-para skaitlis,
apraksta para-udenraza rotacijas limenu apdzivotibas, bet linijas, kuras atbilst parejai

ar N-nepara skaitlis, apraksta orto-tidenraza rotacijas [imenu apdzivotibas.

Ha(d3T1) Iimenus perturbé T stavokli [88], un tas ietekm@ P- un R- zaru Iiiju
intensitates. ST iemesla de] H, (d®I;) rotacijas limenu relativo apdzivotibu

noteikSanai parasti izmanto Fulhera-a sistémas Q-zara linijas [91].

Vajag atzimét, ka precizai temperatiiras noteikSanai no Fulhera-o joslam,
nepiecieSams nemt vera ari ierosmes atruma koeficientus un svarstibu sadalijumu, ka
pieméram, tas ir darits darbos [92-94]. Promocijas darba tika izmantots vienkarss

modelis ar sekojoSiem pienémumiem:
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(1) apdzivotibas sadalijums pamatlimepa X 12; ,v'"' =0 svarstibu limenim

paklaujas Bolcmana sadalijumam.

(2) ierosinatie ITmeni tiek apdzivoti no pamatlimena X'2},v'" = 0 svarstibu

Itmena sadursmés ar elektroniem.

(3) procesu atrumu koeficienti var tikt izmantoti adiabatiska aproksimacija

tas izpildas Fulhera-a sistémas Q-zariem (d3II; — a3%)).
g

(4) doming ierosme bez izmainam rotaciju kvantu skaitli (AN = 0), tadgjadi
ilerosmes ar AN = +2,+4, u.t.t. ir nenozimigas. Tas nozimé, ka atruma

koeficienti nav atkarigi no rotaciju kvantu skaitla.

(5) efektivais vidgjais dzives laiks ierosinatam stavoklim nav atkarigs no
rotaciju kvantu skaitla un ir daudz 1saks ka relaksacijas laiks rotacijas
Itmeniem.

Izpildoties Siem nosacijumiem, apdzivotibas termiskais sadalijums no rotaciju

limepiem pamatstavokli X 12; tiek ,,parkopéts” uz ierosinato stavokli d3II;, bez

Izmainam rotacijas kvantu skaitli N .

Ar indeksu °‘d2N’ apzimésim tdenraza molekulas elektronisko-svarstibu-
rotacijas Iimeni d3T1; , v = 2, N. Savukart ar indeksu ‘a2N’ apzimésim Iimeni a32§;r ,
v’ = 2, N. Seit ieviesam rotacijas kvantu skait]a apzim&umu N, bez indeksiem, jo
aplikojam parejas bez rotacijas kvantu skaitla izmaigas. Pamatlimeni X 12; V=0

apzimésim ar indeksiem ‘XON’.
Fulhera- o joslu gadijuma Henla-Londona faktorus var rakstit sadi [56, 95]:

N/2 N =N+1 (P- zaram)
Syw ={(2N+1)/2 N =N (Q — zaram). (3.15)
(N+1)/2 N =N-1 (R - zaram)
Izmantojot izteiksmes (3.14) un (3.15) un izsakot ierosinata rotacijas limena

energiju kelvinos, varam izteiksmi (3.10) uzrakstit $adi:

IgZZIIVV _ *% Eqon
ToNE c* . exp _TTT ) (316)
ga,s‘(ZN‘l'l)'(VaZN dz

kur konstanté C** apvienojam visus reizinatajus, kuri nav atkarigi no rotacijas kvantu

skait]a.
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Un lidzigi ka (3.11), logaritmgjot izteiksmes (3.16) abas puses, iegiisim:

13N Eqon
In 4 = Ini(iC™) — . (3.17)

Jas @N+1) (V3N 178"
Tuvinati rotacijas energijas var uzrakstit sekojosa veida [87, 56]:
EXON = BX()N(N + 1) un EZdN = BZdN(N + 1) (318)

Ta ka rotacijas konstantes pamatstavokli Byxoy un ierosinataja stavokli Bogy
stipri at8kiras, rotacijas temperatiira pamatstavokli Tyg’ un rotacijas temperatiira

ierosinataja stavokli T;3¢ atikirsies. Sis abas temperatiiras ir saistitas ar sekojosu
sakaribu [56, 87]:

Tyg" _ Bxon

Txo _ 1

35" Baan' (3.19)
pie tam By = 60,809 cm™ un B,y = 30,364 cm™. No ta seko, ka:

Tyt ~ 2 - Th5". (3.20)

Udenraza rotacijas temperatiiras, aprékinata izmantojot aug$€ja Ilimena
energijas, var tikt pielidzinata translacijas temperatiirai, ja rotacijas relaksacijas laiks
no augsgja limena uz zemaku Itmeni ir daudz mazaks par dzives laiku [66,68]. Tada

gadijuma ierosinata Iimena rotacijas temperatira ir vienada ar gazes temperatiiru.

Ja augs€jais limenis tiek apdzivots tikai sadursmés ar elektroniem, tad
ierosinata Itmena rotacijas sadalfjums ir pamatlimena rotacijas sadalijuma ,kopija”.
Un tada gadijuma var izmantot pamatlimena rotacijas limenu energijas [68]. Sadi
noteikta temperatira biis vienada ar gazes temperatiiru (translacijas temperatiiru).
Parasti $ads noteikums izpildas loti zemu spiedienu Gdenraza plazmas [64,66,68,91],

tipiski mazak neka 1 Torr.

Ta ka H; molekulai ir Joti maza varbiitiba parejam starp orto un para
limeniem, elektronu sadursmju ierosme uz d3I;, v = 2, N rotaciju-svarstibu
Iimepiem no pamatlimena X 12; ,v=0, N rotaciju-svarstibu Iimeniem notiek
galvenokart bez izmainam lenkiskaja momenta (AN = 0). Udenraza molekulas
Fulhera-a joslas (2-2)Q zara liniju relativas intensitates ir saistitas ar pamatstavokli un

rotaciju temperattiru sekojosa veida:
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183N Nazy ex ( Exon ) (3.21)
Jas @N+D)-(v2ZNY  gas-2N+1) P\" ) '
So sakaribu varam parrakstit:
1928 Exon
In e — | = i) — o (3.22)
Ja,s'@N+1)-(visN Txo

rot

Tatad, lai atrastu rotacijas temperatiru Tyy (plazmas temperatiru),

nepieciesams izm@rit liniju relativas intensitates I%20 un, zinot limenu statistiskos
svarus g, un rotacijas kvantu skaitla veérttbu N, jauzzimé reducéto intensitasu
atkariba no pamatstavokla rotacijas limenu energijas Eyoy. Visi nepiecieSamie dati,

lai noteiktu gazes temperatiiru no Fulhera-o rotacijas joslas (2-2)Q-zara pirmo piecu

Iiniju relativajam intensitateém ir doti tabula 2.4.

Tabula 2.4. Udenraza molekulas Fulhera-a rotacijas joslas (2-2)Q-zara pirmo piecu Iiniju parametri
[67, 96-98].

Linija  Eyxon, K Exon,cM™ Egncm™ N g, A92N nm vV om®
Q. 170.50 118.50  116259.15 1 3 6224815 16064.5345
Q. 509.80 35435 116365.16 2 1 623.0258 16050.6997
Q; 1015.10 705.54  116523.08 3 3 623.8391 16029.7743
Q. 1681.60 1168.78  116731.65 4 1 624.9150 16002.1763
Qs 2503.80 1740.21  116989.38 5 3 626.2495 15968.0766

2. Rotacijas temperatiiras noteikSana no OH radikala joslas (A*2* - X*1) (0-0) Q-

zara

OH radikala pirmais ierosinatais stavoklis A?X" atbilst Hunda b tipa
gadijumam (Hund’s case (b))). Savukart pamatstavoklis X7 ir starp Hunda a un b
gadijumiem: a ir pie mazam rotacijam, bet b — pie lielam. Parejas regions ir J, N = 10
-12. Saja gadijuma, kamér J vértiba nav loti liela, skaitlim N nav tieSas fizikalas
nozimes, bet tas tiek izmantots [Tmenu numeracijai. Ltimenim OH XZJYi novero /-
dubultoSanos tada veida, ka katram J ir divas komponentes ar pret€ju simetriju

(/T un IT).
OH (A’2* — X*IT) parejai atbilst sekojosi izvéles likumi [56]:

1) AZ3* (b)—X2I7(a): AJ=0, #1, izpemot J =0 «» J = 0.
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2) A%Z" (b) — X211 (b): papildus noteikums: AN = 0, 1.

Galvenie zari paklaujas abiem noteikumiem. Parejas, kuras neapmierina AN
noteikumi, parasti ir saistitas ar satelitzariem. Pie licliem N (kuriem labi atbilst Hunda
b gadijums), satelitu intensitate ir neievérojama, salidzinot ar galvenajiem zariem. Pie

mazam N veértibam intensitates ir salidzinamas.

Galvenos zarus Dieke un Crossswhite [99] apzimg&ja atbilstosi P, Q un R,
atkariba no ta, ka mainas N: AN ir 1, 0, vai -1. Ar vienu indeksu (1 vai 2) apzimé
parejas, kuras saistitas ar 7k, Un 14, Satelitzarus apzime ar Sp1, Ro1, Q21, Q12, P12 UN

012.

Parrakstisim izteiksmi (3.10) citadak:

L A\ «  hc-BN(N+1)
lg (ga,s'(ZN"‘l)'AZVIlY'Nf) - lg(C ) - k.angf ' lge (324)

Ta ka OH ir heteronukleara molekula, tad g, ¢ = 1. Un, ievietojot izteiksme

(3.24) konstansu vértibas, iegiistam &rti izmantojamu sakaribu [56,60,99]:

R A o~ 0,625
'8 ((2N+1)-Az%f) =18(CY) =3 - E, (3.25)

kur E — ierosinato rotacijas limenu energija [cm™], proti, E = B - N(N + 1).

Visi nepieciesami dati, lai no OH (A-X) joslas (0-0) Qi zara linijam noteiktu

rotacijas temperatiiru, doti tabula 2.5.

Tabula 2.5. OH radikala (A-X) rotacijas joslas (0-0)Q;-zara izmantoto liniju parametri [60,80,81,99-
102].

(2N +1) - A™N

Linija AZV#N, nm E, cmt sl n'v'N'
Q:(4) 308.328 32779 33.7
Q:(5) 308.517 32948 42.2
Qq(6) 308.734 33150 50.6
Q1(8) 309.239 33652 67.5
Q1(9) 309.534 33952 75.8
Q:(10) 309.859 34283 84.1
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3. Eksperimentala dala
Eksperimentalie meérjjumi iedalami divas dalas: (1) limenu apdzivotibu

noteikSana un (2) plazmas temperatiras noteiksana.

1. Limenu apdzivotibas tika noteiktas diviem augstfrekvences plazmas avotiem:
1) Ar+H; mikrovilpu plazmai [P3, K1];
2) He augstfrekvences bezelektrodu plazmai [T2, T3].

2. Plazmas temperatira tika noteikta divam augstfrekvences bezelektrodu lampam

[P4, P5]: (1) Ar+Hj; un (2) He+H,.

3.1. Limenu apdzivotibu noteikSana.

3.1.1. Ar+H, mikrovilnu plazma

Sie mérfjumi tika veikti Zemtemperatiras plazmas fizikas institiita

Greifsvaldg, Vacija (INP-Greifswald).

Eksperimenta tika noteiktas argona 3s?3p°4s (Pa$éna apzim&jumos: s, Sz, S
un Ss) limenu apdzivotibas argona un udenraza maisTjuma zemtemperatiiras
mikrovilpu plazma. Plazma tika ierosinata 140 cm gara reaktora, kura mikrovilnu
energiju no generatora (SAIREM 2.45 GHz) pievadija caur kvarca lodzinu reaktora

augSpus€. Plazmas izlade visspilgtaka ir tiesi reaktora augseja dala, un ta ir homogena.
Meriekartas fotografija redzama 3.1.att€la un shéma paradita 3.2.attela.

Reaktora sieninas tika dzes€tas ar feéniem, kas izvietoti zem reaktora, bet

magnetronu un reaktora augs€jo dalu dzesgja ar tidens un gaisa plismam.

Gazes (Saja darba: argons un tdenradis) pliismas atrums tika kontroléts un
reguléts ar Sim noliikam paredzetu kontrolieri MGC. Abas gazes tika ievaditas pa
diviem atseviSkiem kanaliem, tad€jadi bija iesp€jams, saglabajot kop€jo plismu
nemainigu (200 sccm), mainit katras atseviskas gazes plismu, ta mainot ari
procentudlo sastavu. Gazes spiediens $aja eksperimenta tika tur€ts nemainigs un

vienads ar 0.5 mbar.
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3.Lattéls. Merickarta argona 35°3p°4S limenu apdzivotibu noteiksanai
Ar+H, mikrovilpu plazma (fotografija).

Spektru uzpemsanai tika izmantots Cerni-Turnera tipa spektrometrs (EG&G
Princeton Applied Research Model 1236 OMA 0.5 Meter Spectrograph) ar trim
difrakcijas rezgiem: 600 sv/mm, 1200 sv/mm un 2400 sv/mm. Eksperimentalos

merijumos tika izmantoti divi difrakcijas rezgi: 600 sv/mm un 1200 sv/mm.

Tad iegttais spektrs nonak CCD kamera (kamera tika dzes€ta ar tideni, lai
samazinatu trokSnu Itmeni), kur signals tiek detektéts ar ladinu saites matricas
(512x512 pikseli) palidzibu un tad parvadits uz datoru (IBM 486). Talak sekoja datu
apstrade. CCD kameras un monohromatora kopéja izskirtsp&ja: (1) 18 pikseli/ nm 600

sv/mm rezgim un (2) 34 pikseli/nm 1200 sv/mm rezgim.

Eksperimentaliem mérjjumiem tika izveletas 20 Iinijas spektralaja diapazona
no aptuveni 650 nm lidz 860 nm atbilstosi parejai no p limeniem (p; — pg) uz kadu no
S (S2 — S5) limeniem (Ar Itmenu shéma ir redzama promocijas darba pielikuma un
pielikuma ir doti arT mérfjumos izmantoto spektralliniju dati). Sis ITnijas uzskaititas

tabula 3.1.

Liniju intensitates tika me&ritas pie Ar procentuala sastava plazma no 10% Iidz
100%, veicot mérjjumus vairakas reizes, lai ieglitu precizakus rezultatus un var&tu

novertet eksperimentalas klidas.
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Plazmas reaktors

enerdiju

" pievadosie '“H
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3.2.attels. Iekartas shema argona 3s%3p°4s limenu apdzivotibu noteik$anai Ar+H, mikrovilgu plazma.

Reabsorbcijas metodei spogulis tika novietots aiz reaktora, savukart metode ar
lampu tika izmantota argona ABL (p = 1 Torr), kas izgatavota LU Atomfizikas un

spektroskopijas instituta (lampas fotografija redzama 3.3.attela).

Tabula 3.1. Meérijumos izmantoto argona liniju pareju varbatibas un limenu statistiskie svari [103].

So S3 S4 S5
(@i=3) (@i=1) (Gi=3) (gi=5)
rezonanses metastabilais rezonanses metastabilais
A, nm A A, nm A A, nm A A, nm A
] (106 S-l) (] (106 S-l) (] (106 S-l) ] (106 S-l)

750,384 445 794,818 18,6 667,728 0,236 696,543 6,39
826,452 15,3 866,794 2,43 727,293 1,83 706,722 3,80
840,821 22,3 738,398 8,47 714,704 0,625
852,144 13,9 751,465 40,2 763,511 24,5
800,616 4,90 772,376 5,18

810,369 25,0 801,479 9,28

842,465 215 811,531 33,1

Tika izmantotas darba [103] piedavatas spektralo Iiniju parejas varbiitibu

vertibas.
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3.3.attels. Merfjjumos izmantotas argona ABL
attels.

Abas metod€s nepiecieSams zinat
gaismas avota (plazmas un ABL)
temperatiru, jo Itmenu apdzivotiba ir
atkariga no lmijas Doplera platuma
AAp, kas savukart ir atkarigs no
temperatiras T. Temperatira tika
noteikta no ddepraza molekulas
Fulhera-a joslas  (2-2)Q-zara  liniju
relativo intensitasu sadalfjuma.

Noteikta plazmas temperatiira bija 870

+ 75 K. Savukart argona ABL temperattira bija zinama jau ieprieks, proti, ~1000 K.
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3.1.2. He augstfrekvences bezelektrodu plazma

Sie mérfjumi tika veikti LU Atomfizikas un spektroskopijas institiita.

Eksperimenta tika noteiktas He 2381, 2180, 23Po,1,2, un 21P1 Iimenu
apdzivotibas hélija zemtemperatiiras augstfrekvences bezelektrodu plazma, ta
saucamajas augstfrekvences bezelektrodu lampas (ABL). Plazma tika ierosinata,
ievietojot He ABL induktora, pa kuru plast strava. Mérfjjumiem tika izv€lctas divas
dazada garuma lampas (3 cm un 4 cm). Lampu fotografijas redzamas 3.4. att€la. He
spiediens katra lampa ir 0.1 Torr, lampas ir cilindriskas formas ar kvarca lodziniem

abos galos.

V4
&

I

a) b)

3.4.attels. He ABL atteli: (a) lampas garums 3 cm, (b) lampas garums 4 cm.

Reabsorbcijas mérijumiem aiz lampas tiek novietots spogulis (EKSMA
OPTICS 280 — IR, BK7 flat mirror, UV enhanced aluminium), bet absorbcijas
meérjjumiem spogula vieta novieto otru He ABL (p = 1 Torr), §is lampas fotografija
redzama 3.5. attéla. Temperatiiras atkaribas no pieliktas stravas bija zinamas jau
ieprieks, proti, petamajai lampai ta bija robezas no 410 lidz 430 K, bet apstarojosas

lampas temperatiira bija ap 530 K.

Spektru uzpemsSanai tika izmantots
JobinYvon spektrometrs (JobinYvon SPEX
1000M, 1 m) ar 1200 sv/mm difrakcijas rezgi.

/ £ Starojums tika detektéts ar CCD kameru
L .\ (Thermoelectric ~ Front  Illluminated UV
s Sensitive, Symphony, 512x2048) un tad

signals tika parvadits uz datoru. Talak sekoja

3.5.attels. He 2°S;, 2'S,, 2°Py1,, un 2'P;  datu apstrade. lekartas shéma redzama 3.6.
Iimenu apdzivotibu noteikSanai péc
absorbcijas metodes izmantotas He ABL
attels.

attela.

49



Eksperimentala dala. Limenu apdzivotibu noteikSana

CCD
kontrolieris
CCD
Simphony

Spogulis

@

S Dators

Spektrometrs JobinY von

SPEX 1000M

ABL Léca
f= 112 mm
3.6.attels.
noteikSanai.

Meriekartas shéma He 2°S;, 2'S,, 23P0,1,2, un 2'P;

Spektrometra
kontrolieris

limenu apdzivotibu

Eksperimentaliem mérjjumiem tika izve€létas vairakas linijas spektralaja

diapazona no aptuveni 290 nm lidz 730 nm atbilstosi parejai uz kadu no 2381, 2180,

23Po,1,2, un 2'P% Iimeniem. Izvéletas linijas redzamas 3.2. tabula, ka ari promocijas

darba pielikuma. Hélija energétisko limenu shémas singleta un tripleta parejam

redzamas ar pielikuma un spektru piemeri visam trim lampam ir redzami 3.7 .attéla.

Liniju intensitates tika meéritas pie dazadam stravas veértibam spolé (no 100

mA Iidz 200 mA), veicot m&rijjumus vairakas reizes, lai iegiitu precizakus rezultatus

un varétu novertet eksperimentalas kludas.

Tabula 3.2. Mérfjumos izmantoto hélija liniju pareju varbitibas un Iimenu statistiskie svari [104].

23S, 2'S, 2°P° 510 2'pe,
(@i=3) (@=1) (@i=9) (@i=3)
metastabilais metastabilais rezonanses rezonanses
A, nm A A, nm A A, nm A A, nm A
y (106 S—l) y (106 S—l) y (106 s—l) y (106 S—l)
294511 2.93 396.473 7.17 447.148 25.1 492.193 20.2
318.774 5.05 501.568 13.38 471.315 10.6 504.774 6.55
388.865 9.478 587.562 70.6 667.815 63.8
706.519 27.7 728.135 18.1
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3.7.attels. He ABL ar garumu 3 cm un 4 cm, un apstarojosas ABL spektru piemeri pie
ierosmes generatora stravas 160 mA. Spektros identificétas He I linijas, kuras tika
izmantotas 2°S,, 2S,, 23P0,1,2, un 2'P; Ilimenu apdzivotibu noteikSanai (Iiniju aprakstu
krasas atbilst parejam uz noteiktiem Iimeniem). Liniju intensitates normétas uz intensivako
Iiniju katra spektra, proti, 501.6 nm p&tamamjam lampam un 588 nm apstarojosajai lampai.

Attela 3.7. var redzét, ka pétamo lampu spektros visintensivaka ir Iinija ar
vilpu garumu 501.6 nm, savukart apstarojosaja lampa — 587.6 nm. Tas skaidrojams ar
spiedienu starpibu un to, ka pie maziem spiedieniem, kads ir p&tamajas lampas (0.1
Torr), domin€ E-izlades tips, kur§ ar1 raksturojas ar zemu starojuma intensitati (to labi
vargja novertét vizuali). Pie tam apstarojoSas lampas spektra nav noveérojama linija ar
vilnpu garumu 294.5 nm, kas savukart ir saistits ar lampas balona materialu (stikls
absorbé Saja spektra dala). Tapéc metode ar linijstarojuma gaismas avotu aiz petamas

lampas, nosakot 2°S; Iimena apdzivotibu, nevargja izmantot $o Iiniju.
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Liniju struktiiras analize

Singleta linijam apstrade ir salidzino$i vienkarSa, tacu linijam, kuras rodas
parejas starp tripleta [imeniem, situacija ir sarezgitaka, jo izSkirami atseviski gadijumi,
kad liniju veidojosas parejas augsejais un/vai apaksgjais Itmeni ir saskelti.

Tabula 3.3. uzskaititas mérijumos izmantotas Iinijas, kuru apaksgjais [imenis ir

2°S,, savukart tabula 3.4. uzskaititas Iinijas, kuru apaksgjais Iimenis ir 2 3pe 0.1,2-

Tabula 3.3. Spektralliniju dati parejam, kuru apaki@jais limenis ir 23S, (g; = 3). P&dgja kolonna A\
ir attalums starp komponentem, bet iekavas blakus ir noradita §1 attaluma attieciba pret Doplera
platumu.

Augsgjais
limenis Anm o A (10°s™) g 44p, nm AA, nm
K Ok
3po
5%°, 9 29451037 293 3 0.00219
5 3pe, 294 51041 2.93 5 0.00219 }0.00004 (0.018)
3po 5.05 1 0.00237
4°P°, 318.77332 j 0.00112 (0.47)
4%°, 9 31877444 505 3 0.0023/
4 3p°2 318.77453 5.05 5 0. 00237] 0.00009 (0.038)
3po 9.478 1 0.0028
3% 388.86046 0.00410 (1.42)
3%°, 9 a388sease 48 3 0.00289
3 3p°2 388.86489 9.478 5 0.00289_/ 0.00033 (0-114)

No tabulas 3.3. redzams, ka liniju ar vilpa garumu 294.5 nm nosaciti var
uzskatit par Itniju, kuras komponentes pilniba parklajas, tacu Imijam 318.8 nm un
388.9 nm ir nepiecieSams veikt aprékinus ka Imijai, kuras komponentes dalgji
parklajas. Pie tam $aja gadijuma saskelts ir aug§€jais [Tmenis.

Linijam 471.3 nm un 706.5 nm (tabula 3.4.) komponensu intensitasu attiecibas
ir 5:3:1, un tas uzskatamas par Iinijam ar komponentém, kuras dal€ji parklajas

(summaras parejas varbiitibas attiecigi: 1.06-10” un 2.77-10"s%).
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Tabula 3.4. Spektralliniju dati parejam, kuru apakigjais limenis ir 2 °P° o4, (g; = 9). P&dgja kolonna
AM ir attalums starp komponentém, bet ieckavas blakus ir noradita ST attaluma attieciba pret Doplera

platumu.
Augsejais Apaksgjais
terms Anm o Aq(10°s™) g g terms  Adp, nm A2, nm
K Ok i
3 0.697 3 5 2%° 0.00332
4D 44714704 N 0.00037 (0.11)
4°D, 447.14741 6.28 5 2%°,  0.00332 0008
3po 0.00002 (0.006
4°D, 44714743 17 5 2°P7, 000332
15
4 3Dl 44714856 105 3 3 2 3Po 1 000332 000113 (034)
4°D, 44714893 188 5 3  2%°;, 0003325 0.00037(0.11)
4°D, 447 16832 13.9 3 1 2%, 000332 001939 (5.84)
3 5.89 5 23p° 0.003499
o 47131392 , 02 ] 0.00169 (0.48)
4%, 3 471.31561 3.53 3 2°%°;  0.003499 o106 (608
4%, 47133757 118 1 27 0.003499] ' (6.28)
3po
3D S87.55987 19 3.5 27 000436 4 ng154 (0.35)
3po
3°D, 587.56141 17.6 5 5 2°P°,  0.00436
3 70.6 7 5 2%° 0.00436< 00009 (0.02)
3 D3 587.56150 . 2 .
3°D, o 58756251 294 3 3 2%°, 000436~ 0:00101(0.23)
3°D, 587.56405 929 5 3 2%°, 0004367 0.00154(0.35)
3°D, 58759663 392 3 1 2%°, 000436 ) 003258 (7:47)
3 15.4 5 2°%° 0.00525
33s, 706.51769 3 02 000381 (0.73)
3%S, 3 706.52150 9.25 3 2%°,  0.00525
33, 706.57085 3.08 1 2°P°, 0.00525_) 0.04935(9.4)

Linijam 447.2 nm un 587.6 nm (tabula 3.4.) komponenSu attiecibas ir
atbilstosi 1.2 : 17.9 : 100 : 17.9 : 53.6 : 23.8. Summaras parejas varbiitibas §Tm

linijam ir: 2.51-107 un 7.06-10" s™. So liniju komponentes apliikojamas ka tadas, kas

dalgji parklajas.
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3.2. Plazmas temperatiiras noteikSana

Sie mérfjumi tika veikti LU Atomfizikas un spektroskopijas institiita.
Plazmas temperatiira tika noteikta divam tdenradi saturos$am ABL [P5, K2, T1]:

(1) He+H; (pue = 0.9 Torr, puz = 0.1 Torr) un

(2) Ar+H; (par= 0.9 Torr, py2 = 0.1 Torr).

Sis lampas izgatavotas LU Atomfizikas un spektroskopijas institiita. Abas
lampas it cilindriskas formas (lidzigas 3.5. att€la redzamai He ABL) ar diametru 2 cm
un garumu 4 cm. Izladi lampa ierosina, to ievietojot spole, caur kuru pliist strava

(ierosinosa lauka frekvence ir ~100 MHz).

Tika pétita plazmas temperatiiras atkariba no spol€ pliistosas stravas stipruma,

kurs tika mainits robezas no 80 mA 1idz 200 mA.
Plazmas temperatiira tika noteikta no:

(1) He 667.8 nm (He | 2' P — 3" D) un Ar 772.4 nm (Ar | 1 s5s — 2 p;) liniju

Doplera paplasinajuma,

(2) tdenraza molekulas Fulhera-a joslas (2-2)Q-zara pirmo piecu liniju
relativajam intensitatém;

(3) OH radikala Meinela joslas (0-0) Q1-zara liniju relativajam intensitatém.

Lai novertetu tidenraza ietekmi uz argona plazmas temperattru, tika izmantota
Ar+H, ABL un eksperimentalais darbs tika organizéts sekojosi: (1) vispirms nosaka
temperatiiru no Fulhera-a (2-2)Q Iiniju intensitatém,; (2) tad darbina lampu tik ilgi, lai
tdenradis difundétu prom no izlades zonas un veic mérfjumus ar Fabri-Pero
interferometru, lai no Ar linijas kontiiras noteiktu temperatiiru; (3) tad veic kontroles
meérfjumu, lai parbauditu, vai novérojamas Fulhera-a (2-2)Q Ilinijas, un veic plazmas

temperatiiras mérijumus no OH radikala (0-0)Q; zara Iinijam.
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3.2.1. Plazmas temperatiiras noteik§ana no spektralas linijas Doplera

paplaSinajuma

Plazmas temperatiiras noteikSanai no Doplera paplasinajuma tika registrétas
He 667.8 nm (He 1 2! P — 3* D) un Ar 772.4 nm (Ar | 1 ss— 2 p;) liniju kontiras,
izmantojot Fabri-Pero interferometru.

12 11 3

10

3.8.attels. Meriekartas sheéma spektralo liniju kontliru registréSanai ar Fabri-Pero interferometru.. 1 —
lampa un ierosmes generators; 2 — 1&ca; 3 — Fabri-Pero interferometrs; 4, 5 — kapilari; 6 — vakuuma
kamera; 7 — 1&ca; 8 — monohromators; 9 — FEP; 10 — barosanas avots; 11 — pastiprinatajs; 12 — dators.

Spektralliniju kontiiru mériSanas blokshéma ir redzama 3.8..attéla. Starojums
no ABL (1), kas novietots 1&cas (2) fokusa, paral€la kiila veida krit uz interferometru
(3). Interferometrs ir savienots ar priek§vakuuma siikni (savienots ar kapilaru (5))
atstikn&jama barokamera (6), kura pakapeniski caur kapilaru (4) ieplist gaiss, tadejadi
pakapeniski mainot starp spoguliem eso$as gazes spiedienu. Léca (7) fokusé
interferences ainu uz monohromatora (8) ieejas spraugu, gar kuru skang interferences
ainu. Gaismas pliismas izmainas registré ar fotoelektronu pavairotaju (9) , pastiprina

(11) un datus registré uz datora (12).

Pirms mérfjumiem, tika veikta Fabri-Pero interferometra spogulu justéSana ta,
lai barokamera esoSie spoguli atrastos paraléli viens otram. Attalums starp spoguliem

bija 14 mm (brivais spektralais apgabals: 0.36 cm™).
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Talaka datu apstrade tika veikta ar programmu Origin, kura tika modelétas
spektralo liniju konturas, tas aproksimé&jot ar Foigta funkciju un p&c tam atdalot
aparatiiras funkciju (Lorenca dala) no realas dalas (Gausa dala). No iegttajiem Gausa
dalas datiem tika aprékinatas atbilsto$as temperatiiras vértibas, izmantojot formulu
(3.5).

Registrétas interferogrammas piemérs un aproksimacijas, izmantojot Origin

programmu, redzama 3.9. attéla.

1,0 , .
084 | | . ,

06 ; V

intens., rel.vien.

0,4 - I | I !

. ‘ If | [ \
{ ' / | : |
024 g \ g \ »‘f ’

0,0 b====ccoo2 — ;,';,-1—‘,:,—_:—_':.:.1_ﬁf-\.-_--_-E;‘—E-:-‘—"-’;'L’!::7_-:'
eksperimenta dati 1,0 1,5 2,0
aproks. kontura X, em’

******** atsev. linijas

3.9.attels. Piem@rs ar Fabri-Pero registrétas hélija spektrallinijas 667.8 nm kontdrai (i = 100mA).
Kontiira aproksiméta ar Foigta funkciju. Noteikta temperatiira: 628 + 34 K
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3.2.2. Plazmas temperatiiras noteikSana no iidenraza molekulas rotacijas

spektra liniju intensitaSu sadalijuma

Udenraza rotacijas spektra uznemsanai tika izmantots JobinYvon spektrometrs
(JopinYvon SPEX 1000M, 1 m) ar 1200 sv/mm difrakcijas rezgi. Gaisma tika
detektéta ar CCD kameru (Thermoelectric Front Illuminated UV Sensitive,
Symphony, 512x2048) un tad signals tika parvadits uz datoru. Spektrs tika uznemts
spektralaja diapazona A = 620 — 630 nm. Eksperimentalas iekartas shéma redzama

3.10. attela. Savukart 3.11. attela redzams tipisks tdenradi saturoSas ABL spektra piemers.

CCD
— et > Dators
ontrolieris
CCD
Simphony o Spektrometra

Spektrometrs JobinYvon ¥ oatokatis

SPEX 1000M >

ABL Léca
f=112mm

3.10.attels. Mériekartas shéma plazmas temperatiiras noteikSanai no tidenraza Fulhera-a (2-2)Q zara.

17500 . : . . . : . T
15000 ] Q,

12500 ]
10000 —-

7500 —

Intens., rel.vien.
w

5000 + Q 2

! Qs
2500 ‘ ‘
o .J- 1 PR | S |

T T Y T
624 625 626
A ,nm

622

3.11.attels. Udenradi saturo$as ABL spektra piem@rs, registréts pie 80 mA. Spektra identificétas
tdenraza Fulhera-o (2-2)Q zara linijas.
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7 T

T * x 7 ' I ' |
A 1=80mA,T=330K ] | 1i=80mA, T=243K |
o 1=200mA, T=347K 1=200mA, T=251K
6 - g 6 -
— —
"’> 5 = m>5,
—~ A
i i
| 1ol
~ N
Nt - N
$3- - 3
) )
et N
E | E
2 - 9
1| - 1
| a) ] | b)
O T { T { 0 T ] T I
116000 116500 » 117000 116000 116500 1 117000
Esz’cm E o €M

2dN

3.12.attels Puslogaritimiskais grafiks, kura att€lotas Fulhera-o (2-2) Q-zara pirmo piecu liniju reducéto
intensitasu atkariba no ierosinata limena rotacijas energijas: (a) He+ H, ABL un (b) Ar+H, ABL pie
divam generatora stravas vértibam: 80 mA un 200 mA.

7 — T T T T T " T T 1 7 — T T T " T " T T 1
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3.13.attels Puslogaritimiskais grafiks - Fulhera-a (2-2) Q-zara pirmo piecu liniju reducgto intensitasu

atkariba no pamatlimena rotacijas energijas: (a) He+ H, ABL un (b) Ar+H, ABL pie divam generatora
stravas vertibam: 80 mA un 200 mA.
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Attela 3.12. redzami puslogaritmisko grafiku piemé&ri abam lampam pie 80 mA
un 200 mA stravas stipruma spolé. Ka redzams, iegiitas augs€ja limena rotacijas
temperatiiras ir zemakas neka tas biitu sagaidams $ada tipa plazmai (~500-700 K).
Attela 3.13. redzami puslogaritmisko grafiku piem@ri rotacijas temperatiirai, kura
noteikta no tdenraza molekulas pamatlimena datiem. legiitas veértibas ir daudz
tuvakas plazmas temperatirai, kadu parasti novéro $ada tipa plazmai.

Salidzinot rotacijas temperatiiras ierosinataja limeni un pamatlimeni, ir
redzams, ka izpildas sakariba:

Tyot =~ 2 - Ti9". (3.21)
Tiesa gan atSkiriba noteiktajas temperattiras vértibas He+H, lampai un Ar+H; lampai

neparsniedz 10%.
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3.2.3. Plazmas temperatiiras noteik§ana no OH radikala rotacijas spektra Iiniju

intensitasu sadalijuma

OH radikala rotacijas spektra uzpemsanai ari tika izmantots JobinYvon
spektrometrs (JobinYvon SPEX 1000M, 1 m) ar 1200 sv/mm difrakcijas rezgi.
Gaisma tika detektéta ar CCD kameru (Thermoelectric Front Illuminated UV
Sensitive, Symphony, 512x2048) un tad signals tika parvadits uz datoru. Spektrs tika
uznemts spektralaja diapazona A = 306 — 312 nm. Eksperimentalas iekartas shéma ir

tada pati, ka registréjot tidenraza rotacijas spektru (3.10. attéls).

Uzpemto spektru pieméri redzami 3.14. atteéla, ka ar1 3.15.attela ar

identific€tam rotacijas Itnijam.

306 307 308 309 310 311 312

1,0 [~ He+FI2 g

0.8 -

intens., rel.vien.

Ar+H,

0.8 - -

intens., rel.vien.

3.14.attels.. He+H; un Ar+H, ABL OH (A-X) (0-0) zara spektru piemeri intervala 306 —
312 nm pie ierosmes generatora stravas 160 mA. Spektri norméti uz intensivako liniju,
proti, 308.986 nm.
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OH (A’ - X’1m)
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3.15.attels. Tipisks OH radikala Meinela joslas (A-X) (0-0) joslas spektra piemérs He+H,
lampai pie i = 200mA.

No 3.15. attéla redzams, ka plazmas temperatiiras noteikSanai var izmantot
tikai Q1(4), Q1(5), Q1(6), Q1(8), Q1(9) un Q1(10), jo Q1(1)-Q1(3) un Qu(7) parklajas ar
citu zaru linijam, bet Iinijas, sakot ar Q1(11) nav iesp&jams identificét spektra to parak

mazas intensitates del.

Ka redzams no puslogaritmiskajiem grafikiem (3.16. attéls), Ar+H, lampa
apdzivotibu sadalijums pa rotacijas limeniem atbilst Bolcmana sadalijumam tikai J =
4 — 6 limeniem. Tapéc temperatiiras noteikSanai $aja lampa var€ja izmantot tikai
Q1(4), Q1(5) un Q41(6) linijas. Savukart He+H, lampa temperatiiras noteik$anai varcja
izmantot ITnijas Q1(4-6) un Q1(8-10). ST novirze no linearitates norada uz izmantota

modela pielietojamibas robezu.
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3.16.attéls OH (A-X) (0-0) Q;-zara liniju puslogaritmiskie grafiki: (a) He+H, lampai un (b) Ar+H,
lampai (H, difundgjis sieninas - lampas spektra nav novéojamas H, Fulcher-a Iinijas) pie dazadam
generatora stravam.
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4. Rezultati un to analize

4.1. Mikrovilnu plazma
Attela 4.1. ir redzami

T L T L T 2 T L T
o4 @ 704nm s, * 4 optiskie blivumi  vairakam
] A 794.8 nm s, * ]
& 7515mm s, * A Iinijam atkariba no argona
* 811.5nm s, >
* u: procentuala sastava plazma.
1 E _ C e g1 C g
o] * % L 1 Ka redzams, vislielaka optiska
o 4 * B
Py . * 3 blivuma vértiba ir novérota
% N4
by : $ 3 ° linijai ar vilpu garumu 811.5
0.1 - i 4 2 E >
i I & ] . ..
3 ¢ ¢ 1 ] nm, kura atbilst parejai
e 2pg—1ss. Optiska blivuma
0 20 40 60 80 100 o o . .o
[Ar]. % vertiba linijam palielinajas,

4.1.atteéls Ar I lIiniju 750.4 nm, 794.8 nm, 751.5 nm un 811.5 palielinot argona procentualo
nm optisko blivumu atkariba no argona procentuala sastava ] )
plazma (metode ar argona ABL). sastavu, ka to vargja art gaidit

(samazinajas udenraza koncentracija un Iidz ar to samazinajas dz&Sanas reakciju skaits

laika vieniba).

Attela 4.2. ir redzamas Ar 3s°3p°4s limenu reducétas apdzivotibas, kuras
noteiktas ar linijspektra gaismas absorbcijas metodi (4.2. (a) att€ls) un ar viena
spogula metodi (4.2. (b) attéls). Reducéta Iimenu apdzivotiba (apdzivotiba, kura
izdalita ar attieciga ltmena statistisko svaru (2J+1)) apzimé Iimena apakslimenu

vidgjo apdzivotibu.

Abu metozu rezultati parada, ka So limenu apakslimenu apdzivotibas kltdas
robezas sakrit. Tas sakrit ar iepriekS veiktajiem apdzivotibu meérfjjumiem Ar-H,
plazma pie lidzigiem eksperimentalajiem apstakliem [40]. Sadu novérojumu ir

aprakstTjusi ari citi autori [105, 106].

To var skaidrot sekojosi, Ar Iimenu energijas ir aptuveni vienadas (loti tuvas
pec savas vertibas), proti, 11.55, 11.62, 11.72, un 11.83 eV, rezonanses un
metastabilajiem ITmeniem efektivie dzives laiki ir lieli un sadursmés ar elektroniem

notiek $o ITmenu samaisisanas [40, 105-108].
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4.2.attels Ar | 3s%3p°4s limenu reducétas apdzivotibas atkariba no argona procentuala sastava plazma:
(a) absorbcijas metode ar argona ABL un (b) reabsorbcijas metode ar soguli.

Dazi autori piemin V&l vienu iesp&u, ka var€tu notikt §1 apakSlimenu
apdzivotibu izlidzinaSanas. Vini to saista ar sadursmju inducétam starojuma parejam

uz pamatlimeni [105, 109].

Abu metozu rezultati parada, ka Ar 3523p54s Iimenu apdzivotibas samazinas,
palielinoties Gidenraza procentualajam sastavam plazma. To var skaidrot ar argona
metastabilo Iimenu sadursmém ar H, molekulam [110] (skat. rezultatu nodalu par

plazmas temperatiiras noteikSanu).

Pie mazaka Ar procentuala sastava plazma eksperimentalas kludas ir lielakas,

jo mérjjumos izmantoto liniju intensitates ir mazakas.

4.3. attela ir redzams abu metozu rezultatu salidzinajums. Pie lielam argona
procentuala sastava vertibam (70 % un vairak) So metozu rezultati eksperimentalas
kludas robezas sakrit un dod vienadus rezultatus, savukart pie mazakam argona
procentuala sastava vertibam precizakus rezultatus (ar mazaku eksperimentalo klidu)
dod absorbcijas metode ar argona ABL. No ta var secinat, ka metode ar ABL ir daudz

jutigaka, jo izmantotas lampas liniju intensitate ir loti augsta, ka ari stabila, un So
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metodi Joti efektigi var izmantot, mérot apdzivotibas pie maza argona procentuala

sastava plazma.

10 10
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4.3.attels Ar | 3s?3p°4s limenu reducétas apdzivotibas atkariba no argona procentuald sastiva
plazma, abu metozu salidzinajums: (a) rezonanses Itmeniem un (b) metastabilajiem ITmeniem.

Metodi ar spoguli efektigi var izmantot pie lielaka argona procentuala sastava

plazma, ka arT pie lielakam Iiniju intensitatém, kad attieciba signals/fons ir liela.

Veicot mérjjumus, tika pienemts, ka 100% Ar plazmas temperatiira ir tada pati
ka argona plazmai ar 5% H,, tomér visticamak, pievienojot iidenradi, plazmas
temperatiira strauji samazinajas (skatit sadalu par plazmas temperatiiras noteiksanu),
ka rezultata Iimenu apdzivotibas pie 100% Ar ir augstakas neka noteikts no
meérjjumiem.

Ar 3s%3p°4s limenu apakslimenu apdzivotibas ir robezas no 610" lidz 4-10°
cm, mainot argona procentualo sastavu plazma no 10% lidz 100%. Kopgja visu 12
apakslimenu apdzivotiba var sasniegt (un nemot véra to, ka H, dzesé plazmu, pat

vairak) 5-10° cm pie lielaka argona procentuala sastava.
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So mérfjumu rezultatus pie Ar:H, attiecibas 1:1 varam salidzinat ar
mérijumiem, kuri veikti Iidzigos eksperimentalajos apstaklos. Darba [40] autori pie
spiediena 0.5 mbar noteica, ka I[imenu reduc@tas apdzivotibas ir sekojosas: 1sp un 1sy
— 6*10° cm'3, 1sz un 1s5 — 8*10° cm™. $1 darba rezultati ir nedaudz zemaki, proti: 1s;
un 1ss — 3.6*10% cm™®, 1s; — 1.3*10% cm®, 1s5 — 5.5%10% cm™. So atskiribu var skaidrot
ar to, ka pievadita jauda darba [40] ir daudz zemaka, proti 1.5 kW, bet $aja darba tika
pievadita jauda 2.26 kW, ka ar1 plismas atrumi ir atskirigi, [40] — 100 sccm, bet Seit —
200 sccm.

Talak apskatisim, kadi procesi varétu notikt Saja plazma un, sastadot Iimenu
apdzivotibu lidzsvara vienadojumus, novérteésim, vai eksperimentali noteikto limenu
apdzivotibu attiecibas atbilst teordtiski atrastajam. Sim nolikam promocijas darba
ietvaros tika veikti argona 3s?3p°4s limenu apdzivotibu teordtiski aprékini, sastadot
lidzsvara vienadojumus un risinot tos ar wxMaxima vidé uzrakstitu algoritmu

palidzibu.
Tika izmantots sekojoss vienkarSots modelis.
1. Metastabilie limeni

Varam uzrakstit sekojosu metastabilo Iimenu apdzivotibu lidzsvara

vienadojumu:

Ne kme L) + lex N, qlsxnlsx + Zpr Apr n2px =N, kje Nm + nija Ny +
1
2 3 4 5

Nm
nekem ny + nHz kaznm + nHkanm + nOkma ny, +—+ lex neqlsxnmi (41)
N—— —_— T R —
6 7 8 9 Tb” 11

kur nm — metastabilo limenu apdzivotiba, ne — elektronu koncentracija, ng — argona
atomu koncentracija pamatstavokli, ny; — tdenraza molekulu koncentracija, ny —

tdenraza atomu koncentracija.

Saja modeli m&s pienemsim, ka metastabilie Iimeni (1s3 un 1ss) tiek apdzivoti
(1) pamatstavokli esoSu argona atomu sadursmés ar elektroniem (Kye — ST procesa
atruma konstante), (2) saduroties argona 3s23p°4s atomiem ar elektroniem un nonakot
apskatamaja limeni (Qisx — S$T procesa atruma konstante, Nix — procesa iesaistita

3s?3p°4s limena apdzivotiba, pie tam Nis# ny) un (3) starojuma parejas no augstak
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esoSajiem ierosinatajiem Itmeniem (2p;1-2pg) (Azpx — parejas varbiitiba, Nypx — procesa

iesaistita augseja l[tmena apdzivotiba).

Metastabilo ITmenu dzéSana var notikt (4), (6) sadursmés ar elektroniem ar
sekojosSu jonizaciju vai nonakSanu pamatstavokli (Kje — jonizacijas atruma konstante,
Kem — limena dzéSanas atruma konstante), (5), (9) sadursmés ar argona atomiem
pamatstavokll ar tam sekojoSu jonizaciju vai nonakSanu pamatstavokll (Kja —
jonizacijas atruma konstante, kna — dzE€Sanas atruma konstante), (7) sadursmés ar
tidenraza molekulam (Kyn2 — procesa atruma konstante), (8) sadursmés ar tdenraza
atomiem (kny — procesa atruma konstante), (10) diftizijas procesu dél (t — difuzijas
laiks) un (11) sadursmés ar elektroniem, ka rezultata notiek parejas uz citiem 3523p54s

Iimeniem (Qsx — $T procesa atruma konstante).

2. Rezonanses limeni
Rezonanses [imenu apdzivotibu lidzsvara vienadojumi uzrakstami $adi:

N, kre Ny + lex ne qlsx nlsx + Zpr A2px anx =Mn, kje n, + L) kja n, +
| SR

1 2 3 4 5
ne kernr + nHZ kTHz ny + gAnr + lex ne ‘hs,(nr’ (4-2)
6 8 9
7

kur n, — rezonanses ItTmenu apdzivotiba.

Saja modeli més pienemsim, ka rezonanses limeni (1s; un 1s;) tick apdzivoti
(1) pamatstavokli esoSu argona atomu sadursmés ar elektroniem (kye — $T procesa
atruma konstante), (2) saduroties argona 3523p54s atomiem ar elektroniem un nonakot
apskatamaja limeni (Qisx — S§T procesa atruma konstante, N — procesa iesaistita
3523p54s limena apdzivotiba, pie tam Nig# ny) un (3) starojuma parejas no augstak
esoSajiem ierosinatajiem ltmeniem (2p1-2Pg) (Azpx — parejas varbiitiba, Nypy — procesa

iesaistita augseja [imena apdzivotiba).

Rezonanses Itmenu dz€Sana var notikt (4), (6) sadursmés ar elektroniem ar
sekojosu jonizaciju vai nonakSanu pamatstavokli (kje — jonizacijas atruma konstante,
Kee — ltmena dzESanas atruma konstante), (5) sadursm&s ar argona atomiem
pamatstavoklT ar tam sekojoSu jonizaciju (Kja — jonizacijas atruma konstante), (7)

sadursm@s ar Gidenraza molekulam (Knyz — procesa atruma konstante), (8) starojuma
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parejas uz pamatlimeni (A — parejas varbiitiba, g — starojuma giistiSanu aprakstoSais
faktors) un (9) sadursmés ar elektroniem, ka rezultata notiek parejas uz citiem

3s?3p°4s limeniem (Qsx — §T procesa atruma konstante).

Lai atrisinatu So vienadojumu sistému, nepiecieSams zinat tidenraza molekulu

un atomu koncentraciju plazma, ka art jaatrod reakcijas apraksto$as konstantes.

Aprékinu vienkarSosanai tika piepemts, ka elektronu sadalijums pa energijam
atbilst Maksvela sadalijumam. Pie tam no literatdiras ir zinams, ka $ada mikrovilnu
plazma elektronu temperatiira bis intervala 1-2 eV [111] un elektronu koncentracija:
10° — 10™ cm™, bet var sasniegt ari 10* cm™ [112,113]. Aprékini tika veikti pie
elektronu temperatiiras intervala 1.2 — 3.0 eV un elektronu koncentraciju intervala
1-10" — 1.10% cm™. Tika meklats, vai $aja elektronu temperatiru un koncentraciju

intervala apdzivotibu attiecibas ir tuvas eksperimentali noteiktajam.

Lai aprakstitu argona 3s°3p°4s limenu ierosmi ar elektroniem no
pamatstavokla, tika izmantotas darbos [114-117] piedavatas ierosmes Skersgriezumu
analitiskas izteiksmes un parametri, savukart jonizacijai no Siem [imeniem un
pamatlimena tika izmantotas [115,116] darba aprakstitas izteiksmes un parametri. Ar
3523p54s Iimenu samaisiSanas, saduroties ar elektroniem, tika nemta vera, izmantojot

datus no [116].

Lai pemtu véra argona metastabilo atomu dz&Sanu difuzijas dél, tika izmantots
difuzijas laiks, kur§ atkarigs no izlades trauka geometriskajiem parametriem [118,27]
un metastabilo atomu difuizijas konstantes [119] (pienemot, ka metastabilo dalinu

sadalfjums atbilst Besela funkcijai).

No limeniem 1s; un 1s, var notikt starojuma parejas uz pamatlimeni. So pareju
vilpu garumi ir 104.82 nm un 106.67 nm. Ta ka $Stm parejam atbilst relativi liela
parejas varbiitiba un samera liela atomu koncentracija, kuri var absorbét So starojumu
(atomu koncentracija pamatstavokli), tad rezultata izejoSais starojums bils ar mazaku
intensitati. So paradibu sauc par rezonanses starojuma giistiSanu. Starojuma giistidanu

var nemt veéra, ievedot efektivo parejas varbiitibu:

Agrr =9 A (4.3)

_____

Pie tam tas ir atkarigs gan no spektrallinijas paplasSinajuma tipa, gan ari no starojuma
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avota trauka geometrijas [105,115,116,120,121]. Literatara ir atrodami pé&tijumi,

kuros nemta véra linijas sikstruktiiras ietekme [122].

Saja darba tika izmantotas [120] autora piedavatas sakaribas (g izteiksmes),
pienemot, ka eksperimenta domin€ Doplera paplasinajums. Gadijumos, kad janem
veéra ne tikai Doplera paplasSinajums, bet gan arT sadursmju paplaSinajums, var

izmantot darbos [115,116] piedavatas izteiksmes starojuma giistiSanai.

Ta ka aplikojama plazma nav tira argona plazma, bet gan argona un tidenraza
maisijums, tad janem veéra vél papildus procesi. Tira Ar plazma galvenais argona jonu
izzusanas process ir 3 dalinu rekombinacija, tacu jau pie loti neliela H, daudzuma

notiek $ads process [105]:

ArH 2

k
Art + H,——— ArH" + H, (4.4)
kuram seko ArH* + e — Ar + H*(n = 2).
Udenraza disociacija var notikt sadursmés ar elektroniem:
Hy(X'=3)+e — Hy(b’s)) > H+H+e. (4.5)
Lai nemtu véra $o procesu, tika izmantota procesa Skérsgriezuma izteiksme no
[123].

Savukart tidepraza atomu izzuSanu pamata nosaka udenraza difuzija argona
gaz€ un tam sekojoSa rekombinacija uz sieninam, §1 procesa aprakstam tika izmantoti

[124,27] darbu dati.

Argona un udenraZza plazma udenradis var biit gan molekulars, gan atomars,
pie tam molekulai un atomam ir dazadas reakcijas konstantes, mijiedarbojoties ar

argonu, tadg] ir bija nepiecieSams novertét tidenraza disociacijas pakapi [124].

Argona un udenraza plazma argona metastabilie ltmeni var tikt dzesti
sadursmes gan ar tidenraza atomiem, gan molekulam, lai aprakstitu Sos procesus, tika

izmantotas [124,125] darbos atrodamas reakciju konstantes.
Attelos 4.4. un 4.5. redzami So aprékinu rezultatu piemeri.

No apréekinu rezultatiem var redzet, ka rezonanses Iimenu apdzivotibas ir loti
tuvas, savukart metastabilo apdzivotibas atSkiras loti izteikti (jaievéro, ka Seit nav

runa par reducétajam apdzivotibam).
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Aprékiniem izv€letaja elektronu temperatiiru un koncentraciju diapazona

argona 3823p54s limenu apdzivotibas ari loti spécigi atSkiras. Aprékinu un

eksperimentalo rezultatu salidzinajums redzams 4.6. attéla.
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Aplikojot aprékinus un salidzinot tos ar eksperimentalajiem rezultatiem, ir

redzams, ka palielinot Gidenraza koncentraciju plazma, elektronu koncentracija kritas,

kas sakrit ar citu autoru novérojumiem [110]. To var skaidrot sekojosi. Tira argona

plazma galvenais elektronu zuSanas iemesls ir to difiizija uz sieninam ar tam sekojosu

rekombinaciju, jo elektronu-argona jonu rekombinacija plazma ir saméra maza, nemot

vera reakcijas mazo atruma koeficientu. Argona-idenraza plazma elektronu
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,cm
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rekombinacija ar ArH" un Hs" joniem ir
daudz izteiktaka (So procesu atruma
konstantes ir iev@rojami lielakas), kas

savukart noved pie elektronu

koncentracijas samazinasanas [110].

4.6.attels Ar 3s?3p°4s  limenu apdzivotibu
eksperimentalo rezultatu un aprekinu rezultatu
salidzinajums pie divam elektronu temperatiiras
vertibam: 1.5 eV un 1.8 eV. Ar punkt&tu liniju ir
att€loti aprékini pie 1.5 eV, bet ar raustitu liniju
—pie 1.8 eV.
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4.2,

Struktiiras ietekmes novertejums
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4.7.attels He I tripleta Iiniju (447.2 nm, 587.6 nm,
706.5 nm, 388.9 nm) optiska blivuma atkariba no
ierosmes generatora stravas, nemot v&ra linijas
struktiru un piepemot, ka lIinija ir vienkarSa
(metode ar He ABL).

Optiskais blivums

He augstfrekvences bezelektrodu plazma

Attela 4.7. var redzet atskiribu

starp  optisko  blivumu  vértibam

(eksperimentalie  dati, merjjumi ar
lampu) tripleta linijam, atkariba no ta,

vai nem véra struktiiru vai — né.

Rezultatu analize paradija, ka
atskiriba palielinas, palielinoties optiska
blivuma vertibai, un katrai no Iinijam §1
novirze ir atSkiriga, proti, Itnijai 388.9
nm ta (pie dotajiem eksperimentalajiem
apstakliem) ir ap 20%, 447.2 nm linijai —
no 17% lidz 25%, 471.3 nm linijai — no
17% lidz 30 %, 587.6 nm linijai — 17%
11dz 28 % un 706.5 nm linijai — 22% lidz
34 %. Sie rezultati labi parada, ka tad, ja
velas ieglit precizakas apdzivotibu
vertibas, nepiecieSams nemt vera arl

Itniju struktiiru.

4.8. attéla ir redzamas optiska blivuma vértibas He dazam singleta un tripleta

linijam atkariba no ierosmes generatora stravas. Optisko blivumu vértibas §im Iinijam

ir intervala no 0.05 Iidz 0.15, pie tam to veértiba tikai nedaudz pieaug, palielinot

ierosmes generatora stravu, sasniedzot vértibu 0.2 — 0.25 (pie 200 mA). Tripleta

Iinijam Sis pieaugums ir nedaudz izteiktaks.
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4.8.attels Optiskais blivums atkariba no ierosmes generatora stravas He (a) tripleta un (b) singleta
Imijam. Meérjjumi ar He ABL.

Apdzivotibas

He lampai ar garumu 3 cm ar abam metodém noteikto limenu apdzivotibu
saltdzinajums ir atainots 4.9. att€la. Redzams, ka tad, ja metodg€ ar spoguli nenem véra
liniju ar vilnu garumu 294.5 nm, limena 23S, apdzivotibas ir zemakas un labi sakrit ar
absorbcijas metodes rezultatiem (absorbcijas metodé $o liniju nevar izmantot, jo
apstarojoSas lampas spektra 294.5 nm liniju absorbé lampas materials). Tas liek
domat, ka Itmenu 33P21o un 43P21o apdzivotibas ir iev€rojamas un Iimena 2381
apdzivotiba, kura noteikta no 318.8 nm un 388.9 nm Iijam, ir zemaka neka Tsteniba.

Par to var parliecinaties, sastadot [imenu lidzsvara vienadojumus.

Ka redzams, nav izteikta apdzivotibu atkariba no ierosmes generatora stravas,

tomer ir noverojams neliels apdzivotibu maksimums pie 160 mA.

Merijumu rezultati parada, ka rezonanses Iimenu 23P012 un 21P0 apdzivotibas ir
loti tuvas, 21P0 Iimena apdzivotibai esot tikai nedaudz zemakai. 23P012 Iimena
apdzivotiba sasniedz savu maksimalo vértibu 9- 102 cm? pie 160 mA, ari 2'Pg limena

apdzivotiba pie 160 mA sasniedz savu maksimalo vertibu 610 cm™,
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Tripleta metastabila limena 23S, apdzivotiba ir visaugstaka un sasniedz
3.2.10% cm*® pie 160 mA. Singleta metastabila ITmena apdzivotiba ir aptuveni 7-14

reizes zemaka, robezas no 2.18:10™ cm™ Iidz 4-10* cm™.
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4.9.attels He 2°S;, 2'S,, 2%Po1, un 2P, limenu apdzivotibas atkariba no ierosmes
generatora stravas lampai ar garumu 3 cm. Abu metozu salidzinajums.

Darba [126] autori, p&tot induktivi saistitu hélija plazmu (ierosinot pie 13,56
MHz) noveéroja, ka tripleta metastabilo ltTmenu apdzivotibas ir aptuveni 19 reizes
augstakas par singleta metastabilo apdzivotibu, pie tam Iidzigu sakaribu starp
metastabilo Itmenu apdzivotibam (2381 apdzivotibas 2-3 reizes augstakas par 2's,
apdzivotibam) novéroja art darba [48] autori, veicot absorbcijas mérfjjumus induktivi
saistita (ierosino$a lauka frekvence ir 13.56 MHz) He+5%N, plazma pie stipri
mazakiem spiedieniem (0.003 - 0.015 Torr). Ari J.A. Harrison [33], mérot
metastabilo un rezonanses Iimenu apdzivotibas ar reabsorbcijas metodi, noteica, ka
bezelektrodu plazma pie spiediena 0.4 Torr 23S, limena apdzivotiba ir aptuveni 6
reizes augstaka par 2'Sy limena apdzivotibu. So metastabilo Iimenu apdzivotibu
starpibu var dal€ji skaidrot ar singleta metastabilo atomu konversiju uz tripleta
metastabilajiem, saduroties ar léniem elektroniem [3,4]. So reakciju var uzrakstit

sekojosa veida [127]:

He(2'Sy) + e » He(23S;) + e + 0.79 eV. (4.6)
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Sis process neuzkarsg plazmu, bet efektigi samazina 2's, apdzivotibu par labu
2%s, apdzivotibai [128], nemot vera §1 procesa salidzinosi lielo atruma konstanti, kas

ir vienada ar 3.5 10”7 cm® s [127].
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4.10.attels He 2°S;, 2'S,, 2°Py, un 2'P, limenu apdzivotibas atkariba no
ierosmes generatora stravas lampai ar garumu 4 cm. Abu metozu salidzinajums.

Lampai ar garumu 4 cm atSkiriba starp metastabilo limenu apdzivotibam ir
nedaudz mazaka, apméram 6-9 reizes (4.10.att€ls), un rezonanses limenu 22Po2 UN
2'Py apdzivotibas praktiski ir vienadas. Pie tam Sai lampai ir izteiktdk redzams
apdzivotibu maksimums pie 160 mA. 4.11. attela redzams abu lampu (3 cm un 4 cm)

apdzivotibu salidzinajums.

Noteiktas apdzivotibas abam lapam ir loti lidzigas, tom&r noverojamas ari
atSkiribas. 4 cm lampai Iimena 2°Po12 apdzivotiba ir 3 reizes zemaka neka 3 cm lampai

un praktiski ir vienada ar 2'Pg limena apdzivotibu.
4.1.tabula apkopotas eksperimentali noteiktas He 2381, 2180, 23P012 un 21P0
limenu vidgjas apdzivotibas He ABL (3 cm un 4 cm). Limena 23S, gadfjuma ir nemta

vera Iinija ar vilgu garumu 294.5 nm.
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Tabula 4.1. Vidgjas He limenu apdzivotibas abam He ABL. Apdzivotibu vértibas noraditas cm™.

2°s, 2'S, 2°Po1s 2'p%,
4cm 2,53-10% 2,78.10" 4,57.10" 3,99-10"
3cm 2,06-10" 2,6:10" 7,2:10% 4,9.10%
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4.11.attels He 2°S;, 2'S,, 2°Pe, un 2'P, limenu apdzivotibas atkariba no
ierosmes generatora stravas lampam ar garumu 3 cm un 4 cm. Metode ar He
ABL.

Talak Iidzigi ka argona-iidenraza mikrovilpu plazmas gadijuma apskatisim,
kadi procesi varétu notikt Saja plazma un, sastadot Itmenu apdzivotibu Iidzsvara
vienadojumus, noverteésim, vai eksperimentali noteikto limenu apdzivotibu attiecibas

atbilst teoretiski atrastajam.

lerosinato Itmenu apdzivotibu teorétiskajiem aprékiniem nepiecieSams sastadit
lidzsvara vienadojumus, kuros tiek nemti véra procesi, kuri papildina doto limeni, un

procesi, kuri iztukso to [129, 130].

Lai biitu vienkar$ak aprakstit, ieviesisim sekojoSus apzim&jumus: lIimenu 1's,
2%s, 2's, 2°P un 2'P apdzivotibas apzimésim atbilstosi ar No, N1, Nz, N3 un Ny,
savukart elektronu koncentraciju apzZimésim ar Ne. Kox — k-ta ITmena ierosmes atruma
koeficients, kix — pirma un otra veida sadursmju atrums, Kyo — otra veida sadursmju

atrums, parejot uz pamatlimeni. ¢ — metastabila atoma difuzijas laiks uz sieninu, f11 —
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23S metastabilo-metastabilo sadursmes koeficients; §; — koeficients, kur§ raksturo
metastabilo atomu 2°S parvérsanos metastabila molekuld; Ay — parejas varbiitiba, un

2> — procesa atruma koeficients, kurs raksturo sadursmju inducétas starojuma parejas.

1. Lidzsvara vienddojums metastabilajam limenim 2’5

N.
koineNo + A3 N3 + kp1n.Np; = ( 1/’[1) + 8Ny’ Ny + B11 Ny + kyon Ny +

2 3 4
1
kljneNl + klzneNl + klgneNl + k147'leN1. (47)
5 6 7 8

Vienadojuma kreisa puse apraksta procesus, kuri noved pie Iimena 23S
apdzivotibas palielinasanas: (1) ierosmes sadursmeés ar elektroniem no pamatlimena,
(2) optiskas parejas no 2°P un (3) otrd veida sadursmju izraisitas parejas no limena
2's.

Vienadojuma laba puse apraksta procesus, kuri iztuk$o limeni 2°S: (1) difuzija
uz sieninam, (2) konversija uz metastabilajam molekulam, (3) sadursmes starp
metastabilajiem atomiem, (4) otra veida sadursmes ar elektroniem, kas noved pie
parejas pamatlimeni, (5) pakapjveida jonizacija, (6) — (8) pakapjveida ierosme uz

[imeniem 2*S, 2°P un 2'P, saduroties ar elektroniem.

2. Lidzsvara vienadojums metastabilajam limenim 2*S

N.
ko2neNo + k1ane Ny + Ay Ny = ( 2/1'2> + B2NoNy + kyone Ny + kayn Ny +
3 3 y

~—————

1

kzjneNz + kzgneNz + k24neN2. (48)
5 6 7

Vienadojuma kreisa puse apraksta procesus, kuri papildina 2'S Iimeni: (1)
tiesa ierosme no pamatlimena, pakapjveida ierosme no limena 23S un starojuma

parejas no 2'P limena.

Vienadojuma laba puse apraksta procesus, kuri iztukSo 2'S Iimeni: (1) difuzija

uz sieninam, (2) sadursmju inducéta emisija, (3) un (4) otra veida sadursmes ar
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elektroniem, kas noved pie parejam uz pamatlimeni un 2°S Iimeni, 6) - ()

pakapjveida jonizacija un ierosme uz limeniem 2°P un 2P, saduroties ar elektroniem.

3. Lidzsvara vienadojums limenim 2°P
ko3neNo + ki3ne Ny + kp3n.N, = A3 N3 (4.9)

Tapat ka ieprieks, vienadojuma kreisa puse parada procesus, kuri noved pie
[imena 2°P papildinasanas: (1) ierosme no pamatlimena, (2) ierosme no limena 2°Sun

(3) ierosme no limena 2'S.

Labaja pusé redzam locekli, kas apraksta limena 2°P iztuk3o3anos, izstarojot

fotonus, atbilstosi atlautajai parejai 2°P — 2°S.

4. Lidzsvara vienadojums limenim 2p
koaneNo + k1ane Ny + koan Ny = [(Aso)ers + Asz]Nay (4.10)

Tatad kreisaja pusé redzam procesus, kuri papildina 2'P limeni: (1) tie§a
lerosme no pamatlimena, saduroties ar elektroniem, (2) ierosme no limena 23S un (3)

ierosme no limena 2°S.

Labaja pusé ir locekli, kuri apraksta Iimena iztukSoSanos, izstarojot fotonus
atbilstosi parejam 2'P — 1'S un 2'P — 2'S. Seit limeniem 2°P un 2'P lidzsvara vienadojumos
nepemam veéra jonizaciju no Siem limeniem [129].

Lai atrisinatu vienadojumu sist€mu, nepiecieSams atrast reakcijas aprakstosas
konstantes. Lidzigi, ka tas tika darits argona-tidenraza mikrovilpu plazmas aprékinu
gadijuma, ar1 hélijja ABL gadijuma tika pienemts, ka elektronu sadalijums pa
energijam atbilst Maksvela sadalijjumam. Nemot véra, ka $ajas He lampinas spiediens
ir 0.1 Torr, un izmantojot datus no [130], atrodam, ka elektronu koncentracija
n, < 1-10'2 cm™3 un elektronu temperatiira: T, ~ 4.5 — 5.5 eV. Ta ka §im lampam
dominé E-izlade (kura raksturojas ar zemu intensitati), tad $aja gadijuma var pienemt,
ka elektronu koncentracija ir ar kartu 10'°-10" cm™. Pamatlimena apdzivotiba:

Ny ~ 3.3-10"° cm™3.
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Ierosme uz Itmeniem 21S, 238, 2'P un 2°P notiek sadursmés ar elektroniem, lai
to aprakstitu, tika izmantotas analitiskas ierosmes Ske€rsgriezuma izteiksmes un
parametri no Ralcenko darba [131]. Sadursmés ar elektroniem var notikt ari
pakapjveida ierosme no 2'S un 2°S Ilimeniem uz 2'S, 2°P un 2'P, ka arT var notikt

jonizacija, $o procesu aprakstam tika izmantotas izteiksmes no [131].

Lai nemtu véra He metastabilo ItTmenu dzéSanu sadursmés ar elektroniem un
hélija atomiem pamatstavokli, ka ari savstarpgjas sadursmes, tika izmantotas
sadursmju procesu atruma konstantes no [125,132,133], savukart, lai iev€rotu

metastabilo konversiju sadursmés ar elektroniem, nemta procesa atruma konstante no

[127,128,134].

Veicot apdzivotibu aprékinus, janem vera, ka h&lija atoma var notikt sekojosas
tiTs parejas 2°P-2%S (A = 1083 nm), 2'P-2'S (. = 2058.7 nm) un 2'P-1'S (A = 58.4
nm). Lai aprakstitu §is parejas (precizak, uz S§Im parejam notiekoSo starojuma
gistiSanu), lidzigi ka ar mikrovilpu plazmas teorétisko aprakstu, ieved efektivo
parejas varbiitibu (atkal pienemot, ka dominé Doplera paplasinajums, un Soreiz nemot
vera, ka runa ir par cilindriskas formas izlades trauku) [120]. Starojuma absorbcija uz
parejas 2°P — 2°S ir daudz mazaka un gadijumos, kad xR < 1 efektiva varbitiba ir
tuva parejas varbitibai [129].

Savukart, lai npemtu veéra helija metastabilo atomu diftziju, tika izmantoti dati

no [27, 135-138].

Lai atrisinatu lidzsvara vienadojumu sistemu cetriem ierosinatajiem [tmeniem,
tika uzrakstits algoritms wxMaxima vid€. No aprékiniem iegiitas limenu apdzivotibas

atkariba no elektronu temperatiras plazma ir redzamas attéla 4.12.
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4.12.attels Aprekinu rezultati He 2°S;, 2'S,, 2°Po, un 2P, Iimenu
apdzivotibam atkariba no elektronu temperatiiras pie trim dazadam elektronu

koncentracijam

legtitas teorctiskas veértibas pie elektronu temperatiras 4.0 — 5.5 eV un

koncentracijas (1.5 - 3)-10™ cm’ redzamas tabula 4.2.

Tabula 4.2. Teorétiski atrastas He limenu apdzivotibas.

Limenis

Apdz., cm®

2°S,
2's,
23P012
2'P,

(2,03-3,79)-10*
(1,00-2,88)-10"
(4,00-7,98)-10"
(3,14-6,61)-10"°

Salidzinot teoretiskos

aprékinus

(4.13.attels)

ar eksperimentalajiem

rezultatiem, redzams, ka, nosakot He 23S, Iimena apdzivotibu, ir nepiecieSams nemt

véra liiju 294.5 nm, jo 33P210 un 43P210 limenu apdzivotibas var biit Véra npemamas un

i N,

tad sakariba O N «1 (formula (2.1)) vairs nav spéka, kas noved pie ta, ka noteiktas

k i

Iimena apdzivotibas ir pazeminatas. Tatad ir loti biitiski izmantot p&c iespgjas vairak

Itniju $ados m&rijumos un veikt procesu analizi.
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N, cm

10" —_— ——t——r—f———r—g
7 Teorija
10" 5 3
1011 . .
2's, ]
@ spogulis (ar 294 nm) 1
® spogulis (bez 294 nm) |
A lampa
10" -
80 100 120 140 160 180 200 220

4.13.attels He 2°S;

i, mA
Itmena apdzivotibu aprékinu rezultatu salidzinajums ar

eksperimentali iegtitajam apdzivotibam (3 cm lampa).

4.14. attela ir redzams eksperimentalo rezultatu un teoretisko aprékinu

salidzinajums abam lampam. Ka redzams, m&rfjumu rezultati ir loti tuvi teorétiskajam

apdzivotibu novert&jumam.

g, cm

N /

mn_;///%%/////%// ) - S
o

4.14.attels He 2°S,, 2'S, 2°Py, un 2P, limenu reducéto apdzivotibu aprékinu

rezultatu salidzinajums ar

eksperimentali ieglitajam apdzivotibu verttbam (3 cm un 4

cm lampas). Metode ar He ABL, izpemot punktus, kuros izmantota ari 294.5 nm
Itnija, tie ir rezultati no mérjjumiem ar spoguli.
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Rezultati un to analize

Abam lampam meérijumu rezultati ir lidzigi. Rezonanses ltmenu apaksSlimenu
apdzivotibas ir zemakas, salidzinot ar metastabilajiem Iimeniem. 2°P limena
apak§limenu apdzivotibas ir viszemakas un tas mainas robezas no 3.2:10° lidz
6.98:10° cm™ (3 cm lampai tas ir nedaudz augstakas). Limena 2'P apakslimenu
apdzivotibas ir apméram divas reizes augstakas. Pie tam, ka to var redzet attéla,
rezonanses limenu apdzivotibas nedaudz pieaug, paliclinot iecrosmes generatora
stravu.

Metastabila limena 2°S; apakslimenu apdzivotibas ir apméram 4 reizes (4 cm

lampai nedaudz mazak — 2.5-3 reizes) augstakas par 2'S, limena apdzivotibu.
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Rezultati un to analize

4.3. Argona, argona-iidenraza un hélija-iidenraza augstfrekvences
plazmu temperatura

He + H, ABL

He+H, augstfrekvences plazmai temperattira tika noteikta péc trim ieprieks
aprakstitajam metodém: (1) no He linijas 667.8 nm Doplera platuma, (2) no H;
Fulhera-a (2-2)Q liniju relativajam intensitatem un (3) OH (A-X) (0-0) zara Iliniju

intensitasu sadaltfjuma. So metoZu rezultatu salidzinajums redzams 4.15. attgla.

T ' T T T T T " T ' ! ' '
800 i
750 - : 7
700 ]
N
= 650 i
600 - 1 7
—A— T no Doplera platuma
550 - ---@--- T no Fulcher-a joslas _
~ % T no OH (A-X) (0-0) joslas
T T T T T T T ! I ! I ! I
80 100 120 140 160 180 200
i, mA

4.15.attéls. He+H, ABL temperatiras atkariba no ierosmes generatora stravas. Temperatiira
noteikta p&c trim metodém: (1) no He linijas 667,8 nm Doplera platuma, (2) no H, Fulhera-o (2-
2)Q liniju relativajam intensitatém un (3) OH (A-X) (0-0) zara liniju intensitagu sadalijuma.

He+H; plazmas temperatiira mainas intervala no 630 K Iidz 770 K, mainot
stravas stiprumu intervala no 80 mA lidz 200 mA. Rezultatu kludas, nosakot péc
visam trim metodém, neparsniedz 10%, iznemot divus punktus, pie 100 mA un 140
mA, kur OH metode deva 11% un 12% kladu. Arl temperatiiru vidgjo vertibu
atSkiribas starp metodém nav lielakas par 10 %. Bet, ka to var redz€t no 4.15. attéla,

pie mazakam generatora stravas vertibam atskiribas starp metodém ir nosaciti lielakas.
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Rezultati un to analize

So mérfjumu rezultati lauj secinat, ka gan Fulhera-a. (2-2)Q zara linijas, gan
arT OH (A-X) (0-0) zara linijas var sekmigi izmantot augstfrekvences bezelektrodu

plazmas temperatiiras noteikSanai.

Ar + H; ABL

ST lampa tika izmantota, lai novértstu tidenraza piemaisijuma ietekmi uz
argona plazmas temperatiiru. Sakotn&ji lampa bija argona un iidenraza maisijums
(9:1) ar kopgjo spiedienu 1 Torr. Pirmaja mé&rjjumu sesija tika noteikta rotacijas
temperatiira, péc tam lampa tika darbinata tik ilgi, kameér no izlades pazuda fidenradis
(difundgja sieninas). So faktu vargja parbaudit, registrgjot vélreiz spektru (Fulhera-o
(2-2)Q linijas vairs nevargja redzet), ka ari ar aci vargja novérot izlades krasas
izmainas (4.16.attéls). Tad temperatira tika noteikta, registréjot Ar linijas konttru, ka

ari registréjot OH rotacijas spektru.

4000 . . , . ,
J a) |
~ 3000 - _ | , - .
.2 a 1 | ] 1 1
= ! ' ! X
—= 2000 Q1 Qs ' Q, ' Q, ]
S ] | I 1
- - 1 1 1 i
% : : :
5 1000 ! : ,
o B | 1 i
0 —’“"‘——“‘JL A - A l l: A. A
I T T T T VT T T | T
622 | 623 1624 625 626 ! 627
I : ! A._., nm 1 :
4000 : " . — : o ‘ ——
- B E] b
= 3000 - | & A 1 l 1
.0 i ‘ lery ! < =1 £ | i
> | o | o =Y I = |
= 2000 - | 12 - S 5
PR | < AT g | _
2] I | I I © 1
5 1000 - : | I : - : i
E i : : 1 | < : i
— 1 | 1
04 ! ) A nl L1'~a~ | L.h . —
. ‘ : : : : ‘ : ‘
622 623 624 625 626 627

A, nm

4.16.attels. Ar+H, ABL registrétie spektri pie i = 100 mA, spektralaja apgabala 622 — 627 nm:
(a) argona plazma ar Gdenradi — redzamas H, Fulhera-a. (2-2)Q Iinijas
(b) tira argona plazma.
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Rezultati un to analize

4.17.att€la redzama noteiktas temperatiiras atkariba no pieliktas stravas.
Grafika ir att€lotas divas temperaturu atkaribas: (1) argona plazmai ar tidenraza
piemaisijumu un (2) tirai argona plazmai peéc Gdenraza difundéSanas sieninas. Pirmaja
gadijuma temperatira noteikta no Fulhera-a rotacijas joslas, bet otraja — no argona

772.4 nm linijas Doplera kontiiras.

1300 T T I T T T T T T T T T T

1| —A— Arplazma, T no Doplera platuma 4
12004 ---@-- Ar+H, plazma, T no Fulcher-a joslas a
1100 1 I .
1000 - . | .

900 - l .
- o v 4

M -
— 800 - ) I o .
g ///l i
700 — /// -
600 — Qe W % """""" g sy § -
500 — —

400 I T I T I T ' T '  J I T |

80 100 120 140 160 180 200
i, mA

4.17 attels. Ar+H, ABL temperatiiras atkariba ierosmes generatora stravas. Temperatiira noteikta
péc divam metodém: (1) argona plazma ar tidenraza piemaisijumu: no H, Fulhera-o (2-2)Q liniju
relativajam intensitat€ém; un (2) tirai argona plazmai péc tdenraza izvadiSanas no izlades zonas:
no Ar Itnijas 772,4 nm Doplera platuma.
Tika noveérots, ka tikmeér, kamér argonam klat bija Gdenradis, temperatiira
praktiski bija nemainiga, mainot ierosmes generatora stravu, un vienada ar 620 K.
Savukart péc tam, kad tdenradis difund€ja sienipas, palielinot stravu, plazmas

temperattra strauji palielinajas Iidz 1050 K (pie 180 mA).

Temperatiiras samazinasanas efektu, palielinot Gidenraza procentualo sastavu
argona plazma, apraksta arT citi autori [9,110,139,140]. Netiesi uz So efektu norada ar1
§1 promocijas darba ietvaros veiktie argona metastabilo apdzivotibu meérjumi
mikrovilpu plazma (skatit iepriek$&jo nodalu par argona-udenraza plazmu), Kur
argona metastabilo un rezonanses limenu apdzivotibas strauji samazinds, plazma

palielinot fidenraza procentualo sastavu [P3]. Sadu sakaribu novérojusi ari citi autori
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Rezultati un to analize

[110]. Viens no procesiem, kur§ ir saistits ar temperatiras samazinasanos, ir

metastabilo limenu dz&Sana sadursmés ar tidenraza molekulam [110,140].

lerosmes parnese sadursmés starp argona metastabilajiem (3P°o,2) un
rezonanses (°P° un 'P°;) atomiem un tGdenraZa molekulam ir pétita jau labu laiku,
sakot ar Laimana darbu [141] un turpinot lidz miisdienam [40]. Sie pétfjumi pamata ir
saistiti ar argona ierosinato ITmenu dz€Sanu un papildus notiekoSo tidenraza Laimana

un Vernera joslu (B'%, €111, — X'%}) ierosmi [40].
Metastabilo Iimenu dzéSanu var aprakstit ar sekojoSu reakciju [142]:

Ar(PPy,) + Hy(X '2F) > ArH*(*2*) + H(1s)

l, Ar( 1So) + H(1s) (4.11)

Pie tam H; molekula pariet no pamatlimena Xlilg uz disociativu stavokli b’
Attela 4.18. var redzet potencialo energiju shému argona metastabilajam limenim un

tdenraza molekulai [142].

Argona (°Pg) limena gadijuma var notikt ierosmes parnese arT uz limeni agﬁg
un turpat tuvumd esofo c’Il,, tatu §is reakcijas ir endo-energgtiskas (energija

iztrikst). Energijas starpiba ir aptuveni 0.060 eV [142].

Avtaeva un vinas kolégi [143], p&tot Ar-CH4 plazmu, novéroja, ka tira Ar
plazma temperatira ir augstaka neka maisijuma ar CHy4, ko skaidroja ar faktu, ka
argona plazma elektronu pilna energija tiek izmantota uzsil$anas procesa, ierosmei un
jonizacijai, bet maisijumos energija vairak aiziet uz kimiskam reakcijam.

Kaut ar1 Fulhera-o joslas nevar€ja vairs noveérot plazma (3.19.att€ls), tomer
tdenraza atomaras linijas bija redzamas, kas liecina, ka plazma joprojam ir klat Joti
niecigs daudzums tdenraza. Tas vedinaja domat, ka spektra varétu novérot ari OH
joslas, kuras arl var izmantot plazmas temperatiiras noteik$anai. Sie OH radikali
veidojas no tdenraza, kurs bija iepildits lampa, un no Oy, Kas izlades laika nak tiesi no

sieninam [P4]. So reakciju var attglot §adi [144]:
0('D) + Hy(X'ZF) » OH(A?Z™) + H(1%S). (4.12)

Pie tam OH ir vieglak ierosinat elektromagnétiskaja lauka (salidzinot ar H»), jo

tam ir elektriskais 1adins (OH" ir radikalis, nevis neitrala molekula ka Hy) [P4].

86



Rezultati un to analize

a energija (eV)
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4.19.attela  redzama
Ar+H, ABL temperatiiras
atkariba no pieliktas stravas.
Ka redzams, abas metodes
(pec Doplera platuma un péc
OH joslas) dod Ioti tuvus
rezultatus. Tas labi parada, ka
OH (A-X) (0-0) joslu var
veiksmigi izmantot plazmas

temperatiiras noteikSanai.

4.18.attels. Ar, Kr un Xe metastabilo ItTmenu un H,
molekulas potencialas energijas liknes [142].
1300 | T I ° | I I I I
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1100 - i , \ .
1000 : Jr -
/4 900 = i
800 l L -
700 l l/ -
600 J | i
500 —r —— ——— ———1
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4.19.attéls. Ar+H, ABL temperatiiras atkariba no ierosmes generatora stravas.
Merijumi veikti pec tdenraza aizvadiSanas no izlades zonas. Temperatiira
noteikta péc divam metodém: (1) no Ar linijas 772.4 nm Doplera platuma un (2)
no OH (A-X) (0-0) zara liniju relativajam intensitatem.
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Kopsavilkums

5. Kopsavilkums

1. ST darba ietvaros pirmo reizi argona un hélija ierosinato Iimenu apdzivotibu
mérijumos tika izmantotas augstfrekvences bezelektrodu lampas (ABL), pie
tam pirmo reizi tika noteiktas arT metastabilo un rezonanses Ilimenu

apdzivotibas hélija ABL.

2. Merfjumu rezultati paradija, ka, izmantojot absorbcijas metodé ABL, var

panakt augstaku jiitibu un precizitati.

3. Veicot liniju struktiiras analizi, tika novertéts, ka linijas struktiiras nenemsana
veéra var ieviest lielu neprecizitati (Iidz pat 34% darba aplikotajos
eksperimentalajos  apstaklos), nosakot Itmenu apdzivotibas, turklat
nepiecieSams veikt arl procesu analizi un izmantot p€c iesp€jas vairak

spektralas linijas.

4. Promocijas darba ietvaros pirmo reizi ABL plazmas temperatiira tika noteikta,
izmantojot didenraza un hidroksilradikala rotacijas joslu intensitasu
sadalfjumus. MetoZzu rezultati labi sakrit ar jau labi parbauditu un plasi
izmantotu metodi, kura temperatiru nosaka no spektrallinijas Doplera

platuma.

5. Meérijumu rezultati parada, ka OH joslas var veiksmigi izmantot ABL plazmas
temperattiras noteikSanai pie Joti nelieliem tdenraza daudzumiem plazma, ari

tad, ja tidenraza molekularas joslas nevar noveérot.

6. Analiz§jot procesus un mé&rjjumu rezultatus argona-tidenraza mikrovilpu un
ABL plazmas, var secinat, ka tdenraza molekulas spécigi dz&§ argona

metastabilos un rezonanses Iimenus un loti efektivi dzes€ plazmu.
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Galvenie apzimgjumi

Galvenie apzimejumi

Saisinajumi

ABL — augstfrekvences bezelektrodu lampa
AAS — atomu absorbcijas spektrometrija

AFS — atomu fluorescences spektrometrija

LIF — lazerinduceta fluorescence

Apziméjumi (sadalijums pa nodalam)

Parskata dala

1. Augstfrekvences bezelektrodu plazma

E’v —  virpulu lauka komponentes intensitate

E’p —  potenciala lauka komponentes intensitate
E —  rezultjosais lauks

A — lauka vektorpotencials

Q —  skalars potencials

f — elektromagnétiska lauka frekvence

r —  izlades trauka radiuss

Uo —  magnétiska konstante

j —  str@vas stiprums spolé

& — elektriska konstante

p —  elektriska ladina blivums

c —  gaismas izplatiSanas atrums vakuuma

R — cilindriskas formas izlades trauka radiuss
2. Limenu apdzivotibu noteikSana

Avy

u

dF(v),
dFw)/dx

dB(v)

parejas varbitiba
absorbcijas koeficienta sadalijuma funkcija

spektrala intensitates sadalifjuma funkcija
absorbcijas koeficients spektralas linijas centra

intensitates sadalfjuma funkcijas vertiba Iinijas konttiras maksimuma
parejas vilna garums

atbilsto$i Iimenu i un k statistiskie svari
atbilstosi Itmenu i un k apdzivotiba
spektralas Itijas Doplera platums

elektrona ladins

plazmas temperatiira

elementa atommasa

starojuma energijas pliisma no tilpuma elementa dS,-dx telpas lenki de,
izejot arpus starojosa avota ar garumu |

energijas plisma no mirdzo$a slana garuma vienibas, kad nepastav
absorbcija

mirdzosa slana ar garumu | virsmas spozums
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Galvenie apzimgjumi

S(koD) —  Ladenburga — Levi funkcija

AunA, — relativa absorbcija (parada Itnijas intensitates izmainu, starojumam ejot
cauri pétamajam gaismas avotam)

F.un Fy —  reabsorbcijas metodg, atbilstosi plisma no caurulites a un b.

Fsp —  reabsorbcijas metod€, abu cauruliSu a un b kopgja starojuma plasma;
eksperimenta: plisma, mérot ar atklatu spoguli

F —  reabsorbcijas metod€, eksperimenta: plisma, mérot ar aizklatu spoguli

(plusma tikai no caurulites a)

r —  spogula efektivais atstaroSanas (refleksijas) koeficients
o} — absorbcijas metod€, parametrs, kur§ izsaka emitétas linijas Doplera
paplaSinajuma attiecibu pret absorbcijas Itnijas Doplera paplaSinajumu
Av,Se) —  absorbcijas metodg, emitétas Iinijas Doplera paplasinajums
i©w) —  absorbcijas metodg, intensitates sadalfjuma funkcija starotajai Iinijai
i(()e) — absorbcijas metodg, intensitate starotas Iinijas centra
F;, FounF.; —  gaismas avota starojuma pliisma (Inijas intensitates),veicot merijjumus
ar linijspektra gaismas avotu
I — Iiijai ar struktiiru katras komponentes starojuma jauda no tilpuma
vienibas jeb intensitate
I —  visu komponens§u kopgja intensitate
o fj 1 UNV; — lmijas komponentes intensitate, oscilatora stiprums un
frekvence gadijuma, kad saskelts parejas apaksgjais [imenis
9, —  saskelta ItTmepa komponentes statistiskais svars, gadijuma, ja saskelts
parejas apaksgjais [imenis
Lo fipun vy, — linijas komponentes intensitate, oscilatora stiprums un
frekvence gadijuma, kad saskelts parejas augsgjais Itmenis
d, — saskelta ItTmena komponentes statistiskais svars, gadijuma, ja saskelts
parejas augsg€jais Iimenis
W) —  kritosa starojuma (atstarotais no spogula vai arT apstarojosas lampas)
intensitates sadaltijums
') —  caurizgajusa starojuma intensitates sadaltjums
K; (v) un — Imijas komponentes absorbcijas koeficienta un intensitates sadalijumi
5 (v)
[1ol]D , [rol]P, ... —  linijas komponens$u optiskie blivumi
3. Plazmas temperatiiras noteiksana
Tt un T,0t —  rotacijas temperatiira
f(x) —  noverota liijas konttra
f(x) —  reala linijas kontiira
(X —  aparatiiras funkcija
&X) —  funkcija, kura raksturo mertjuma kliidas
Avgap AVye, unAvg,,  — linijas dabigais, rezonanses un sadursmju paplasinajumi
Lv—vg)unG(v—vy) - Lorencaun Gausa (Doplera) funkcijas
Av; — Iinijas Lorenca paplaSinajums
V(a,w) - Foigta funkcija
a — Foigta parametrs
. —  spektralas linijas intensitate, kura paradas nvN — n'v'N’ rotaciju-
svarstibu parejas dg]
Ny —  parejas augsgja rotacijas Itmena apdzivotiba
AN —  parejas varbutiba
v —  linijas vilpu skaitlis
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nvN
Anlvl N’
h
k
B
N
Ya,s
nyN
Sn’v’N’
SNNI;]
ny,
Rn’v’N’

|Rrrllyv’ |2
d2N

azN

XON

Exon
Ezan

Bxon Un Bagy

Tyo! un TJ5¢

pareja nuN — n'v'N' izstarotas linijas vilpu garums

Planka konstante

Bolcmana konstante

rotacijas konstante

rotacijas kvantu skaitlis

n,v, N rotacijas-svarstibu limena statistiskais svars homonuklearai
molekulai atkariba no kodola spina veértibas un kodola permutacijas
simetrijas (a vai s)

elektronu-svarstibu-rotacijas Iinijas stiprums

Henla-Londona faktors

elektronu un svarstibu vilpu funkciju augstako un zemako ITmenu
dipola momentu matricas elementi

elektronu-svarstibu parejas varbiitiba

indekss, ar kuru apziméts tidenraza molekulas elektronisko-svarstibu-
rotacijas [imenis d3l'[; ,v=2, N

indekss, ar kuru apziméts fidenraza molekulas elektronisko-svarstibu-
rotacijas [imenis a32g V=2 N

indekss, ar kuru apzZimé&ts tidenraza molekulas elektronisko-svarstibu-
rotacijas pamatlimenis X'5,v"" =0

fidenraZza molekulas pamatstavokla rotacijas energija

tdenraza molekulas ierosinata stavokla d3HJ , v=2, N rotacijas
energija

tdenraza molekulas rotacijas konstantes pamatstavoklIl un ierosinataja
stavoklt

tdenraza molekulas rotacijas temperatiras pamatstavokli un
ierosinataja stavoklt

Mertjumu rezultati un to analize

1. Argona Sy, S3, Sq UN Ss limenu apdzivotibas Ar-Hy mikrovilnu plazma

Nm metastabilo ITmenu apdzivotiba

Ne elektronu koncentracija

Ny argona atomu koncentracija pamatstavokIt

N2 UN Ny tidenraza molekulu un atomu koncentracijas

Kime UN Kie atruma konstantes procesiem, kura metastabilie un rezonanses limeni
tieck apdzivoti pamatstavoklt esoSu argona atomu sadursmes ar
elektroniem

N1sx procesa iesaistita 3523p545 limena apdzivotiba (Nis 1)

Agpx varbiitiba parejam no augstak esosajiem ierosinatajiem Itmeniem (2p;-
2po)

Nopx procesa iesaistita augseja limena (2p;-2pg) apdzivotiba

Kje Un Kie atruma konstantes metastabila un rezonanses Iimenu jonizacijai
sadursmés ar elektroniem

Kem UN Ky atruma konstantes metastabila un rezonanses Iimenu dz&Sanai
sadursmés ar elektroniem

Kja UN Kja atruma konstantes metastabila un rezonanses Iimenu jonizacijai
sadursmés ar argona atomiem pamatstavokIi

Kma atruma konstante metastabila limena dz€Sanai sadursmés ar argona
atomiem pamatstavokli

Ktz UN Ky atruma konstantes argona Itmenu dzE€Sanai sadursmés ar tdenraza

molekulam un atomiem
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q 1sx

O1sx

N1sx

diftizijas laiks

atruma konstante parejam uz citiem 3s?°3p°4s limepiem, argona
metastabilajiem saduroties ar elektroniem

rezonanses Itmenu apdzivotiba

atruma konstante procesam, kurda rezonanses Itmeni (1s; un 1s,) tiek
apdzivoti, saduroties argona 3s°3p°4s atomiem ar elektroniem un
nonakot apskatamaja ITment

procesa iesaistita 3s°3p°4s limena apdzivotiba

varbiitiba parejai no argona rezonanses stavokla uz pamatstavokli
starojuma giistiSanu aprakstoSais faktors

2. Hélija 2331, 2180, 23P0,1,2, un 21P1 limenu apdzivotibas He augstfrekvences

bezelektrodu plazma

No, Nz, No, N; atbilstosi hélija limenu 1S, 23S, 2'S, 2°P un 2'P apdzivotibas

un N,

Kok k-ta Iimena ierosmes atruma koeficients

Kik pirma un otra veida sadursmju atrums

Kko otra veida sadursmju atrums, parejot uz pamatlimeni

T metastabila atoma difuzijas laiks uz sieninu

Pu 2°S metastabilo-metastabilo sadursmes koeficients

01 koeficients, kur§ raksturo metastabilo atomu 2% parversanos
metastabila molekula

Ay parejas varbitiba

b procesa atruma koeficients, kur§ raksturo sadursmju inducétas

starojuma parejas
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Velos izteikt vislielako pateicibu manam zinatniska darba vaditajam Dr.Phys.
Atim Skudram par atbalstu, pacietibu un sniegtajam zinasanam. Tapat vélos izteikt
pateicibu maniem pasniedz€jiem un LU Atomfizikas un spektroskopijas institiita

kolggiem par konsultacijam un atbalstu.

Paldies arT Zemtemepratiiras Plazmas Fizikas Instititam (INP — Greifswald)

un profesoram J. Ropcke par sniegto iesp&ju izstradat dalu §a darba.

Sis darbs izstradats ar Eiropas Sociala Fonda (projekti ,,Doktorantu un jauno
zindtnieku pétniecibas darba atbalsts Latvijas Unviersitate” un ,,Atbalsts doktora
studijam Latvijas Universitate™), ESF projekta Nr.
2009/0210/1DP/1.1.1.2.0/09/APIA/VIAA/100  (,,Smago metalu  piesarnojuma
noteikSana ar spektroskopiskam metodém”), K. Morberga stipendiju (2003./2004,
2004./2005. un 2006./2007. m.g.), Latvijas Zinatnes Padomes grantu, Valsts pétfjumu
programmas materialzinatnés (projekts Nr.1) un Latvijas Zinatnu Akadémijas (LZA
un A/S “Alfa” balva studentiem fizikda un tds inzenierpielietojumos, Minsteres balva

un LZA Mara un Ludviga Jansonu balva fizika) finansialo atbalstu.
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Pielikumi

l. Energétisko Iimenu shémas

H, molekulas Fulhera-«a (2-2)Q zara pareju shema [P5]

en, ,v=2 N
+a 5
A
- 4
A
+a 3
Qs A
- 2
+a Q4 4 1
Fulcher-a Q3 N A
Q2 \ g
T, Y B AN=0
+5 4
Y 3 lerosme
- 3
ta ' 2 1 +
-a ' 1 x Zg ,\“” o 0
+s 0 IN
"V + - -a 5
a iy ,“ o 2
+s 4
-a 3
+s 2
-a 1
+s 0

Limenshémas sagatavo$anai izmantoti dati no: B P Lavrov, V N Ostrovsky and V | Ustimov, Non-
Franck-Condon transitions in the electron impact excitation of molecules 11. Semi-empirical approach:
transitions in Hy, J. Phys. B: At. Mol. Phys. 14 (1981) 4701-4718.

OH radikala (A-X) pareju shema

AZ
N J j N
3 712 , 52 3
|
2 5/2 T |
— ] . 2
I |
4 N4 L | | 172 1
T LI | |
0 1,2 ! 1 1 | 1
I I ! I |
| v 052 P2 | Qi
p I R, | \
LY e jew
Q| Ru : —— 52 3
3 I s i 1 1
Qi 1 Sy — 2
1 | |
] L
3 T2 1 =) 1/2 1
| |
2w i XL,
1 ——
X[y

Pareju limenshéma nemta no darba: V. N. Ochkin, Spectroscopy of Low Temperature Plasma,
Wiley-VCH, Weinheim (2009)

Ar | energétisko limenu shéema [P2]
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Arl
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Limenshémas sagatavoSanai izmantoti dati no:
[1] W.L.Wiese, J.W.Brault, K.Danzmann, V.Helbig, M.Kock Unified set of atomic probabilities for

neutral argon , Physical Review A 39 (1989), 2461 — 2471.
[2] S. E. Frisch ,,Optical Atomic Spectra”, State Publishing House for Literature in Physics and

Mathematics, Leningrad, 1963 (in Russian)

Ar | limenu apziméjumi un energijas:

Paséna Standarta J-K saites ~ Raka (Racah) L-S Energija, ¢
apzim. apzim. J-K apzim. pieraksts [eV]
1ss 3p°(°PY 3,)4s °[3/2]°, 4s[3/2], *p?, 11.548 5
1s, 3p°(%P° 3,)4s *[3/2]% 4s[3/2], 3p0, 11.624 3
1s, 3p°(%P° 1,,)4s *[1/2]°% 4s°[1/2]o *p0, 11.723 1
1s, 3p°(CP° 112)4s [1/2]°% 4s°[1/2], pY 11.828 3
2P0 3p°(CP° 32)4p [1/2] 4 4p[1/2] 4 ’s, 12.907 3
2ps 3p°(%P° 3,)4p ?[5/2] 5 4p[5/2] 4 *D, 13.076 7
2ps 3p°(?P° 3,)4p *[5/2] , 4p[5/2] *D, 13.095 5
2p; 3p°(%P° 3,)4p “[3/2] 1 4p[3/2] . D, 13.153 3
2ps 3p°(%P° 3,)4p *[3/2] , 4p[3/2] » D, 13.172 5
2ps 3p°(%P° 3,)4p [1/2] o 4p[1/2] ¢ *p, 13.273 1
2ps 3p°(%P° 1,)4p ?[3/2] 1 4p’[3/2] 4 p, 13.283 3
2ps 3p°(?P° 1,,)4p *[3/2] , 4p’[3/2], P, 13.302 5
2p, 3p°(CP° 12)4p [1/2] 4 4p’[1/2], °p, 13.328 3
2p: 3p°(P° 12)4p [1/2] 4p’[1/2] 0 'S, 13.480 1

Dati nemti no: B. Pokrzywka, Electron Induced Collisional Population Decay Rates for Levels of
3p54s and 3p54p Manifolds of Arl in Plasma, Physica Scripta 66 (2002) 437-443
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He | energétisko limenu shemas

E,cm

E.cm

35000 +

30000 +

25000 +

20000 +

15000 —

10000 —
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35000 -

30000 —

25000 —

20000 —

15000 -

10000 ~
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Singleti

1 2

L
N 7
\416.8‘)7 nm / / /

\4—43.755 nm / /
504,774 nm

.

NG

728,135 nm

AN E

n

Tripleti
’s P

1 012 123

I £
282, ‘)l nm

94 Nl nm
318 77 nm
/

388,86 nm

Limenshémas sagatavoSanai izmantoti dati no:

[1] Ralchenko, Yu., Kramida, A.E., Reader, J., and NIST ASD Team (2008). NIST Atomic Spectra
Database (version 3.1.4), [Online]. Available: http://physics.nist.gov/asd3 [2008, January 29]. National
Institute of Standards and Technology, Gaithersburg, MD

[2] S. E. Frisch

,»Optical Atomic Spectra”, State Publishing House for Literature in Physics and

Mathematics, Leningrad, 1963 (in Russian)
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. Ar spektralliniju dati

Parejak — i

i K o A, M Aq (10°s ™)
s Py 1 750.384 44.5
(9i s 3) P2 3 826452 15.3
ey B 5 womL 2
s3(gi=1) Pa 3 794.818 18.6
(metastabilais) p7 3 866.794 2.43
P1 1 667.728 0.236
p2 3 727.293 1.83
S Ps 5  738.398 8.47
(gi = 3) Ps 1 751.465 40.2
(rezonanses) Ps 5 800.616 4.90
p7 3 810.369 25.0
Ps 5 842.465 21.5
P2 3 696.543 6.39
Ps3 5 706.722 3.80
S Ps 3 714704 0.625
@i=5) Pe 5  763.511 24.5
(metastabilais) Pr 3 772.376 5.18
Ps 5 801.479 9.28
Pg 7 811.531 33.1

Pareju varbitibas nemtas no darba: W.L.Wiese, J.W.Brault, K.Danzmann, V.Helbig, M.Kock
Unified set of atomic probabilities for neutral argon , Physical Review A 39 (1989), 2461 — 2471.
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I11.  He spektralliniju dati

Parejak — i

i K ” A, NM Ay (106 S -1)
8°P%.0 9 272,319 0,78
2%, 7%%10 9 276,380 1,11
(@ =3) 6°P%1 9 282,908 1,69
(metastabilais) ' ’
5°P%.10 9 294,511 2,93
tripleti 4°P° 10 9 318,774 5,05
3%P%10 9 388,865 9,478
Ipo
)i TP 3 535456 1,30
0 o
=1 6 1P : 3 344,759 2,39
(metastabilais) 5 P 3 361,364 3,76
1po
singleti : 1P 1 > 396473 v
3Py 3 501,568 13,38
6°Di2s 15 381,961 5,89
6°S; 3 386,748 2,36
2°%P° 012 5°Di23 15 402,619 11,70
@i=9) 533, 3 412,082 4,30
(rezonanses) 3
4°Dyy3 15 447,148 25,10
tripleti 433, 3 471,315 10,60
3°Di2s 15 587,562 70,60
3%, 3 706,519 27,70
8D
2 5 392,654 1,95
7D
2 5 400,926 2,79
6D
2 5 414,376 4,95
1
21pe, 6 150 1 416,897 1,76
(i =3) 5D, 5 438,793 9,07
(rezonanses) 51g
1 0 1 443,755 3,13
singleti 4D, 5 492,193 20,20
1
47So 1 504,774 6,55
3D
2 5 667,815 63,80
1
3 S 1 728,135 18,10

Pareju varbiitibas nemtas no darba: Ralchenko, Yu., Kramida, A.E., Reader, J., and NIST ASD
Team (2008). NIST Atomic Spectra Database (version 3.1.4), [Online]. Available:
http://physics.nist.gov/asd3 [2008, January 29]. National Institute of Standards and Technology,
Gaithersburg, MD
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IV.  Promocijas darba publikacijas
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Abstract

In this paper we present the results of an investigation of high-frequency electrodeless dischardéiEiEtpss),
containing Cd, Zn, Hg, As, Te, Se, Pb, Sn, Tl and Bi, developed in our laboratories as light sources for atomic
absorption spectrometAAS). Important physical processes in the lamps are discussed. Essential characteristics of
HFEDLs for AAS, such as intensity, stability and operating life are considered. The intensities and detection limits
are compared with the corresponding characteristics of hollow cathode lamps. The temporal behavior of an As
HFEDL is compared with that of a commercially available electrodeless discharge lamp. Detection limits in graphite
furnace AAS with HFEDLs were better by a factor of 1.5-8 depending on the element. Spectral line widths are
reported for isotope HFEDLs. An increase in AAS sensitivity by factors of 1.5-3.2 is found with the use of HFEDLs
with enriched isotopes.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: High-frequency electrodeless discharge lamps; Atomic absorption spectrometry; Detection limits; Heavy metals

1. Introduction ments, frequency standards and magnetometers.
) ) Because of their high intensity HFEDLs have been
High-frequency electrodeless discharge lamps yseq as emission sources in scientific work such
(HFEDLs) are widely used as high intensity a5 double-resonance experiments, sensitized fluo-
sources of narrow spectral lines, covering the rescence experiments and the measurement of the
spectrum from the vacuum ultraviolet to the infra- gpifts and broadening of spectral lines. Bell and
red. HFEDLs have been used in various scientific gjoom constructed one of the first HFEDLs in
devices such as emission and absorption spectrom-19g1 [1]. Many researcheril—3 have investigat-
eters, spectrometers for refractive index measure-oq HFEEDLs. The early work showed that the

*Corresponding author. Tel.:+371-7225007; fax+371-  intensities of HFEDL emission lines are higher
7034302. than those from other sources, e.g. hollow cathode
E-mail address: gitar@latnet.\(G. Revaldg. lamps (HCLs). However, application of HFEDLs

0584-8547/03/$ - see front matt@€r 2003 Elsevier Science B.V. All rights reserved.
Pll: S0584-854703)00020-X
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has been restricted because of technical difficulties
connected with the creation of the HF field, the
lack of pure heavy noble gases and the need for
pure filler elements. The use of HFEDLSs in atomic
absorption devices has been limited mainly
because of the large size and weight of high-
frequency(HF) generators. Early versions of com-
mercial atomic absorption devices used a
small-induction coil assembly with the lamp inside,
connected with the generator by means of a 2—6-
m long cable[4,5]. More recently, the dimensions

and weight of HF generators have decreased, and,;

there is no problem in designing the HF generator
together with the lamp as an assembly smaller
than a conventional hollow cathode lamp. Because
of new techniques for preparing EDLs other
HFEDL parameters(intensity) are also being
improved. This has generated new interest in the
use of HFEDLSs in atomic absorption analysis. The

most commonly used light sources in AAS are

HCLs; these are excellent, stable light sources for

most elements, but for some elements there is a &

big problem with low lamp intensity and short

operating life. For some elements HCLs are not *
available at all, which means that there is still a .":
need in atomic spectroscopy for other light sources .

with high intensity, stability and long-operating

life for a range of elements. The HFEDL can meet |

this need. The use of EDLs in atomic absorption
devices has been discussed in the literaf6rd|.

Wagner et al[6] used Pb and Cd EDLs instead
of hollow cathode lamps to reach detection limits
(DLs) close to the requirements of European
regulations, which was not possible with HCLs.
Blake and Bourqui7] presented good results for
a Cu EDL.

In this paper, we present our experience in the
preparation and investigation of HFEDLs with
different filler elements(Cd, Zn, Hg, As, Te, Se,
Pb, Sn, Tl and Bi and their use in AAS.

2. Experimental
2.1. Description of HFEDLs
A schematic diagram of a HFEDL is shown in

Fig. 1 [1]. The HFEDL vessel is made of glass or
quartz and filled with a working element and a

A. Ganeev et al. / Spectrochimica Acta Part B 58 (2003) 879-889
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Fig. 1. Schematic diagram of a HFEDI1) Lamp bulb,(2)
side-arm containing the working elemerf8) HF-induction
coil, (4) temperature stabilizatiorf5) insulation,(6) window.

filler gas (usually a noble gas The lamp contains
a bulb (1) and a short side arm containing the
working element(2). The lamp bulb is located in
a HF generator coil3) to induce an inductively
coupled electrodeless discharge. The side arm can
be thermostatted4) to control the pressure of the
metal vapor in the lamp. The lamp is thermally
insulated with glass or ceramic to maintain a
higher temperature around the lamp ves&gl.
The radiation from the lamp is transmitted through
a window (6). The lamps can be designed in
different forms to suit specific applications.
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Fig. 2. Design examples of the HFEDLSs.

Our HFEDL technology was gradually devel- 2.2. Apparatus and measurement
oped over quite a long periol8—-14. This tech-
nology includes specific method&4] for cleaning In this experiment we used the MGA-915 Zee-
the walls of the lamp vessel under vacuum and man atomic absorption spectrometer with high-
treatment with a high-frequency discharge, as well frequency modulated polarizatioZAAS-HFM)
as methods of introducing the working element (LUMEX) [15].
[8]. This technology allows us to prepare HFEDLs  The spectrometer employs resonance radiation
containing Sn, Cd, Hg, Zn, Pb, As, Sb, Bi, Tl, In  sourcesHCLs or HFEDLSY, installed in the drum
Se, Te, Rb and Cs, as well as Hg—Cd, Hg—Zn, of the turret system intended for automatic change
Hg—Cd-Zn, Se-Te, | and noble gases. The per- of spectral radiation sources. Resonance radiation
formance of HFEDLs depends strongly on many emitted from a source passes through polarizing
preparation conditions: the material of the source optical system and graphite cell. The graphite
vessel; the method of cleaning it under high furnace is installed in the gap between magnet
vacuum; the type and amount of filler gas; and poles so that magnet flux lines are perpendicular
the amount of the working element. to the optical axis. Radiation, passed through the

The design of our HFEDLS, optimized for use graphite furnace, is focused by objective lens on
in atomic absorption spectrometers, is shown in the entrance slit of the monochromator, which
Fig. 2. HFEDL include an integral compact HF selects a spectral range including relevant reso-
generatol(100 MH2z), source body, cooling device nance line of detected element.
and HF lamp itselfdiameter: 10 mm In addition, The monochromator is provided with a concave
a small external power suppl¢32 V, 1 A) is (spherical diffraction grating, 1800 grooveésnm,
required. The HF generator and lamp together focal length; 65 mm. By means of an opto-acoustic
have following dimensions: diameter within the modulator(frequency of 50 kH} the optical sys-
range of 37.5-51 mm; and length of 119 mm. The tem forms the radiation components with two
whole HFEDL set-up has the same dimensions as orthogonal polarizations. One of these is absorbed
a HCL, to facilitate its use in all common atomic by detected atoms; for the other one in fact there
absorption instruments and to simplify a replace- is no atomic absorption. At the same time, non-
ment of the HCLs. The design allows the use of selective absorption is the same for both polariza-
HFEDLs in many types of AAS instruments, with tion components. Accordingly, at the frequency of
and without intensity modulation. 50 kHz a signalS, is generated, which is propor-
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tional to the quantity of atoms in the atomizer and (Fig. 2) and commercially available HCLs, using
the intensity of resonance radiation within a par- them in the spectrometer MGA-915. The compar-
ticular range. To eliminate radiation-intensity ison was made with respect to both, the intensities
dependence of§; a provision is made in the of the main analytical lines and the ultimate
spectrometer optical train for inclined plate, which detection limits for different heavy elements. The
gives the possibility to form at a second-harmonic detection limits are based on>3 S.D. criteria
frequency(100 kH2 of opto-acoustic modulator,  (according to the EPAs systém

the signalS, being proportional to resonance radi- The intensities of HCLs and HFEDLs were
ation intensity. Analytical integral absorption sig- measured by the described spectrometer MGA-915
nal S is determined as follows: using a photodiode detector with a known sensitiv-

ity. A mercury lamp with a known intensity was

S4(t) applied for absolute calibration of the optical

b— system of the spectrometéthe sensitivity distri-

§= _éfm _Sa(f) dtzjn(x)AQ(x)dx (1) bution for PMT detector used in MGA-915 was

2 b Sa(?) known). The lamps in the spectrometer were
+ .
Sa(t) replaced so that the optical path lengths were the
same.

A comparison was made between our arsenic
HFEDLs (Fig. 2) and a commercially available
arsenic ‘Acorn’ electrodeless lanfperkin-Elmey.

The standard ‘Acorn’ lamp set-up consists of a
lamp coil assembly where the lamp biltiameter:
12 mm) is inserted in the coil and a separate HF-
20() = [10)X(@u0) = NN/ [I0d. Here  generator (Perkin-Elmer, 27 Mz A flexible
wave-guide is used to lead the HF power to the
lamp.

The stability and intensity measurements of
these lamps were performed by the MGA-915
spectrometer. The lamps were operated in the
spectrometer so that the exact intensity was meas-
ured which was used for atomic absorption. The
optical path lengths and the optical throughput
were the same in both cases. We registered the

content of the detected element, calculated with a INt€nsity changes with time for both lamp types

pre-determined calibration equatiotcalibration by means O_f specal software. '

curve), are presented on the display of the Spectral line profiles were measured in a set-up

computer. containing a pressure-scanned Fabry—Perot inter-
In this work we measured the main character- ferometer. The light, coming from the lamp was

istics of different EDLs for use in AAS: operating transmitted through the pressure scanned Fabry—
life; intensities and widths of the main spectral Perot interferometer and focused on the entrance

lines; as well as the detection limits for the slit of the monochromator, registered by a PMT,
respective elements. converted by analog-to-digital converter and saved
The end of the operating life was defined as on PC.
when the lamp emission looses more than 15% We registered the spectral line profiles for iso-
from the initial intensity by continuous operation tope and natural abundance HFEDLSs and estimated
by optimum conditions. FWHM for main analytic lines of different filler
We performed a comparison of our HFEDLs elements. These measurements helped us to assess

where b is the normalization constant found at

atomization of a sample whose determined metal
content is such that the measured value can be
found within the range between the middle part
and the upper part of the calibration curve, and

A is the wavelengthi(A) the emission line profile,
0.(A), @A) the absorption profile of the analyt-
ical and reference line, respectivelyjs the atom
concentration.

The integral signall) is registered as an ana-
lytic signal. At the end the shape of the corre-
sponding atomization pulse, the non-selective
absorption signal, the value df as well as the
absolute (in pg) and the relative(in wg/dm?)
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the best HFEDL working mode in respect to the
line width and to the self-absorption.

3. Theoretical description of the main processes
in a HFEDL

3.1. Discharge types

In the 1930s the possibility of HF electrodeless
discharge excitation in two types of electromag-
netic field was realized. These two types of dis-
charge were called E- and H-discharges,
respectively[16]. The excitation mechanisms of
both discharge types are different. Thalischarge
is excited by the scalar electric fiel@¢he force
lines of the electrical field are not closednd the

H-discharge by the induced electric field associated

with the HF magnetic fieldthis field has circular
force line9. The E-discharge is characterized by

easier excitation over a wider range of power and £p

pressure than theéZ-discharge. Analysis of the
excitation of a real discharge by an induction coil

883

diu(3£)=p, where g is the permittivity of free
space(for gases the small current of polarization
can be neglected and assumed that 1) and p

is the electric charge density in the ionized gas.
The strength of the scalar field is:

Ep~p'r/801 (4)

and asf-p~]—, the strength of the scalar field will
r

J

be Ep~f.8o

of the induced and scalar electric fields of the
induction coil will be (taking into account the
relationc=1/y eopo):

(e)-Ga)

In a spectral lamp with a diameter of 20 mm

Hence, the relation of the strengths

Ee )

in a glass vessel leads to the interrelation betweendriven with a frequency of 100 MHz the ratio is

the scalar and induced electric fields and e
and H-discharges. To estimate the influence of
both excitation types in dependence on the field
frequency, we perform simplified calculations as
suggested by Raizefl7]. The electromagnetic
field is described by Maxwell's equations. From
Maxwell's equations, in the case of a cylindrical
geometry and time-dependent fields E~e~ ™,

0.004, in a lamp of 10-mm diameter at 100 MHz
frequency is 0.001, at a frequency of 150 MHz it
is 0 0038, at 270 MHz it is 0.19, while at 600
MHz frequency the induced and scalar components
are approximately equal. In our case, when the
discharge excitation in the induction coil is real-
ized, these fields always coexist. The presence of
a scalar field is necessary for the initial excitation

the induced electric field strength can be expressedof the discharge. In turn, as lamp temperature

[17]:

Ec~fopoHer (2
where f is the frequency of the electromagnetic
field, r is the radius of the tube arjds the current
in the induction coil u, is the permeability of free
space.

From Maxwell's equations we havé~ j-r and
Eq. (2) can be rewritten as:

Ec~fepor?j (3

The strength of the scalar field can be derived

from electrical equationsap/ateriv}':O and

increases, the induced field begins to determine
the processes in a lamp containing metal vapor. In
general, the co-existence of the induced and scalar
components at the same time has a beneficial
effect. It causes enhanced intensity of the lamp
radiation compared with a purg-discharge. The
difference increases with increase of the discharge
power. Also, by increasing the excitation frequen-
cy, other conditions being unchanged, the transfer
of power into the discharge increases because of
the increasing role of the induced-field component.
This causes an increase in the intensity of the
radiation and the efficacy of the discharge. It is,
therefore, necessary to optimize the type of exci-
tation. Normally, to obtain the high brightness, a
strong predominance of thié-discharge is chosen.
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3.2. HFEDLs radiation (influence of self- )
absorption) 7k

The intensity of EDL radiation is determined by 6 x 43
L 4

the Einstein formula: @
E 5F
2t
Jik=Aiknikhvik=Aiknknihvikf f(V)O'ki(V)VZdV (6) —% 4t 12
0 Z X
= 3F
2k -1

wheren;, is the concentration of atoms in an excited I
statei, A, the probability of transition from state 1k 2
k to statei, n, the concentration of atoms in the
ground statek, & is Planck’s constanty, is the
transition frequencyg the cross-section of atomic
excitation andf(») the distribution function of the
Sigcgggcgglol(i:r?g. r?,gmetzeeggg?tlozn thetegos:ltgeiE’i_ Fig. 3. Calculated radial distributions of the densityn the

. . lamp of (1) electrons(2) ground-state alkali metal atom()
tion of the atoms. The concentration of atoms of excited alkali metal atomex 10-2), (4) ground state Kr atoms
the working element is determined by the temper- (x10%, (5) Kr atoms in metastable states.

ature of the condensed metal. The pressure of the

saturated vapor is given by the formula:

00 02 04 06 08 10
Normalized radial coordinate r/r,

atoms, ions and electrons in the volume of a

B spherical EDL bulb is shown in Fig. 3. The
P=9XF{A+_) v)) theoretical model for the calculation has been

described in detail elsewhefé9]. We see that in
this example the atoms in excited states concen-
to take an atom from the condensed to the gas trate near the walls of the bulb, while those in the
phase, i.e. the energy of vaporization. ground state are mpstly at the walls. For inert
The temperature can be set by means of a 9@ses the atom distribution is more homogeneous.

thermostat in a specially designed HFEDL which [nert gas atoms help to initiate the discharge in
controls the condensed metal temperature and,the lamp but they do not have direct influence on

therefore, also the metal vapor pressure in the the self-absorption. _
lamp. It is seen, both experimentally and theoretically,

In the case of a light source with metal vapor, that an increase of the discharge power at a
the profile of the emitted line represents the sum constant value of metal vapor pressure results to a
of hyperfine components, each of them having a shift of the maximum of distribution of excited
Voigt profile [18]. However, the radiation passing atoms to the walls of the EDL bulk2]. Therefore,
through the volume of the EDL can be self- to reduce the self-absorption it is necessary to
absorbed, causing some distortion shape and lineoptimize both:(1) the power of the discharge; and
broadening. This process depends strongly on the(2) the concentration of the atoms of the element
spatial distribution of metal atoms in the ground [2,8]. To control the atom concentration, the light
and excited states. source can be provided with a thermostatted bulb.

The distribution of atoms in the lamp volume is This allows the vapor pressure to be controlled
determined by many factors: electron concentra- independently of the discharge power. However,
tion; atom concentration; temperature of the walls, in simplified light sources without a thermostat the
etc. An example of the calculated distribution of same effect can be achieved by using an appropri-

where A is a constant an® the energy required
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Table 1
Average intensities of HFEDLs and HCLs
Element Wavelength Intensity of Power Intensity of Current
(nm) HFEDL supply HCL (mA)
(photong's/cn?) voltage (V) (photong's/cm®
Cd 228.8 6<10™ 20 4x 10 8
Hg 253.7 6x 10t 12 1x10t 8
Tl 276.8 2x10" 26 1x10' 10
Zn 213.9 6x 102 30 1.5x10% 6
Bi 306.8 3x 10 21 3x10'? 10
Te 214.4 X 10t 28
Se 196.0 6102 26 2x10* 15
As 193.7 6x 10%? 32 3x10% 12
Pb 283.3 X 10 32 2x10'? 9
Sn 286.3 X101 28 2x 102 10

ately shaped bulb and by accurate selection of the cy avoids the depletion of the metal atoms in the

temperature setting.
4. Results and discussion
4.1. Characteristics of HFEDLs

The operating life of an HFEDL depends on

both the working element and the operating mode.

The main reason for the failure of an EDL with
metal vapor is the depletion of metal in the lamp
bulb. An indication of the depletion of metal is a

glass vessel of the lam[20]. Experiments have
shown that at HF field frequency of 100 MHz the
average operating life for Cd, As, Hg, Tl and Zn
EDLs is 1000 h, and for EDLs filled with Sb, Bi,
Te, Se, Pb and Sn it is 600 h.

Compared with HCLs the intensities of HFEDLs
are much higher for most of the available elements.
In Table 1 the intensities of HFEDLs and HCLs
are shown for different spectral lines of various
elements. The power supply voltages shown in
Table 1 are optimized with respect to two factors:

decrease of luminescence of the metal atoms. Some(1) the distortion of the spectral line due to self-

increase(factors of 1.5-2 in the operating life-

absorption must be minimal; ar(@) the output of

time may be achieved by using a higher frequency the |amp must be stable with time. HCLs were

in the discharge excitation. Taking into account
the empirical formula that the life is inversely
proportional tow« [2], whereW is the operating

power anda is 1.5-2, an increase in lifetime is

operated in ordinary recommend standard operat-
ing conditions(currents. In Fig. 4 the changes
with time of the intensity of the As resonance line
are shown for two types of lamp: a commercially

possible at the expense of some decrease in thegvailable ‘Acorn’ EDL, excited by a 27-MHz

power. In such a case, the radiation intensity will
inevitably be reduced. High intensity is essential
in light sources intended for atomic absorption

generator, and our spherical EDL, excited by a
100-MHz generatofFig. 2). As can be seen, the
spherical EDL has a much higher intensity and is

analysis. This means that the ranges of operatingmore stable than the ‘Acorn’ lamp. The difference

power and temperature are limited to those provid-
ing sufficient brightness. Thus, to achieve more
effective light source performance it is recom-
mended that the exciting field frequency be
increased up to 300-400 MHz. As shown by
estimations in Section 3.1, higher excitation fre-
quency gives higher intensity of the radiation
because of increased role éf-discharge. Also,

operating life will increase because higher frequen-

in lamp behavior could be attributed to differences
in both the lamp preparation technology and the
field frequency. The use of a higher frequency
provides a higher intensity.

4.2. The use of HFEDLs in atomic absorption
spectrometry

The main requirements for light sources for use
in AAS are: (1) high intensity of spectral lines;
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1110.0

0 1 2
h) Time, h

Fig. 4. (a) Change of intensity with time for the 193.7-nm As line from an Acorn lamp, 27 MHz, standard operating power 8 W.
(b) Change of intensity with time for the 193.7-nm As line from a HFEDL, 100 MHz, 30 V.
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Table 2

Detection limits for different elements measured by Zeeman
spectrometer MGA-915 using HFEDLs and HCLs

for HFEDLs are 1.5-8 times lower than those for
HCLs.
Fig. 5 shows the relationship between the rela-

Element Wavelength DL with HFEDL DL with HCL tive sensitivity of the MGA-915 instrument and
(nm) (pg) (pg) the voltage of the Cd EDL for the 228.8 nm Cd
cd 228.8 01 04 resonance line. The optimum voltage is optimized
7n 213.9 0.05 0.4 in such a way that the sensitivity is constant over
Zn 307.6 10 80 a range of voltages near the operating voltage.
Hg 253.7 22 60° Optimum voltage values for other lines are shown
10 (***Hg) in Table 1. As can be seen in Fig. 5, the sensitivity
As 193.7 15 70 .
Se 196.0 20 150 decreases for voltages above 21. This happens
Pb 2833 1.2 5 because the increase of voltage causes an increase
Sn 286.3 10 30 in self-absorption and consequently, an increase of
Tl 276.8 8 15 emitted line width and decrease of the intensity in
Bi 306.8 12 15

the center of the line profile.

aNatural isotopic composition.
4.3. Isotope HFEDLs—narrower line widths
(2) emission stability;(3) narrow and not self-
absorbed line profiles; and) long-operating life. As mentioned above, spectral line shapes are
The first three parameters have a strong influence Very important parameters for practical application

on the detection limits of an atomic absorption
instrument[21]. Although, the used spectrometer
MGA-915 with high frequency modulation polar-
ization allows analyzing of elements when line
intensity is changed in wide rangbecause a HF
modulation system removes an influence of inten-
sity changes on analytical signafor other absorp-
tion systems the light source stability is an
important criterion. Higher intensity and stability
guarantee lower detection limits. Along with lamp
intensity, stability and lifetime, the spectral line
shape is very important. Spectral lines have to be
free from self-reversal caused by absorption inside
the light source. In addition, line width largely
determines the differential absorption cross-sec-
tion, and consequently, the sensitivity of the tech-
nique. The relative sensitivity is defined in the
common way for AAS—as a slope of the calibra-
tion curve. The more non-monochromatic is the
emission line, the smaller the absorption signal
becomes, followed by a decrease of the relative
sensitivity and the non-linearity of the calibration
curve.

As shown above, EDLs are very suitable for
atomic absorption if they are constructed, operated
and optimized in the right way.

Table 2 compares the detection limits for

of HFEDLs in atomic absorption. Both the line
width and the line profile depend strongly on the
isotopic composition of the element. Most elemen-
ts consist of two or more isotopes; only a fé®

Au, Nb, etc) have only one isotope. For example,
Hg has seven stable isotopes. Because of isotope

1.2+

1.0+
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o
|

Sensitivity, rel.un.
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~
|
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' \ I \ ' \
15 20 25 30
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Fig. 5. Sensitivity of the MGA-915 Zeeman atomic absorption

HFEDLs and HCLs. It can be seen that the DLs spectrometer for Céat the 228.8-nm linevs. HFEDL voltage.
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Table 3
Measured FWHM for the main spectral lines from different
HFEDLs

Type of HFEDL Main spectral lines FWHM (cm™1)
(nm)

Te+Se 2143 2259 238.3 0.08-0.10
238.6 196.0 204.0
206.2 207.0 2413

208pp 405.8 363.9 287.3 0.04-0.10
283.3 261.4 216.9

12090 380.1 333.0 317.5 0.04-0.11
286.3 300.9 3034

2087] 535.0 3776 3529 0.03-0.09
3519 323.0 276.8

202Hg 546.1 435.8 404.7 0.05-0.12
365.0 313.1 2537

He 728.1 706.5 587.6 0.10-0.18
501.6 491.2 388.9

shifts the emitted spectral line is split and its
profile, therefore, becomes broad. A narrow emit-
ted line width with a HFEDL can be achieved if
only one isotope of the element is used in the
lamp. The use of one isotope provides maximum
sensitivity in atomic absorptiof22]. In fact, many
isotopes in the light source influence the atomic

A. Ganeev et al. / Spectrochimica Acta Part B 58 (2003) 879-889

and the operating conditions of the EDL have to
be chosen very carefully. For example, in Hg
lamps the following isotope abundance was used:
lamp 1#°2Hg 99.8%, other isotopes 0.2%; lamp 2-
20449 75%, 2°2Hg 16%,2°°Hg 5%, others 4%.

From the economic point of view, it is preferable
to produce isotope HFEDLs rather than isotope
HCLs because the quantities of the isotopes
required for HFEDLs are much less than for HCLs.
The cost of a pure isotope HFEDL is only 1.3—
1.5 times that of a HFEDL in which the element
is of natural isotopic composition because less
than ~1 mg of the isotope is used.

5. Conclusions

New technologies for the preparation of
HFEDLs and the decreased dimensions of the HF
generator allowed us to design a compact HF light
source with high intensity spectral line output,
high stability and long operating life. Narrow
emission lines are achieved by using a single
isotope of the element of interest.

A compact power supply with low power requi-
rements(10—20 W is necessary. Investigations of
the physical processes in the lamps helped to
optimize them for atomic absorption analysis. The

absorption measurements like the above-discussecMall dimensions of the HF lamp allows them to

self-absorption. The lamp emission becomes more
non-monochromatic and the absorption signal
decreases. The measured FWHM for the main
spectral lines after optimization of different
HFEDLs are shown in Table 3. In Table 4 the
ratio S(isot) /S(nat) is shown, wheres(isot) is the
absorption signalEq. (1)), registered using an
isotope lamp andS(nab is the signal using a
natural abundance lamp. This ratio just represents
the relative sensitivity. As can be seen, the signals
with pure isotope lamps are higher than those with

natural abundance lamps. However, isotope IampsH

have other features. Despite the high abundance
of the primary isotope, the spectral line intensities
from the other isotopes are sometimes dispropor-
tionately higher than would be predicted from the
relative isotope concentrations. This effect is a
consequence of the higher self-absorption of the
main isotope component. Consequently, the con-
centration of the other isotopes must be very low,

be used in mobile atomic absorption instruments.
Our experiments show that the use of the EDL in

Table 4

Relative sensitivities of the MGA-915 Zeeman spectrometer
with  HFEDLs filled with elements of different isotopic
compositions

Element  Isotopic composition Relative sensitivity,
S(isot)/S(nad
Experimental
Hg Natural abundance 1
Hg 99.8%2%2 Hg(‘Lamp 1') 2.2
75%2°“Hg(‘Lamp 2") 3.2
Estimated
Natural abundance 1
Pb 98%°2% Pb 15
Sn Natural abundance 1
Sn 98%%2° Sn 16
Sn 90%%22 Sn 1.9
Te Natural abundance 1
98%*%° Te 1.7
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Abstract

The profiles of the 253.7nm spectral line, emitted from the capillary argon—mercury isotope high-
frequency electrodeless discharge, are measured by means of a pressure-scanned Fabry—Perot spectrometer.
Spectral line profiles are collected from two lamps at the argon pressure of 2 and 10 Torr, in dependence on
the discharge current and Hg vapor densities corresponding to the cold spot temperatures of 25-80 °C. By
means of a multi-parameter non-linear line profile fitting procedure of multiple overlapping self-reversed
Voigt profiles, the temperature of the radiating atoms and the optical density were estimated. The capillary
and spherical discharge conditions were compared. The optimal working conditions avoiding self-
absorption were obtained. The measurements were completed by means of the Zeeman scanning
spectrometer, allowing the getting of additional information about the instrument functions. The necessity
to take into account the instrument function also by comparable small values of its width was shown.
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1. Introduction

Electrodeless discharge lamps are known as bright radiators of narrow and intensive spectral
lines, covering the spectrum from vacuum-ultraviolet to infrared. The high-frequency electrode-
less discharge lamps (HF EDLs) are widely used in different scientific devices such as radiation
and absorption spectrometers, spectrometers for angle and glass refractive index measurements,
and frequency standards [1]. Because of high intensity, the HF EDLs are exploited as intensive
emission spectra sources in scientific experiments, such as double-resonance experiments,
sensitized fluorescence experiments, shifts and broadening of spectral lines. The electrodeless
discharge lamps are mostly made of glass or quartz and they are filled with a rare gas and a metal
vapor. A discharge in the lamp is excited by means of electrodes, which are located outside the
lamp. In dependence on the excitation scheme, an inductive or capacitate coupled discharge can
be realized.

Our research is concerned with the preparation and diagnostics of the new performance
high-frequency electrodeless light sources filled with different elements for numerous
applications [2]. Special attention has been paid to the investigations and optimization of
mercury and mercury isotope HF EDLs. Mercury low-pressure electrodeless discharge is an
interesting object of investigation because of wide range of applications, as example, in mercury
atomic absorption analyzers and magnetometers. The resonance radiation from mercury—argon
lamps is still used for lighting applications in common low-pressure fluorescence lamps. There is
also a growing interest in the mercury—argon electrodeless discharge for lightening purposes
because the interactions of the electrodes with plasma are avoided. Owing to this, the life of such
lamp is considerably longer.

An exploitation of Hg HF EDLs in atomic absorption analysis (AAA) as well as in other
devices demands specific conditions with respect to lamp design, radiation, working time and
other characteristics [3]. The main requirements for light source for the use in AAA are: (1) high
intensity of spectral lines, (2) high-quality narrow emission line profiles, (3) emission stability.
Spectral line shapes are especially very important parameters because increasing line width largely
determines the differential absorption cross-section, and consequently, the sensitivity of the AA
technique. The trapping of resonance radiation from Hg is an important consideration in the
design of such sources. The radiation trapping or self-absorption is the main factor destroying
spectral line shapes in a low-pressure discharge, which makes spectral lines wider and causes a
self-reversal. Therefore, spectral line profile measurements and an optimization of the lamp
characteristics are necessary.

Another motivation of this work is a problem of measurement and correct description of the
line shape itself. The spectral line shapes contain broad information about the discharge plasma.
In order to obtain quantitative information on the amount of absorption of the line in mercury
vapor, we should have a detailed knowledge on the emission line profile. A correct interpretation
of the spectral line shape is important also in many other cases. The atomic line shape is of
fundamental importance in description of the radiation transport phenomena the mercury—argon
discharges. There is quite a lot of works considering the resonance radiation trapping in mercury
theoretically [4—6]. Typically researchers are considering the limiting cases in respect to line
profile, approximating them by a pure Lorentz shape or a pure Doppler broadened atomic line
shape. However, typical discharge conditions can fall into the intermediate region where the Voigt
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profile has to be considered. If the mercury gas of natural abundance is simulated the hyperfine
components has to be taken into account [7]. Due to the complexity of the spectral line profile
measurements, especially in the UV region, there are only few experimental investigations of the
real spectral line shape of the 253.7nm line, especially in the electrodeless low-pressure lamps.
This work is an attempt to show that the classical interferometer measurements as well as the
Zeeman technique, supplemented by a spectral line shape modeling, can be used as a successful
diagnostic tool.

2. Experimental

In this work we report the studies of special type HF electrodeless lamps, prepared in our
laboratory. The lamps are filled with mercury of a high isotopic abundance (99.3% of 202 isotope)
and argon as a buffer gas. Two lamps with the argon pressure of 2 and 10 Torr (at the room
temperature) were prepared. The lamp was placed into an induction coil and an inductive coupled
discharge was exited by means of a HF field of about 100 MHz frequency. The profiles of the
253.7nm mercury resonance emission line were measured by a spectrometer with a pressure-
scanned Fabry—Perot interferometer. To get additional information about instrument functions,
further measurements were done by a spectrometer basing on the Zeeman effect and a magnetic
field scanning, the so-called, Zeeman spectrometer.

The experimental setup for the spectral line shape registration by means of the Fabry—Perot
interferometer is shown in Fig. 1. The light, collected from the lamp, is transmitted through the
pressure-scanned interferometer, focused on a monochromator, amplified and registered by
means of a photomultiplier. Line profiles were recorded using mirrors with a dielectric coating
and a 0.5cm spacer (free spectral range of 1cm™").

Vacuum
Amplifier chamber Lens
c . P Lens Fabry — Perrot Lamp
ompy er/ Photomultiplier interferometer

/o

7 /
.< ................ A i 4 I I
St DA | O O = %
||
Capillaryq_@gj) @@
N, Capillary

M onochromator

Power supply

Fig. 1. Experimental set-up for spectral line profile measurements based on a pressure scanned Fabry—Perrot
interferometer.
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Fig. 2. Principle set-up of a Zeeman spectrometer.

The principal set-up of the Zeeman scanning spectrometer is shown in the Fig. 2. In order to use
the Zeeman spectrometer for emission line profile analysis, the light from the HF discharge has to
traverse the same metal vapor cell. The un-polarized light from the Hg discharge source passes
through the polarizer were it is split into ¢ + and ¢— components. After passing the polarizer, the
light traverses the Hg vapor absorption cell, which is placed in the variable magnetic field. The
absorption line is split into three polarized components—one linear polarized n-component and
two circularly polarized ¢+ and o— components. Only ¢ components are used for the further
work. The 0+ and o—components are shifted at the distance in frequency scale Av proportional
to the magnetic field strength, according to the formula

1 e
Ay =——
v dnem

where c is the speed of the light in vacuum, e is the charge of the electron, m is the mass, H is the
magnetic field strength.

By scanning the magnetic field strength, the decrease of the emission line intensity was
observed when the emission line coincides with the absorption line. The signal was
registered by a photomultiplier. The total scan region of the magnetic field was of 2 TI. The
relative shift of the components was of 1.1 MHz/E. For the magnetic field control the Holl
detector was used.

In this experiment we investigated HF EDL-s of a specific “‘bar-bell” form (Fig. 2). The
radiation was collected from a capillary between two spherical balls. The inner diameter of the
capillary was of 5mm and the length of 20 mm. The diameter of the spherical balls was of 20 mm.
In most of the experiments, the tip of the lamp was thermo-stated to control a cold-spot
temperature and, accordingly, the mercury vapor pressure. The 253.7 nm line profiles with a high
resolution were registered in dependence on both, the cold-spot temperature and the HF
generator current. The spectral line profile fitting by means of a non-linear multi-parameter fitting
program was performed to estimate the real spectral line shape and broadening parameters.
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3. Model of the spectral line shape

The registered spectral line profile f(x) is given by a convolution of the real profile f(x) of a
spectral line and the instrument function f’(x):

+00
Sx) = (=)' ) dy + &) (1
—00

To determine the real spectral line profile f(x) it is necessary to solve the inverse problem. This
method is unstable, i.e. the errors of an experimental curve may produce unreasonable errors in
the solution. We use direct way to solve this problem—the mathematical modeling to estimate the
true profile and fitting the modeled line to an experimental profile, varying the unknown
parameters.

The shape of the emitted line is calculated under the one-beam approximation (assuming that
the solid angle in which the studied radiation is collected by the optical system is small) [§]:
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are normalized distributions of emitting and absorbing atoms; /, and / are chords, along which the
beam of light is spread, P, and P. are line shapes of the emitting and absorbing atoms,
respectively, s is a constant, Iy=1(v,), v is the frequency. In most of cases we assume that P.(v,/) =
P,(v,]) = P(v).

For the calculation of the line profile of radiation in a unit volume, we use partly the same
model as previously described in our work [9]. Main processes, causing the line broadening, were
taken into account. The basic broadening of the spectral line in low-pressure plasma is the
Doppler broadening, characterizing the temperature of emitting atoms with the Maxwellian
distribution of velocities. In that case, the spectral line shape has a Gaussian profile

2
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where Avg is the full-width at half-maximum (FWHM) of the Gaussian, v, is the line-center
frequency, T is the temperature of the radiating atoms and u is the mass number.

The line shapes caused by natural broadening, Av,,,, by resonance broadening, Av,, as well as
by broadening due to the interaction with surrounding particles, Av;,, are all described by the
Lorentz function

AVL/TE
4(v — vo)2 + Av% ’

where Avyp = Avy+AvtAvi, is the resulting Lorentzian width.

L(v —v) = 4
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The resulting line is a convolution of the both shapes, the Gaussian and the Lorentzian, and is
described by the Voigt function
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Hyperfine structure components of the line, having intensities [, I,...,I; and corresponding
shifts Avy,Av,,...,Av,, where k is the number of components, were also calculated basing on the
multiple overlapping of lines.

The main problem in such a discharge is to describe the effects of self-absorption on the spectral
line shape. To include the influence of self-absorption correctly we have to know the excitation
function of the source. In our case, the exact form of the excitation function is not known. In the
high-frequency electrodeless discharge, the excitation function changes in dependence on the
working conditions and filling pressure. Therefore, the model allows using different approxima-
tions: an approximation of a uniformly excited source, a source with spatially separated emitting
and absorbing atoms and the model suggested by Cowan and Dieke [10]. In this case, the profile
of a spectral line can be expressed as follows:

X
I(v — vy) = IoP(v — vg)é&" Z%,
/=0 (6)
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where the local profile P(v—vy) in our case is the Voigt profile (5), kol is the optical density at the
center of the line, n is an integer characterizing the homogenity of the radiation source. In special
case, when n = 1, the excitation is constant, and the source is homogeneous; in the limit when n—
o0, we have a completely inhomogeneous radiation source. The general case, when n> 1, gives a
gradual transition from the uniform excitation to the spatially separated excitation. Self-reversal is
possible at all n>1.

Up to now, we assume that the temperature gradients are not very large and the widths of the
line profiles do not vary a lot along the line of sight; in many cases it is true. To investigate the
influence of the temperature gradients, a 2-zone approximation can be included in the model,
assuming two temperature values—one in the middle of the discharge and other close to the wall.

Changes of the spectral line profile in the registration process, was considered at the end of
modeling. In the case of the Fabry—Perot interferometer, we have a function of the transparency
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as the instrument function:

1 A
0 ——, where d = 2n—, (7)
L+ Gy sin’s g
A is the optical difference between interfering rays. The effective reflection coefficient, Rep< Ryeq,
includes the effect of the spectrometer transparency, as well as inaccuracy in the adjustment of
interferometer. In the case of the Zeeman spectrometer, the instrument function is the absorption
profile of Hg vapors at the room temperature that can be approximated by the Gaussian profile
(3). The resulting profile of the spectral line is a convolution of the self-absorbed contour (6) and
instrument function (7) or (3). More general, the program foresees a possibility to involve any
instrument function from a file in a numerical form (as example, it can be an experimental
distribution or any other mathematical function in dependence on the application). The non-
linear multi-parameter fit of a modeled resulting profile to an experimental interferogram was
performed by minimizing the chi-square criterion:

I1=1

N
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In Eq. (8) &y are deviations of the experimental data y, from the theoretical values f{x;) at the
position of x;, weighted by the experimental errors Ay; . Typical parameters calculated by means
of fitting procedure were the Gaussian FWHM, Avg, Lorentzian FWHM, Av;, optical density,
kol, homogenity of the light source, n, and effective refraction coefficient of the Fabry—Perrot
interferometer, R, or the FWHM of the instrument function ;... To decrease the number of
variable parameters, the total Lorentz width Avy =Av,+Av.tAv;, can be calculated, using
known data from the literature and taken as a fixed parameter. To avoid the finding of a local
minimum, the fits were performed many times choosing different starting points in the parameter
space. The uncertainties of the parameters were estimated by means of a statistical modeling as
described in [9]. The program package was written in FORTRAN.

4. Discussion and results

We registered resonance line profiles, emitted from the capillary, in the cold spot temperature
Teo1d spot range from 20 °C to 80 °C. The Hg vapor pressure ranges from approx. 1.3 to 90 mTorr.
Examples of the experimental profiles for three different cold-spot temperatures of 25 °C, 45°C
and 65°C, registered by the HF generator current I of 160mA and the argon pressure
par=10Torr are illustrated in Fig. 3(a). As we can see, the profiles change strongly, the dip in the
line center and the increased intensity of the line wings show significant increase of the self-
absorption. The line by 25 °C is the unreversed spectrum of an optically thin lamp, the line by
65 °C demonstrates marked self-reversal.

In Fig. 3(b) an example is shown of the experimental interferogramm by 7=160mA, T.uq
spot =35 °C, and pa, = 10 Torr and the respective fitted theoretical total and real curves. The fitting
was performed using the percentage of the mercury isotopes, shown in the Table 1. The optical
density in the middle of the line was k,/=4.32, the temperature of the emitting atoms was of
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Table 1

Percentage of the mercury isotopes of 99.3% abundance with Hg 202

Isotope mass number 196 198 199 200 201 202 204
Y% 0 0.056 0.13 0.308 0.126 99.3 0.077

345 K. In this example, the other isotopic components practically cannot be seen. In general, a
coincidence between the calculated and the experimental spectra is very well; there are only some
discrepancies in the line wings. This question is discussed below.

We obtained the optical density in the line center k,/ as a function of the cold spot temperature
Teold spot for two HF current values of 7=100mA and /=160mA, plotted in Fig 3(c). In this case,
the approximation of a spatially separated emitting and absorbing atoms was used. By trying the
2-zone approximation, the results were not better; therefore we decided to use the model described
by Eq. (6). One can see that by a higher HF-oscillator current we have smaller values of the
optical density. The fitted temperature broadening changes slightly in dependence on the current
from 0.037cm ™' (345K) to 0.051cm™" (660 K).

In this case, it is difficult to conclude if there is some dependence of the temperature of radiating
atoms on the HF excitation generator current. To clarify this question, we registered the spectral
line profiles as a function of the HF current. Profiles were registered for the HF current values,
ranging from 80 to 160 mA. In Fig. 4(a) is shown the total experimental FWHM of the resonance
line as a function of the HF generator current / for a constant value of the T4 spot Of 25 °C for
the lamp with pa,=10Torr. By these conditions, the experimental spectral line shapes were
without a visible self-reversal. The FWHM dependence on the current is very interesting, showing
a maximum at /=115mA. We tried to explain this behavior by means of the modeling. The fitting
shows that the temperature of the radiating atoms increases with the current from about 350K to
530K (that means increase of the FWHM, Fig. 4(b)) and the optical density slightly decreases
from 1.7 to 0.9 (decrease of the total FWHM, Fig 4(c)). An addition of these two contracting
processes gives the shown total behavior. In this case, it is quite difficult to estimate the exact
value of the optical density because the experimental lines were not self-reversed. Therefore, the
estimated errors of the values for optical density are of about 20%. The maximum value of the
optical density is about 1.9; if the k,/ is higher, the self-reversal becomes visible in the experimental
line profile.

A slight decrease of the optical density can be observed also in the case of Tioid spot =65 °C,
shown in the Fig. 5. In this case, the profiles were collected from the Hg lamp with pa, =2 Torr.
The decrease of the optical density can be explained by changing the ratio between the exited
atoms and the atoms in the ground state. This decrease is smaller as observed in the case of a
simple spherical lamp [11]. By the Tcoiq spot = 65 °C, the self-reversal occurs for all current values.
Hence, it makes no sense to plot the total FWHM as a function of the current. In this case, the
estimated temperature changes slightly from 510 to 660 K. The fitting gives higher temperatures of
the radiating atoms by pa,=2 Torr than by pa,=10Torr.

For comparison, we registered also the 253.7 nm line profile, emitted from the spherical part of
the same lamp by fixed cold spot temperatures of 25 °C and 44 °C. A comparison of the profiles,
emitted from the capillary and the spherical part, is shown in Fig. 6(a) for /=160mA, T.yq
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total experimental spectral line FWHM as a function of the HF generator current; (b) The estimated temperature of the
emitting atoms as a function of the HF generator current; (c) The estimated optical density in the line center as a
function of the HF generator current.

spot = 25 °C, pa,= 10 Torr. In the spherical case, we get higher temperature values of the radiating
atoms as in the case of capillary. The Gauss part of the spectral line is of 0.0718cm™' what
corresponds to the temperature of the radiating atoms of about 1300K. The estimated
temperature values are in good agreement with previous measurements for spherical lamps [10].
The optical density k,/ was estimated being lower than 1 (0.8-0.99). A fitting example for a line,
emitted from the spherical ball, is shown in Fig. 6(b). The experimental lines by the all cold spot
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temperatures are not self-reversed and the line forms are close to ideal Voigt profiles. In the
capillary case, the line is narrower due to the lower temperature (about 430 K). Therefore, the Hg
atom density becomes higher and also the optical density is higher (1.47). The fact that the
capillary discharge is colder than the spherical one can be explained by the smaller dimensions of
the capillary (better cooling by the surrounding air) and also by different excitation conditions.

If the Avy is also included in the number of variable parameters, we see that increasing the T4
spot from 25°C to 44°C, the Lorentz part Avy, also increases (from 0.01 to 0.018cm™") for the
spherical lamp. Also for the capillary, the Av; increases (from 0.003cm™" to 0.022cm™") versus
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the Teo1d spot- Such increase of the Avy was observed only for the 10 Torr lamp. For the 2 Torr
lamp the Av; remains approximately constant and less than 0.003cm™'. Exact mechanisms of
such increase of the Lorentz part for the 10 Torr lamp by the higher Hg vapor pressures is still not
clear. The theoretical value of the Av; is about 0.0001 cm ™" for par=10Torr and Tq14 spot = 65 °C,
calculated using the natural lifetime of the Hg °P; state of 1.2 x 10™’s and collision broadening
parameters given in Ref. [12]. As mentioned before, the main discrepancies between the calculated
and the experimental shapes are in the line wings. Thus, the program tries to generate more
intense wings by increasing of the Lorentz part. This effect gives an additional fraction in the total
Avy. In fact, the line wings are stronger as foreseen by the model due to the self-absorption. This
effect could be explained by an enhanced radiation through the wings of the line by the increasing
Hg vapor pressure and by a higher collision rate with argon, respectively, larger resonance and
collision broadening. The reason for the discrepancies in the wings resides in the inability of the
model of Cowan and Dieke to accurately represent the actual distribution of emitters and
absorbers in the lamp and also due to the fact that these simple models does not take account of
multiple absorption and re-emission in the surrounding medium. For more accurate fitting of the
line wings, it is necessary, therefore, to consider a more complex model. Despite the fact that the
computer-simulated lines do not match exactly the observed lines in the wings, they can be used to
compute the temperature, the optical density, and the influence of the instrument function very
well. Also the Lorentz width can be obtained, however the question about the interpretation
remains.

The greatest uncertainties in the estimated parameters can arise because of poor knowledge of
the instrument influence. To get additional information about the influence of instrument
functions, we measured the resonance line also by means of a Zeeman spectrometer. In Fig. 7, two
examples of the registered and modeled profiles are shown using the Zeeman spectrometer (Fig.
7). The profile was observed from Hg 202 isotope lamp with argon pressure pa,= 10 Torr by the
current value of 160mA. In the case of Zeeman spectrometer, the instrument function can be
approximated by the Gaussian profile at the room temperature of 20 °C for the absorbing mercury
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Fig. 7. Demonstration of the influence of the instrument function on the real spectral line profile: the 253.7 nm spectral
line shape emitted from Hg 202 isotope lamp and registered by means of a Zeeman spectrometer.
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atoms what corresponds to the FWHM of the instrument function dving, =0.036cm™". In this
case, the instrument function is quite narrow. The example in the Fig. 7 demonstrates that also by
so small values of the instrument function it has a significant influence on the dip in the center of
the line. Therefore, it is important to take into account the instrument function, especially in the
cases when a plasma diagnostics is performed according to the value of the self-reversal.
Comparing the line profiles, registered by these two different techniques, we obtained the
influence of the instrument function. For the experiments with the Fabry—Perot interferometer we
estimated the value of Rr=0.8 (80%), corresponding to the spectral width of 0.071cm™". The
instrument function of the Fabry—Perrot interferometer has larger influence on the wings of the
spectral line.

5. Conclusion

The profiles of the 253.7nm spectral line, emitted from the capillary and the spherical
argon—-mercury isotope HF electrodeless discharge, were measured by means of a pressure
scanned Fabry—Perot spectrometer. Spectral line profiles were collected from two lamps, filled by
room temperature at the argon pressure of 2 and 10Torr, in dependence on the cold spot
temperature and the discharge current. By means of the multi-parameter non-linear line profile
fitting procedure, the temperature and the optical density changes were estimated versus both, the
HF generator current and the Hg vapor pressure. The capillary and spherical discharge conditions
were compared. For the capillary discharge the estimated temperature of the radiating atoms
changes from 345 to 660K in dependence on both, the HF current and the argon pressure. The
estimated temperature of the radiating atoms is of about 1300 K for the spherical discharge. The
estimated temperature values show a good agreement with previous measurements for spherical
discharge lamps. The optimal working conditions avoiding self-absorption were obtained. The
measurements were completed by means of the Zeeman scanning spectrometer, allowing getting
additional information about the instrument functions. The necessity to take into account the
instrument function also by comparable small values of its width is shown.
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Abstract

The number densities of Ar 3s>3p’4s levels have been measured by means
of two methods: a self-absorption method with a mirror behind the discharge
vessel and an absorption method with a high-frequency electrodeless
discharge lamp. Concentrations ranging from 6 x 10’—4 x 10° cm™> were
obtained for the Ar 3s?3p°4s levels, depending on the argon content
(10-100% Ar) in Ar/H, microwave plasma. The populations of various
sublevels of measured resonant and metastable states coincide within the
experimental errors. It was observed that values from measurements of both

methods are in good agreement.

1. Introduction

Argon, like other rare gases, is chemically inert in the ground
state. Therefore, it is widely used in different plasmas as a
buffer gas and for discharge stabilization.

Rare gases have long-lived metastable states that can
release significant energies when they strike a surface; this is
the reason why they are used in atom lithography [1]. Due to a
potentially large reservoir of relatively high-energy species,
metastables can influence electron distribution significantly
[2]. Long radiative lifetimes of metastables states ensure the
relatively high density of the excited particles produced in a
weakly ionized or excited gas.

Argon metastable atoms in the 3Py and 3P, states play
an important role in the number of secondary processes
(collisions) occurring in the plasma of gas discharges in pure
argon or mixtures of argon with other gases, for example,
with hydrogen [3,4]. The discharge kinetics can substantially
depend on the population of the *Py and 3P, states because
various step processes proceed via these states. Therefore,
the development of reliable methods for determining the
populations of the argon metastable states is of great interest
for the diagnostics of argon-containing plasmas [5].

0963-0252/06/030391+05$30.00 © 2006 IOP Publishing Ltd Printed in the UK

For determining the populations of argon metastable states
different methods have been used: laser absorption (using a
dye-tuneable laser) [6, 7], LIF [8], absorption [9, 10] and self-
absorption methods [11].

In the present study absorption and self-absorption
methods, based on the determination of the product of the
transition probability Aj; and the population density N, that is
Ay N [12], have been used to obtain the population densities
of the Ar 3s23p°4s levels.

The aim of the work was to compare two methods: the
self-absorption method with one mirror and the absorption
method with a high-frequency electrodeless discharge lamp
(HFEDL) [12]. HFEDLs have been widely used for metal
concentration determination in AAS [13-16].

2. Theoretical background

2.1. Determination of the number densities

The population densities of Ar 3s?3p>4s (using Paschen
notations: s, S3, s4 and ss) levels were measured by means
of two methods: the self-absorption method with one mirror
behind the discharge vessel and the absorption method with a
HFEDL behind the discharge vessel [12].
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The absorption coefficient distribution function « (v) of the
light source is connected to the product Ay; Nin the following
way:

[} 2
/ cw)dv = 5554, N;, 1)
0 8i 8mvy;
where Aj; is the transition probability of transition with
frequency vi;; g and g are the statistical weights of both
levels i and k; c is the velocity of light and N; the population
of the state i.

Formula (1) shows that it is possible to determine the
population N; by knowing the distribution function of the
absorption coefficient x (v) and the transition probability Ay;.

Assuming that the broadening of the spectral lines is
mostly determined by the Doppler effect, the population of
the state i of absorption transition i — k may be presented as

_&A)\.D Ko

= x 0.81 x 10%, 2
g A A @

where ALp is the Doppler half-width depending on the gas
temperature; ko, the absorption coefficient at the centre of the
line and Xy; the transition wavelength.

From formula (2) one may see that in the case of
Doppler broadening it is necessary to know only the absorption
coefficient k at the centre of the line to get population N; of
the state i.

2.2. Method with a mirror

In the case of the method with the mirror, the absorption
coefficient was obtained by the numerical solution of the
following equation system [12]:

0 —2iple="
oo (I —e 2 Ydw

f_oooo (1 — el Yde , 3)
_ (I+r)—Un/l)
r

A

where I, and I, are the line intensities measured with and
without the mirror; / is a path length; r is the reflection
coefficient of the mirror; w = ZM((V — i)/ (Avp), Kk,l
is the optical density and A the relative absorption.

The absorption coefficient ko was obtained comparing the
values of experimentally obtained (the second equation in the
system (3)) and calculated (the first equation in the system
(3)) relative absorption A, assuming that the optical length / is
known. The theoretical calculations of the relative absorption
A at certain values of optical density «o/ were performed by
the algorithm written in Maple®.

2.3. Method with a HFEDL

For the method with the HFEDL the following equation system
has been used:

7{112

[ e @/ (1 — e~ ydew
o0 — 2
fioo e (w/a) dw

I+ 1Ip — I
4, = tle =l
I
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Figure 1. Theoretically calculated relative absorption A,, as a
function of optical density k!, for the method with a HFEDL.

where Ip is the line intensity emitted from the discharge vessel
(the lamp turned off); I is the line intensity only from the
lamp (the discharge in the vessel is turned off); Iy ,p is the line
intensity from both light sources; « is a ratio of the HFEDL
(lamp) emission line half-width to the absorption line half-
width of the discharge in the vessel [12] and A, the relative
absorption. The formula system (4) is derived for the case of
the Doppler-broadened emission and absorption lines.

The theoretical calculations of relative absorption A,
(the first equation in the system (4)) depending on optical
density k¢! and parameter o, were performed with the help
of algorithms written in Maple®(figure 1).

The relative absorption A, can be obtained experimentally
by measuring intensities of the line emitted from the discharge
vessel (Ip), only from the lamp (/1 ) and from both light sources
(IL+p) (the second equation of the system (4)).

In the same manner as for the method with the mirror, the
absorption coefficient xy was obtained comparing the values
of experimentally obtained and calculated relative absorption
Ay

3. Experimental

The plasma source under study was the H, + Ar microwave
discharge excited by a planar microwave applicator. The
microwave power was (generator SAIREM 2.45 GHz) coupled
into the plasma from the top by a special waveguide system
through a quartz window transparent for microwaves. The
plasma was mainly excited in the top part of the vessel just
below the microwave window [17]. The total input power
was held constant ( W = 2.26kW). Gas flow controllers
and a butterfly valve in the gas exhaust allowed for having
an independent control of gas inflow (¢ = 200sccm) and
pressure (p = 0.5mbar). The gas inflow rate and pressure
were constant during the experiment time. Different Ar:H,
ratios were studied (Ar content was changed from 10-100%).

For the self-absorption measurements the gold plane
mirror (for the absorption measurements argon HFEDL —argon
lamp manufactured at Institute of Atomic Physics of University
of Latvia) was placed behind the discharge vessel (figure 2).
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Figure 2. Schematic diagram of the experimental set-up.

Table 1. Measured Ar spectral lines.

sz (1) s3 (m) s4 (1) s5 (m)

g =3 g&=1  g=3 g=5

750.384 794.818 667.728 696.543
826.452 866.794 727.293  706.722
840.821 — 738.398  714.704
852.144 — 751.465 763.511
— — 800.616  772.376
— — 810.369 801.479
— — 842.465 811.531

Plasma emission, reflected from the mirror, or the light from
the lamp was focused on the entrance of an optical cable by
means of the lens and diaphragm system.

For the measurements a Czerny—Turner monochromator
(EG&G Princeton Applied Research Model 1236 OMA
0.5 Meter Spectrograph) with gratings 600 gmm~' and
1200 gmm~! was used.

The light was detected by means of a charge-coupled
device matrix detector (Princeton Applied Research, OMA-
Vision CCD Array, water cooled, 512 x 512 pixel) connected
to the computer. The resolving power of the system
monochrometer CCD camera was as follows: (1) for the grating
with 600 gmm~': ~18 pixelsnm~!; (2) for the grating with
1200 gmm~!: ~34 pixels nm~'.

The emission spectra of the discharge under study have
been recorded in the wavelength range A = 620-870 nm.
The wavelength calibration was done by means of known Ar
spectral lines.

The intensities of different lines were measured for the
population density determination of every Ar 3s23p’4s level.
Measured spectral Ar lines are shown in table 1 (wavelengths
given in nanometres; the statistical weights of the levels are
shown in the second row of the table).

Argon energy level diagram is shown in figure 3. Values
of the atomic transition probabilities for the Ar I 4s—4p
transition array were used from [18]. The effective reflection
coefficient r has been determined experimentally by intensity
measurements of several optically thin Ar lines at the small
values of Ar content (10% Ar) in the plasma. It was found that
r = 0.75 £ 0.02 and it is independent of the wavelength.

To obtain number densities of the chosen levels one has
to know the Doppler half-width of the measured line or the
plasma temperature. In the present work the temperature of

Arl
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Figure 3. Partial energy level diagram of neutral argon (Paschen
notations are used to represent levels). The measured transitions
between Ar I 4s—4 p levels are shown.

the plasma was determined experimentally using the well-
known method based on measured intensity distribution over
rotational levels (in the present study Fulcher-o (2-2)Q band
system of hydrogen have been used) [19-23]. The measured
plasma temperature was T = 870 &+ 75 K.

Taking into account that temperature of the HFEDL was
estimated to be approximately 1000 K, the ratio « in (4) was
determined to be equal to 1.15.

4. Results and discussion

The scaled population densities of Ar 3s>3p°4s levels measured
by means of the method with the mirror are shown in
figure 4. The scaled populations are absolute values of the
level population densities divided by their statistical weights
(2J + 1), representing the average populations of the multiplet
structure sublevels. At the equilibrium conditions they should
have almost the same energy, 11.55, 11.62, 1.72 and 11.83 eV
for sy, s3, s4 and ss, respectively [11].

One may see from figure 4 that the populations of various
sublevels of all resonant and metastable states coincide within
the experimental errors at constant Ar content. The same may
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Figure 4. The scaled population densities of 3s>3p°4s levels of Ar,
measured by means of the method with a mirror, depending on
argon content.

be seen in figure 5, where the scaled population densities of the
Ar levels measured by the absorption method with the HFEDL
are shown as a function of the argon content in the plasma. This
can be explained by the long effective lifetimes of the resonant
levels (due to self-absorption of the resonant radiation) and
a high enough rate of collisional transitions between the Ar
3s23p°4s levels. So the metastable and resonant levels of Ar
are actually mixed in the plasma under the study [11].

Both methods show a decrease in the number densities
of the argon metastable species by increasing the hydrogen
content in the plasma. This could be explained by the
quenching of the argon metastable atoms in the collisions with
H, molecules [24].

Using the self-absorption method with the mirror it is
difficult to measure number densities at small concentrations
of argon due to small signal-to-noise ratio.

The absorption method using the HFEDL ensures much
higher precision and enables measuring the number densities
in a wider range of experimental conditions due to the high
intensity and stability of the HFEDL.

At smaller values of Ar content in the plasma the
experimental errors are larger due to the small intensity of
the lines used for these measurements.

Values of number densities of the Ar 3s?3p°4s levels
from measurements using both methods are in good agreement
(figures 6 and 7). The errors due to the slight plasma
temperature inhomogenity across the discharge volume can be
neglected because the total discharge length was much longer
compared with the small regions near the windows.

In general, both methods can be successfully applied for
the determination of the number densities with good precision
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Figure 5. The scaled population densities of 3s?3p°4s levels of Ar,
measured by means of the method with a HFEDL, depending on
argon content.
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Figure 6. The scaled population densities of s, and s4 (resonant)
levels of Ar, determined by means of both methods, depending on
argon content.

in low-temperature plasmas. There are two main requirements
for these methods: (1) the plasma should be homogeneous and
(2) the real line profile should correspond to the profile that the
calculations were made for. Usually, low-pressure plasmas
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Figure 7. The scaled population densities of s; and ss (metastable)
levels of Ar, determined by means of both methods, depending on
argon content.

satisfy requirements (1). If the plasma is not homogeneous, it
is necessary to know the distribution function of the absorption
coefficient. If, along the axis, there is difference only in the
concentration of the absorbing species, then it is enough to
introduce the effective length. Other restrictions are more or
less technical.

5. Conclusion

The number densities of the Ar 3s23p°4s levels have been
measured by means of two methods: the self-absorption
method with a mirror behind the discharge vessel and the
absorption method with a HFEDL. Concentrations, ranging
from 6x 107 to4 x 10° cm™3, were obtained for the Ar 3s?3p’4s
levels, depending on the argon content (10-100% Ar) in the
Ar/H, microwave plasma. The increase in the percentage of
hydrogen in the argon plasma leads to the decrease of the argon
4s states. The results, obtained using both methods are in good
agreement.

The populations of various sublevels of the measured res-
onant and metastable states coincide within the experimental
errors at constant Ar content due to collisional mixing. The
total population of all the 12 sublevels may reach 5-10'° cm—3
at high values of Ar content in the plasma.

It was found that the absorption method using the HFEDL
ensures much higher precision and enables the measuring

of the number densities in a wider range of experimental
conditions due to the high intensity and stability of the HFEDL.
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Study of Inductive Coupled Hydrogen and
Argon Plasma Interaction with SiO, Glass

Atis Skudra,* Gita Revalde, Zanda Gavare, Natalia Zorina

This work is devoted to the diagnostics of interaction between hydrogen and argon with the
surface of SiO, glass walls. For diagnostics of the interaction, special high-frequency electro-
deless light sources were prepared, filled with pure argon of 1 Torr or argon-hydrogen of total
pressure of 1 Torr (Ar/H, mixing ratio is 9:1). Besides the mostly used spherical and cylindrical
lamps, dumbbell type lamps have also been investigated. The spectroscopic and AFM
measurements showed that in comparison with pure argon plasma, the argon-hydrogen
plasma causes non-uniform changes of the SiO, surface. For these modifications active OH are
primarily responsible molecules, created in the reactions of hydrogen molecules with oxygen

molecules, adsorbed from the walls.

Introduction

Our work is connected with the preparation and investiga-
tion of high-frequency (HF) light sources, excited by means
of outer electrodes, so-called, high-frequency electrodeless
light sources (HFELS). The HFELS are widely used as bright
radiators of narrow and intensive spectral lines covering
spectralregion from VUV toIR. The HFELS vessels are mostly
made of SiO, glasses and filled with different metal vapors
and rare gases at low pressure. High frequency electro-
magnetic fleld is applied to induce an inductive coupled
discharge.™]

Low-temperature discharge plasma in lamps contains
active particles which are created by means of the
electromagnetic field, thermal, and chemical conditions.
They are responsible for the flexibility of plasma processes
for surface cleaning. The appearance of the particles and
their interaction are influenced by many parameters, for
example, power of the exciting electromagnetic field, type
and amount of the filling elements, purity of the HFELS
vessels.

In general, the rate of surface modification depends
partly on the rate of adsorption of the activated gas atoms,
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ions, and molecules. This adsorption rate is inversely
proportional to the wall temperature of HFELS vessel.

In our previous work, we investigated the temperatures
of the helium HFELS SiO, glass wall.”! The measurements
showed that the oxygen is emitted exactly from the
glass (SiO,) walls of the bulb. The rate of emission has been
determined to be directly related to the temperature of the
wall and depends also on helium pressures. This work is
devoted tothe diagnostics of interaction between hydrogen
and argon with the surface of SiO, glass walls.

Spectral Measurements

In this work we have investigated HFELS samples (lamps),
filled with pure argon (Ar) of 1Torr or argon-hydrogen
(Ar+H,) of total pressure of 1 Torr (Ar/H, mixing ratiois 9:1).
The HFELS samples of different forms have been manu-
factured. Besides the mostly used spherical and cylindrical
lamps, dumbbell type lamps have been also made.

In Figure 1 electrodeless lamp examples are shown.
Dumbbell form lamp consists of three parts: (i) spherical;
(ii) capillary; (iii) cylindrical. In Figure 1(d) argon and
hydrogen dumbbell lamp, placed in the high frequency
excitation generator is illustrated. The excitation coil was
placed around the part that was investigated. The excita-
tion frequency of the applied high frequency electromag-
netic field was of 100 MHz and power of the field was of
several watts.
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Figure 1. Different forms of the electrodeless lamps. The lamps have different forms: a) spherical; b) cylindrical; ) dumbbell. Dumbbell form

lamp consists of three parts: 1) spherical; 2) capillary; 3) cylindrical.

For the diagnostic purposes, the emission spectra of the
manufactured HFELS of different forms have beenrecorded.
In the wavelength range from 200 to 850 nm, the emission
spectra of inductively coupled discharges were registered
with Avantes spectrometer AVS-PC2000. In the emission
spectra of argon—hydrogen lamps, strong atomic lines of
both, argon and hydrogen can be observed. To detect the
presence of the hydrogen molecules, more detailed spectral
measurements of the relative intensities of the Ar+H,
HFELS in the wavelength range A =622-627nm were
made by means of the Jobin Yvon SPEX 1000M spectrometer
and Symphony CCD camera. The emission spectra of this
spectral region contains rotational Q1-Q5 lines of the (2-2)Q
branch of the Fulcher-a band system of the hydrogen
molecule d°IT,, v/ =2, N—a’3;, v/ =2, N.

The examples of the obtained spectra of the HFEDL of
spherical, cylindrical and dumbbell form are shown in
Figure 2. In Figure 2 the solid line indicates the spectrum of
spherical or cylindrical lamp (Figure 1(a,b)). The molecular
Fulcher-« (2-2)Q band of H, can be clearly observed in these
types of lamps. The relative intensity distribution of the
lines of this band can be used to determine gas tempera-
ture.®) In Figure 2 the dotted line indicates the spectrum of

dumbbell form lamp (Figure 1(c)). In spite of the fact that
lamp filling was identical and the exposal time for the
dumbbell lamp spectra measurement was 100 times higher
as for the spherical/cylindrical lamps, we could not register
the molecular lines of hydrogen Fulcher-« band. Thus, we
can conclude that there is no excited hydrogen molecules in
the dumbbell form HFELS in the discharge region.

In the same time, we can notice very strong OH band at
306.4nm (Figure 3) in the dumbbell lamp spectra. OH
molecule was created from H, which was filled in the lamp
and O,, which was emitted directly from the SiO, glass
walls of the lamp during the discharge. The observed
spectral differences could be explained by the fact that OHis
easier to excite in the electromagnetic field due to the
presence of the electrical charge (OH™ is radical, not neutral
molecule like H,). These OH groups participate very actively
in the surface modifications.

Measurements by Means of an Atomic Force
Microscope

Topography of the HF electrodeless light source SiO, wall
surface was studied by means of an
atomic force microscope (AFM) in a non-

12 000
8 000

4000

contact mode.!*! The AFM tips, having a
radius of curvature less than 35 nm, were
silicon nitride (Park Scientific instru-
ments) cantilevers. No filters were used
for image processing except line-to-line
leveling. The force constant of each

cantilever was measured by calibrated
cantilevers and found to be 0.1 and
0.16 N/m for cantilevers of two different

1000 4/,

dimensions. In the previous work by
investigation of the inner surfaces of the
light sources, we found that high fre-

6226 622,8 623,0 623,2

A, M

623,4

-------- Dumbbell-form lamp
— Spherical / Cylindrical lamp

Figure 2. Spectra of Ar+H, high frequency electrodeless lamps in region from 622 till
627 nm. Solid line: cylindrical or spherical lamp; dotted line: dumbbell form lamp.
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quency discharge makes substantial
changes on the SiO, glass surface.”

In this work we compare changes on
the inner surface of lamps filled with
pure argon and with argon—hydrogen
mixture. In Figure 4 the images of inner
surface of different HFELS are shown. In

623,8
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Figure 3. Spectra of Ar+H, high frequency electrodeless dumbbell
lamps in region from 306 till 316 nm.
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Figure 4(a) the inner surface of the spherical argon
electrodeless lamp is shown, while Figure 4(b—d) represents
the examples of inner surfaces of dumbbell argon-—
hydrogen electrodeless lamp. The surface was studied in
the three different parts (1-3) of this lamp as shown in
Figure 1(c).

The surface parameters for the lamps with Ar+H,
mixture and pure Ar fillings are given in the Table 1.

The SiO, surface topography by the treatment with pure
argon plasma (Figure 4(a)) is uniform, with comparably
small peak height and average deviation similar as
observed before in our work.!! At the presence of hydrogen
and OH groups in plasma (Figure 4(b—d)) the surface
modifications are significant, that is demonstrated by the
surface parameters, listed in the Table 1. The peak density is
largely decreased while the peak height is increased which
is in good agreement with the observations made by
Makihara et al.! It is interesting to observe that the surface
changes are different also in different parts of the argon—
hydrogen lamp Figure 4(b—d)). It might be caused by
different plasma conditions and different OH group density
in different places of the lamp.

3.0 pma.o pum

424n

3.0 um

30pm

d)

Figure 4. AFM images of inner surface of: (a) spherical pure Ar electrodeless lamp; (b) dumbbell Ar+H, electrodeless lamp (part 1 of lamp-
sphere); (c) Ar+H, electrodeless lamp (part 2 of lamp-capillary);(d) Ar+H, electrodeless lamp (part 3 of lamp-cylinder).

Plasma Process. Polym. 2009, 6, 5183-5186
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I Table 1. Surface parameters for argon electrodeless spherical lamp and different parts of argon-hydrogen lamp.

Parameter Ar lamp Ar+H, lamp (part 1) Ar+H, lamp (part 2) Ar+H, lamp (part 3)
Standard deviation: 1.191nm 13.615nm 21.810 nm 10.114nm
Max 6.244nm 289.102 nm 142.243 nm 103.755 nm
Min —3.033nm —39.260nm —63.376 nm —22.387nm
Average deviation: 945.246 pm 4.068 nm 13.515nm 4.007 nm
Skew 0.932 9.08 211 6.05
Kurtosis 0.781 120.00 9.37 45.60
Conclusion Acknowledgements: The work was partly supported by European

The emission spectra of cylindrical and spherical argon—
hydrogen high frequency electrodeless light sources
comprises intensive hydrogen molecular rotational Ful-
cher-a (2-2)Q b and, however, in the spectra of dumbbell
lamp this band can not be observed. In the same time, in the
spectra of this lamp the OH band (at 306 nm) can be clearly
seen. In the spectra of all these lamps the atomic lines of
hydrogen could be observed.

The light source SiO, glass wall inner surface modifica-
tions in interaction with the plasma were compared for
pure argon and argon—hydrogen lamps. During the
electrodeless lamp operation, plasma interacts with the
SiO, glass walls, causing nanoscale modifications of this
material. Argon—hydrogen plasma causes large and non-
uniform changes of the SiO, surface in comparison with
pure argon plasma. Hydrogen molecules together with
oxygen molecules, adsorbed from the walls, create
active OH molecules which are primarily responsible for
the surface modifications in argon—hydrogen plasma. The
surface changes are different at different parts of the lamp
(spherical, capillary, and cylindrical parts of the dumbbell
lamp). It might be caused by different plasma conditions
and different OH group density in different places of the
lamp. To explain these differences, more detailed investiga-
tions are necessary.
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The goal of the present work was the investigation of the possibility to use intensity distribution of the Q-branch lines of the
hydrogen Fulcher-a diagonal band (d°I1;, — a° z; electronic transition; Q-branch with v = v' = 2) to determine the temperature
of hydrogen containing high-frequency electrodeless lamps (HFEDLs). The values of the rotational temperatures have been
obtained from the relative intensity distributions for hydrogen-helium and hydrogen-argon HFEDLs depending on the applied
current. The results have been compared with the method of temperature derivation from Doppler profiles of He 667.8 nm and Ar
772.4nm lines. The results of both methods are in good agreement, showing that the method of gas temperature determination

from the intensity distribution in the hydrogen Fulcher-a (2-2)Q band can be used for the hydrogen containing HFEDLs. It was

observed that the admixture of 10% hydrogen in the argon HFEDLs significantly reduces the gas temperature.

1. Introduction

The high-frequency electrodeless lamps (HFEDLs) are well
known as a bright radiators of narrow and intense spectral
lines in wide spectral range from vacuum ultra violet to
infrared. These lamps are widely used in Atomic Absorption
Spectroscopy for the determination of metal concentrations
[1, 2], and they are of interest in plasma-surface interaction
investigations due to lack of electrodes [3, 4]. For the appli-
cation of HFEDLs and for the discharge plasma modeling it
is important to estimate the plasma parameters in the lamps.
It is of particular importance to determine and control the
gas temperature, since this parameter plays an important role
for many relevant plasma processes. In our previous work for
the discharge gas temperature estimation in HFEDLs we used
the high-resolution spectroscopy method of the emission
spectral line shape measurements using Fabry-Perot interfer-
ometer and Zeeman spectrometer and nonlinear spectral line
shape modeling [5]. However, the method of the line shape
modeling is very complicated due to the necessity to solve the
incorrect inverse task [6]. It is of great interest to find other
methods and verify their applicability for the determination

of plasma temperature in HFEDLs. In the case of hydrogen
containing plasmas, one of the commonly used techniques
for the determination of gas temperature is based on the
measurements of the intensity distribution in the rotational
bands of hydrogen molecule [7-18], for instance, (0-0), (1-
1), (2-2), and (3-3) Q-branches of Fulcher-a (d°TI; -
a3Z;) electronic transition [9—-18]. The determination of
the gas temperature from measured intensity distribution
in rotational bands is based on a certain theoretical model,
which involves series of assumptions about the mecha-
nism of the excitation-deexcitation of rotational-vibrational
(vibronic) levels of hydrogen. According to this model, the
translational gas temperature may be in equilibrium with
rotational temperature determined from either upper or
lower energy level depending on processes in plasma under
study [8, 12, 14].

For example, as it was shown by Tomasini et al. [12],
in the case of hydrogen containing microwave discharge
the ground state rotational temperature can be used at
pressure of 0.5 Torr to derive the gas temperature, while at
higher pressure (1 Torr) the authors observed discrepancy
between temperature obtained from the Doppler broadening



and rotational temperature derived from the ground state
energies.

Garg et al. [14] compared temperature values obtained
from hydrogen Fulcher-a (0-0)Q-branch with those derived
from the rotational band of N, molecule. They found that in
the microwave plasma at pressure 10 Torr, the H, rotational
temperatures derived using upper and lower level rotational
constants are far from equilibrium with translational temper-
ature and they do not accurately represent the translational
temperature under their experimental conditions.

Iordanova [17] used the ground state rotational tem-
perature of hydrogen molecule to derive temperature of the
RF (excited at 27 MHz frequency) inductively driven H,
plasma in the pressure range 26—60 mTorr, estimating that
in this pressure range and at gas temperatures 300-900 K the
characteristic time between heavy particle collisions is much
longer than the radiation lifetime of the excited state, which
means that the rotational distribution in the excited state is
an image of the rotational distribution in the ground state.

Lebedev and Mokeev [18] used Fulcher-a (2-2)Q-branch
to determine the microwave plasma temperature at pressures
1-8 Torr. They argued that at pressure 1 Torr the collision
frequency voni is much smaller than the radiative destruction
frequency v* (veon < v*), concluding that under their
experimental conditions the gas temperature can be derived
from the ground state rotational energies.

In each particular case, the relation between the rota-
tional and translational temperatures needs to be verified.
One way to establish the relationship between both temper-
atures is the comparison of the rotational temperature with
that obtained by other methods, for example, the rovibra-
tional bands of N, molecule [14] or Doppler broadening of
the lines [12].

The Fulcher-a Q-branches have been used for the plasma
temperature determination in different kinds of discharges;
however for the diagnostics of the high-frequency electrode-
less discharge lamps (excited at about 100 MHz frequency) it
was not used before. Therefore, the goal of the present work
was to investigate the possibility to use relative intensities of
the Q-branch lines of the hydrogen Fulcher-« diagonal band
(@11, - a32‘;§ electronic transition; Q branch with v =
v = 2) in spectroscopic diagnostics of hydrogen containing
HFEDLs. In this paper, the H, rotational temperature was
obtained from the intensity measurements of Fulcher-a
(2-2) Q-branch, and the results were compared with the
temperature derived from the measurements of Doppler
broadening of Ar and He atomic lines.

2. Experiment

The plasma sources under study was helium HFEDLs
with hydrogen (py. =~ 0.9Torr, py, = 0.1Torr) and
argon HFEDLs with hydrogen (p,, =~ 0.9Torr, py, =
0.1 Torr) manufactured at the Institute of Atomic Physics and
Spectroscopy, University of Latvia. The cylindrical lamps with
diameter of 2 cm and the length of 4 cm were placed into an
induction coil and an inductive coupled discharge was exited
by means of a high-frequency field of about 100 MHz fre-
quency. The power of the discharge was changed, changing
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the applied current i into the coil in the region 80-200 mA.
The gas temperature dependence from the current i in the
induction coil was investigated.

The gas temperature of hydrogen and helium or argon
containing HFEDL has been measured by two methods:
using the relative intensities of the hydrogen (2-2)Q branch
of Fulcher-a band and using the temperature derivation from
Doppler profile of He 667.8nm (He I 2'P-3'D) and Ar
772.4nm (Ar I 1s5—2p,) lines.

2.1. Experimental Setup for the Rotational Temperature
Determination. The light from the lamp was imaged on the
entrance slit of the spectrometer (JobinYvon SPEX 1000 M,
grating 12001 - mm™!, focal length 1 m) and detected by
means of a charge-coupled device matrix detector (2048 x
512 Thermoelectric Front Illuminated UV Sensitive CCD
Detector, Simphony). With this detector a spectral range of
about 15nm can be recorded at one time. The resolving
power of the system spectrometer-CCD camera was ~136
pixels - nm~!. The entrance slit was set at 30 yum. In Figure 1
the experimental setup for the temperature measurements is
shown.

The emission spectra of the discharge under study have
been recorded in the wavelength range A = 620-630 nm,
containing first five lines of the (2-2)Q branch of the Fulcher-
a band system of the hydrogen molecule. Figure 2 shows
an example of the recorded emission spectra of hydrogen
containing HFEDL.

2.2. Experimental Setup for the Gas Temperature Determi-
nation from the Line Profile. The experimental setup for
the spectral line shape registration by means of the Fabry-
Perot interferometer is shown in Figure 3. The light, collected
from the lamp, is transmitted through the pressure-scanned
interferometer, focused on a monochromator, amplified and
registered by means of a photomultiplier. Line profiles of He
667.8 nm (or Ar 772.4nm) line were recorded using mirrors
with a dielectric coating and a 1.4 cm spacer (free spectral
range of 0.36cm™1).

The experimental work was organised in the following
way. First, the measurement session was performed to obtain
the gas temperature from the Fulcher-a band system of
hydrogen (the first session). The first five lines Q;—Qs
could be distinguished and their intensity measured. The
second session of measurements was performed to derive the
temperature from the Doppler profile of helium or argon
lines. After the second measurement session the control
measurements of the lamp spectra was made (the control
session).

3. Theoretical

3.1. Rotational Temperature Determination. The determina-
tion of the rotational temperature is based on the measure-
ments of relative intensity distributions in the vibronic bands
of Fulcher-a system; in this case, rovibronic line (Q;-Qs)
intensities of Q-branch of the hydrogen Fulcher-a diagonal
band (d°TT, (v =2) — @’} (v' = 2)electronic transition)
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FiGure 2: Example of a typical emission spectra of the hydrogen
containing plasma of HFEDL recorded at applied current i =
80 mA, in the wavelength region containing five lines of the (2-2)Q
branch of the Fulcher-a band system of the H, molecule.

have been used. The transition diagram for these lines is
shown in Figure 4.

The method of the determination of the gas temperature
is described in detail in [8-10, 16, 19-21].

According to this model, the translational gas temper-
ature may be in equilibrium with rotational temperature
determined from either upper or lower energy level depend-
ing on processes in plasma under study [8, 12, 14, 16].

(i) The rotational temperature determined from the
excited upper level can be equal to the translational
temperature if the rotational relaxation time from
the upper to the lower level is much smaller than
the radiative lifetime (the destruction frequency of
the dI1, state v* is lower than the neutral species
rotational mixing collision frequency veolr, ¥* < Veoll)s
and equilibrium between the rotational distribution
and the neutral velocity distribution is achieved.

(ii) If the upper level is only populated by direct electron
impact from the ground state, then the upper level
rotational distribution is the image of the lower level
rotational distribution. In this case the rotational
temperature obtained from the lower level can be
considered as a valid estimation of translational
temperature. This condition is satisfied for low-
pressure plasmas [14, 17].

It is necessary to mention that for the precise temperature
derivation from the Fulcher-a bands it is necessary to take

10

FiGURE 3: Experimental setup for spectral line profile measurements
based on a pressure scanned Fabry-Perot interferometer. 1: Lamp
inside the generator; 2: lens; 3: Fabry-Perot interferometer; 4,
5: capillary; 6: vacuum chamber; 7: lens; 8: monochromator; 9:
photomultiplier; 10: power supply; 11: amplifier; 12: PC.

into account the excitation rate and vibrational distribution,
for example, as it was done in [19-21]. Kado et al. in their
work [19] show that there is a small discrepancy between
values of rotational temperature derived with and without
taking into account the vibrational excitation. However
within the framework of this study we will use simple model
with the following assumptions [8-10, 16]:

(1) the population distribution in the ground X'X}
(v = 0) vibronic state obeys Boltzmann’s law (with
the rotational temperature equal to gas temperature
Tg)§

(2) the excited states are populated mainly via electron
collisions from the ground X 12; (v = 0) vibronic
state;

(3) the transitions with a change in angular momentum
[AN| = 2 may be neglected, and the rate coefficients
are assumed to be independent of the rotational
quantum number;

(4) the effective lifetime of the excited state does not
depend on the rotational quantum number and is
much shorter than the relaxation time of rotational
levels.

In addition to the previous assumptions, if we assume
that the rovibronic transition probability of the Q lines of
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FIGURE 4: The transition diagram of the first five lines of hydrogen Fulcher-« (2-2)Q band.

TaBLE 1: Transition parameters for the first five lines of (2-2)Q
branch of Fulcher-a band of hydrogen molecule [22-24].

Line Exon, K N Gas A, nm

Q 170,50 1 3 622.4815
Q, 509,80 2 1 623.0258
Qs 1015,10 3 3 623.8391
Qq 1681,60 4 1 624.9150
Qs 2503,80 5 3 626.2495

Fulcher-a (2-2) band does not depend on the rotational
quantum number, the population of the level d°IT;, (v = 2,
N) is related to the rotational temperature in the following
way:

N,uyN o S’K/NN’
3
Zast CN L) (N ) g - N +1) 0
oc exp(—@>
Trot ’
where N,y is the population of the level &’II; (v = 2,

N), 1Y is measured intensity of a spectral line, V7,
is wavenumber of the radiative transition (in cm™!), g, is
statistical weight of the d°I1; (v = 2, N) level, N is rotational
quantum number, Exqy is rotational energy of the ground
state (in K), and Ty is the temperature (in K). From (1) one
may conclude that it is possible to determine the rotational
temperature (equal to the gas temperature) by measuring
the line intensities and knowing the transition parameters.
The transition parameters for the lines of (2-2)Q branch of
Fulcher-a band can be seen in Table 1 [22-24].

To determine the plasma temperature the formula (1)
can be expressed through the logarithm in the following way:

Im/N

nV N’ _ Exon

Trot

In

2

3 + const,
() gas - QN +1)

where in const all factors, which do not depend on the
rotational quantum number, are combined. For the deter-
mination of the gas temperature it is necessary to plot the
dependence of the logarithm of the reduced line intensity
(left side of (2)) on the molecular rotational energy in
the ground state Exoy. A typical semilogarithmic plot of
the Fulcher-a (2-2)Q branch lines is shown in Figures
5(a) and 5(b) for hydrogen-helium and hydrogen-argon
HFEDLs, respectively. The temperature then can be obtained
by applying the linear fit.

The linearity of these plots (Figure5) indicates the
Boltzmann distribution over the rotational levels. It can
be seen that the point corresponding to the line Qs is
higher (especially for the Ar + H, HFEDL, see Figure 5(b)),
indicating the deviation from the Boltzmann distribution for
this rotational level. The difference is only about 5%; yet it
was excluded from the plots of Ar + H, HFEDL.

3.2. Gas Temperature Determination from the Line Profile.
The gas temperature of the plasma under study has been
obtained from the Doppler widths of the shapes of spectral
lines (He 667.8 nm or Ar 772.4 nm), measured using Fabry-
Perot interferometer.

The problem is that spectral line profile, registered by
means of the interferometer, differs significantly from the
real one. The observed distribution f(x) is given by a
convolution:

+o0
f0 =] fremy) - f Oy e, )
where f”(x) is the real profile of a spectral line, f’(x) is the
instrument function, and &(x) is the function characterizing
random errors. To determine the real spectral line profile
f"(x) (in our case—the real Doppler profile), it is necessary
to solve the inverse task (see (3)). We used another method—
the line fitting by means of a nonlinear multiparameter chi-
square fit. It was assumed that the form of the experimental
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FIGURE 5: The semilogarithmic plot of scaled intensity of Fulcher-a (2-2)Q lines versus rotational energy of the molecular hydrogen ground
state: (a) He + H, HFEDL and (b) Ar + H, HFEDL, at i = 80 mA and i = 200 mA.

profile can be approximated by the Voigt function, which is a
convolution of the Gaussian and Lorentz functions:

a (™ exp(-z?)dz
V(a)w) = 7‘[ p( ) 2>
n)-wal+ (w—y)

0= 20 =) (4)

_ A o
a= AVG 11’12, AVG

2= =)

AVG

where V(a,w) is Voigt function describing the real line
profile, Av; is the Lorentzian width, Avg is the Gaussian
full-width at half-maximum (FWHM), v, is line-center
frequency, and v is frequency. The profiles were fitted and
deconvoluted from the Lorentz function, mainly composed
of the instrumental function in our case, to obtain the real
Doppler profile. In the case of helium and argon discharges
we can neglect the effect of self-absorption which often has
to be taken into account [5]. An example of experimental
profile of He 667.8 nm line is shown in Figure 6.
The gas temperature has been calculated by well-known
formula:
Alp 1 :
I=u ( Xo 7,16 1077) ’
where T is gas temperature (K), AAp is Doppler width
(FWHM), A, is wavelength at the centre of the line, and p
is atomic mass of the species (in this case—atomic mass of
helium or argon).

(5)

4. Results and Discussion

4.1. He and H, HFEDLs. In Figure 7 one may see the
comparison of the temperature for the He and H, HFEDL,
obtained by means of the two methods: using the intensities
of the H; rotational lines of the (2-2)Q branch of the Fulcher-
a band system and using the Doppler broadening of He
667.8 nm line.

The gas temperature ranging from 630K to 740K was
obtained, depending on the applied current (80-200 mA).
Relative uncertainty of the obtained temperature values
using both methods is less than 10% (the uncertainties were
obtained averaging results from the repeated measurements,
the dispersion is due to the variances in the line intensities
from measurement to measurement), and the difference
between the results of both methods does not exceed 10%,
too.

These results show that in the case of hydrogen con-
taining helium-HFEDL the rotational distribution of the
excited state can be considered as the image of the rotational
distribution of the ground state.

The results of both methods coincide within experimen-
tal error, showing that the method of the gas temperature
determination using molecular Fulcher-a (2-2)Q band of
the hydrogen can be successfully used for the spectroscopic
diagnostics of hydrogen containing HFEDLs. It is necessary
to point out that there is a slight discrepancy between the
rotational temperature and gas temperature at the applied
current of 100 mA; however this difference is just about
75K.
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the He + H, (9 : 1) HFEDL. Temperature values obtained using H,
Fulcher-a (2-2)Q band are compared with the ones obtained from
Doppler profile of helium emission line with wavelength 667.8 nm.

4.2. Ar and H, HFEDLs. Concerning Ar and H, HFEDL, we
used this lamp to estimate the gas temperature difference of
argon HFEDL in the presence of hydrogen admixture and
without it. As mentioned before, initially the HFELD was
filled with 0.9 Torr Ar and 0.1 Torr H;. In Figure 8(a) one
may see the emission spectra of the Ar + H, HFEDL recorded
during the first measurement session, which consisted from
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FIGURE 8: The emission spectra of the Ar HFEDL recorded at
applied current i = 100mA, in the wavelength region 622—
627 nm: (a) argon disharge with admixture of hydrogen (9 : 1)
with hydrogen Fulcher-a (2-2)Q first five lines (first measurement
session); (b) pure argon discharge without hydrogen (the control
session).

several repeated measurements to assess experimental uncer-
tainties. From this session we estimated the gas temperature
using the rotational line spectrum of hydrogen. Later we
operated the HFEDL so long until the hydrogen was diffused
out from the lamp through the walls. The diffusion of the
hydrogen was indicated registering the spectra in the same
spectral region as before. The lamp spectra showed at the
end that the Fulcher-a (2-2)Q band could not be detected
anymore (Figure 8(b)). Due to the fact that hydrogen was
lost from the lamp during measurements, also visually
one could observe the changing color of the discharge.
The gas temperature using the Doppler broadening of
argon lines was estimated during the second measurement
session.

In the Figure 9 the dependence of the estimated gas
temperature in dependence of the applied current is shown
for two cases described before. The Line 1 indicates the
temperature dependence for argon and hydrogen discharge
plasma, estimated from the H, rotational lines of the (2-
2)Q branch of the Fulcher-a band system during the first
measurement session. Line 2 indicates the temperature for
argon plasma after degassing of hydrogen, estimated from
the Doppler broadening of Ar spectral line of 772.4 nm
wavelength during the second measurement session.

The temperature of argon discharge with admixture
of hydrogen was estimated about 620K and changes not
significantly by varying the applied current. Temperature
estimated during second measurement session from Doppler
broadening was changed from 620 K up to 1050 K (at applied
current 180mA) because of the hydrogen loses, namely,
the plasma temperature was increased. During the second
session the plasma content was changed and at the end only
argon plasma was present.
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772.4nm. Line 1 is temperature of Ar + H, (9 : 1) plasma obtained
from Fulcher-a (2-2)Q band; Line 2 is temperature of pure Ar
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The difference between the temperatures of plasma with
10% admixture of hydrogen and pure argon plasma increases
with increasing applied current.

So the results, shown in Figure9, allow concluding
that the addition of about 10% hydrogen in argon plasma
causes the significant decrease of the gas temperature. The
observation of argon emission quenching by the addition
of hydrogen has been reported elsewhere [11, 25-28]. For
instance, in [25, Page 349] it was mentioned that the addition
of hydrogen quenches the argon’s excited states, and in one
of our previous articles [11] we reported the observation of
the similar phenomenon in the microwave Ar + H, plasma,
where the increase of the hydrogen percentage in the Ar
plasma decreased the population of resonant and metastable
states of Ar.

In addition, authors of [26] report the temperature
decrease with increasing the percentage of hydrogen in the
argon plasma (DC plasma).

One of the possible mechanisms involved in the cooling
of the plasma is quenching of excited argon atoms by
hydrogen molecules in the ground state, leading to excitation
with subsequent dissociation of H, [27, 28]. Nevertheless it
needs to be verified by detailed analysis of excitation and
deexcitation processes in this kind of plasma.

5. Conclusion

From the results of our measurements we can conclude
that it is possible to use relative intensities of the (2-2)Q
branch of hydrogen Fulcher-« band for the gas temperature
determination also in hydrogen containing high-frequency

electrodeless lamps. The gas temperatures, obtained from
Fulcher-a (2-2)Q band, are in good agreement with the ones
obtained from the Doppler broadening of emission lines,
but it is necessary to investigate further the applicability
of this method for HFEDLs in the variety of experimental
conditions.

Our experiments show that adding 10% of hydrogen
in the argon high-frequency electrodeless discharge lamps
significantly reduces the plasma temperature comparing to
temperature of the plasma without hydrogen.

Acknowledgment

The work was partly supported by Latvian Council of Science
Grant no. 05.1866.

References

[1] A. Ganeev, Z. Gavare, V. L. Khutorshikov, et al.,, “High-
frequency electrodeless discharge lamps for atomic absorption
analysis,” Spectrochimica Acta B, vol. 58, no. 5, pp. 879-889,
2003.

[2] G.Revalde, N. Denisova, Z. Gavare, and A. Skudra, “Diagnos-
tics of capillary mercury-argon high-frequency electrodeless
discharge using line shapes,” Journal of Quantitative Spec-
troscopy and Radiative Transfer, vol. 94, no. 3-4, pp. 311-324,
2005.

[3] A. Skudra, G. Revalde, Z. Gavare, J. Silinsh, N. Zorina, and
B. Polyakov, “Study of the high-frequency inductive coupled
discharge plasma interaction with walls,” Plasma Processes and
Polymers, vol. 4, supplement 1, pp. S1026-51029, 2007.

[4] A. Skudra, N. Zorina, Z. Gavare, M. Berzins, and D. Erts,
“Light source inner surface changes depending on treatment,”
Physica Status Solidi C, vol. 5, pp. 915-917, 2008.

[5] A. Skudra and G. Revalde, “Mathematical modelling of the
spectral line profiles in the high-frequency discharge,” Journal
of Quantitative Spectroscopy and Radiative Transfer, vol. 61, no.
6, pp. 717728, 1999.

[6] G. Revalde, A. Skudra, N. Zorina, and S. Sholupov, “Inves-
tigation of Hg resonance 184.9nm line profile in a low-
pressure mercury-argon discharge,” Journal of Quantitative
Spectroscopy and Radiative Transfer, vol. 107, no. 1, pp. 164—
172, 2007.

[7] V. Schulz-von der Gathen and H. E. Débele, “Critical compar-
ison of emission spectroscopic determination of dissociation
in hydrogen RF discharges,” Plasma Chemistry and Plasma
Processing, vol. 16, no. 4, pp. 461-486, 1996.

[8] S. A. Astashkevich, M. Kining, E. Kéning, et al., “Radiative
characteristics of 3p >, II; 3d II", A~ -states of H, and
determination of gas temperature of low pressure hydrogen
containing plasmas,” Journal of Quantitative Spectroscopy and
Radiative Transfer, vol. 56, no. 5, pp. 725-751, 1996.

[9] T. Gans, V. Schulz-von der Gathen, and H. E. Dabele,
“Time dependence of rotational state populations of excited
hydrogen molecules in an RF excited plasma reactor,” Plasma
Sources Science and Technology, vol. 10, no. 1, pp. 17-23, 2001.

[10] M. Abdel-Rahman, T. Gans, V. Schulz-von der Gathen, and H.
E Dobele, “Space and time resolved rotational state popula-
tions and gas temperatures in an inductively coupled hydrogen
RF discharge,” Plasma Sources Science and Technology, vol. 14,
no. 1, pp. 51-60, 2005.



8 International Journal of Spectroscopy

[11] Z. Gavare, D. Goett, A. V. Pipa, J. Roepcke, and A. Skudra, [27] A.Bogaerts, “Hydrogen addition to an argon glow discharge: a

“Determination of the number densities of argon metastables numerical simulation,” Journal of Analytical Atomic Spectrom-

in argon-hydrogen plasma by absorption and self-absorption etry, vol. 17, no. 8, pp. 768-779, 2002.

methods,” Plasma Sources Science and Technology, vol. 15, no. (28] A. Bogaerts, Z. Chen, and R. Gijbels, “Glow discharge

3, pp- 391-395, 2006. modelling: from basic understanding towards applications,”
[12] L. Tomasini, A. Rousseau, G. Gousset, and P. Leprince, Surface and Interface Analysis, vol. 35, no. 7, pp. 593-603, 2003.

“Spectroscopic temperature measurements in a H, microwave
discharge,” Journal of Physics D, vol. 29, no. 4, pp. 1006-1013,
1996.

[13] A. V. Pipa, On determination of the degree of dissociation of
hydrogen in non-equilibrium plasmas by means of emission spec-
troscopy, Ph.D. thesis, University of Greifswald, Greifswald,
Germany, 2004.

[14] R. K. Garg, T. N. Anderson, R. P. Lucht, T. S. Fisher, and J. P.
Gore, “Gas temperature measurements in a microwave plasma
by optical emission spectroscopy under single-wall carbon
nanotube growth conditions,” Journal of Physics D, vol. 41, no.
9, Article ID 095206, 2008.

[15] G. Lj. Majstorovi¢, “Spectroscopic study of hydrogen rota-
tional, vibrational and translational temperatures in a hollow
cathode glow discharge,” Journal of Physics: Conference Series,
vol. 133, Article ID 012022, 2008.

[16] G.Lj. Majstorovi¢, N. M. Sigovi¢, and N. Konjevi¢, “Rotational
and vibrational temperatures of molecular hydrogen in a
hollow cathode glow discharge,” Plasma Sources Science and
Technology, vol. 16, no. 4, pp. 750-756, 2007.

[17] S. Tordanova, “Spectroscopic temperature measurements in
hydrogen inductively-driven plasmas at low pressures,” Jour-
nal of Physics: Conference Series, vol. 113, no. 1, Article ID
012005, 2008.

[18] Yu. A. Lebedev and M. V. Mokeev, “Gas temperature in the
plasma of a low-pressure electrode microwave discharge in
hydrogen,” Plasma Physics Reports, vol. 29, no. 3, pp. 226230,
2003.

[19] Sh. Kado, D. Yamasaki, B. Xiao, et al., “On the anomalous
characteristics in the P and R branches in a hydrogen fulcher
band,” Journal of Plasma and Fusion Research, vol. 7, pp. 54-58,
2006.

[20] B. Xiao, Sh. Kado, Sh. Kajita, and D. Yamasaki, “Rovibrational
distribution determination of H, in low temperature plasmas
by Fulcher-a band spectroscopy,” Plasma Physics and Con-
trolled Fusion, vol. 46, no. 4, pp. 653—668, 2004.

[21] E. Surrey and B. Crowley, “Spectroscopic measurement of
gas temperature in the neutralizer of the JET neutral beam
injection system,” Plasma Physics and Controlled Fusion, vol.
45, no. 7, pp. 1209-1226, 2003.

[22] H. M. Crosswhite, Ed., The Hydrogen Molecule Wavelength
Tables of Gerhard Heinrich Dieke, Wiley-Interscience, New
York, NY, USA, 1972.

[23] S. A. Alexander and R. L. Coldwell, “Spectroscopic constants
of H, using Monte Carlo methods,” International Journal of
Quantum Chemistry, vol. 100, no. 6, pp. 851-857, 2004.

[24] L. Dabrowski, “The Lyman and Werner bands of H,,” Cana-
dian Journal of Physics, vol. 62, pp. 1639—-1664, 1984.

[25] H. Yasuda, Luminous Chemical Vapor Deposition and Interface
Engineering, Surfactant Science, CRC Press, Boca Raton, Fla,
USA, 2004.

I. Ishii, T. G. Beuthe, J. S. Chang, et al., “The influence
of hydrogen gas mixtures on the argon thermal plasma
temperature,” Research Reports of the Faculty of Engineering,
Tokyo Denki University, vol. 46, pp. 11-22, 1998.

(26



	High-frequency electrodeless discharge lamps for atomic absorption spectrometry
	Introduction
	Experimental
	Description of HFEDLs
	Apparatus and measurement

	Theoretical description of the main processes in a HFEDL
	Discharge types
	HFEDLs radiation (influence of self-absorption)

	Results and discussion
	Characteristics of HFEDLs
	The use of HFEDLs in atomic absorption spectrometry
	Isotope HFEDLs-narrower line widths

	Conclusions
	Acknowledgements
	References

	Diagnostics of capillary mercuryndashargon high-frequency electrodeless discharge using line shapes
	Introduction
	Experimental
	Model of the spectral line shape
	Discussion and results
	Conclusion
	Acknowledgements
	References

	1. Introduction
	2. Theoretical background
	2.1. Determination of the number densities
	2.2. Method with a mirror
	2.3. Method with a HFEDL

	3. Experimental
	4. Results and discussion
	5. Conclusion
	 Acknowledgment
	 References

