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ANOTACIJA

Promocijas darba ietvaros ir pétiti 'TI elektroniskie stavokli sarmu metalu divatomu
molekulas. Par promocijas darba pétijuma objektiem tika izvéleti B(1)'TI un D(2)'T1
stavokli KCs molekulai un B(1)'IT stavoklis RbCs molekulai.

Augstas izskirtsp&jas lazera ierosinatas fluorescences spektru iegtiSanai KCs un RbCs
molekulam izmantots Furjé transfornaciju spektrometrs (Brucker IFS—125HR, izskirtsp&ja
0,003 cm™). Pateicoties bufergizes Ar klatbiitnei, papildus tie$aja ierosmé iegitajiem
rezultatiem, ieglst ari svarstibu rotacijas energijas Iimenu (termu) vértibas no sadursmju
izraisitajam parejam. Izmantojot mazak perturbétos termus, kuri tika noteikti no

A-dubulto$anas konstantes (, un rotacijas konstantes B, atkaribam no rotacijas kvantu
skaitla J', petamajiem 'TT stavokliem tika konstruétas punktveida potencialas energijas
liknes. B()'TT un D(2)'II stavokliem, ka ari daZiem svarstibu limeniem C(3)'T*

stavoklim tika noteiktas arm molekularas konstantes, kuras ir salidzinatas ar teorétiskajiem

aprékiniem.

Promocijas darba apjoms ir 146 lappuses, kas ietver 8 nodalas, to skaita ievadu,
42 att€lus, 17 tabulas, un literatiiras sarakstu ar 162 atsaucém. Darbs ir rakstits latviesu

valoda.

Atslegas vardi: Lazeru ierosinata fluorescence (LIF), Furjeé transformaciju

spektroskopija (FTS), molekulu spektroskopija, KCs, RbCs



ABSTRACT

The aim of the thesis is to study the lowest excited 'IT electronic states in the mixed

alkali diatomic molecules. The objects of this research are the B(1)'IT and the D(2)'II

states in KCs, and the B(1)'T1 state in RbCs. The necessity of the spectroscopic information

of these electronic states is justified with their applicability as an intermediate state to obtain
the molecular species in ultra-cold conditions by all-optical cycles.

The high resolution laser induced fluorescence spectra of the KCs and RbCs molecules
were recorded by a Fourier-transform spectrometer (Brucker IFS-125HR, resolution
0,003 cm™). An Ar buffer gas was used to facilitate the appearance of the rotation relaxation
lines in the spectra, thus enlarging the obtained datasets. The dependencies of a A-doubling

constant g, and a rotational constant B, on a rotational quantum number J’ have been used

to select a less perturbed term values which has been included in the fit. A pointwise

potential energy curves based on the inverted perturbation approach were constructed for the
all three electronic states under study. The molecular constants for the B(1)'IT and the
D(2)'I1 states as well as for some vibrational levels of the near lying C(3)'Z" state were

obtained and compared with their theoretical counterparts.

Thesis consists of 146 pages, which includes 8 chapters, including introduction,

42 figures, 17 tables, and references from 162 sources.

Key words: Laser induced fluorescence (LIF), Fourier-transform spectroscopy (FTS),

molecular spectroscopy, KCs, RbCs



DARBA IZMANTOTO SAISINAJUMU SARAKSTS

Saraksts sakartots alfab&tiska seciba.
A-b komplekss — A(2)'>* —b(1)*TT komplekss
B—b—c komplekss — B(1)'TT1—b(1)°I1-c(2)’~" komplekss
B« X — B(1)'IT stavokla ierosinaganano X (1)'X" stavokla
B — X — fluorescence no B(1)'IT stavoklauz X (1)'Z* stavokli

B —a — fluorescence no B(1)'IT stavokla uz a(1)*’T* stavokli
BO — Borna — Openheimera (aproksimacija)
CIF — sadursmju ierosinata fluorescence (collision induced fluorescence)

¢ —»x —fluorescence no C(3)'T" stavoklauz X (1)'>* stavokli
D« X — D(2)'IT stavokla ierosinasana no X (1)'>* stavokla

EDM - elektriska dipola moments

FCF — Franka — Kondona (Frank — Condon) faktors

FTS — Furjé transformaciju spektroskopija

FT — Furjé transformaciju (spektri)

HL — Honla — Londona (Honl — London, faktors)

IPA — invertéta perturbaciju aproksimacija

J —rotacijas kvantu skaitlis (J'— ierosinatajam stavoklim; J” — pamatstavoklim)
LIF — lazeru ierosinata fluorescence

PEL — potencialas energijas likne

RKR — Ridberga — Kleina — Riza (Rydberg — Klein — Rees, metode)
stdev — standartnovirze (standart deviation)

SO — spinorbitala (mijiedarbiba)

v — svarstibu kvantu skaitlis (V' — ierosinatajam stavoklim; V" — pamatstavoklim)
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IEVADS

Maisdienu zinasanas par molekulam, to uzbiivi un procesiem tajas ir balstitas aptuveni
uz 200 gadu ilgiem pétijumiem Saja joma. Dazu p&€d&jo desmitu gadu laika molekulara fizika
ir kluvusi nozimiga ne tikai ka fizikas apakSvirziens, bet arT ka svarigs pétijumu virziens
kKimija un biologija. P&tljumi molekulara Itmeni palidz aprakstit dinamikas procesus
kimiskajas reakcijas un kimiskos procesus dzivas §iinas, kas nebiitu iesp&jams bez preciziem
pétijumiem pasas molekulas.

Molekulu spektri — relativas intensitates atkariba no frekvences — sniedz informaciju
par molekulu veidoSanas mehanismiem un elektronisko stavoklu veidoSanos, par
mijiedarbibas raksturu starp dazadiem elektroniskajiem stavokliem ar dazadam ipaSibam, ka
ari par molekulu dinamikas. Molekulara spektroskopija ka pétijjuma metode paradas
devippadsmitaja gadsimta, kad D. Briisters (D. Brewster) novéro absorbcijas linijas NO;
gazes spektra. Savukart spektroskopiskie divatomu molekulu p&tijumi ir aizsakusies pirms
vairak ka gadsimta un v&l joprojam ir aktuali arT miisdienas. Neskatoties uz $adu molekulu
relativi vienkarSo uzbuvi, ar1 $ajas sistemas vél ir daudz neatbildetu jautajumu par dazadiem
procesiem molekulas. Ne tikai spektrallinijas pozicija, bet ari liniju platums sniedz
informaciju par procesiem molekulas. Pilniga spektra analize divatomu molekulam var tikt

izmantota molekulu modelu veido$anai, ka arT sarezgitaku molekulu p&tijumiem.

Teémas aktualitate un novitate

Sarmu metalu divatomu molekulam p&d€jos gados pieverS pastiprinatu interesi, jo ir
paraditas shémas to iegiSanai ultraaukstos stavoklos [1—15]. Sada veida sagatavotus atomus
vai molekulas var izmantot atomu/molekulu optiskajos slazdos, astrofizikas studijas,
molekularajos lazeros, kvantu fazu parejas, kvantu informacijas ieric€s un kimisko reakciju
koherenta kontrole. Molekulam piemit lielaka brivibas pakape neka atomarajam gazém, un
tiei $1 iemesla dél molekularas gazes paver iesp€jas jaunu fizikalu paradibu pétijumiem
[16].

Pateicoties dazadam metodém atomu un molekulu iegtiSanai aukstos stavoklos, strauji
attistas ar1 ultraauksta kimija, kas péta sadursmju izraisitas kimiskas reakcijas loti zemas
temperatiiras, pie kuram ir novérojami kvantu efekti [16]. Sadas ultraaukstas sadursmes jau
ir pétitas, pieméram, Li-Li, sadursmes dazadiem litija izotopiem [17], Li saturo$o divatomu

molekulu LiNa, LiK, LiRb un LiCs sadursmes [18]. Visvairak ultraaukstas kimiskas



reakcijas ir pétitas KRb molekulai [18-21], kur tiek aplukotas 2AB — A, +B, tipa

reakcijas. Tapat aktuala téma ir fundamentalo konstan$u precizitates palielinagana. Sobrid
vairakas zinatnieku grupas aktivi strada pie pastaviga elektrona elektriska dipola momenta
(EDM) mérisanas. EDM mérijumiem izvélas smagas, polaras molekulas to uzvedibas dg]
ar¢ja elektriskaja lauka. Lidz $im elektrona EDM eksperimentos ir izmantotas YbF [22-25],

PbO [26, 27] un ThO [28] molekulas. Labakie rezultati sasniegti ACME grupai [28], kura,

izmantojot polaro ThO molekulu, iegiits de:(—2,1i3,7 +2,55yst)-10’296 cm, kur e —

stat
elementarladins.

Ipasa interese pedejos gados ir veltita polaram heteronuklearam divatomu molekulam,
pateicoties tam piemitoSajam pastavigajam EDM, kur§ rodas nevienmériga ladinu
sadalfjuma dé] molekula. Sadas molekulds sasniegts vislielakais progress pétijumos pie
superzemam (zem 1 pK) temperatiiram, kad molekulu termiska kustiba ir “iesaldéta” un tas
var tikt manipulétas ar argjo elektrisko lauku. Sadas sistémas ir perspektivas, pieméram, lai
izveidot robustus kvantu informacijas nes€jus kvantu datoriem. Publikacija [29] autori ir
méginajusi izskaidrot vienu no veidiem, kur §1 ipasiba varétu tikt izmantota kubitu (qubit)
konstruéSana, manipul€jot aukstas KCs molekulas. Tas $aja gadijjuma varétu izradities
visefektivakas, tacu autori ar1 atzist, ka tehnisku iemeslu del, vienkarS$ak sakotngja modeli
biitu izmantot aukstas RbCs molekulas.

Lai veiksmigi iegiitu ultraaukstu atomu/molekulu kvantu gazes ir nepiecieSamas
zinasanas par atomu/molekulu svarstibu rotacijas struktiiru un parejas varbiittbam. RbCs
molekulu iegiiSana pie zemam temperatiiram (uK) ar fotoasociacijas metodi ir paradita [2—
4]. Ideja §STm shémam ir salidzinoS$i vienkarsa: atseviski atdzeseti atomi, kuri atrodas tripleta
pamatstavokli a(l)’L*, tiek ierosinati sajauktd ierosinata stavokli, pieméram, B(1)'TT
stavokli, kuram ir tripleta piemaisijums no C(2)32+ stavokla [2, 4, 5]. Talak molekulas
spontanas emisijas rezultata atgriezas singleta pamatstavokli X(1)12+(v” =0,J"= O)
Iiment.

Ka tiks paradits turpmakajas nodalas, tad KCs un RbCs molekulam lidz $§im nav
pieejama informacija, kas iegiita no eksperimentaliem spektroskopiskajiem pétijumiem, par
svarstibu rotacijas Itmeniem un to sagaidamo mijiedarbibu ar blakus esoSo elektronisko
stavoklu svarstibu rotacijas limeniem ierosinatajiem singleta IT stavokliem. Siem
elektroniskajiem stavokliem ir pieejami tikai teorétiskie ab initio aprékini — KCs [30-32] un
RbCs [33-39], kuru precizitate (raksturiga klida dazi desmiti cm'l) atpaliek no spektralo

mérijjumu precizitates — aptuveni simtdala cm™.



Apkopojot iepriek§ min€to, var secinat, ka aktuala ir precizas spektroskopiskas
informacijas ieglifana par zemakajiem ierosinatajiem KCs B(1)'TT un D(2)'TI un RbCs
B(l)ll—I elektroniskiem stavokliem. Izmantojot lazera ierosinato fluorescenci (LIF) kopa ar
augstas izSkirtspgjas Furje transformacijas spektroskopiju (FTS), ir iespgams iegtt
detalizétu informaciju par ierosinato stavoklu svarstibu rotacijas energijas Iimeniem un ar

lielu precizitati konstruét atbilsto$o elektronisko stavoklu potencialas energijas liknes (PEL).

Darba mérkis un uzdevumi

Darba mérkis
Izmantojot augstas izskirtsp&jas Furjé transformacijas spektroskopijas merfjumus,
iegiit energijas termu vértibas KCs un RbCs molekulu B(1)'IT un D(2)'IT elektroniskajiem

stavokliem un konstruét So stavoklu potencialas energijas liknes, ka ari iegiitos rezultatus

salidzinat ar esoSajiem teoretiskajiem aprékiniem.

Darba uzdevumi:

e Uznpemt augstas izskirtsp&jas LIF Furjé spektrus, ierosinot B(1)'IT un D(2)'I1
stavoklus KCs un RbCs molekulas.

e Izmantojot pieejamo informaciju par pgtamo molekulu pamatstavokli X (1)'Z",
veikt datu analizi, ieglistot ierosinata stavokla svarstibu rotacijas limenu
energijas vertibas plasa diapazona.

e Noteikt A-dubultoSanas konstantes (g-faktorus) un rotacijas konstantes B,

noverotajiem svarstibu rotacijas limeniem un, balstoties uz to atkaribam no
rotacijas kvantu skaitla J’, noteikt no perturbacijam relativi brivos apgabalus,
kuru termu vertibas talak izmantot potencialu konstruéSana.

e [zmantojot invert€to perturbaciju aproksimaciju (IPA), konstruét PEL
ierosinatajiem elektroniskajiem stavokliem un novértét to korektumu, ka ari
noteikt So stavoklu molekularas konstantes un salidzinat izmantoto metozu
efektivitati.

e lesp&ju robezas iegiit informaciju un izdarit secinajumus par B()'II

perturbgjosajiem stavokliem un mijiedarbibas raksturu ar tiem.
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2. DIVATOMU MOLEKULAS UZBUVE UN SPEKTRU VEIDOSANAS

Par pirmo sarmu metalu divatomu molekulu spektroskopisko pétijumu var uzskatit
natrija tvaiku pétijumus ar fokus€tiem saules stariem 1891. gada, kad bez intensivajam Na
D Iinijam, novéroja ar1 intensivu fluorescences spektru dzeltenzalaja apgabala [40]. Tacu
molekulu spektroskopijas strauja attistiba sakas ar lazera izgudroSanu seSdesmitajos gados
un ta pielietojuma spektroskopija paplasSinasanos kops ta laika.

Saja nodala ir apkopota informacija no dazadiem literatiiras avotiem [41-47] par
visparigo molekulu uzbiivi, to svarstibu un rotacijas kustibu un molekularo energijas Ilimenu
aprakstu dazados tuvinajumos, koncentr§joties uz aprakstu tieSi divatomu molekulu

gadijuma.

2.1. Visparigs molekulu apraksts

Molekula, kuru veido K kodoli (kodolu masas M, un ladini Z,€) un N elektroni

(elektronu masa M un lading €), stavokli ar kopéjo energiju E ir aprakstita ar Srédingera

vienadojumu
HY = EY, (2.1)

kur Hamiltonianis H ir summa no kingtiskas energijas operatora T un potencialas energijas

V(r1 R) =Viodkod T Viode TV,

e KUr pirmais saskaitamais apraksta Kulona atgriiSanos starp
diviem kodoliem, otrais saskaitamais apraksta pievilkSanos starp kodolu un elektronu un
treSais — raksturo atgriiSanos starp elektroniem.

Saja apraksta nav nemta véra elektronu un kodolu spinu ietekme visos mijiedarbibas
procesos, jo to raditas izmainas molekularajos energijas limenos ir loti mazas salidzinot ar

kopgjo kinétisko un potencialo energiju. Lidz ar to spinu raditie efekti var tikt aplakoti ka

nelielas Srédingera vienadojuma perturbacijas [41].
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2.2. Divatomu molekulas struktiira — svarstibu rotacijas energijas

2.2.1. Rotacijas kustiba un tas energija

Divatomu molekulu (2.1. att€ls) var aprakstit, ka divus savstarpg&ji saistitus atomus ar

masam M, un M. Pirmaja tuvinajuma var pienemt, ka molekulai rotgjot tas starpkodolu
attalums starp atomiem nemainas (cieta rotatora modelis). Tada gadijuma molekulas

rotacijas energija ta lidzsvara stavokli pie starpkodola attaluma R, izsakas §adi:

J(J +1)n?
Ep=—-—"%5—, 2.2
' 2MR? @2)
kur J ir rotacijas kvantu skaitlis un [42].
Ra Rs
| -—=]
A QB
= s
Ma Mg
- . -

2.1. attels. Shematiski att€lota divatomu molekula [43].

Reala molekula tas rotacijas dél starpkodolu attalums R mainas — pieaugot rotacijas
atrumam centrbédzes speku dg| palielinas ar starpkodolu attalums [41, 42]. Sadas sistemas
kopgja rotacijas energija

I+’

1
o = o +5k(R—Re)2, (2.3)

M. M .
A8 R ir starpkodolu attalums un R, ir starpkodolu attalums Iidzsvara
A + B

kur M =

stavokli. (2.3) izvirzot rinda un izsakot termu vertibas, iegiist
F..3)=B,J(J+1)-D,J*(J +1] +H I*(J +1)° F... (2.4a)

ar rotacijas konstanteém
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" 47keMR

hS
 47keM°R.°
35
 4mck®M PR

e

(2.4b)

e

e

Ietekmi uz molekulu rotaciju rada ari elektronu kustiba. Vienkarsa gadijuma visa
elektronu Caula var tikt uzskatita par nemainigu ladina sadalijumu, kas roté ap z-asi. Tada
gadijuma molekula var tikt aprakstita ka simetrisks vilcins, kuram piemit elektronu ¢aulas

(rote ap z-asi) inerces moments I, un molekulas (kodolu un elektronu rotacija ap asi, kura

perpendikulara z-asij) inerces moments 1, [42].

2.2.2. Svarstibu kustiba un tas energija

Divatomu molekula katrs atoms kustas starpkodolu ass virziena harmoniska kustiba un
starpkodolu attalums laika mainas péc sinusa [43] vai kosinusa funkcijas, atkariba no
sakuma nosacijumiem [42]. Sada divu atomu kustiba var tikt reducéta uz viena masas punkta

svarstibam ap lidzsvara stavokli, t.i., uz harmoniska oscilatora modeli [43], kura svarstibu

. et e . 1
Iimeni atrodas vienada attaluma viens no otra un zemakais svarstibu Itmenis ir E(O) =—lhw.

0 R

2.2. attels. Paraboliska un Morzes potenciala salidzinajums ar realo (eksperimentalo,

empirisko) potencialu [42].
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Harmoniskam oscilatoram piemit parabolisks potencials. Lai arT realais divatomu

molekulas potencials ir tuvu parabolai, tas atSkiras no paraboliska apraksta pie lielam
|R— Re| vertibam (2.2. attéls). Saja attéla ari var redzet, ka labaks tuvindjums ir Morzes
potenciala funkcija

E,o(R)=Ep[l—e " * ™2, (2.5)

levietojot (2.5) Srédingera vienadojuma radialaja dala, varam iegiit ta precizu

analitisku risinagjumu. Lidz ar to energijas Tpasvertibas ir

2 2 2
E,..(V)= ha)o(v+ij— h o, (v+1j (2.6a)
2) 4E, 2
ar energijas starpibam starp svarstibu limeniem
ho
AEWV)= By (v 1) By (1) = ha{l_ ’ (m)}, (2:6b)
D

kur E, ir nekustigas molekulas disociacijas energija. No (2.6a) un (2.6b) formulam
izriet, ka svarstibu limeni nav vienados attalumos viens no otra, bet to savstarpgjais attalums

samazinas, pieaugot svarstibu kvantu skaitlim V, tacu tikai galigs skaits svarstibu [imenu

\

_y o - o _ o e s E
letilpst saistita molekulara stavokla potencialaja bedre. Atbilstosas termu vértibas T, = —-

hc
ir
1 1
TV =a@,|V+= |[—@,X,| V+= (2.79)
2 2
ar svarstibu konstantem [43]:
nc
« haw,2 5 hc (2.70)

2.2.3. Svarstibu un rotacijas kustibas mijiedarbiba

Reala molekula var vienlaicigi gan rotét, gan svarstities [42]. Tapéc mums jaapliiko
modelis, kura vienlaicigi norisinas $1s abas kustibas — svarstibu rotatora modelis [43]. Ta ka
svarstibu frekvence ir par dazam kartam lielaka neka rotacijas frekvence, tad molekula veic

vairakas svarstibas vienas rotacijas laika. Tas nozimé, ka starpkodola attalums periodiski
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mainds vienas rotacijas laika [42]. Kopgjai energijai E=E  +E, +E,, svarstibu

rotatoram jablit nemainigai, tapéc notiek vienmeriga energijas maina starp svarstibu,
rotacijas un potencialo energiju.

Kad apluko rotacijas energiju molekulai, kura svarstas, tad notiek vidéjosana laika pa
vairakiem svarstibu periodiem. Ta ka |l//vib(R)|2dR ir varbiitiba kodolam atrasties pie

starpkodolu attaluma intervala starp R un R+dR, tad sagaidama vidgja vértiba starpkodolu

. . 1 « 1 e .
attalumam ir <R>=vaibvaibdR un <?>:J.l//vib?l//vibdR. Sekojosi vidgja rotacijas
energija

JUA+Dh . 1
<Erot> = T_‘-inb (V’ R)Fl/lvib (V’ R)dR ' (28)
Lai izteiktu rotacijas terma vértibas ar rotacijas konstanti, defingjam no svarstibam

atkartgu vidgjotu rotacijas konstanti:

1
Bv 47ZCM _[Wwb )Rz l//vib (V’ R)dR ' (29a)

. 1
kur Morzes potenialam (2.5) B, =B, —ae(v+§} . (2.9b)
Lidziga veida defingjam ar1 vid€jotu centrb&dzes konstanti

n 1
Dv 47Zk M _[Wwb R6 ‘//wbdR ! (2103.)

1
kur Morzes potencialam (2.5) D, =D, — f, (V + E] (2.10b)

Svarstibu funkcijas (2.9a) izteiksmé nav zinamas, 11dz ar to visparigajam potencialam

rotacijas konstante B, ir izvirzita rinda:

1 1Y
B,=B.+¢, v+§ + 7, v+§ +.. (2.9¢)

un analogiski arT centrbédzes (centrifugala) konstante [41]

2
Dv:De+ﬁe(v+%]+§e(v+%J +.o (2.10c)

Atbilstosi termu vertibas svarstibu rotacijas limenim ir §adas:

1 1Y 1Y 1Y’
T(v,d)=T, + a)e(v+—j—a)exe(v+—J +a)eye(v+—) +a)eze(v+—j o |+
2 2 2 2 (2.11a)

+[B,3(3 +1)-D,02(3 +1F + H,I*(3 +1f° +..] |
kuras Morzes potencialam (2.5) aprakstas ar
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2
TMO’Ze(v,J)=Te+a)e(v+%j—a)exe(v+%j +B,J(J +1)-D,J*(J +1)°.  (2.11b)

Izteiksm@ (2.11b) tikai piecas konstantes apraksta visus energijas limenus (v, J), kuriem var

izmantot Morzes funkcijas aproksimaciju [42]. Termu vértibam (2.11a) atbilsto$as energijas

limenu diagramma ir redzama 2.3. attéla [41].

n

4]
<
By
Bh
Yt
5]
[=
4]
Rotacijas
el
Itmeni E'(J") E

Svarstibu )
ED
Iimeni E'(v')
:U'J:. EC1
[} 1
V'=3  Svarstibu .
ED
Itmeni E"(v")

Starpkodolu attalums R

2.3.attéls. Svarstibu un rotacijas [Tmeni divatomu molekulai divos dazados

elektroniskajos stavoklos [42].

2.3. Molekulas energijas Iimenu apraksts

2.3.1. Elektronu un kodolu kustibas atdalisana

Savas lielas masas dél kodoli molekula kustas daudz 1€nak neka elektroni [42]. Lidz ar
to elektronu makonis sp€j gandriz nekav€joties parkartoties atbilstoSi kodolu kustibai.

Citiem vardiem, katrai kodolu konfiguracijai R eksisté labi definéts elektronu sadalijums,

el

kuru apraksta vilpu funkcija ¢, (r, R) atbilstoSajam elektroniskajam stavoklim <n| un kurs ir

atkarigs no visu kodolu novietojuma, bet ne no kodolu kustibas atruma.
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Kamér kodolu king&tiska energija ir maza salidzinot ar elektronu energiju, més varam
uzskatit to ka perturbaciju molekulai, kurai ir nemainigs kodolu novietojums ( R = konst.) un
kodolu kingtiska energija ir vienada ar nulli. Hamiltonianis $ada gadijuma ir

H=H,+H' kur H,=T,+V un H'=T,_,. (2.12)
Neperturbétais Srédingera vienadojums
H,4° (r,R)=E® (R} (r,R) (2.13)
apraksta molekulu, kurai ir fikséts kodolu novietojums. Izteiksmes (2.13) atrisinajuma vilnu
funkcijas ¢° (I’, R) kvadrats $adai fiksétai kodolu sistémai apraksta elektronu ladinu
sadalfjumu elektroniskaja stavoklt |n> ar energiju E” (R), kur N apzimé dazadus
elektroniskos stavoklus nekustigai molekulai. ¢ (r, R) ir atkariga tikai no elektronu
koordinatém F , bet kodolu koordinates R ir ka parametri.

(2.13) atrisingjumums ¢5§' (r, R) varam izvEl&ties ta, lai tie veido perpendikularu bazes

funkciju kopu. Tada gadijuma katru Srédingera vienadojuma (2.1) atrisinajumu var uzrakstit

ka izvirzijumu rinda péc ¢° (F, ﬁ)
¥(F.R)=Y 7. (Rl (7. R) (2.14)

kur izvirzijumu koeficienti y,, (li) ir atkarigi tikai no kodolu koordinatem. Talak ievietojot

(2.14) Sredingera vienadojuma (2.1), péc tam (2.1) pareizinot ar kompleksi saistito elektronu
vilnu funkciju un nointegréjot péc elektronu koordinatéem r un izmantojot (2.12) un (2.13),

iegiist vienadojumu
[ECR)+H ), (R) chmzm =Ez, (2.15)

kodolu vilpu funkciju aprékinam.
Vienadojumi (2.13) un (2.15) veido saistitu vienadojumu sistemu elektronu vilnu

funkcijam ¢ un kodolu vilpu funkcijam y, , kura ir ekvivalenta Srédingera vienadojumam

un kura mijiedarbibu raksturo ar koeficientiem Cnm(¢):

#)= [ 4, g ——D 5T } o (216)

Koeficienti C,,, ir mijiedarbibas matricas elementi (mazi salidzinosi ar ES+H'), kuri

apraksta ka dazadi elektroniskie stavokli ¢, un @, ir savstarpgji saistiti caur kodolu kustibu

[41].
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2.3.2. Borna — Openheimera tuvinajums

Borna — Openheimera (BO) tuvinajuma tiek pienemts, ka C,,, =0, tas ir, mijiedarbiba
starp kodolu kustibu un elektronu sadalifjumu netiek nemta véra. Lidz ar to vienadojums

(2.15) reducgjas uz
[H+ECR)|7.(R)=Ex,(R), (2.17)
kas arT ir Srédingera vienadojums kodolu vilnu funkcijai ;(n(R) ta elektroniskaja stavoklt

<n | Savukart Hamiltonianis

A

HIJFErEO)(R): Hyos = Tio +U,(R) (2.18)
ir summa no kodolu kingtiskas energijas un potencialas energijas Un(R), kura nekustiga
molekula ir vienada ar kopgjo energiju E° (R) Katram elektroniskajam stavoklim ¢rf' ar
energiju E’ (R) eksisté atrisindjumu funkciju kopa %, , kuru var uzskatit par kodola vilnu

funkciju elektroniskajam stavoklim ¢f' un kura apraksta dazadus svarstibu limenus V.

Tatad BO tuvinajuma Srédingera vienadojums (2.1) ir sadalits divos nesaistitos

vienadojumos

Hogy' (r)=E¢;'(r)
(-fkod + ErEO)) n(R): B Zni (R)’

un tikai BO tuvinajuma ir iesp&ja runat par elektroniskajiem stavokliem |n> un kodola

(2.19)

stavokliem |I> Kopégja vilnu funkcija molekuarajam stavoklim |n, i>

LPn,i (F’ Ii): ¢r$l (F)X Ani (ﬁ) (220)
ir iespgjama $ada forma tap€c, ka netieck nemta véra kodolu un elektronu kustibas

mijiedarbiba [41].

2.3.3. Adiabatiskais tuvinajums

Izteiksmé€ (2.16) aprakstitie matricas elementi, kuri netiek nemti véra BO tuvinajuma,

var tikt sadaliti divas grupas — diagonalie elementi C,, un nediagonalie elementi

20



Com (n;tm) . Apliukojot tikai diagonalos elementus, no vienadojuma (2.16) ieglistam
izteiksmi
Cop = [ H g dr = > n” j[%elfdr. (2.21)
" " " N 2M 7\ OR

Ja més izteiksmi (2.21) ievietojam izteiksmé (2.15) (v€l joprojam nenemot veéra

nediagonales elementus C, ), iegiistam izteiksmi

[H-U", RNz, =Ez, (2.22)
adiabatiskajam tuvinajumam, kur potencials
2
h2 a¢e|
U, (R)=E(R)+ | dr 2.23
®)-E0 R T | 4 @29

atkiras no BO potenciala E’ (R) ar to, ka satur papildus saskaitamo, kur$ raksturo atkaribu

no kodola masam.
Ja nediagonalie elementi ir nozimigi, tad adiabatiskais tuvinajums vairs nav speka un

més nevaram atdalit elektronu un kodolu kustibas [41].

2.4. Molekulu spektri un potencialas energijas Iiknes

2.4.1. Spektra veidosanas un svarstibu rotacijas parejas

L . . oo . - . AE .
Elektromagnétiskais starojums var tikt emit€ts vai absorbéts ar frekvenci v = o ja

notiek pareja E; (ni,Ai,Vi,Ji)(—> E, (nk,Ak,Vk,Jk) starp molekularajiem stavokliem |I> un
|k>. Vai §1 pareja ir reali iesp€jama, ir atkarigs no parejas varbiitibas, kura proporcionala
dipola matricas elementa M, pilnajam kvadratam.
Dipola matricas elements parejam starp diviem molekularajiem stavokliem ar vilpu
funkcijam ; un v, ir sekojoSs:
M, :ﬂy/:ﬁy/kdreldz’,\,. (2.24)
Integré$ana notiek pa visam 3(Z, +Z,) elektronu koordinatém un pa visam 6 kodolu
koordinatem. Biezi vien parejas ir iesaistit tikai viens elektrons. Saja gadfjuma, integrgjot

péc dz,, ir janem vera tikai §7 iesaistita elektrona koordinates. Dipola operators
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ﬁ:_eZﬁ+e(ZARA+ZBRB): ﬁel + IBN (2.25)
ir atkarigs no pareja iesaistita elektrona koordinatém un kodola koordinatém.
Ir iesp&jami divi gadijumi (sk. 2.4. attélu):
1.  parejas starp diviem Iimeniem [i) un |k), kuri pieder vienam un tam
paSam elektroniskajam stavoklim (¢, = ¢k), tad matricas elements
M, = I ZinPundzy ir atkarigs tikai no kodola koordinatém;
2. parejas starp Itmeniem divos atSkirigos elektroniskajos stavoklos —

matricas elements ir M, = j;g.Uqﬁ, Pubdr, | dz, :j;(i*Mfk' (R)y,dz, -

(v, J')/\c

Emisija o
Absorbcija ™, Elektroniskas parejas
(UV/redzamais diapazons)

\ —

Vi

1
\
\
'
\
'
\
L]

Ji
3 Jy
Vi

<
L
1
I
[ \
1
\
1
\
1 1
I
[}

Rotacijas - svarstibu

parejas Rotacijas parejas

2.4. attels. Shematiski att€lotas iesp&jamas parejas starp molekulas

svarstibu rotacijas limeniem [42].

Spontanas parejas varbitiba ir |Mik|2 un spektrallinijas intensitati varam iegit

sekojosi:

1y, v, J, <_>nk:Vk1Jk)°C‘Mi?<| g FCF (v, )- HL(J;, ) - (2.26)

Pirmais reizinatajs (2.26) dod varbitibu elektronu parejam no stavokla |I> uz stavokli |k>
Otrs reizinatajs

FCF (v, i) =i (V) v (v )dR|2 ' (2.27)
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raksturo svarstibu vilpu funkciju y,,(v,) un (v, ) parklasanos augstakaja un zemakaja

elektroniskaja stavokli. Savukart tresais rezinatajs
HL(3,, 3,) =, Y sin sd | (2.28)

kur$ ir atkarigs no rotacijas lenkiska momenta un ta novietojuma telpa, raksturo emitéta
starojuma telpisko sadalijumu.
Fluorescences parejas ir iesp€jamas, ja visi izteiksmé (2.26) ietilpstoSie reizinataji ir

atSkirigi no nulles [42].

2.4.2. Potencialas energijas liknes un to konstruésanas metodes

¢ (Ii) var tikt aplikota ka potencialas

Adiabatiska tuvinajuma elektroniska energija E,

energijas virsma telpa, kuru veido kodolu koordinates. Divatomu molekulu gadijuma

potenciala energija var tikt reducéta uz funkciju Eﬁ'(R), kas ir atkariga tikai no viena
mainiga, proti, starpkodolu attaluma R = ‘ﬁl — ﬁz‘ [41]. Sada gadijuma potencialas energijas
virsmas tiek sauktas par potencialas energijas likném (PEL), lai ari, realas molekulas
apraksta gadijuma, E°' (R) izteiksmé tiek ieklauta ne tikai potenciala energija, bet art laika
vidgjota elektronu kingtiskd energija. No (2.19) izteiksmém Ef var tikt uzskatits par

potencialu, kura kustas kodols. Tacu jauzsver, ka PEL neatbilst konkrétam fizikali
novérojamam lielumam. Tas ir konceptuals lielums, kur§ iegits no specifiskiem
piepémumiem defingjot BO tuvinagjuma modeli molekulu sistému aprakstam un ta
izpildiSanos [42].

PEL konstrug€Sanai izmanto gan teorétiskas, gan uz eksperimentaliem datiem balstitas
metodes. Sobrid viena no precizakajam metodém teorétisko PEL rékinasanai ir ab initio (no
latipu valodas — no sakuma) aprékini, kuri nav balstiti uz konkrétiem piep€mumu modeliem,
bet kuros izmanto skaitliskus risinajumus Srédingera vienadojumam (2.1). Lai péc iesp&jas
precizak aprakstitu realu molekulu, ir nepiecieSams veikt papildus piepémumus par vilpu
funkcijam vai Hamiltoniani, ar kuriem varétu optimizét aprékinu veikSanu. Vilnu funkcijas
parasti izv€las ka linearas kombinacijas no pamatoti izvélétam bazes funcijam. Vislielako
izaicinajumu aprékinu efektivitatei rada elektrona-elektrona mijiedarbibas (ietilpst
Hamiltoniant) raksturoSana. Viens variants ir So mijiedarbibu nepemt véra, tacu tas noved

pie liclam energijas vértibu kladam. Otrs variants ir $o mijiedarbibu nemt véra, ieklaujot
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vidéjo vertibu no visiem elektroniem (Hartri-Foka (Hartree—Fock) metode). Ab initio
aprékinos izmanto apvienoto Hartri-Foka konfiguraciju mijiedarbibas (no anglu wval.
Hartree—Fock configuration interaction) metodi, kura kop&ja daudzelektronu vilnu funkcija
ir lineara kombinacija no Sleitera (Slater) determinantiem un atbilstosas konfiguracijas ir
izve€letas atbilstosi simetrijas un fizikalam vilnpu funkciju pasibam [41].

1932.gada J. L. Danhems (J. L. Dunham) public€ energijas limenu aprakstu svarstosa
rotatora (rotating vibrator) modelim [44], kura molekulas var aprakstit ar izvirzijumu
polinomu rinda un konkréto molekulas elektronisko stavokli raksturo polinoma izvirzijuma

koeficienti — Danhema koeficienti. Ari Danhema (Dunham) energijas formula

max +Mmax

£, — Y,m[v+%jl[‘] 3+ (2.29)

1,m=0
ir balstita uz PEL koncepciju. Metodei ir dazi trikumi, tacu izvertgjot parametrus un
izmantojot paSkontroles metodes starp konkrétiem koeficientiem [45, 46] ta ir noderiga ari
miusdienas.
Saistiba starp molekularajam konstant€m un Danhema izvirzijuma koeficientiem ir sekojosa
Yoo = T
Ym0, Yyu=-0X Yy=a,
Yo = B, Yo, = D, Yos = H,
Yur-a, Y,=p, Yis = 7e

(2.30)

Izmantota PEL koncenpcija dod dazus paSkontroles parbaudes krit€rijus starp

Danhema izvirzijuma koeficientiem. Kracera (Kratzer) kritérijs

Y 3
Yoo = _4% (2.31)
YlO
ir derigs harmoniskam un Morzes potencialam. Pekerisa (Pekeris) kritérijs
6Y,| 1- |- Yoo
Yor (2.32)
Y=
YlO

ir derigs Morzes potencialam [46].

Ka iepriek§ minéts, tad potencialu konstruéSanai izmanto art metodes, kuras izmanto
eksperimentali iegiitas energijas termu vértibas. Sobrid popularakas konstrug$anas metodes
ir balstitas uz WKB (saisinajums no zinatnieku uzvardiem, kuri So metodi izveidojusi —
G. Wentzel, H. A. Kramers un L. N. Brillouin) procesu, kas ir aproksimacijas metode
viendimensionala Srédingera vienadojuma risinasanai. ST aproksimacija tiek izmantota tadas
PEL konsturéSanas metodes ka RKR (saisinajums no zinatnieku uzvardiem, kuri So metodi

izveidojusi — R. Rydberg, O. Klein, A. L. G. Rees), IPA, ka arT §is metodes izmantoSana
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Danhema potenciala izvirzijumam noved pie tadam pasam energijas termu veértibam, kadas
ieglitas ar mazako kvadratu metodi.

IPA metode ir balstita uz variaciju principu [41]. Metodes pamata ir $ada ideja:
izmantojot kadu zinamu sakotn&jo potencialu UO(R) (RKR potencialu no Danhema
koeficientiem, ab initio potencialu) atrast tadu korekciju dU(R), ka Tpasvértibu komplekts
{EV,J}, kas iegiits atrisinot Srédingera vienadojumu ar UO(R)+ du (R), sakrit ar
eksperimentali ieglitajam TpaSveértibam {EN,J} péc mazako kvadratu metodes. Tada
gadijuma potencials UO(R)+ dU(R) var tikt uzskatits par labaku tuvinajumu patiesajam

potencialam un var tikt izmantots ka jauns sakotn&jais potencials. So procediru var atkartot
vairakas reizes, lidz ir sasniegts iepriek§ noteikts konvergences Kkritérijs, pieméram,

eksperimentalo punktu precizitate [47].

2.4.3. Perturbacijas molekulu energijas limenu apraksta

Ar perturbacijam meés saprotam novirzes no misu izveleéta modela molekulas
aprakstam, t.i., energijas limenus, kurus nevar aprakstit, izmantojot konstruéto PEL vai
piemeklétos Danhema koeficientus, uzskatam par perturbétiem. VienkarS$aka gadijuma ir

sagaidams, ka energijas Itmeni E, ; var tikt reprezentti ar vienkarSu, konvergentu,

polinominalu funkciju no svarstibu un rotacijas kvantu skaitliem v un J [46]. Ar
molekularo konstan$u palidzibu var aprakstit lielu dalu molekularo termu energijas, bet tas
nedod fizikalu skaidrojumu specifisku novirZu no izvéléta modela gadijumiem [41]. Saistiba
starp molekularajam konstanttm un Danhema koeficientiem un paSkontroles kriteriji ir
aplakoti 2.4.2. nodala. Ja (2.31) un (2.32) nav spéka, tad var apgalvot, ka energijas limenu
apraksta ir véra nenemta perturbacija [46].

Perturbacijas ir rezultats mijiedarbibai starp elektroniskajam un kodola vilgu funcijam
vai mijiedarbibai starp dazadiem elektroniskajiem stavokliem, kuru raditas perturbacijas ir
stipras, ja divas PEL ir loti tuvu viena otrai vai krustojas. Sados gadijumos BO
aproksimacija vairs nav spéka. BO aproksimacija nedarbojas ari gadijumos, ja pastav
mijiedarbiba starp elektronu orbitalo lenkisko momentu un elektrona spiniem (SO
mijiedarbiba), sajaukSanas starp singleta un tripleta stavokliem vai ar1 ir novérojama kodolu

spinu radita sikstruktiiras saskelSanas. Sadas spina raditas mijiedarbibas var aprakstit tikai ar
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relativistiskiem aprékiniem, tapéc nav npemtas véra nerelativistiskaja Srédingera
vienadojuma.

Lai divi stavokli mijiedarbotos ir jaizpildas daziem izvéles likumiem:

e kopgjam lenkiskajam momentam ir jabiit vienam un tam paSam abos
saistitajos stavoklos;

e molekulam ar inversijas centru, tikai stavokli ar vienadu paritati
mijiedarbojas, t.i., g <=#—>U, g<>Q, U<>U;

e homonuklearas divatomu molekulas un simetriskas linearas daudzatomu
molekulas abiem stavokliem ir jabut ar vienu un to pasu simetriju, t.i.,
+#F>—, +O+, ——,;

e ja kvantu skaitla A projekcija linearas molekulas ir definéta, tad abiem
mijiedarbiba esosiem stavokliem AA =0, +1 [42].

Perturbaciju apraksts ir atkarigs no perturbaciju veida. Daudzos gadijumos
perturbacijas var tikt klasificétas atbilstosi mijiedarbibu stiprumam starp iesaistitajiem
lenkiskajiem momentiem. Lai noveérttu iespgjamo mijiedarbibu, balstoties uz to stiprumu,
un izveletos atbilstosi labakas bazes funkcijas, var izmantot Hunda definétos mijiedarbibas

veidus:

e Hunda a saite (2.5. (a) attéls) — mijiedarbiba starp elektronu spinu S un

magnétisko lauku, kur§ rodas no orbitala lenkiska momenta L precesijas ap

starpkodolu asi (apzim€&jam ka z-ass), linearai molekulai ir lielaka ka tieSa

mijiedarbiba starp S un L. Kopgjais lenkiskais moments
J=R+(A+Z)2=R+Q?, kur R ir rotacijas lenkiskais moments un 2 ir
vienibas vektors.

e Hunda b saite (2.5. (b) attéls) — mijiedarbiba starp orbitalo lepkisko

momentu L un starpmolekularo asi ir sp&cigaka par mijiedarbibu ar S
(izpildas molekulam ar mazu SO mijiedarbibu). L projekcija Az un R
veido lepkisko momentu IZ:AZA+F§, kur§ mijiedarbojas ar S un
J=K+8S.

e Hunda c¢ saite (2.5. (¢) atteéls) — SO mijiedarbiba ir lielaka neka L

mijiedarbiba ar starpkodolu asi (izpildas molekulam ar smagiem atomiem,

ti., ar lielu kodola ladinu Ze). Seit kopgjais elektroniskais lenkiskais

moments J, =L+S ar projekciju Q7 uz starpkodolu asi mijiedarbojas ar
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rotacijas lenkisko momentu, veidojot J =Qn2+R, kur L-S>>L-A un A

ir vektors gar molekularo asi 7.

N /
Ny

(@) (b) (©

2.5.attels. Vektordiagrammas Hunda a, b un ¢ saiSu tipiem [41].

e Hunda d un e saites neaplikosim, jo tas iesp&jamas tikai Ridberga tipa
molekulam.

Dazadas iesp&jamas mijiedarbibas starp molekularajiem stavokliem apraksta atbilstosi
perturbaciju operatoram sistémas kop&ja Hamiltoniani. Talak aplukosim dazus perturbaciju
tipus, kuri iespgjami divatomu molekulas.

Elektrostatiska mijiedarbiba notiek starp stavokliem ar vienadu simetriju un
multiplicitati. Izveloties adiabatiskas bazes funkcijas no BO tuvinagjuma, ieglstam
adiabatiskas PEL, kuras raksturo mijiedarbibas matricas diagonalie elementi. Nediagonales
elementi $aja gadijuma raksturo mijiedarbibas energiju starp starp stavokliem, kuru izraisa
kodolu kustiba. Sada veida perturbaciju ieklausana fita rada PEL deformacijas, proti,
potenciali vairs nav aprakstami ar Morzes funkciju, bet iesp€jams ir ar diviem minimumiem.

Deformacijas ir izteiktas pie starpkodolu attalumiem R_, kur divas PEL atrodas loti tuvu

viena otrai. Seit abas PEL ir deformétas ta, lai PEL ar vienadam simetrijam nekrustotos —
antikrustosanas (avoided crossing).

Spinorbitala (SO) mijiedarbiba lauj mijiedarboties stavokliem ar dazadam A un X
vertibam, ka arT rezult&jas energijas l[imenu saskelSanas sikstruktiras komponentgs.

Rotacijas perturbacijas rodas molekulas rotacijas d€l, jo kvantu skaitlis A parstaj biit
,labs” kvantu skaitlis. Stavokliem ar A >0 divkar$i degenerétie rotacijas Iimeni ir saskelti
divas komponentés (e un f) ar atSkirigu simetriju. Simetrijas izv€les likumu dél

elektronisko stavoklu mijiedarbiba tiek ietekméts tikai viens simetrijas limenis, kur§ ir
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nobidits, bet otrs simetrijas limenis ir brivs no perturbacijam. So saskelSanos sauc par

A-dubultosanos un to var aprakstit izmantojot sakaribu
E.—E; =A, =q(v)-3-(J +1), (2.33)
kur q(v) ir A-dubultosanas konstante (g-faktors). q(v) vértibas ir daudz mazakas par

efektivas rotacijas konstantes B, vertibam, tacu saskelSanas ir véra nemams efekts liclam

v
rotacijas kvantu skaitlu J vértibam.

Efektivas rotacijas konstantes noteikSanai pirmaja tuvinajuma var izmantot izteiksmi

, =~ % . (2.34)

Vel divatomu molekulam ir iesp&jamas pertrubacijas, kuras ir saistitas ar molekulu
disociaciju [40], ta¢u misu pétijumi neapliko elektronisko stavoklu apgabalus, kuros butu
iesp&jamas Sadas perturbacijas, tade] tas netiks aprakstitas.

Pirms PEL konsturéSanas viena potenciala tuvinajuma, balstoties uz eksperimentali
ieglitajam energijas termu vertibam, ir nepiecie$ms izdarit secinajumus par to, kuri svarstibu
rotacijas energijas limeni ir brivi no perturbacijam. Sakotngji secinajumus var izdarit
aplikojot LIF spektrus, proti, ja no viena un ta pasa ierosinata energijas limena B(1)'IT vai
D(2)'TT elektroniskaja stavokli ir novérojamas LIF parejas gan uz singleta, gan tripleta
pamatstavokliem, tad var apgalvot, ka §ie energijas Iimeni ir perturbéti, jo parejas uz tripleta
pamatstavokli ir iesp&jamas tikai pateicoties mijiedarbibai starp singleta un tripleta
ierosinatajiem stavokliem. Tiesa gan, Sis panemiens neatklaj visas iesp&jamas perturbacijas
kaut vai ta iemesla dél, ka més lielai dalai uznemto spektru neapliikojam energijas apgabalu,
kura iespgjamas B(1)'TTI — a(1)’Z* parejas. Bez ta, §ada veida no spektra nav iespgjams
noteikt tos energijas ITmenu ierosinataja 'TI elektroniskaja stavokli, kuri mijiedarbojas ar
blakus esoSajiem singleta (12‘,*) elektroniskajiem stavokliem (sk. termu shémas KCs
molekulai 3.1. att€la un RbCs — 3.2. attela).

Lokalo perturbaciju centru noteikSanai noderiga ir g-faktoru un efektivas rotacijas

konstantes B, analize. No (2.33) izteiksmes izteikto q(v') vértibu attélo grafiski atkariba no

rotacijas kvantu skaitla J’. Sai atkaribai neperturbétiem 'IT stavokla energijas limeniem ir
jabiit konstantai, tade] var apgalvot, ka apgabalos, kur §1 sakariba neizpildas, ir lokalo
perturbaciju centrs. Ari efektivas rotacijas konstantei atkariba no J (2.34) ir jabut gludai.
Punkti, kuri no izkrit no §is sakaribas arl ir uzskatami par perturb&tiem. Padzilinata So
metozu pielietoSana tiks plasak aplikota turpmakajas nodalas analiz€jot konkrétus

eksperimentos iegttos datus.
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2.4.4. Elektronisko stavoklu klasifikacija

Dazadi elektroniskie stavokli var tikt klasific&ti pec:
* energgtiskas secibas
* molekularas vilnu funkcijas simetrijas ipaSibam
» molekularo stavokli veidojoso elektronu lenkiska momenta un spina vértibam
un to sagaidamajam mijiedarbibam.

Elektroniskos stavoklus Ei(R), kur i apzimé kvantu skaitlus (n,l,/l,s...), molekulas
nevar sakartot energétiska seciba péc to galvena kvantu skaitla N, ka tas iesp&jams atomos.
Molekulam energija monotoni picaug, picaugot N tikai Ridberga tipa molekulam, kur viens
elektrons ir augsti ierosinats un atrodas talu no molekulara kodola un ta mijiedarbiba ar
pargjiem elektroniem ir loti maza.

Pamatstavokli vienmér apzim€ ar X [42], un nakoSos augstakos stavoklus, kurus var
ierosinat tieSajas optiskajas parejas apzimé ar A, B,C un ta talak. Tripleta stavoklus, kurus
parasti nevar tieSajas optiskajas parejas ierosinat no singleta pamatstavokla, apzimé ar
mazajiem latinpu burtiem a,b,c un ta talak [41]. Elektroniskos stavoklus, kurus atklaj jau p&c
zinamo stavoklu klasific€Sanas, apzime ar ', pieméram, A’,B’ un ta talak.

Vajas SO mijiedarbibas gadijuma (sk. 2.5. (a) att€lu) mijiedarbiba starp dazadiem
orbitalajiem lenkiskajiem momentiem E ir lielaka par mijiedarbibu starp E un spinu S;.
Pilnais orbitalais lenkiskais moments L = ZE un kopgjais elektronu spins S= Z§i precesé
ap starpkodolu asi neatkarigi viens no otra [42], un to projekcijas uz starpkodolu ass ir
L, =An, kur A=0, 1, 2, .., L [43], un S, =3#. Atbilstosa molekularo Iimenu
klasifikacija peéc A vertibas:

e A=0— X stavokli
e A=1-— II stavokli;
e A=2 — A stavokli;
e A=3— O stavokli utt.
Stavokli ar A > 0 ir divkarsi degeneréti stavokli, jo M varbat + A vai —A.

Spécigas SO mijiedarbibas gadijuma (sk. 2.5. (b, ¢) attelu) rezultgjosais lenkiskais
moments J=L+S (projekcija J, = Q) precesg ap starpkodolu asi. Saja gadijuma A un
2 nav definéti, ir kopg&jais Q2.

Ja diviem atomarajiem stavokliem, kuros disocié molekula, piemit lenkiskie momenti

L, un Lg, ar projekcijam (M), un (M, ),, tad rezult&josa projekcija molekularajam
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stavoklim A = |M a+M LB|. Takia —L, <M, <L, (iespgjamas (2L, +1) v&rtibas) un
— Ly <M <L, (iespgjamas (2L, +1) Vértibas), tad iespgjamais molekularo stavoklu
skaits, kurus veido divi atomarie stavokli, ir loti liels. Lidzigi ir ar1 spinu gadijjuma —
molekulara stavokla multiplicitati raksturo (28 + 1) vertibas kopgja spina S=S, +S; (S,
un S, ir atbilstoSo atomaro stavoklu spinu vértibas) projekcijam X uz starpkodolu ass.
Katrs elektroniskais stavoklis ar A=#0 un S =0 saskelas (28 +1) sikstruktiras

komponentes un Sos stavoklus raksturo ar Q=A+X = |(M D+ (M), | +2.

A

Apkopojot visu iepriek§ min&to, molekulara stavokla apzZim&jums ir ZS+1AQ [42].
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3. ' STAVOKLU PETIJUMI, PROBLEMAS UN TO RISINAJUMI
SARMU METALU DIVATOMU MOLEKULAS

3.1. Visparigais parskats

Energijas diapazona, kura atrodas misu petamie B(D)'TT un (2)'TT stavokli
(homonuklearajas sarmu metalu molekulas apziméts ka C'IT, bet heteronuklearajas — D'TT
), vél atrodas *TT, '>* un ®T" elektroniskie stavokli. Visi §ie stavokli vai to komponentes
var savstarpgji mijiedarboties dazados veidos — elektrostatiska mijiedarbiba, spinorbitala
(SO) mijiedarbiba, rotacijas mijiedarbiba, dazadas mijiedarbibas molekulu disociacijas
apgabala, ka arT citas [41]. Mijiedarbiba paradas uznemtajos molekulu spektros ka spektralo
Itniju intensitasu anomalijas, spektralo Itniju dubultoSanas vai to novirziSanas no paredzetas
pozicijas atbilstosaja modeli. Neskatoties uz daudzajiem pétijjumiem un publikacijam par
zemako ierosinato B(l)ll_l stavokli dazadam sarmu metalu molekulam, vél joprojam ir
neatbild&ti jautajumi par elektronisko stavoklu mijiedarbibas raksturu, ka ari dalgji par
efektiem, kas nov€rojami pie konkr€to ierosinato stavoklu disociacijas robezam. Ja
mijiedarbiba ir loti spéciga, tad spektra ta var ari neparadities, taCu nosakot energijas
vertibas un veicot talako datu analizi nakas secinat, ka viss svarstibu rotacijas energijas
Iimenis ir vienmerigi perturbéts. Par perturbacijam var uzskatit visas novirzes, kuras nevar
aprakstit ar izvéléto potenciala modeli [46]. Sis perturbacijas un to pétijumi ir nozimigi tiesi
to ierosinato elektronisko stavoklu izpété, kurus nevar ierosinat, izmantojot tieSas ierosmes
optiskas shémas. Lai veiktu padzilinatu analizi no spektroskopiskajiem meérijumiem par $ada
veida ierosinatajiem stavokliem, vispirms nepiecieSams labi izpétit tos stavoklus, kurus var
ierosinat tieSaja ierosm& un tad var méginat aprakstit parjos elektroniskos stavok]us.
Piemeram, lai pétitu B(1)'TT stavokla mijiedarbibu ar ¢(2)°Z* un lai raksturotu tripleta
stavokli (nevar ierosinat tieSaja ierosm& no pamata stavokliem) ir nepiecieSams ne tikai labi
aprakstit singleta I1 stavokli, bet arT augstakos svarstibu rotacijas limenus A—b kompleksa
b*IT stavoklim un ta mijiedarbibu ar B(1)'TT elektronisko stavokli.

Par pirmo sarmu metalu spektroskopisko pétijumu var uzskatit Na, fluorescences
novérosanu 1891. gada [40], kas veicindja turpmako sarmu metalu divatomu molekulu
absorbcijas spektru pétijumus. Sakotngji tika kludaini uzskatits, ka atomarajos tvaikos
veidojas tikai homonuklearie savienojumi. Tacu uzlabojoties pé€tijumu metod€ém un

palielinoties eksperimentalo meérjjumu precizitatei tika atklats, ka progresijas spektros
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paradas arf no heteronukledro savienojumu absorbcijas. Sads atklajums veicinaja arT dazadu
iespgjamo sarmu metalu heteronuklearo molekulu pétijumus.

20-tajos gados tiek pétitas absorbijas joslas Na un K tvaiku mikstara [48-50], kur,
izmantojot Delandra (Deslandres) tipa formulu, tiek aprakstitas absorbcijas joslas K, Na,
un NaK molekulam. Taja pasa laika ir ari méginajumi pétit Li tvaikus [51], tacu
neveiksmigi, ko autori skaidro ar mazu iegiito Li tvaiku blivumu. Pirmais visparigais sarmu
metalu pétijums tiek veikts 1928. gada, kad J. M. Walter un S. Barratt censas paplasinat Iidz
Sim esoS$os noveérojumus sarmu metalu divatomu molekulam, ieklaujot sava darba [52]
aprakstu par visiem iesp&jamiem sarmu metalu savienojumiem. Autoriem neizdevas noverot
LiNa molekulas spektru, savukart KCs un KRb gadijuma tika noverotas difuzas,
bezstruktiiras joslas. 1934. gada F. W. Loomis ar kolégiem publicé divus darbus, kuros
apraksta Cs;, [53] un NaK [54] pétijumus. P&tot Cs; molekulu autori kopuma apraksta 12
noverotas joslas, ka ari to kada veida parejam §is joslas varétu bt raksturigas, ka art mégina
aprakstit Cs; molekulas pamatstavokli, izmantojot disociacijas energiju un attalumus starp
svarstibu Itmeniem. V&lak atklajas, ka viena no novérotajam Cs; sistemam patiesiba ir RbCs
sisttma. 1936. gada P. Kusch péta Rb, molekulu [55], kurai novéro magnétiskas rotacijas
spektru un veic svarstibu analizi. TieSi $aja darba noradits, ka ieprieks [53] aprakstita Cs;
molekulas absorbcijas josla, patiesiba atbilst RbCs molekulas absorbcijas joslai un tiek dota
§1s sérijas apraksts ar molekularajam konstanteém.

Saja nodala tiks apkopots publikaciju parskats galvenokart par 'IT ierosinatajiem
elektroniskajiem stavokliem un to perturbgoSiem stavokliem K, Rb, vai Cs atomu

saturoSajas sarmu metalu divatomu molekulas.

3.2. Ierosinatais I, elektroniskais stavoklis K, Rb, un Cs, molekulas

Homonuklearajam molekulam, papildus citam 1pasibam, piemit ar1 simetrijas centrs,
kur§ sakrit ar pasas molekulas masas centru, jo abi molekulu veidojoSie atomi ir identiski.
Turpmak 1suma tiks apliikotas tikai K5, Rb, un Cs,; molekulas.

K2, Rb, un Cs, molekulas aktivi pétitas ar absorbcijas spektroskopijas metodém [48,
49, 52, 53, 55]. Absorbcijas spektros visvairak ir pétita K, molekula, ari Bll_[u stavoklis K;

molekulai precizi ir aprakstits tieSi no $ada veida spektriem [56]. Rb, un Cs; molekulas
sados spektros ir griitak aprakstamas, jo tas ir smagakas un Iidz ar to tam ir mazas svarstibu

un rotacijas konstansu vertibas, kas savukart nozimé, ka attalums starp to svarstibu rotacijas
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limeniem ir mazs un bez augstas izskirSanas spektroskopijas metodém Sos energijas limenus
ir gruti precizi aprakstit.

Pirmie LIF pétijumi K, molekulai ir [57, 58], kur tiek aprakstits gan Xlig, gan
Bll_Iu stavoklis. Identificétas un talak molekularo konstansu aprékinos izmantotas sérijas

tiek uzskatitas par neperturbetam. Turpmakajos petijumos ar citam metodeém [59, 60] gan

norada, ka Sajos darbos noteiktie rotacijas kvantu skaitli neatbilst precizakos eksperimentos
novérotajiem. [59, 60] darbos B'IT, — XlZg sisttma aprakstita gandriz pilniba — B'II,
stavoklis 1idz pat v' =40, kas ir 96% no $1 stavokla potencialas bedres dziluma, un X12;
stavoklis Iidz v' = 62, kas ir 94% no potencialas bedres dziluma.

K, molekulai pétiti arT augstaki ierosinatie ‘T, stavokli [61-64] un visi $ie petfjumi
norada, ka lHu tipa elektroniski ierosinatie stavokli ir liela méra perturbéti. [62] raksta
autori mégina tikt vala no perturbaciju ietekmes rezultéjosajas molekularajas konstantgs,
neizmantojot tas energijas limenu vértibas, kuram starpiba starp aprékinatajam un
noméritajam pozicijam atskitas vairak ka tris reizes par mérijumu precizitati. Rezultata
iegiitais elektroniskais ierosinatais stavoklis ir aprakstits ar fizikali pamatotiem Danhema
koeficientiem un PEL, kas konstru€ta izmantojot RKR metodi. Lidzigi ka citos 1l'[u
stavoklu pétijumos, [64] fita izmanto tikai f energijas l[imenu vertibas, kuras nav nobiditas
A-dubultosanas de]. Padzilinata perturbaciju analize veikta [63], kur aprakstits gan
ierosinatais E(4)'T1, stavoklis, gan mijiedarbiba ar ta perturbgjosajiem (4)°T1,, (4)'Z’ un
(5)°% stavokliem un no §s mijiedarbibas rakstura iegiitas PEL E(4)'I1, un (4)°TI,
elektroniskajiem stavokliem.

Zemakais ierosinatais singleta Il stavoklis Rb, molekulai ir pétits [65], kura Sis

stavoklis aprakstits ar Danhema tipa koeficientiem, izmantojot tikai neperturbétos energijas
limenus, ka arf konstrugtas PEL, izmantojot RKR un IPA metodes. Cs, molekulas (1)'T1,

elektroniskais stavoklis ir pétits absorbcijas spektros [53], un augstas izSkirSanas

spektroskopijas metode pielietota [66], kur noverotas aptuveni 1000 rotaciju parejas
dazadam svarstibu joslam B'IT, — Xlﬁg sisttmai. Rb, un Cs; molekulam daudz pétiti ir
augstakie ierosinatie lHu tipa elektroniskie stavokli, pieméram, [67-72] darbos. Padzilinata
perturbaciju analize Rb, (2)'I1, stavoklim ir veikta [68], kurd aprakstita &1 stavokla

mijiedarbiba ar (3)°Z’(lu) stavokli. Savukart Cs, molekulai (2)'I1, elektroniskais

stavoklis visparigi ir aprakstits [69], kur potenciala konstruéSana netiek izmantoti perturbétie
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energijas limeni (energijas termu vertibas tika uzskatitas par neperturb&étam, ja tas vargja tikt
aprakstitas ka energijas Ipa§vértibas mérfjumu precizitates robezas). Sis darbs dod ieskatu
par daziem S§i stavokla iesp&jamajiem energijas ITmeniem, kuri varétu but paklauti
mijiedarbibai ar blakus esosajiem elektroniskajiem ltmeniem.

P&ttjumi K, Rb, un Cs; molekulas [48, 49, 52, 53, 55-72] parada, ka ierosinatos 'TI
stavoklus ir iesp&ams aprakstit, izmantojot no perturbacijam brivo svarstibu rotacijas
limenu energijas termu vértibas. Tom@r taja pat laika tiek uzsvérts, ka pilniba aprakstit 'TI
stavoklus ar eksperimentalo precizitati butu iesp&jams analiz€jot mijiedarbibu ar blakus

esosajiem elektroniskajiem stavokliem.

3.3. Ierosinatais 'II elektroniskais stavoklis heteronuklearajas K, Rb un Cs atomu
saturo$ajas divatomu molekulas

Heteronuklearo sarmu metalu molekulu gadijuma, Iidzigas uzbiives ipatnibu dél,
ierosinatie elektroniskie stavokli aprakstas 1idzigi. Piem&ram, visas sarmu metalu molekulas,

kuras veido divi dazadi sarmu metalu (IA grupas elementu) atomi, zemaka ierosinata
B(1)'IT stavokla svarstibu rotacijas Iimeni sp&cigi mijiedarbojas ar blakus esoso stavok]u

svarstibu rotacijas energijas [imeniem. Savukart nakamajam, (2)'TT stavoklim, tik izteiktas
lokalas perturbacijas nav noveérojamas.

Sobrid NaK molekulai ir pieejami visvairak pétijumu — gan analiz&jot absorbijas
spektrus [48, 49, 54], gan augstas izskirStsp&jas lazeru ierosinatos spektrus [73-96]. Tikai
2008. gada [78] darba, apkopojot iepriek§€jos petijumus, vienlaiciga singleta un tripleta
pamatstavoklu analize dod PEL, kuras apraksta datus ar 0,005 cm™ ekperimentilo
nenoteiktibu. [73-75, 77] eksperimentos analize D(2)'T1- X (1)'S* un D(2)'T1-a(1)’L"
parejas, bet [76, 77] izmanto B()'TT un ¢(2)’L* stavoklu spécigo sajauksanos SO
mijiedarbibas dél, lai novérotu B—c — X un B-c — a parejas.

Saja darba apliikosim péttjumus NaK molekulas B(1)'TT un D(2)'I1 stavokliem un to
perturbgjoSiem elektroniskajiem stavokliem. Aplikojot teorétiskos aprékinus [79], pirma
1 stavokla spektros sagaidamas neregularitates varétu bt no B(l)ll_l zemako svarstibu
rotacijas limenu mijiedarbibas ar ¢(2)°Z* un C(3)'E* augstakajiem energijas [Tmeniem.

1977. gada tiek publicéts [80], kur ar 11 Danhema tipa koeficientiem tiek aprakstits
NaK B(1)'IT stavoklis. Turpmakie p&tijumi [81-88], ka ari perturbaciju analize [89-92],
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petot B()'TT—-¢(2)°S* —b(1)*TT mijiedarbibu, dod PEL un molekularas konstantes NaK
molekulas ierosinatajiem stavokliem, izmantojot augstas izSkirtsp&jas spektroskopiskos
datus.

Dazus gadus vélak [81] autori sava darba izmanto tris metodes — LIF, kas ierakstita ar
augstas izskirtspéjas Furjé transformacijas spektrometru, krasvielu lazera ierosmes
spektroskopiju un elektriska lauka radito e/ f Iimenu sajaukSanos — lai aprakstitu NaK
B(1)'IT stavokli. Specigu perturbaciju pétiSanai e/f Iimenu sajaukSands pétTjumi
elektriska lauka klatbutng ir neefektiva, jo novérotais perturbaciju apgabals ir parak plass, lai

konkr&ti noteiktu perturbaciju centru. Tacu §T metode ir deriga vaju perturbaciju pétisanai, ka

ar1 e/ f Iimenu atdaliSana, izmantojot elektrisko lauku, lauj noteikt B(l)lﬂ stavokla A-

dubultosanas konstanti [38, 85, 88, 91, 97], dzives laiku individualiem svarstibu rotacijas

Iimeniem [85] un pastavigo dipola momentu ierosinata stavokla svarstibu limeniem [81]. R.
F. Barrow ar kolégiem [81] analizgjot perturbacijas secina, ka tas rodas no B(1)'TT stavokla
€ limenu mijiedarbibas ar C(2)3Z+ stavokla F, komponenti. So atbalsta arf tas, ka katra
(V, J e) perturbacija B(1)'I1 stavokla € Iimenos ir papildinata ar divam perturbacijam pie
(v, J;=J £ 2) f limenos, ka tas ir sagaidams no $o f Ilimenu mijiedarbibas ar F, un F;
komponentém C€(2)°" stavokli. ST metode izmantota arf [91], kur caur B(1)'T1-c(2)°Z*
mijiedarbibu megina pétit tieSaja ierosm€ nenoveérojamo tripleta stavokli. Kopuma
eksperimenta noveéroti 50 perturbaciju centri B(l)ll_l stavokla € limeniem, kurus pavada
divas f Iimenu perturbacijas, kas liecina par mijiedarbibu ar C(2)°Z" stavokli. Balstoties
uz $iem noverojumiem, ¢(2)°E* stavoklis ir aprakstits ar Danhema koeficientiem.

NaK ¢(2)°Z* stavoklis ir pétits [93], kura pirmo reizi péta §1 stavokla sikstruktiiras
saskelSanos. Turpinot o iesakto pétijumu, P. Kowalczyk 1989.gada, petot spina aizliegtas
parejas €(2)°Z" « X(1)'Z" un b(1)*IT < X(1)'=* NaK molekulai, [83] parada, ka B(1)'TI
stavoklis mijiedarbibojas ar ierosinatajiem C(2)°Z" un b(1)°II stavokliem, kuru dé] arf var
noverot iepriek§ min&tas aizliegtas parejas no singleta pamatstavokla.

Taja pat laika [82, 84, 86] censas aprakstit B(1)'TI—C(2)°Z" mijiedarbibu un, petot
B()'II-X(1)'Z" parejas, apraksta ierosinato 'TT elektronisko stavokli ar molekularajam
konstantem un PEL. 1997. gada S. Kasahara ar kolegiem, apraksta B(1)'TI elektroniska

stavokla pirmsdisociacijas un disociacijas apgabalus, ka ar1 §1 stavokla mijiedarbibu ar
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¢(2)’°Z* un b(1)°’II elektroniskajiem stavokliem 3ajos apgabalos [87]. 2000. gada R.
Ferbers ar kolégiem pieversas atkartotai NaK a(1)’X*, b(1)’TT un ¢(2)’°Z" stavoklu
pétisanai [92], kura, analizéjot B—b—C kompleksu, tiek iegttas precizakas PEL. Viens no
darba mérkiem ir noteikt absoliito svarstibu limenu numeraciju C(2)°Z" stavoklim, kuram
Iidz $im ir atSkiriga dazados darbos. [86] darba iegiist V, =12, [84] un [89] autori iegist
V, =16, savukart [90] un [91] autori iegtst V, =20, kur V, ir pirmais svarstibu Iimenis virs
B(1)'IT elektroniska stavokla potencidla minimuma. Analizgjot ¢(2)°Z* —a(1)’T* LIF
spektrus [92] autori apstiprina, ka Vv, [c(2)32+]= 20, pamatojot to ar LIF spektralo liniju
intensitasu sadaltjumu un SO mijiedarbibas konstantém.

Ar B()'IT stavokli mijiedarbojas ari C(3)'E* elektroniskais stavoklis un §is

mijiedarbibas rezultata perturbacijas var noverot tikai B(1)'TT e komponentei. 1982. gada
[94] autori, salidzinot noveroto fluorescences intensitasu sadalijumu ar teorétisko, apstiprina,

ka C(3)'Z" stavoklis energétiska zina atrodas virs B(1)'IT stavokla un ta PEL minimums
atrodas nedaudz zemak ka B(1)'TT disocidcijas robeza. Dazus gadus vélak R. F. Barrow
[95] iegiist pilnigu C(3)12+ stavokla aprakstu ar molekularajam konstantém un RKR

potencialu. 2004. gada $o pasu stavokli péta A. J. Ross ar kolegiem [96], dodot C(3)'%*

stavoklim aprakstu Iidz pat V' =72 svarstibu [imenim.

Neskatoties uz to, ka absorbcijas spektros NaRb molekulas spektrs parklajas ar Nap un
Rb, spektriem, B(1)'IT stavoklis NaRb ir pétits jau 1936. gada [55], kad aprekinatas ta
svarstibu molekularas konstantes. Pirmo LIF pétijjumu NaRb publiceé N. Takahashi ar
kolegiem 1981. gada [98], kurd, petot D— X sistemu, dod aprakstu X(1)'Z", a()’z",
B(1)'I1 un D(2)'IT elektroniskajiem stavokliem. Ka arT norada, ka tiesi D(2)'IT stavokla

sajaukSands ar blakus esoso °TT stavokli ir iemesls tam, ka tiek novérota fluorescence uz
tripleta pamatstavokli. B—X sisttma NaRb molekulai ar augstas izSkirSanas

spektroskopijas metodém pirmo reizi pétita [99], kur tiek uzlaboti rezultati ieprieks
noverotajiem X()'2", a()’L" pamatstavokliem, un [100], kurd tiek analizéti 47
perturbaciju centri NaRb B(1)'IT stavokli. Novérotas perturbacijas rodas no B(1)'ITI
mijiedarbibas ar b(1)°TI, komponenti un no B(1)'TT mijiedarbibas ar ¢(2)°T" stavokli.

Analizgjot mijiedarbibu raksturu ir noteiktas b(1)°IT, un ¢(2)°E* molekularas konstantes,

36



ka ari SO mijiedarbibas lielums starp B(1)1H(V=8)—b(l)3H(VO) ir novertéts aptuveni
2,3+0,3 cm™. Padzilinata novéroto perturbaciju analize ar ¢(2)°L" ir pétita [101], kur ir
pétita (2)32+ sikstruktiiras saSkelSanas. NaRb molekulas disociacijas apgabals ir pétits
[102], kur B(1)'II energijas limeni aprakstiti Iidz aptuveni 1,9 cm™ zem Na(3s)+Rb(5p)

atomaras asimptotes.

No NaRb pamatstavok]a eksperimentalajiem datiem, [103] autori analiz&jusi ar1
D(2)'IT stavokli. Lai arf Seit ir noteikti vairak ka 10 perturbaciju apgabali, to analize nav
veikta. Arl izmantojot datus no pamatstavoklu pétijumiem, [104] ir aprakstits C(3)'Z"
stavoklis. NaRb gadfjuma tikai augstakie svarstibu rotacijas Iimeni B(1)'TT stavokli
mijiedarbojas ar C(3)'Z" stavokla energijas limeniem.

NaCs molekulas B(1)'IT p&tijuma [105] ir fiteti 543 vaji perturbéti vai neperturbéti
limeni svarstibu diapazona no V' =0 lidz V' =25 (~87% no potencialas bedres dziluma).
Ieprieks minéts, ka B(1)'TT stavoklim ir raksturiga saskel3anas € un f komponentés. Tadg]
ari B— X LIF spektros ir novérojamas gan Q (f komponente), gan P un R (€

komponente) parejas. Ta ka € simetrijas Itmeni ir nobiditi, tad fita ieklaujot Sos Itmenus to
noteiktas eksperimentalas energijas veértibas ir nepiecieSams korigét nemot véra g-faktora

(raksturo saSkelSanos starp € un f simetrijas Iimeniem) vertibu. Neskatoties uz to, ka $is
[105] darba ir darits, [106] autori uzskata, ka pareizak butu fita izmantot tikai f simetrijas
Iimenu energijas vertibas, pamatojot to ar komplicétu g-faktoru atkaribu no v’ un J’, kadg]
nebiitu korekti € simetrijas Itmenu korekcijai izmantot videjo Q-faktora vertibu no
zemakiem V' =0—5 svarstibu limeniem. Paplasinot B(1)'TT stavokla pétijumus [105, 106]
NaCs molekula [107] darba tiek dota PEL, kas apraksta svarstibu rotacijas Iimenus
V'=0-52 un J'=13-51 aptuveni 7,6 cm™ zem disocidcijas asimptotes. Saja darba
uzkratie eksperimentalie dati lauj paplaSinat pé€tijjumus un, izmantojot papildus citas
cksperimentalas metodes, aprakstit ari ¢(2)°2" stavokla Q=1 komponenti ar Danhema
koeficientiem un PEL svarstibu Iimenu v’ = 0—25 apgabala [108].

Teorétiskie aprekini [109] parada, ka KRb molekulas gadijuma (1)'TT un (2)'TT ir
savstarpgji vaji saistiti. So ar eksperimentalajiem rezultatiem vélak parada [110, 111] darbos.
[110] analizéts tikai (1)'T1 elektroniskais stavoklis un perturbacijas, kuras rodas no
mijiedarbibas ar °*TI, un ®=* stavokliem. Kompleksa (1)'I1—(2)'T1 analize ir aprakstita
[111], kur cenSas skaidrot energijas nobides, intensitasu anomalijas un spektralo liniju
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paplaginasanos ar iespéjamiem mijiedarbibas mehanismiem starp (1)'TT un (2)'I1
elektroniskajiem stavokliem. Vélak, petot (3)'TT— (3)'2" fluorescenci [112], C. Amiot ar
kolégiem novéro ar fluorescenci uz (1)'IT un (2)'T1 stavokliem, kuru apraksta [113] darba.
[113] pierada, ka absoliita svarstibu limegu numerdcija (2)'TT stavoklim [111] darba ir
nepareiza un tai vajadzetu biit par 6 svarstibu kvantiem augtakai.

2011.gada KRb B(D)'IT péetijuma aukstim molekulam [114] lidzigi ka A—b
kompleksa gadijuma, tiek pétits B—b—c komplekss. Aukstos nosacijumos vélak ir novéroti
ari (2, 3)'T" elektroniskie stavokli [115].

1971.gada M. M. Hessel pirmo reizi paradija, ka ir iesp&jams iegit stabilas NaLi
molekulas [116]. Ta¢u aktivaki Li atomu saturo$u sarmu metalu divatomu molekulu
petijumi ir sakusies 90-to gadu beigas. Tas vartu but saistits ar Li elektronisko uzbiivi,
proti, ierosinatie stavokli atrodas talak (energijas zina) viens no otra, tad€] pé&tamos
elektroniskos stavoklus ir gritak ierosinat tiesi, tacu tas nozimé, ka ari ierosinatie energijas

Iimeni atradisies talak viens no otra un mijiedarbiba starp tiem nebiis tik izteikta ka citas
sarmu metalu divatomu molekulas. KLi molekulai ir plasi pétits gan B(1)'TT stavoklis [117—
120], gan augstaki ierosinatie 'IT elektroniskie stavokli [121-125]. B— X sistemas
pettjumi [117] dod KLi X(1)'S* un B(1)'IT stavoklu raksturojumu. Turpmakajos [118—
120] darbos censas uzlabot B(1)'TI raksturojosos parametrus, lidz [119] tiek dota B(1)'TI
PEL, kura apraksta ~99% no tas dziluma. [120] tiek aprakstita B un C stavoklu savstarpgja
mijiedarbiba. Savukart KLi D(2)'TT stavoklis ir aprakstits [121] un [122] darbos.

Art LiCs [126, 127], LiRb [128] un NaLi [129-131] molekulam ir lidzigi p&tijumi
kuros mégina aprakstit gan zemako I)'1, gan augstakos 'TT elektroniskos stavoklus. LiCs
molekulai [126] peta (1, 2)'T1 elektroniskos stavoklus un norada, ka B stavoklim

nenoveéro spécigas SO mijiedarbibas raditds perturbacijas. Tacu D stavoklis ir spécigi
perturbéts ar blakus esoSajiem tripleta stavokliem. Danhema koeficientu aprékinasana un
PEL konstrué$ana ar IPA metodi tiek izmantoti, autoru prat, mazak perturbétic energijas

Iimeni un tadel nekada padzilinata perturbaciju analize nav veikta. Savukart [127] autori
iegiist B(1)'IT stavokla PEL svarstibu limepiem no V' =0 Iidz V' =35. B(1)'II stavokla
molekularo konstansu aprékinam [128] izmantotas tikai parejas no f simetrijas limeniem,
jo e simetrijas limepiem novéro perturbacijas, kuras skaidro ar B(1)‘T1-C(3)':X*
mijiedarbibu. [129] tiek aprakstiti NaLi molekulas B(1)'TT un C(3)'Z" stavokli, izmantojot
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Danhema koeficientus un uz tiem balstitu RKR potencialu, ka ar1 tiek doti mijiedarbibas

parametri starp $iem abiem stavokliem. NaLi molekulas D(2)'IT stavoklis ir pétits [131],

savukart [130] tick dota apraksts (3)'T1 un (4)'T1 elektroniskajiem stavokliem.

3.4. Iepriekséjie KCs un RbCs molekulu pétijumi

3.4.1. KCs molekulas pétijumi

Pirmie ab initio aprékini KCs elektroniskajiem stavokliem paradas 2000. gada, kad
[30] darba doti 30 KCs elektronisko stavoklu potenciali, kura gan netiek nemta véra SO
mijiedarbiba starp blakus esoSajiem stavokliem. VElak $is pats autoru kolektivs uzlabo savus
aprékinus un [31] jau tiek aprakstiti 72 elektroniskie stavokli KCs molekulai, ka art tiek
nemta véra mijiedarbiba starp dazadiem stavokliem. Teor€tiskos p&tijumus turpina [134],
kura tiek aprékinatas ari KCs molekulas pamatstavoklu molekularas konstantes, un [32],
kura bez PEL aprékina ar1 pastavigos un parejas dipola momentus, dzives laikus un g-
faktoru vértibas diviem zemakajiem 'IT elektroniskajiem stavokliem, ka ari radialas

mijiedarbibas un SO mijiedarbibas matricas elementus stavokliem pirmajam trim
zemakajam disociacijas robezam. Spektroskopisko konstan$u apkopojums un B(1)1H un ta
perturb&josajiem b(D)°IT, ¢(2)°Z" un C(3)'E" stavokliem, ka ari D(2)'TT stavoklim ir
redzams 3.1. tabula, kur [30-32] ir teor&tiskie darbi, bet [132, 133] ir eksperimentalie darbi.
KCs elektronisko stavoklu termu shéma pirmajam ¢etram atomarajam asimtotém ir redzama
3.1. attela.

KCs molekula, lai ar atzita par loti perspektivu auksto stavoklu pétijumiem, ir
salidzino§i maz pétita no spektroskopiska viedokla. Pirmie augstas izSkirtsp€jas
spektroskopiskie pétijumi paradas 2008. gada, kad [135] autori uzsak KCs molekulas
singleta pamatstavokla X(1)12+ pétijumus, savos eksperimentos noveérojot ari LIF parejas
uz tripleta a()’z* pamatstavokli. Parejas uz singleta pamatstavokli novéro parsvara no
A—Db kompleksa ierosinatajiem energijas limeniem, ta¢u datu lauka papildinasani, izmanto
ar1 ierosinasSanu (4)1Z+ stavokla energijas diapazona. LIF spektros tie$i no $T ierosinata
stavokla ir novérojamas parejas uz a(1)32+, kuras ir skaidrojamas ar tripleta piemaisijumu
ierosinatajos energijas Iimenos. [136] jau ir pétita X(1)'Z" un a(@)’T" elektronisko

stavoklu sist€éma, kura koncentr&joties uz {:1(1)32+ stavokla novéroSanu un aprakstiSanu, ka
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ierosinatais stavoklis tika izvéelets B(l)ll—l stavoklis. Paplasinot abus iepriekSgjos
pamatstavoklu pétijumus, autoru kolektivs [137] darba apraksta elektronisko pamatstavoklu
sisttmu, péetot ari disociacijas apgabalu, kura attalumi starp svarstibu limeniem ir

salidzinami ar Cs atoma sikstruktiiras komponentem.

3.1. tabula
Spektroskopisko konstansu apkopojums KCs molekulai zemakajiem ierosinatajiem

elektroniskajiem stavokliem 9 000 — 15 000 cm™ diapazona.

2
Stavoklis | Avots R, A T,cm? | (K+Cs) C%ezl e Beé;#i )
[30] 4,622 14 014,61 48,49
B()'TT [32] 4,611 14038 (4s+6p) 49,56
[31]
cE's [30] 5,231 13 498,56 39,16
[32] 5,261 13 561 (4p+69) 38,99
COR'Z. | [31] 5,21 13538 3479 | 39.2 2,053
c2s [30] 5,106 12 642,75 44,52
[32] 5,237 12 845 42,69
2’z - 5,10 12 644 (4s+6p) | 3118 | 453 | 2,148
c(2)°’s; 5,10 12 643 3115 | 454 2,141
; [30] 4,160 8 897,97 71,55
b [32] 4,211 9 049 68,84
b@II | [31] 4,17 8 739 6428 | 714 3,209
b@IT, | [31] 4,17 8717 7039 | 70,3 3,206
b(@)°'TI [132] 4,179865 8 832,97 (4s+6p) 68,4
° | [133] | 4,178755(230) | 8832,78(3)
b(@)'TI [31] 4,16 8 856 6345 | 71,6 3,221
b [132] 4,19 8 938 68,3
b(1)°I, [31] 4,15 8 981 6782 | 71,8 3,234
[132] 4,20 9044 68,2
DQ)'TI [30] 4,926 15 406,58 45,99
[32] 4,961 15 409 (4p+65) 44,41
D(2)'T, | [31] 4,92 15421 1600 | 44,4 2,304

Pamatstavoklu pétijumi veicinajusi ar1 ierosinato elektronisko stavoklu pétijumus
[132, 133, 138-142]. Apraksts A(2)'S" un b()°IT stavokliem ir dots [132] un [133]
darbos. Savukart [138] dod aprakstu (4)'E" stavoklim, kuru papildina [139] darba autori.
Balstoties uz Siem pétijumiem, [140] ir veikta iesp€jama optiska cikla modeléSana KCs
molekulu iegiSanai pie ultra aukstam temperatiiram, izmantojot tiesi E(4)'Z" elektronisko

stavokli. Noraditais optimalais cikls aukstu molekulu iegiiSanai varétu biit sekojoss:

X'z*a’st > E(4)'27(v. =44, =1) - X'z (v"=0,1"=0).
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3.1. attels. KCs elektronisko termu shéma [30].

P&dgjos gados ir pastiprinajusies ne tikai KCs molekulas spektroskopiskie petijumi,
bet arT ar aukstu KCs molekulu iegiiSanu saistitie petijumi. Lidz §im aukstas KCs molekulas
nav iegiitas, taCu [12] un [14] ir paraditas dazas shémas, ar kuru palidzibu tas biitu
iesp&jams. Abos darbos paradita magnetoasociacijas metode, kura ir pielietota jau Cs; [7],

KRbD [6] un RbCs [13, 15] molekulam. Cs; un RbCs molekulam ka vidgjais stavoklis tiek
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izmantots A—b komplekss, tatu KRb molekulas gadtjuma — (2)°Z" ierosinatais stavoklis.
KCs gadijuma [14] publikacija tiek apliikoti tris iesp&jamie varianti, kuros ka vidgjie

stavokli vargtu kalpot A—b kompleksa Q@ =0, 1 un B(1)'II elektroniskie stavokli.

3.4.2. RbCs molekulas pétijumi

1934. gada tiek publicéts pétijums [53] par Cs, molekulas spektriem, kura pétitas 12
absorbcijas joslas. Divus gadus vélak P. Kusch sava pétijuma par Rb, [55] norada, ka viena

no iepriek§ noverotajam absorbcijas joslam Cs; molekula 7230 — 7400 A apgabala patiesiba
atbilst RoCs molekulai. Rb; pétijumos [55] novérotas galvenokart parejas 'I1 <« £, un ari

RbCs atbilstosa sist€ma, kura ir aprakstita ar izteiksmi
1 1
v=13 747,21+ 38,46[V’ + Ej - 49,41[V” + E) , péc augseja stavokla energijas atbilst

T« = parejam. Ari 2007. gada, kad molekulu pétfjumiem popularaka ir augstas

izskirtsp&jas LIF metode, tiek veikts p&tijums par RbCs absorbcijas joslam [143], kura autori
novero absorbcijas joslas 450 — 1000 nm diapazona, kura autori identifice (1)'Z" — (1)'I1
un ()'=* — (3)'IT parejam atbilstosas absorbcijas joslas.

Astondesmitajos gados par galveno pé€tijjumu metodi klast lazeru ierosinata
fluorescence (LIF). H. Katd un H. Kobayashi ir pirmie, kuri, izmantojot LIF, ir pétijusi
RbCs X(1)'S* stavokli [144]. 1988. gada, RbCs X'S* stavoklim tiek publiceti vél divi
petijumi [145] un [146]. Lidz 1992. gada publikacija [147] tiek apkopoti 1idz tam bridim
pieejamie eksperimentalie datus RbCs pamatstavoklim, rezultata tiek iegtta PEL loti tuvu

disociacijas robezai un Van der Valsa taldarbibas koeficientus, kuri raksturo disociacijas
asimptoti. RbCs molekulas X'S* pétijumi tiek papildinati [148], kad LIF-FTS
eksperimenta iegiitos datus apraksta izmantojot IPA metodi. PaplaSinot svarstibu Iimenu
apgabalu no v"=119, kadu aprakstija [148], Iidz v" =129 [149] publikacijas autori,
ierosinot B(L)'TT un (4)'X* stavokli, konstrueé PEL X'S* un a®%* stavokliem, ka ari
nosaka so stavoklu disociacijas energijas.

Paraléli 1988. gada publicétajiem [145] un [146] pamatstavokla p&tijumiem to autori
publicé art [150], kura pirmo reizi ir aprakstiti RbCs molekulas pieci ierosinatie stavokli:
(@', (', (5)'11, (3)'=" un (2)'T1, kuru aprakstam izmantoti Danhema koeficienti,
uz kuriem pé&c tam balstita PEL konstrukcija, izmantojot RKR metodi. Augstakie ierosinatie
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stavokli RbCs molekula ir pétiti [151] publikacija, kura tiek aprakstita *A—"X" sistema,
[152], kura autori peta (3)'T1 un (4)'X" stavoklus un [153] darba, kura tiek pétits (5)'Z*
stavoklis. Sajos pétljumos ir izmantota rezonanses pastiprinata divfotonu jonizacijas

(resonance enhanced two photon ionization) spektroskopija. Sadu pétfjumu metodi izmanto

ar1 [154] un [155] autori, kuri peta RbCs 500 nm un 640 nm joslas, iegiistot molekularas
konstantes (2)'T1, (2)°T1, (4)°T1, (5)'Z", (6)'Z" un (3)’Z" elektroniskajiem stavokliem.

AT RbCs molekula A(2)'X* un b(1)*TT stavokli savstarp&ji loti specigi mijiedarbojas,
tadé] Sos stavoklus iesp&jams pétit tikai ka vienotu kompleksu. ST sarezgita sistéma ir pétita
[156] un [157] darbos. 2003. gada [156] autori pirmo reizi censas sistematiz€t stipri
perturb&tos Itmenus Saja kompleksa, aprakstot datus, kuri iegiiti no pamatstavokla
petijumiem [148]. Velak, 2010. gada [157] publikacijas autori, izmantojot [156]
eksperimentalos datus un no jauna noméritos datus tiesi 1 stavokla p&tijumiem, korigé [156]
noteikto svarstibu kvantu skaitlu numeraciju, ka ari dod ierosinata A—b kompleksa
visparigu aprakstu.

Intensivas RbCs molekulas pamatstavokla X (1)'S" studijas [148] un [149] ir
veicinajusas arl (4)12+ stavokla pétijumus, kur§ izmantots ka ierosinatais stavoklis
fluorescences noverosanai uz pamatstavokli. (4)12+ stavoklis ir aprakstits [158] un [159],
kur ir dotas molekularas konstantes un konstruétas PEL. [159] autori, lidzigi ka KCs
gadijuma, parada ar optisko ciklu RbCs molekulu iegtisanai X (1)12+(V =0,J= 0) stavokli,
parejam izmantojot (4)'2" elektronisko stavokli.

Pirmie teorétiskie aprékini RbCs molekulas pamata un ierosinatajiem elektroniskajiem
stavokliem ir aprakstiti 1989. gada [33] darba, kura dotas raksturigas molekularas konstantes
30 ierosinatajiem elektroniskajiem stavokliem. Autori ir izmantojusi pseidopotenciala
(ab initio) konfiguracijas mijiedarbibas (configuration interaction) aprékinus nemot véra
perturbativo aprakstu kodola—valences mijiedarbibai. Ka vélak norada A. R. Allouche ar
koleégiem [35], tad $ada veida aprékins var novest pie parak lielam disociacijas energijas
vertibam. Publikacija [35] perturbativa apraksta vieta kodola—valences efekti tiek aprakstiti
izmantojot kodola—polarizacijas potencialu. Attela 3.2. ir redzama RbCs pamata un

ierosinato elektronisko stavoklu termu shéma no [35]. PaplaSinot aprékinus, [36] tiek

aprakstiti 49 zemakie RbCs elektroniskie stavokli.

3.2. tabula
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Spektroskopisko konstansu apkopojums RbCs molekulai zemakajiem ierosinatajiem

elektroniskajiem stavokliem 9 000 — 15 000 cm™ diapazona.

Stavoklis | Avots | Re, A T, cm™ (Rb+Cs) | Ds, cm™ | @, cm™ | By(-10%), cm™
[33] | 5,364 13 397 3738 32,96
[35] | 5434 13 060 28,75 1,098
s 36 5,434 13 053 28,9 1,10
CEz E38} 5,54 13061 | P69 29,3
[39]" | 5,527 13 402 3329 26,67 1,053
[39]% | 5,519 12 965 3377 29
[33] | 5464 13 114 2964 28,52
[35] | 5,309 12 635 32,20 1,150
c(2)°z* [36] | 5,310 12 636 32,2 1,15
[39]' | 5,522 12 925 2593 30,87 1,055
[39]° | 5461 12 585 (55+6p) 2668 31
s [3]° 12 391,9(2) 31,8
c(2)'%, [3] | 5,255 | 12584,5(2) 32,1
s [3]° 12 600,9(2) 31,8
c(2)'%, [3] | 5,255 | 12588,8(2) 31,6
[33] | 4,747 14 152 1926 33,16
[35] | 4,676 13753 38,62 1,482
[36] | 4,616 13743 40,8 1,52
B(1)'IT [38] 4,72 13 814 (55+6p) 35,4
[31° 4,672 | 13736,3(6) 36,1
[39]" | 4,657 13 873 1645 37,93 1,483
[39]° 4,79 13750 1500 37

12 aprekinos izmantoti dazadi pseidopotenciali (pseudopotentials)
% tiess fits pec G(V)

* dalgji deperturbéts

Daudz dzilaku pétijumu par RbCs pamata stavokliem un ierosinatajiem stavokliem, kuri
disocié uz Rb(5s)+Cs(6s) un Rb(5s)+Cs(6p) atomarajam asimptotem, sniedz [37].
Savos aprékinos autori izmanto relativistisko konfiguracijas mijiedarbibas metodi, aprékinot
PEL un parejas dipola momentus “*<* un “*IT stavokliem. Ipasa uzmaniba tiek pievérsta
X@)'S* un a(l)’T” stavokliem, pamatojot §adu padzilinatu pétijumu ar to, ka pie loti
maziem un Joti lieliem starpkodolu attalumiem pseidopotenciala pieeja varétu biit nepreciza.
Savukart [38] autori koncentrgjas uz 'IT stavoklu p&tfjumiem, aprekinot pastavigo elektrisko

dipola momentu (1, 2, 3, 4)11_1 stavokliem un g-faktorus (2, 4)11_1 stavokliem, ka arT tiek

aprakstiti pirmie eksperimentalie dati par Starka efekta radito e— f sajauksanos (4)1H

stavoklt ®Rb*Cs molekulai.
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3.2. attels. RbCs elektronisko termu shéma [35].

Tabula 3.2. ir redzams spektroskopisko konstanSu apkopojums no apliikotajiem

teorétiskajiem aprékiniem [33, 35-39] B(l)ll_[ stavoklim un elektroniskajiem stavokliem, ar

kuriem ir sagaidama B(1)'IT stavokla mijiedarbiba, RbCs molekulai.

Aktualakiem kliistot petijumiem par ultra aukstam molekulam un to iesp&jamajiem

pielietojumiem kvantu datoru izstradeé, RbCs molekula savu 1pasibu dé] klust par vienu no
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popularakajiem pétijumu objektiem Saja nozaré. [3] tiek piedavata sakotn&ja analize
perturbacijam ¢(2)°L* stavokli, kuras rada augstie D(1)°TT stavokla Iimeni un zemie
B(1)'IT stavokla energijas [tmeni. Izmantota shéma X stavokla V=0 energijas limena
apdzivosanai, izmantojot Rb un Cs atomu fotoasociaciju ir sekojosa: fotoasociacija —
spontana pareja uz a(1)32+ stavokli — atkartota ierosinaSana augsta svarstibu Iimeni
C(Z)SZ+ stavoklt — stimuléta pareja uz v=0 limeni X stavokli. Iegitas spektroskopiskas
konstantes arT ir paraditas 3.2. tabula. Ari [1] un [2] publikacijas tiek aplukota elektroniski
ierosinatu, polaru molekulu iegiiSana ar fotoasociacijas metodi. [2] aprakstita optiska sheéma
molekulu iegtiSanai pamatstavokli ir lidziga iepriekS aprakstitajai, tikai ierosinasana nav
c(2)°=" stavokli, bet gan B(1)'TT stavokli, kura sajauksanas ar blakus esosajiem >=* un
*T1 stavokliem atlauj parejas no a(l)’%" stavokla uz B(1)'TI, tacu tiesi ‘T piejaukums
nodroSina to, ka ir iesp&ama tieSa pareja no ierosinata stavokla uz X'zt (V =0,J = 0)
stavokli. V&l RbCs iegiisana ultra auksta pamatstavokli ir pétita [4], kura ka starpstavokli

izmanto B(1)'TT, un [9], kura ka starpstavokli izmanto A—b kompleksu. Savukart [8] un

[11] autori parada ultra aukstu RbCs molekulu iegiSanu metastabilaja a(1)’>" stavokli caur

(2)°I1 elektronisko stavokli.

3.5. Kopsavilkums

Sarmu metalu divatomu molekulas ir aktivi pétitas jau vairak ka gadsimtu — sakotngji
ar absorbcijas spektroskopijas metodém, velak ar augstas izskirtsp&jas spektroskopijas
metodeém. Lai ar1 §1s molekulas ir daudz pétitas, palielinoties uzpemto spektru izskirSanas
sp€jai un izpratnei par molekulu struktiiru, ka arT paradoties jaunam pielietojumu iesp&jam,
tas vel aizvien ir interesanti petijumu objekti. Sobrid visvairak pétiti ir zemakie ierosinatie
elektroniskie stavokli NaK un NaCs molekulas. Neskatoties uz pétijumiem Sajas jomas, vl
joprojam ir aktuali jautajumi par elektronisko stavoklu savstarp&o mijiedarbibu un tas
raksturoSanu.

No KCs un RbCs molekulu ieprieks€jo pétijumu apkopojuma ir redzams, ka zemakie

ierosinatie singleta Il stavokli nav pétiti no spektroskopiska viedokla. Dazos auksto

molekulu iegtiSanas pétijjumos ir izmantots B(1)'IT elektroniskais stavoklis un no Siem
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eksperimentiem ir méginats ari ieglit dazas molekularo konstansu (T, un @,) vertibas, tadu
tas ir par maz, lai raksturotu elektronisko stavokli kopuma. No $adiem eksperimentiem var

aprakstit tikai perturb&tos ITmenus 'T1 elektroniskaja stavokli, jo tiesi caur §adiem energijas

[imeniem ir iesp&jams iegiit molekulas X (1)'Z* (V =0,J = 0) Iiment.
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4. EKSPERIMENTS UN DATU ANALIZES METODE

4.1. Visparigs eksperimentalas iekartas parskats

Spektru iegiisanai izmantota LIF kopa ar augstas FTS. 2.4.1. nodala rakstits, ka

fluorescences parejas iesp&jamas, ja visi reizinataji (2.26) izteiksmé ir atskirigi no nulles.

HL faktors vienmér ir vienads ar nulli, ja vien AJ=J"—-J"=0, +1. Lidz ar to, katra

svarstibu josla no ierosinata svarstibu rotacijas Iimena var sastavet no tris [inijam: P-linija ar

AJ =-1, Q-linija ar AJ =0 un R-linjja ar AJ =+1. Ar lazera palidzibu vienlaicigi var

ierosinat vairakus svarstibu rotacijas limenus, kuri var arf nebat tuvu (energijas zina) viens

otram. Izmantojot LIF — FTS, vienlaicigi var ierakstit visas ierosinatas fluorescences parejas,

uzlabojot signals-troksnis attiecibu uznemtajos spektros. Lielas lazera intensitates ar1 lauj

sasniegt lielu populacijas apdzivotibu ierosinataja Iimeni, kas savukart lauj novérot parejas

ar loti maziem FCF. Jaatzimé, ka ar1 spektra noverotas relativas spektralliniju intensitates ir

proporcionalas FCF [160].

Datoriekarta spektru Bruker IFS
registréSanai 125HR
|
Vakuumsistéma £
= &
= g
z @
Krasns Atpakalstarojosa 2 &
7288
l/ fluorescence % g

Diozu
— e e lazers
Lazera stk
Spogulis ar
_ _ Siltuma caurule caurumu
Krans argona gazes -
R A (heat-pipe)
1ela1sana1 sistema
Dzesesanas
sistéma

4.1. attéls. Vispariga eksperimentalas iekartas shéma.

Vispariga eksperimentalas iekartas shéma ir redzama 4.1. att€la. Lazera stars caur

optisko sistemu tiek laists cauri siltuma caurulei, kura atrodas pé&tamie molekularie tvaiki un

bufergaze argons. Spogulis ar caurumu pagriez atpakalstaroto fluorescences signalu FT
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spektrometra Bruker IFS-125 (iz3kirtspgja 0,03 cm™, aperatira 1,5 mm) optiskas ass

virziena. Talak signals iet cauri FT spektrometram un nonak uz detektora.

KCs B()'TT eksperimentiem izmantoti diozu lazeri ar vilpu garumiem 658 nm, 705
nm un 730 nm, D(2)'T1 eksperimentiem izmantoti diozu lazeri ar 658 nm un 685 nm vilnu

garumu, ka arT krasvielu lazers ar Rh6G un DCM krasvielam. Savukart RbCs B(1)'IT
eksperimentos izmantoti diozu lazeri ar 705 nm un 730 nm vilpu garumu. Lazerdiodes
eksperimentos novietotas A. Jarmola un M. Tamanis gatavotos arjos rezonatoros.
Izmantotas diozu lazeru izejas (darba) jaudas bija apméram no 20 lidz 30 mW, bet krasvielu
lazeriem — no 100 Iidz 350 mW.

Lai nodroSinatu labu signals/troksnis attiecibu uznemtajos spektros, tiek iegiits vid&jais
spektrs no 20 vai 40 skangSanas reiz€ém (skaniem). Dazos gadijumos, tika izmantota ari
vidgjosana no vairakiem $adiem spektriem.

Ka detektori tiek izmantoti Si fotodiode (galvenokart KCs eksperimentos),
fotopavairotajs (galvenokart RbCs eksperimentos) un InGaAs diode. Pirms detektora
eksperimantalaja iekarta tiek novietoti filtri. NOTCH filtrs tiek izmantots visu spektru
uznemsanai, lai samazinatu He-Ne lazera (tieck izmantots FT spektrometra kalibréSanai)
linijju intensitiati. Savukart citi filtri tiek izmantoti gadijumos, kad spektros paradas

intensivas citu molekulu (K, Cs;, RDby) elektroniskas parejas vai arl parejas no citiem
elektroniskajiem stavokliem. Pieméram, KCs D(2)1H stavokla pétjjumos visiem spektriem

izmantots garo vilpu garumu caurlaidigs (long-pass edge) filtrs, lai nodzéstu K, molekulas

LIF signalu.

4.2. Molekularo tvaiku iegiiSana

Visos promocijas darba aprakstitajos ‘T stavokla p&tijumos KCs un RbCs molekulas
tika iegiitas lineara siltuma caurulé (heat-pipe) (garums — 88 cm, diametrs — 3 cm), kuras
Skérsgriezums ir redzams 4.2. att€la. Siltuma caurule abos ta galos tiek dzes€ta ar tidens
plusmu. Viena caurules gala ir krans gaisa izsiiknéSanai (sistéma jabiit vakuumam) un
bufergazes (argona) ievadiSanai sistéma. KCs molekulas iegiitas, karsgjot atomu maistjjumu,

no 10g kalija (dabiska izotopu attieciba izteikta procentos —

PK:PK: MK =93,26:0,012:6,73 [161]) un 7g cézija. RbCs molekulas iegiitas no 10g
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rubidija (dabiska izotopu attieciba izteikta procentos — **Rb:*’Rb =72,17:27,83 [161]) un

7g cézija. Aptuvena eksperimentos izmantota temperatira ir 290 °C.

Sarmu metali tiek novietoti aptuveni caurules centra uz metala sietina. Karsgjot
cauruli, taja veidojas molekularie tvaiki, kuri talak parvietojas uz caurules aukstajiem
galiem, kur notiek kondensacija. Metala kondensats talak pa sietinpu virsmas spraiguma
speku de| parvietojas atpakal uz karstako caurules centru, kur atkal tiek parvérsts tvaikos.
Lai kondensacija nenotiktu uz caurules noslédzosajiem stikla lodziniem, sist€ma tiek iclaista

bufergaze, kura miisu eksperimentos bija argons ar tipisko spiedienu 2 — 3 mbar.

DzeséSanas kontiirs

Krans argona ielaiSanai
s1stema
Ampula arCs

Lazera stars

N\

\ets Metals (Rb vai K)

DzeséSanas kontiirs

Stikla lodzini

4.2. attels. Siltuma caurule Skérsgriezuma.

4.3. Izmantotas lazeru iekartas un detektéSanas sistémas

Lazeru iekartas:
1. 660 nm diozu lazers (Tentative Roithner-Laser, ADL-66Z01HL) ar vilpa garumu
A=658+10 nm un tipisko jaudu 15,4 mW.
2. 685 nm diozu lazers (Optnext, HL6750MG) ar vilpa garumu A=685+10 nm un
tipisko jaudu 27,5 mW.
3. 705 nm diozu lazers (Optnext, HL7001MG) ar vilpa garumu A=705+10 nm un
tipisko jaudu 22 mwW
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4. 730 nm diozu lazers (Optnext, HL7301MG) ar vilpa garumu A=730+£10 nm un
tipisko jaudu 25,8 mW

5. CR699 krasvielu lazers ar DCM krasvielu (skang$anas diapazons no 625 — 690 nm)
un Rh6G krasvielu (skanéSanas diapazons no 560 — 625 nm). Iegitas lazera izejas
jaudas ir no 150 — 450 mW. Krasvielas uzpumpéSanai izmantots Verdi V18
Coherent lazers ar vilpa garumu A=533 nm un tipisko jaudu 6 — 7 W.

Detektori:

1. Fotopavairotajs Hamamatsu R928: spektralas jutibas diapazons no 185 — 900 nm;
spektrald jutiba v e[13 500, 16 500] cm™ diapazona picaug par 35%-40%,
pieaugot v [140].

2. Silicija fotodiode: spektralas jutibas diapazons no 250 — 1200 nm. Attela 4.3. (a) ir
redzama Si fotodiodes spektralas jutibas raksturlikne, uz x ass ir atlikts vilgu
skaitlis nanometros un uz y ass — relativa intensitate.

3. InGaAs fotodiode: spektralas jutibas diapazons no 900 — 1700 nm. Attgla 4.3. (b) ir
redzama §is fotodiodes spektralas jutibas raksturlikne, uz x ass ir atlikts vilgu

skaitlis nanometros un uz y ass — relativa intensitate.

Y =-0.10674-6.46068E-4 X+9.10537E-6 X°-2.11491E-8 X*+2.11217E-11 X'-7.7555E-15 X° Y =-67,18022+0,21176 X-2,4714E-4 X*+1,27832E-7 X'-2,46636E-11 X'
1,0
0,6
[ ]

0,9

0,5 0,8
Q Q
2 2

3 8 074
% 04 74

5 5 064
2 2
R=| R

18 0,34 1 0,5
2 2

= = 04
& o2 &

' 0,3

0,1 0,2

(@) si fotodiode (b) InGaAs fotodiode
T T T T T T T T ] 01 T T T T T T T T !
200 300 400 500 600 700 800 900 1000 1100 800 900 1000 1100 1200 1300 1400 1500 1600 1700
Vilnu skaitlis, nm Vilnu skaitlis, nm

4.3. attéls. Si fotodiodes un InGaAs fotodiodes jutiguma raksturliknes.

4.4. legiito LIF spektru vispariga apstrade un analize

Tipisks musu eksperimentos iegiitais LIF spektrs ir redzams 4.4. — 4.6. attelos. 4.4.
att€lotaja spektra ir atzimétas LIF progresijas, kur no viena ierosinata energijas limena

vienlaicigi tiek nov@rotas parejas gan uz singleta, gan uz tripleta pamatstavokliem.
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Aizliegtas parejas uz tripleta pamatstavokli ir novérojamas pateicoties B(1)'TT elektroniska
stavokla energijas Iimenu mijiedarbibai ar blakus eso$o tripleta stavoklu energijas limeniem
(sk. termu sh&mas 3.1. un 3.2. att€los). Pateicoties argona gazes klatbiitnei siltuma caurule,
ierosinot konrétu energijas Iimeni sadursmju dé€l notiek arT blakus esoSo rotacijas energijas
Iimenu ierosinaSana. Spektros Sie Itmeni paradas ka rotacijas relaksacijas ainas un ir
redzamas 4.5. (b) attéla.

Apliikotajas LIF progresijas ir novérotas gan Q-tipa (AJ =0), gan PR-tipa progresijas
(AJ =+1), kas Jauj secinat, ka ierosinatais stavoklis ir IT stavoklis. Savukart, balstoties uz
ab initio aprékiniem KCs [31, 32] un RbCs [35, 36] molekulam, ierosinato limenu enrgijas

vértibas lauj secinat, ka ierosinatais stavoklis ir B(1)'TT stavoklis.

lazerlinija

B(1)'r1

X'z 1

ik 1“9 o JL““JL“ ..h‘ H
T 1 /) 7 o) DA
I ! I V4 I ! I ! I ! I ! I
10200 10300 10400 10500 10600 12000 12500 13000 13500 14000

Vilnu skaitlis, cm’

4.4. attels. KCs molekulas B(1)'TT — X (@)'=" un B(1)'TTI — a(l)’~" LIF parejas. Specigakas
LIF progresijas uz singleta un tripleta pamatstavokli ir no v'=3,J' =54 [imena B(1)'TT

stavokli. Ar sarkanu krasu apziméta progresija parejam uz singleta pamatstavokli, bet ar zilu

krasu — uz tripleta pamatstavokli.
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@) V= % lazerlinija—s
a (b)
ViET vi=3 Q-zars
N
N
P-zars
o] Ak ddaedd AL . “”1” I AL UJMMI
12600 12800 13000 13200 13400 13600 13800 14000 14200 13300 13320 13340
. g -1 . i1 -1
Vilnu skaitlis, cm Vilnu skaitlis, cm

4.5. artels. (a) Visparigs KCs LIF spektrs, ierosmes frekvence v, =14090,273 cm™.
Intensivaka progresija B(3, 129)—> X(v", 129) ir atzZiméeta ar sarkanu. (b) Rotacijas relaksacija
atbilstosi B(3, 129)— X(12, 129) parejam. Seit Q-linijas ir attélotas ar sarkaniem punktiem,
J' =123-141; P-linijas — ar ziliem trijstiiriem, J'=125-137; un R-Iinijas — ar zaliem

kvadratiem, J'=120-134,

~— lazerlinija ~ lazerliija

e UL

1Iwe @ bl (b)

12500 13000 13500 14000 14500 12500 13000 13500 14000 14500
Vilgu skaitlis, cm™!

Vilnu skaitlis, cm_1

~— lazerlinija

lazerlinija

mddm[ { li P ‘\(S)J ‘ ‘ wldaaies i @

12500 13000 13500 14000 14500 12500 13000 13500 14000 14500
1

Vilnu skaitlis, cm” Vilnu skaitlis, em’!

4.6. attéls. LIF intensitasu sadalijums RbCs B(1)'T1— X (1)'T"* parejam pirmajiem &etriem
svarstibu Iimeniem v' =0, v'=1, v'=2 un v' =3.
Rotacijas kvantu skaitlu J' un J", tapat ka svarstibu kvantu skaitla V" noteik$ana ir
balstita uz precizu informaciju par pétamo molekulu pamatstavokliem [135-137] KCs un
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[149] RbCs. Termu vértibas E(v', J’) ierosinatajam stavoklim iegiitas pieskaitot noverotas
parejas frekvences V pie atbilstoSajam pamatstavokla termu vértibam E(v”,J"), kuras
iegtitas no [136] potenciala KCs molekulas gadijuma un [149] potenciala RbCs molekulai,
ti, E(V,J) =0y 9o T E(V",J") . Svarstibu kvantu skaitla v’ noteikSana ierosinatajam
stavoklim ir balstita uz LIF intensitaSu sadalijumu (4.6. att€ls). Ja oscilacijas periods

svarstibu vilpu funkcijai pamatstavokli ir mazs salidzinot ar AR (AR=R —R, ir
starpkodolu attalums, kura starpibu potencials U (R) = Egot(R) + E(v')— E;ot(R) mainas par
AE =hAv), bet vilna funkcijai ierosinata stavokli oscilacijas periods ir liclaks par AR, tad
nom@ritaja fluorescences intencitaté paradisies (V'+1) maksimums ierosinata stavokla
svarstibu vilpa funkcijai y (V,R). Lidz ar to no maksimumu skaita tie§i var noteikt

svarstibu kvantu skaitli V' [41], no novérota maksimumu skaita atnemot viens. Lidz ar to no
RbCs molekulas LIF intensitasu sadalijuma 4.6. atteéla varam secinat sekojosi: (a) redzam
vienu maksimumu fluorescences intensitates sadalijuma, tatad v'=0, (b) redzam divus
intensitates maksimumus, tapéc V' =1, analogiski (c) ir trTs intentitat€s maksimumi, tatad
v'=2un(d) v'=3.

Precizitate ierosinatajam stavoklim veidojas no instrumentalas nenoteiktibas frekvencu
merfjumos, pamatstavokla energijas vertibu nenoteiktibas (gan KCs [136], gan RbCs [149]
gadijumos ta neparsniedz 0,003 cm™), absorbcijas parejas Doplera profila radita
nenoteiktiba, kura ir 0,008 cm™, jo pie musu eksperimentu tipiskas temperatiiras 290°C
Doplera profila pusplatums ir aptuveni 0,016 cm™. Lidz ar to kopgja ierosinata stavokla

termu vértibu nenoteiktiba neparsniedz 0,010 cm™.
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5. B(1)'IT STAVOKLA PETIJUMI KCs MOLEKULA [P1, P3]

5.1. LIF progresiju BQ)'TT— X(1)'S" un B()'IT - a()’L" analize

KCs B(1)'TT stavokla ierosinaSanai eksperimentos izmantotas lazera frekvences
atrodas diapazona no 13 643 Iidz 13 816 cm* (730 nm lazerdiode), no 14 070 Iidz 14 320
cm™ (705 nm lazerdiode) un no 14 402 lidz 14 586 cm™ (685 nm lazerdiode). Fluorescence

no B(1)'TT stavokla iespgjama gan uz singleta pamatstavokli X (1)'X", gan uz tripleta

pamatstavokli 61(1)3’2+ (4.5. attels). Ta ka siltuma caurul€ atrodas kalija un c€zija atomi, tad

spektros paradas arT K, un Cs; molekulu LIF progresijas, tacu tas ir ievérojami mazak ka
KCs progresijas. Tas skaidrojams ar to, ka Franka—Kondona faktori parejam pé&tamaja

frekvenc¢u diapazona ir lielaki KCs molekulai un mazaki K, un Cs, molekulam.

pareja: (8%,J")—>(23,J")
pareja: (8*,J")—(24,J") J'=J"=56 - 68

pareja: (8*,J')—(25,J") J'=J"=56 - 68

J'=J"=58 - 67

e B e e e L B o e e e IS B s m S ey
12810 12820 12830 12840 12850 12860 12870 12880 12890 12000 12010 12020 12930 12940

Vilnu skaitlis, cm’”
5.1. attéls. Sadursmju ierosinata fluorescence (CIF) *K'*Cs molekulas spektra. Blakus
redzama rotacijas relaksacija ir no tiesi ierosinatas (v/, 64) — (v", 64) parejas parejas B(1)'T1

elektroniskaja stavokli.

Pateicoties bufera gazes klatbutnei siltuma caurulé, sadursmju rezultata no tiesi

ierosinata svarstibu rotacijas Itmena notiek ar1 blakus esoSo rotacijas Iimenu ierosme, parasti
|AJ < 20| intervala. Gandriz vienmér ir novérojama ari populacijas parnese uz tiesi
neierosinato e/ f simetrijas Iimeni, tade] rotacijas relaksacijas ainas ir noveérojamas gan Q

tipa, gan ari PR tipa progresijas. Sada veida rotacijas relaksacija dod iesp&ju iegiit energijas
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vertibas vairakiem rotacijas Itmeniem viena svarstibu limena ietvaros, ka ari noteikt

A-dubultosanas konstanti starp € un f simetrijas Iimeniem.

15.3 § & B(1)'TI—X(1)'z" e komponente
15.2 o B(1)'TI->X(1)'z" f komponente
' bt ® 1 3ot
: i = B()'M—>a(l)’s
_‘/-\
=)
Q
©
—
N
=
&
-
(]
=
o
I
<
S
m
I
B
Lu;-
T T I T I T I T I T I T I T I T I T I T I T I T I

0 20 40 60 80 100 120 140 160 180 200 220 240
J'
5.2. artéls. ®K'™3Cs B(1)'I1 stavokla energijas termu vértibas atkariba no J’ reducétajam
energijas E,, =E—0,02-J"-(J'+1) vértibam. Ar punktiem ir apzZim&tas eksperimenta iegitas
energijas termu vértibas, bet ar linijam — no milsu konstruéta potenciala B(1)'IT stavoklim

(5.7. tabula) iegiitas termu vertibas.

Kopuma KCs B(l)ll—l stavokla eksperimentos uznemti un apstradati vairak ka 100
LIF spektri, no kuriem iegiitas aptuveni 3200 energijas Iimenu vertibas B(1)'TT stavoklim.
Identificétas 743 tiesas ierosmes LIF progresijas PKBcg izotopam, no kuram 387 irno f
simetrijas ITmeniem (Q-tipa parejas) un 356 ir no € simetrijas limepiem (P- un R-tipa
parejas). Simt pieciem no tiesas ierosmes Iimeniem ir noverota fluorescence art uz a(l)sz*
stavokli, kas norada, ka Sie energijas Iimeni B(1)'TI elektroniskaja stavokli visticamak ir

stipri perturb&ti. Noverotas ari 56 LIF progresijas MKIBCg izotopam, kur tikai dazam

progresijam ir novérota rotacijas relaksacija. Papildus energijas limenu vértibas KCs
B(1)'TT stavoklim iegitas arf no KCs D(2)'IT stavokla eksperimentiem — kopuma 78

vertibas, ka arT astoniem tiesas ierosmes [Tmeniem ir noverota rotacijas relaksacija. [P1] PEL
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konstrugSanai izmantotas 520 termu vértibas zemakajiem svarstibu limeniem Vv'=[0, 3],
savukart [P2] PEL konstruéta balstoties uz 1174 termu vértibam (520 no [P1] + 654)
svarstibu limenu V' = [O, 35] apgabala. Abos darbos rotacijas kvantu skaitla diapazons ir
J'=[7, 233]. Bez tiesas ierosmes limeniem tika novérotas ari 5 netiesas (sadursmju raditas)
ierosmes progresijas jeb CIF (no anglu val. — collision induced fluorescence), kuram
noverotas tikai Q-tipa parejas (5.1. attels).

legitais datu lauks B(1)'IT stavoklim *K**Cs izotopam ir paradits 5.2. attgla un
MKBCs izotopam — 5.3. attéla. No 5.2. redzam, ka sistematiski iegiitie dati ir svarstibu
Iimepiem no V'=0 lidz V' =6. Augstakiem svarstibu rotacijas Ilimeniem rotacijas
relaksacija ir noveérota mazak, tadé] arl Siem limeniem ir sarezgita noteikt perturbaciju

centrus un A-dubulto$anas konstanti.

1 ® f komponente
1494 4 e komponente

14,7 4

1464

14,5 4

1444

E - 0.02¢J'e(J'+1) (10’ cm™)

14,3 4

Ercd_

1424

1414

0O 20 40 60 8 100 120 140 160 180 200 220
7
5.3. attels. *"K*3Cs B(1)'I1 stavokla energijas termu vértibas atkariba no J' reducétajam
energijas E,, =E—0,02-J"-(J'+1) vértibam. Ar punktiem ir apzZim&tas eksperimenta iegiitas
energijas termu vertibas, bet ar Iinijam — no miisu konstruéta potenciala B(1)'T1 stavoklim

(5.7. tabula) iegiitas termu vertibas.

MKIBCs izotopa gadijuma (5.3.att.) nav novérojama uzkrato datu sistematika. Tas ir

saprotams, apliikojot dabisko izotopu attiecibu kalija atomam, kura izteikta procentos ir

sekojosa: *K:*K:*'K =93,26:0,012:6,73 [161]. Neskatoties uz relativi maz novérotajam
LIF parejam, dazos gadijumos izdevas iegiit ar1 datus no rotacijas relaksacijas spektriem,

kuros novéro fluorescences parejas tikai no tiesi ierosinata simetrijas limena. Att€la paraditi
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svarstibu rotacijas limeni Iidz v' =22 svarstibu limenim, jo augstakais novérotais punkts
MKBCs LIF parejam ir no V' =21 svarstibu limepa B(1)'I1 stavoklim. Sie dati ir
nepieciesami iegitas PEL KCs B(1)'TT stavoklim korektuma parbaudei, jo ieglitajam

potencialam ir jaapraksta petamais stavoklis neatkarigi no petamas molekulas izotopa.

5.2. Perturbéto stavoklu noteikSana

Attela 5.4. redzamas A-dubultoSanas konstantes vertibas seSiem zemakajiem svartibu
limepiem B(1)'TT elektroniskajam stavoklim. Svarstibu limepiem V'=0 un Vv'=1
sistematiski iegltie dati lauj aprékinat sasSkelSanos A, starp € un f simetrijas [imeniem,

iegiistot q-faktora veértibas gandriz visiem noveérotajiem rotacijas limeniem. Augstakiem

svarstibu Iimeniem pie J’'>150 ir novérotas parejas tikai no viena e/ f simetrijas Iimena,
kas nelauj aprékinat A, un Iidz ar to ar1 g-faktora vertibas. Sistematiski iegiitie dati par €

un f energijas limenu saskelSanos zemakajos svarstibu limenos lava fitét ari g-faktora
funkciju, kuru méginajam aprakstit:
q(v') = o (V) + 0, (v)-I"- (3" +1D). (5.1)

Iegiitas (, un g, vertibas pirmajiem cetriem svarstibu Iimeniem ir apkopotas 5.1. tabula.

5.1. tabula

legiitas g, un g, vertibas (cm™ vienibas), &etriem zemakajiem svarstibu [imeniem

v' €[0-3] KCs B(1)'IT stavoklim.

v ,10° g,-10"

0 2,17+ 0,15 -1,32+0,73
1 2,11+0,33 -1,03+1,43
2 0,28 +1,35 -0,68 = 12,62
3 1,67+1,74 -1,91+11,92

Tapat no 5.4. attela redzamajiem grafikiem var izdarit secinajumus par perturbaciju
centriem ierosinataja stavokli. Piem&ram, V' =0 svarstibu [imenim lokalo perturbaciju centri
ir pie rotacijas kvantu skaitla vértitbam J'~ 75, J'~110, J'~135, J'~160, J'~175 un

J'~190, un Vv'=1 svarstibu Iimenim lokalo perturbaciju centri ir pie J'~60, J'~75,

58



J'~100, J'~130, J'~150, J' ~170 un J'~190. So svarstibu rotacijas limenu energijas

nav ieklautas PEL konstruésana.
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5.4. attels. A-dubultosanas konstantes (g-faktora) atkariba no rotacijas kvantu skaitla J'

svarstibu limeniem Vv’ € [0, 5]. Ar punktiem ir attélotas no eksperimentalajiem datiem iegiitas
g-faktora vertibas, ar sarkanajam linijam ir att€lota q(v') atbilstosi 5.1. tabula apkopotajam q,

un g, vertibam. Svarstibu limeniem v' =4 un v' =5 ar melnu liniju ir attélota q(v')=0.

Alternativa, meklgjot perturbétos ITmenus, ir analizét efektivas rotacijas konstantes B,

atkaribu no rotacijas kvantu skaitla J':
E(V,J'+1)-E(V',J")

B.(J) =
() 2(3'+1)

(5.2)

Attela 5.5. ir redzama rotacijas konstantes B, atkariba no rotacijas kvantu skaitla J',

kurai jabiit vienmérigi dilstosai, bet lokalo perturbaciju apgabalos ir novérojamas nobides no
§1s vienmerigas sakaribas. Ka redzams 5.5. att€la, tad pie daZiem perturbaciju centriem abas
komponentes (€ un f simetrijas [imeni) ir perturbéti, kamér pie citam J' vértibam ir
perturbéti tikai € simetrijas Iimeni. Pieméram, v' =0 svarstibu l[imenim nobides abiem (€

un f) simetrijas Iimeniem ir novérojamas pie J'~=35 un J'~80, bet nobides tikai €
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simetrijas Itmeniem ir pic J' =75, J'~110, J'=155 un J'~190. Vv'=1 svarstibu
limenim abi e/ f simetrijas limeni ir perturbéti pie J'~50, J'~75 un J' ~100, bet tikai
e simetrijas limeni — J'~60, J'~130, J'~150, J'~190 un J'~210. Novérotas
perturbacijas € simetrijas limenos norada uz B(1)'TT stavokla energijas limegu mijiedarbibu
ar blakus esoso C(3)12+ elektronisko stavokli. Tadeél no Siem perturbaciju centriem var

iegiit informaciju arl par "X stavokli, kas tiks aprakstits viena no turpmakajim nodalam.
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5.5. attéls. Efektivas rotacijas konstantes B, atkariba no rotacijas kvantu skaitla J' svarstibu
limepiem V' €[0, 5]. Ar melniem punktiem ir attélotas rotacijas konstantes vértibas f simetrijas

Iimeniem un ar sarkaniem trijstiiriem — e simetrijas [imeniem.

5.3. Rezultati un analize

5.3.1. PEL konstruésana

PEL iegtSanai izmantojam IPA metodi, kuras ideja ir aprakstita 2.4.2. nodala. Par

sakuma potencidlu izmantojam Koreka [30] ab initio potencialu KCs B(1)'I1 stavoklim.
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Sakotn&ja PEL konstrug$ana [P1] izmantojam *K'**Cs izotopa neperturbetas f simetrijas
Iimenu energijas, ka mazak perturb&tas un ka noradits [64, 106, 107] darbos. Kopa fita tika
ieklautas 520 termu vértibas svarstibu kvantu skaitla apgabala V' = [0, 3] un rotacijas
kvantu skaitla apgabala J' = [7, 233]. Rezultata iegiito PEL veido 23 punkti (5.2. tabula). ST
fita stdev ir 0,021 cm™, kura parsniedz termu vértibu eksperimentalo nenoteiktibu 0,010 cm’
! Jaatzimé, ka svarstibu Ilimepiem v' =0 un v’ =1 stdev neparsniedz 0,005 cm®. Tas varétu

bt skaidrojams ar to, ka pieaugot svarstibu kvantu skaitlim palielinas mijiedarbiba ar blakus

esoSajiem energijas Itmeniem.

5.2. tabula
Ar IPA metodi iegiitais potencials *K'3Cs B(1)'TT elektroniskajam stavoklim svarstibu

[tmepiem v’ €[0, 3] un rotacijas limepiem J'e[7, 233], [P1].

R, A U,cm®

3,80 15 237,2203
3,90 14 884,3071
4,00 14 669,4475
4,10 14 492,1481
4,20 14 341,9770
4,30 14 211,1700
4,40 14 199,1091
4,50 14 067,8016
4,60 14 046,5021
4,70 14 049,1688
4,80 14 070,9907
5,00 14 154,8077
5,10 14 209,2221
5,30 14 328,2300
5,50 14 446,2882
5,70 14 546,5154
5,90 14 630,6288
6,10 14 713,0840
6,30 14 788,1925
6,50 14 855,8961
6,70 14 918,1250
7,00 15 001,4050
7,20 15 051,4040
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Lai novertétu musu iegiita potenciala atbilstibu aprékinajam energijas starpibas starp
eksperimentali nov&rotajam verttbam un no miisu ieglitd potenciala potenciala aprékinatajam
energijas vertibam atbilsto$ajiem svarstibu rotacijas limeniem (5.6. attels). Seit arT uzskatami
tiek paradits, ka Vv'=0 un Vv' =1 neperturb&tos energijas limenus iegitais potencials
apraksta ar eksperiementalo precizitati. Ta ka tikai f komponentes tika izmantotas fita, tad
eksperimentali novérotas e Iimenu energijas vértibas tiek korigétas, nemot véra g-faktora

fitu.

e f komponente
0,10 - . ° e komponente

0,05 +

0,00

-0,05 +

0 20 40 60 80 100 120 140 160 180 200 220

0,2

0,0
TE -0,2 v'=1
o T T T T T T T T T T T "1
= 0 20 40 60 80 100 120 140 160 180 200 220 240
<
Hﬂa 0,2 o o
g )
03] o
0,0 H . - At
-0,2 v'=2

1T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240

1,0 -
0,5
0,0 =
-0,5 ‘
4 ° v|_3
: -
10—
0 20 40 60 80 100 120 140 160 180
Jl

5.6. attéls. Energiju starpibas E,, —E,,, atkariba no rotacijas kvantu skaitla J' svarstibu
limeniem v’ =[0, 3], kur E,,, ir iegiitas energijas termu vertibas no 5.2. tabula paradita
potenciala. E,, vértibas e komponentém ir korig@tas atbilstosi 5.1. tabula paraditajam g-

faktora vértibam. Linijas norada eksperimentilo nenoteiktibu £0.01 cm™.
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Tabula 5.3. ir paradits salidzinajums starp eksperimentali novérotajam energijas
vértibam un tam, kadas iegiitas, izmantojot misu konstruéto potencialu, **K***Cs izotopam.
No tabulas redzams, ka svarstibu limeni V'=0 un V'=1 aprakstas labi, bet augstakiem

svarstibu limeniem f komponentes aprakstas labak ka e komponentes. *'K'**Cs izotopam

eksperimentalo datu punktu ir maz un tadé] nevar izdarit secinajumus par to, kuri no
svarstibu rotacijas limeniem varétu but perturbéti. Péc tabula 5.3. redzamajiem datiem var
secinat, ka dala iegiito datu svarstibu limenim V' =3 atrodas tuvu perturbaciju centram un ir

perturbgti.

5.3. tabula

Starpiba E,, —E,, “K'**Cs izotopam. E,,, ir no LIF spektriem iegiitas energijas termu

P
vértibas un E, ir iegiitas no 5.2. tabula paradita punktveida potenciala KCs BQ)'I1

stavoklim. Visas energijas vértibas ir cm™ vienibas.

V' J’ el f = Eueo —Eoor
0 32 e 14 095,530 -0,001
1 48 e 14 175,301 -0,003
1 74 f 14 253,713 -0,009
1 205 e 15 110,840 -0,050
2 91 e 14 367,880 0,025
2 95 f 14 385,820 -0,002
3 18 f 14 219,888 0,413
3 61 e 14 302,400 -0,160
3 62 f 14 305,375 -0,161
3 70 f 14 330,962 -0,123
3 80 e 14 367,393 0,143
3 81 e 14 371,224 0,103
3 82 € 14 375,110 0,072
3 83 e 14 379,053 0,052
3 84 e 14 383,045 0,034
3 85 e 14 387,086 0,019
3 86 € 14 391,177 0,009

Tabula 5.4. redzamie Danhema koeficienti apraksta to pasu svarstibu rotaciju

apgabalu, kur§ tika izmantots PEL konstruésana ar IPA metodi (5.2. tabula). Potenciala

apraksts ar Danhema koeficientiem Y;; noved pie tadas paSas stdev, kada ir ar IPA iegiitajam

63



potencialam, proti, 0,02 cm™. Danhema koeficientiem parbaudita ar1 pasSparbaudes krit€riju
(2.31) un (2.32) izpildisanas, proti,

Y_031 —_4. (0,26027433 .10*1)3
Yo (49,7807)°

Y,, =—4 =-0,284598-10" cm™

un salidzinot ar fita iegiita koeficienta vertibu, iegtistam
Yo, _Yoz* =-0,29169726-10" —(-0,284598-10') =-0,709915-10° cm™.

Tapat art

6Y02{1— —\;20] 6-(0,26027433-10‘1)2(1—\/ —0,391776

L ©0,26027433-10 J .
Y, = = =-0,235129-10
Y, 49,7807

un

Y, —Y,, =-0,21096730-102 — (-0,235129-10°) =0,241622-10* cm™,

5.4. tabula

Danhema koeficienti Y, svarstibu rotacijas limepiem v’ [0, 3] un J'e[7, 233] *K**Cs

molekulas B(1)'TT stavoklim.

Y, 14 044,918

Y, 49,7807

Y,, -0,391776

Y, 0,26027433-10™
Y, -0,21096730-10°
Y,, 0,90552859-107
Y, -0,29169726-107
Y, 0,8035513039-10°
Y., -0,322075646-10™
\ 0,177514052.10™
Y, -0,729382182.10*
Y,, -0,81932228-10*%
Y, 0,13663946-10"
Y 0,38475208-10%

o
o

-0,12659450-102

—-
o
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Salidzinot eksperimentali ieglitas energijas vértibas ar aprékinatajam no iegita
potenciala (attéls 5.6.), vargja secinat, ka PEL kvalitate pasliktinas, pieaugot svarstibu
kvantu skaitlim v'. Lidz ar to logiski $kita aprékinat molekularas konstantes atseviskiem
svarstibu Iimeniem, kuras ir redzamas 5.5. tabula. Svarstibu rotacijas tremu energijas
veértibas ar molekularajam konstant€m aprakstas sekojosi:

E(V,J)=E, +B, X -D,X*+H X*+L,X*+M, X°, (5.3)

kur X = [J "(J'+1) —AZ] un A =1. Var redzét, ka apraksts ar molekularajam konstantém ari

pasliktinas, picaugot svarstibu kvantu skaitlim v’ (konstanSu vértibu stdev palielinas). Tas

skaidrojams ar to, ka perturbaciju stiprums palielinas, palielinoties svarstibu kvantu skaitlim

!

V.

5.5. tabula
¥ KB3Cs B()'IT stavokla V' e[o, 3] svarstibu limenu molekularas konstantes; visas
konstangu vértibas ir cm™ vienibas.

v/ E, B, D, -10®  H, 10" L, 10 M, -10* )’ apgabals  stdev
0 14069,708(1)  00250223(1)  2,9157(6) -5,05677(2000) 7-210 0,0039
1 14118685(2) 00256993(5)  29101(37)  -0,36961(850) -5,15272+0,13 33-221 0,0053
2 14166,939(6) 0,0254374(18)  2,7292(110)  -1,05052(1600) 22-99, 187, 233 0,0235
3 14214341(9) 0,0251898(39) 2,8833(370)  -0,98167(9600) 10152, 172 00428
5.6. tabula

3¥K83Cs molekulas B(1)'TT elektroniska stavokla molekularas konstantes, iegiitas [P1]

un [P3] ekperimentos salidzinajuma ar vértibam no ab initio aprékiniem ar dazadam

metodem; T, Un w, ir dotas cm™, bet R, — A,

Eksperiments [P1] Eksperiments [P3] Teorija
Danhema
o IPA fits IPA [19] [20] [21]
koeficienti
T, 14044,918(6) 14 044,922 14 044,982 140146 13979 14 038
o, 49,781(8) 49,89 50,18 48,49 50,0 49,56
R, 4,6359 4,637 4,637 4,622 4,602 4,611

Savukart tabula 5.6. ir paradits galveno molekularo konstansu salidzinajums misu
eksperimenta rezultatiem [P1] un [P3] un teorétiskajiem ab initio aprékiniem. Empiriska

disociacijas energijas vértiba ir novertéta ka:
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D,(BW'T)=E,,, ,~[T.(B@WTI)-D,(X @'s" ]]=11 732,3079 - [14 044,918(6) — 4 069,208]=
=1756,598(6) cm™.

Lidz $im aprakstitais potencials (5.2. tabula), iegiits izmantojot energijas vertibas no
zemakajiem svarstibu Itmeniem. Tacu [P3], balstoties uz RbCs parauga [P2], nolémam

paplasinat ieprieksgjo fitu ieklaujot visus noverotos svarstibu Iimenus. Papildus tiem vél tika
ieklauti dati no KCs molekulas (2)'TT elektroniska stavokla eksperimentiem.

Balstoties uz 5.2. tabula doto potencialu, var§jam noteikt svarstibu kvantu skaitla
vértibas lidz v' =10. Sie energijas ltmeni tika fitéti, izmantojot IPA metodi. Sagaidams, ka
jauniegitais potencials apraksta visus svarstibu limenus V' =0-10 apgabala. Izmantojot So
potencialu, varéjam noteikt V' =11 un v’ =12, kuri tika ieklauti nakamja iteracijas karta IPA
procesa. Sada veida soli pa solim tika aprakstiti un ieklauti fita visi svarstibu limeni lidz
v'=35. Katra svarstibu limeni fita netika ieklauti punkti, kuri no aprékinatajam termu
vértibam atikiras par vairak ka 4 cm™. Augstakiem svarstibu limeniem nebija iesp&jams
noteikt perturb&tos energijas Itmenus, kurus neieklaut fit€Sanas procesa, tade] fitgjot
energijas vértibas tika izmantots svars. Limeniem ar V'=0-3eksperimentalie dati bija
iegati sistematiski, tade] vargjam noteikt perturbacijas centrus (sk. 4. nodalu). Siem energijas
limeniem ka svars tika izvéléta eksperimentala precizitite 0,01 cm™. Lai augstikiem
svarstibu limeniem svars biitu par kartu mazaks, V' =4 izmantojam vértibu 0,2 cm™, v' =5
izmantojam 0,3 cm™, bet V'>6 izvélctais svars atbilst 1 cm™ nenoteiktibai. Tapat fita
svarstibu limepiem V'=0-6 tika icklautas tikai f simetrijas lITmenu energijas, kamér
V' >6 limeniem, fitetas gan e, gan f komponentes, jo sagaidama A-saskelSanas (ar kartu
0,1 cm™) lieliem J' ir mazaka ka iespgjamas perturbacijas.

Kopuma [P3] ir fitetas 1174 tremu vertibas I8 izotopam, iegiistot PEL no 30
punktiem, kur§ ir dots 5.7. tabula. Potencials apraksta energijas Itmenus starpkodolu

attaluma R apgabala no 3,5 A Iidz 9,0 A. Punkta R=35 A energijas vértiba fita nav

pamatota ar miisu eksperiementalo datu vertibam, bet ta bija nepiecieSama, lai veiksmigi
varétu reproducét skaitliskas vertibas lidz v' =35 svarstibu limenim. Fit€Sanas procesa §1
punkta vertiba gandriz nemainijas. legttas PEL salidzinajuma ar teorétiskajam ab initio PEL
dazadiem Hunda saites gadijjumiem ir redzamas 5.7. att€la.

Empiriskais potencials, iegiits [P3], apraksta aptuveni 85% no PEL dziluma (ar peleku
iekrasotais apgabals 5.7. attéla) un reproducé eksperimentalas energijas vértibas sekojosi:
35% no datiem ar 0,01 cm™ precizitati vai labaku, 77% — ar 0,5 cm™ precizitati un aptuveni
90% ar 1 cm™ precizitati. Molekularas konstantes, kuras iegiitas no [P3] potenciala arT ir

paraditas 5.6. tabula.
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5.7. tabula

Ar IPA metodi iegiitais potencials *K'3Cs B(1)'II elektroniskajam stavoklim svarstibu

limepiem v’ [0, 35] un rotacijas limepiem J' e[7, 233], [P3].

R, A U,cm™

3,5 17 728,2199
3,6 16 998,5432
3,7 16 178,4182
3,8 15 444,0558
3,9 15 124,0701
4,0 14 827,4953
4,1 14 714,2890
4,2 14 383,8645
4,3 14 208,2512
4.4 14 119,3584
45 14 067,7416
4,6 14 046,5289
4,7 14 049,1573
4,8 14 070,9917
50 14 154,7952
51 14 209,2236
53 14 328,0559
55 14 446,3214
5,7 14 557,3530
59 14 653,8716
6,1 14 744,6955
6,3 14 828,2562
6,5 14 903,3106
6,7 14 976,4468
7,0 15071,4230
7,2 15 119,5029
7,5 15 218,1251
8,0 15 341,4226
8,5 15 449,9782
9,0 15 530,1356

Aplukojot [P3] iegito PEL (5.7. att.)) redzam, ka aptuveni pie

R=41A ir

novérojams izliekums. [P1] §is nav novérojams, tade], ka tiek aprakstiti tikai pasi zemakie
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svarstibu energijas Iimeni V' =0—3. Sada uzvediba [P3] B(1)'II stavokla PEL varétu bat
skaidrojama ar to, ka Saja starpkodolu attalumu apgabala ir noveérojama antikrustoSanas
(avoided crossing) starp divam PEL ar Q=1, kuras atbilstosi ir B()'IT un c(2)°>*

stavoklu komponentes (sk. elektronisko termu shému 3.1. attela).

- - - - Hunda a saite [30]
------ Hunda c saite [32]

15,8 Hunda a saite [33]
156 *  Empiriska PEL [P3]
' — & — Empiriska PEL [P1]
15,4 \\\\\\
_ 1572
5150 A5
rﬂo A
= i
e 148 x
5, 14,6 g
2
m 14,4
14,2
14,0 Rk 40 45 50 55
13,8 L———7——

35 4,0 45 ' 5:0 ' 5:5 ' 6:0 ' 6:5 ' 7:0 ' 7:5 ' 8:0 ' 8:5 ' 9:0 ' 9:5
Starpkodolu attalums R, A
5.7. attéls. Empiriska un ab initio PEL KCs B(1)'IT elektroniskajam stavoklim. Ar sarkanu
Iiniju ir att€lota PEL no [P3], ar zalu Iiniju — PEL no [P1]. Pargjas Iinijas ir PEL B(1)'T1
stavoklim dazadiem Hunda saites gadijumiem no terogtiskajiem darbiem [30-32]. Labaja stiir1
palielinajuma ir redzams potencialu minimums. Ar peleku iekrasotais laukums norada

energijas apgabalu, kads ieklauts [P3] fita.

5.3.2. C(3)'2" stavokja pétijumi

Jau ieprieks minéts, ka KCs B(1)'TT stavoklis ir stirpi perturbéts ar blakus eso3ajiem
b@)°IT un c(2)°L" stavokliem SO mijiedarbibas del. Sada veida raditas perturbacijas
pieaug, palielinoties svarstibu kvantu skaitlim V', un ietekmé gan €, gan f komponentes.

Aplukojot 5.5. attélu, kura ir attelota efektivas rotacijas konstantes B, atkariba no J’
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redzam, ka ir rotacijas limeni, kuros tikai € komponente ir perturbéta. Sada veida

perturbacijas més skaidrojam ar B(1)'TI—C(3)'S" mijiedarbibu.

(a)

& ' ' . .JE‘

T T T T — T T 1
11000 11500 12000 12500 13000 13500 14000 14500

Vilnu skaitlis, cm’

V'=50 (b)
v'=51 .

-

T T T T T T T T T T ]
11220 11240 11260 11280 11300 11320

Vilnu skaitlis, cm’'

5.8. attéls. (a) B— X LIF progresijas spektrs, kurai novérotas Iinijas arf 11 200 — 11 350 cm™
diapazona. (b) Palielinats T spektra 11 220 — 11 320 cm™ apgabals. Tiesi ierosinata pareja

(2, 94) - (v”,94) atziméta ar sarkanu, sadursmju izraisita LIF no J' =94 ir atziméta ar zilu

krasu. Tiesi ierosinata LIF (*, 55) — (L 56) no C(3)'x" stavokla ir atziméta ar zalu krasu.

Vel viens pieradijums, ka novérojam mijiedarbibu ar C(3)'X" stavokli ir LIF parejas

uz augstiem svarstibu limeniem V" pamatstavokli X (1)'Z" apgabalos, kur parejas B < X
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pec FCF aprékiniem nav nove€rojamas vai ir ar loti mazu varbiitibu. Viens $ads piemérs ir
redzams 5.8. attela. Seit (a) attElotaja spektra ir redzamas sp&cigas LIF parejas 13 000 —
14 000 cm™ diapazona, kur novéro tris spécigas progresijas: tie§i ierosinatas PR parejas
(V=2,0"=94)—(v",J"=93/95) ar energiju E'=14391704 cm™, tieSi ierosinatas
Qparejas (V' =1,1'=23)—>(v",J"=23) ar energiju E'=14132867 cm™, un tiesi
ierosinatas PR parejas (v'=l, J’=30)—>(V",J”=29/31) ar energiju E'=14142557 cm™.
Bez S§tm intensivajam LIF parejam $aja spektra tika nov@rotas arl mazak intensiva LIF
11 100 — 11 500 cm™ frekvenéu apgabala, no kura ir redzams fragments ap 11 280 cm™ 5.8.

attela (b), kura var redzeét PR progresiju, kura ir nobidita pa frekvencém apméram par 1,12

cm™ un kurai ir tiesi tada pati svarstibu rotacijas kvantu skaitlu kombinacija, kada ta ir ar
sarkanu atzimé&tajai progresijai, proti V'[B(l)ll_[]z 2 un J'=94. Sai LIF progresijai ir
noverota ar1 rotacijas relaksacija, kura ir tikai PR parejas, tadéjadi noradot uz parejam no e
simetrijas Ilimena. Attela 5.9. ir redzams eksperimentos iegiita datu lauka fragments FKIBCs
molekulas B(1)'TT elektroniskajam stavoklim. Attéla apak3gja stiirT palielindjuma ir redzams
apgabals ar energijas termu vértibam, kuras iegiitas no 5.8. attéla (b) ar zilu atzimétas
relaksacijas. V@l dazos uzpemtajos spektros tika novéroti 5.8. attela redzamajam lidzigi
spektri, un viena no tadiem iegiitas energijas termu vértibas ir redzamas 5.9. attéla augscja
labaja stiiri.

Attela 5.10. ir att€lots (J' = 94)—) (V", J"=93/ 95) progresijas intensitates sadalfjums
salidzinajuma ar no [30] ab initio potenciala aprékinatajiem FCF. Nezinot precizu C(3)'Z*

stavokla svarstibu kvantu skaitlu numeraciju, aprékinus veicam piepemot, ka V'c o 20.

Ka redzams, tad sakritiba ir loti laba, jo gan apr€kinatas, gan eksperimentali noveérotas
maksimalas spektralliniju intensitates ir pie V' =49-52. Nelielas nesakritibas, kuras

redzamas 5.10. attéla ir skaidrojamas ar to, ka més nezinam pareizu svarstibu kvantu skaitla
vertibu ierosinatajam C(3)'X" stavoklim. Tapat, aprékinatas intensitates ir balstitas uz
teorétisko modeli, jo par 8o stavokli nav eksperimentali iegiitas informacijas.
Apstiprindjums, ka §T progresija ir fluorescence no 'S stavokla ir ari tas, ka FCF parejam
no 'TI stavokla $aja V" diapazona pamatstavoklim, ir ar kartu 100, Spektra pieméra 5.8. (b)
redzama progresija B — X (ar sarkanu), kurai mazo FCF vértibu dé] nevajadzétu but
novérojamai, ir skaidrojama ar rotacijas raditu perturbaciju B(1)'TI stavokla vilpu funkcija
mijiedarbiba ar C(3)1Z+(V', J’ :94) energijas ITmeni. B(l)lH(V' =2,0'=94) limena

energijas vertibas salidzinajums ar atbilstos$i no empiriska potenciala iegiito energijas vertibu
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Sim svarstibu rotacijas [imenim 5.6. att€la ir paradita ar bultinu, un tas aprékinata novirze no

neperturbétas vértibas ir 0,13 cm™.

f komponente | 1ae2| e
< e komponente | 14388 i L
V' 14384 ah
7 136 138 140 142 144 146 148
144004 . —- & ,
P
14350 A
H’-\
& 14300
(&)
o
(@)
—
j —
—
F
=
p —
D
"o 14200
(9\}
o
(@)
L] 14150 -
I
3
Ll
14100 A
14050 90 92 94 96 98
5

—rrrrrTrrrTr T T Tt T T T T

(l) 20 40 60 80 100 120 140 160 180 200 22
J
5.9. attéls. *K'*Cs energijas termu vértibas atkariba no rotacijas kvantu skait]a J'. Palielinati
ir redzamas vietas, kur B(1)'IT stavok]a svarstibu energijas Ilimeni krustojas ar C(3)'Z"
elektroniska stavokla energijas limeniem. Ar partrauktam sarkanam linijam ir paraditi C(3)'Z"
stavok]a svarstibu Itmeni, kuri iegtiti no 5.8. tabula apkopotajam molekularajam konstantém,
bet ar melnam partrauktam linijam — B(1)'T1 elektroniska stavokla svarstibu limeni, kuri iegati

no 5.7. tabula paradita potenciala.

leglito energijas termu vértibu att€lojums kop€ja datu lauka, tapat ka rotacijas
relaksacijas spektri, kuros novéro tikai PR tipa progresijas, un arT novéroto spektralliniju
intensitasu sadalfjums atbilstoSajam progresijam ir apstiprinajums tam, ka Sajos spektros

novérotas tiesi C(3)'E" — X(1)'S* LIF parejas. Bez 5.8. attéla (b) redzamajam spektra
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noverotajam rotacijas relaksacijam, dazos spektros var€ja noverot nejausi tieSi ierosinatas
parejas no C(3)'Z" stavokla (5.8. attéla (b) $ada LIF ir paradita ar zalu krasu). Datu lauka
(5.9. attels) sadi nejausi ierosinato energijas ITmenu energijas vértibas atbilstoSajiem e
paritates Itmeniem ir paraditas ar palielinatiem simboliem. Ka redzams, tad So svarstibu

rotacijas energijas limenu vértibas atrodas starp B(1)'TT svarstibu energijas Iimeniem un to

atkariba no rotacijas kvantu skaitla J' ir atikiriga no tas Tl ierosinatajam stavoklim.
Papildus apstiprindgjumu apgalvojumam, ka novérojam LIF no C(3)'X", dod novéroto

progresiju svarstibu kvantu skaitlu diapazons, kas ir V' =45—60. Un ka jau minéts ieprieks,

tad FCF aprekini parada, ka B — X fluorescences $aja apgabala ir mazvarbiitigas.

10 Il 10 b initio potenciala [30]
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5.10. attels. Relativais intensitaSu sadalijums noveérotajai C(3)'X" — X(2)'=" LIF progresijai,

’
c@lst

pienemot, ka v =20. Ar sarkanu ir att€lotas eksperimentos novéroto spektralliniju

intensitates, bet ar melnu — FCF, aprékinati no ab initio potenciala [30].

Visi iepriek§ minétie apgalvojumi lava mums noteikt molekularas konstantes daziem
C(3)'z" stavokla svarstibu energijas limeniem. Aprékiniem izmantojam datus no sadrusmju
raditas rotacijas relaksacijas 5.8. attéla, energijas vértibas no tiesi ierosinato C(3)'%*
energijas limenu progresijam un e paritates energijas limenus, kuri mijiedarbojas ar
C(3)'T" energijas limeniem un noteikti no B(1)'TT elektroniska stavokla efektivas rotacijas

konstantes B, grafikiem (5.5. attéls). Rezultata aprékinajam E, un B, vértibas Cetriem

C(3)'=" stavokla svarstibu limeniem. legiitie rezultati ir attéloti 5.8. tabula, kur ar v"
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apzim&jam pirmo svarstibu Itmeni C(3)'Y" stavoklim virs B(1)'TI stavokla minimalas

energijas vertibas, un novértéjamtoka v’ ~18+2.

5.8. tabula

legiitas molekularas konstantes C(3)'" stavoklim; visas vértibas ir cm™ vienibas.

% = B, -10° D, -10°

A 14 143,97+1,04  1,921+0,012
vV +1 14 183,48+0,66  1,898+0,005
v 42 14 223,88+0,65 1,885+0,005
vi+2 14 221,18+0,65 1,941+0,011 2,15+0,40
v +3 14 261,08+0,67  1,885+0,005

40

e — [ ]
— o
F —a———a———n

35

AG,, (cm™)
1
1

—o—C(3)'s' [32] el
304 ----¢(2)'s"[30]
—v—C(3)'s"[30]
- - - c(2)’S"[32]

® Eksperimenta iegitie punkti [P1]

T T T
14000 14100 14200 14300
E' (cm™)

5.11. attels. AG, atkariba no energijas vértibam. Punkti ir eksperimentos iegitie rezultati, ar
linijam attéloti no [32] un [30] ab initio aprékinatas AG, vértibas C(3)'E" un c(2)’L’

elektroniskajiem stavokliem.

No aprékinatajam konstanteém iegutas termu vertibas atteéla 5.9. ir paraditas ar
sarkanam linijam. Termu vértibas v +2 svarstibu limenim ir fitétas divas reizes: viena
gadijuma energijas vértibas tiek aprakstitas ka lineara funkcija atkariba no J'(J'+1), bet
otra gadijuma — ka kvadratiska funkcija no J'(J’'+1). Iemesls tam ir tads, ka v +2
svarstibu limenim tika noveéroti 11 energijas Iimeni, kamér par&jiem aprakstitajiem svarstibu
Iimeniem to ir daudz mazak. No iegiitajam konstantém aprékinajam starpibu starp energijas

[imepiem AG,=E. —E,, kuru att€lojam ka funkciju no energijas veértibam E’(5.11.
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attels). Ta ka svarstibu limenim V" +2 ir divas E, vértibas, tad AG, atkaribas rekinasanai
izmantojam vidgjo veértibu no abas aproksimacijas iegiitajam. Art 5.11. attela redzama AG,

atkariba parada, ka iegiitie rezultati ir atbilstodi C(3)'Z" elektroniskajam stavoklim.

5.4. Kopsavilkums

[P1] un [P3] publikacijas apkopoti iegttie rezultati analiz€jot LIF FT spektrus 14 000
— 15000 cm™ energijas diapazona KCs molekulai, kas atbilst B(1)'IT — X (1)'S* parejam.
No vairak ka 100 LIF spektriem iegiitas 1174 energijas termu vértibas V' €[0, 35] un
J'e [7, 233] apgabala.

B()'TT elektroniska stavokla energijas termu vértibu analizé$anai izmantoti
A-dubulto$anas konstantes (Q-faktora) un efektivas rotacijas konstantes B, apréekini.

Balstoties uz tiem, tika noteikti svarstibu rotacijas energijas Itmeni, kuru mijiedarbiba ar

blakus esoso *Z*, '=* un *IT ierosinato stavoklu energijas limeniem ir maza.

Ar TPA metodi fitgjot neperturb&tos energijas limenus iegiitas potencialas energijas
liknes apraksta B(1)'TT elektroniska stavokla svarstibu rotacijas energijas Iimenus
v’e[O, 3] ar stdev 0,021 cm™ [P1] un v'e[O, 35] ar stdev 0,94 cm™ [P3]. [P1] dotaja
B(1)'T1 zemako svarstibu limenu apraksta izmantoti ar 15 Danhema koeficienti (stdev 0,02
cm™) .

Fita novertéta stdev parsniedz eksperimentalo precizitati, tacu taja pat laika zemakos
svarstibu Iimenus V'=0 un V' =1 empiriskais potencials apraksta ar stdev 0,005 cm™ [P1].
Ar1 [P3] iegitais potencials zemakos svarstibu energijas Iimenus potencials apraksta ar
eksperimentalo precizitati.

P&tamaja energijas diapazona ir novérojamas ari C — X fluorescences parejas. [P1] ir
analizéti energijas Iimeni, kuri raksturo C(3)'Z’ elektronisko stavokli, iegiistot Cetru

svarstibu energijas Iimenu aprakstu ar molekularajam konstantém.
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6. D(2)'I1 STAVOKLA PETIJUMI KCs MOLEKULA [P4]

6.1. LIF progresiju (2)'TT— X(1)'=* un (2)'I1 - a())’°>" analize

KCs molekulas (2)'T1 elektroniska stavokla pétijumiem lidzigi ka B(1)'I1 ierosinata
stavokla pétijumiem tika izmantota 4. nodala aprakstita eksperimentala iekartas shéma.
Molekulu ierosinasana notika, izmantojot gan diozu, gan krasvielu lazerus, kuri darbojas
15174 — 15274 cm™ (658 nm lazerdiode), 14 543 — 14 728 cm™ (685 nm lazerdiode),
15 279 — 15 439 cm™ (Rh6G krasviela) un 15 909 — 16 072 cm™ (DCM krasviela) frekvendu

intervala.
18 -
- - --'y" stavok|i
L I (i B e issnnann | RRRED *s* stavokli
g —— B(1)"11 stavoklis
Q .
o e [)(2)'T1 staVOKlis
(e} 3 - .
o - e 7T1 stavok|i
Hiwed e\ 4 'A stavok|i
5 A stavokli
3}
a
na|
15 4
14 1 1 1 - 1 1 1 ' 1 ' 1

2 4 6 8 10 12 14 16
Starpkodolu attalums R, A

6.1. attels. PEL shéma zemakajiem ierosinatajiem elektroniskajiem energijas Ilimeniem 14 000

—18 000 cm™ diapazona KCs molekulai, aprékinati Hunda a saites gadijumam [30]. Ar

sarkanu liniju paradits [P4] pétitais D(2)'I1 elektroniskais stavoklis, bet ar zilu liniju — [P1] un

[P3] aprakstitais B(1)'IT stavoklis.

Spektra piemars KCs D(2)'T1 stavokla pétijumiem ir redzams 6.2. attéla. Sajos

eksperimentos tika izmantots garo frekvencu caurlaidigs filtrs, jo misu p&tamaja ierosmes
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frekvencu intervala ir lieli FCF K; molekulam, kuras ar1 atrodas siltuma caurulé. Tadg]

gandriz visos miisu uzpemtajos spektros KCs D(2)'IT elektroniskajam stavoklim ir
novérojamas vairakas K, molekulas progresijas. Ari D(2)'T1 uznpemtajos LIF spektros ir
novérojamas parejas gan uz X (1)'>", gan ari uz a(l)>X". Tas ari kliist saprotams apliikojot
6.1. attlu, kura ir redzams fragments no energijas limenu shémas. Seit ir redzams, ka (2)'T1

elektroniskais stavoklis gandriz parklajas ar (2)°TT elektronisko stavokli un tade] ir

sagaidama spéciga mijiedarbiba starp So elektronisko stavoklu svarstibu rotacijas energijas

Itmeniem.
K, LIF
KCs LIF
@)1 —» X'="
KCs LIF
@' - a’s"

1241100 ' lZEIBOO ' 13500 ' 13é00
Vilnu skaitlis, cm™
6.2.attels. Visparigs KCs LIF spektrs D(2)'TT — X(1)'Z*, a(l)°’T’ parejam energijas diapazona
no 15 400 — 17 000 cm™.

Tapat ka iepriekS€jos eksperimentos [P1-P3], art Seit papildus tieSaja ierosmée
ieglitajam energijas termu vertibam tika noverotas rotacijas relaksacijas ainas, kuras rodas
pateicoties argona gazes klatbutnei siltuma caurulé un galvenokart noveérojamas tiesi
ierosinatajiem simetrijas limeniem. Tas ir skaidrojams ar to, ka KCs molekulas sadursmés ar
argona gazi nesapem pietickamu energijas daudzumu, lai notiktu netieSa otra simetrijas
Iimena ierosinasana. Ir novérojamas arl rotacijas relaksacijas (6.3. att.), kur ir notikuSas
parejas uz otru simetrijas ITmeni (pateicoties A-dubultosanas efektam, 'TT elektroniskais

stavoklis saSkelas divos e un f simetrijas apakslimenos). 6.4. attéla ir redzams, ka
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sistematiski uzkrati dati ir svarstibu Itmenpiem V'e€[0, 10] rotacijas kvantu skaitla

J'e€[10, 220] diapazona. Zemakajiem svarstibu Iimeniem novéroti rotacijas Iimeni Iidz pat
J'~280.

(@)

o~
—
n
>
o
N
i) ? }
TN PR P ol d‘>u T ‘uuTm \1‘” ottt i n ill,
13800 14000 14200 14600
Q-zars (b)
P-zars

14355 14360 14365 14370 14375 14380 14385 14390
Vilnu skaitlis (cm™)
6.3.attéls. (a) Visparigs KCs molekulas D(2)'TT1 — X (1)'E" parejam atbilstoss LIF spektrs.
Intensivaka pareja (0, 112) — (v", 112) ir atzim&ta ar sarkanu. (b) Rotacijas relaksacija
atbilsotsi (0, 112) — (14, 112) parejam. Seit Q Iinijas ir att€lotas ar sarkanu, J’e[lOO, 127];

P linijas — ar zilu, J'€[109, 117]; un R Iinijas — ar zalu, J'[106, 115].
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6.4. attéls. *K**Cs D(2)'T1 stavokla energijas termu vértibas atkariba no rotacijas kvantu
skaitla J' reducétajam energijas E,, = E—0,022-J"-(J’+1) vértibam. Ar punktiem ir attelotas
eksperimenta iegiitas energijas termu vértibas, bet ar Iinijam — no misu potenciala D(2)'T1

stavoklim (6.1. tabula) iegiitas termu vertibas.

6.2. Perturbérto stavoklu noteikS§ana

Ka minéts ieprieks€jas nodalas (4.5. un 5.1.), tad mijiedarbibas dél ir sagaidams, ka
spektros noverotas energijas termu vértibas biis nobiditas no apraksta izmantota modela, un
tade] nepiecieSams atdalit energijas limenus, kuriem sagaidama spéciga mijiedarbiba ar
blakus esosajiem citu elektronisko stavoklu energijas Iimeniem un kuriem $§1 mijiedarbiba ir
sagaidama loti maza (varam uzskatit par neperturbétiem).

Aplikojot 6.4. attelu var noverot, ka sistematiski iegtti dati ir aptuveni 11 zemakajiem

svarstibu ltmeniem V' €[0, 10], kuriem aprékindjam gan g-faktoru (6.5. attéls), gan

efektivas rotacijas konstantes B, vértibas (6.6. attéls). B(1)'TI stavokla gadijuma g-faktors

tika aprékinats no rotacijas relaksacijam katrai progresijai un péc tam vidgjots, lai iegttu

vidgjo vertibu atbilsto§ajam svarstibu rotacijas limenim. Sada pieeja lauj precizak noteikt
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A-dubultoSanas konstantes skaitliskas veértibas, jo vértibas tiek iegitas no viena spektra.
Taéu D(2)'TT elektroniska stavok]a spektros §ada iesp&ja ir daudz mazak spektriem, tadé]
g-faktors tika aprekinats sekojo$i: vispirms tika vid€jotas energijas termu veértibas no
dazadiem spektriem konkrétajam svarstibu rotacijas Iimenim, péc tam no $Im energijas
vertibam tiek aprékinata starpiba starp e un f simetrijas [imeniem A un talak, izmantojot
(5.1.) izteiksmi, tiek aprékinatas (v) vértibas. Svarstibu limeniem V' €[0, 6] un rotacijas
Iimeniem J'>50 nenovérojam izteiktas perturbacijas vai atkaribu no svarstibu vai rotacijas
kvantu skaitliem, tadel S§is Q-vértibas tika  vidgjotas. Rezultata ieguvam
q=08+01)-10° cm™ (attela 6.5. ar sarkanu Iiniju), kura sakrit ar [32] darba teordtiski

paredzeto, kur Siem svarstibu Iimeniem (-veértiba ir minéta no 1,84-10'6 lidz 1,88-10'6 cm™,

2,00 + svarstibu limenis
o ® e Vv'=0-6
® . s \'=7
1,50 - ©ov=s
v'=9
1,00 - N |
Ig o. N .'
° e °
© 0,50+ el « .
- ]
| )
2]
o 0,00
<
S 0,50
-1,00 4 !

— 7T - 1 - 1 - 1 - 1 T "~ 1 "+ T * T "~ T
0 20 40 60 80 100 120 140 160 180 200
JI
6.5 .attéls. g-faktora aprékini KCs molekulas (2)'TT elektroniskajam stavoklim. Ar sarkaniem

punktiem ir att€lotas g-faktora vertibas svarstibu limeniem V' [0, 6], bet ar dazadas krasas

trijsturiem ir paraditas g-faktora vertibas svarstibu Ilimeniem V' €[7, 9].

Al no rotacijas konstantes aprékiniem (6.6. attels) redzam, ka (2)'I1

elektroniskajam stavoklim perturbacijas ir salidzinosi mazak ka B(1)'I1, tapat ir redzams, ka

e simetrijas limeniem nav sistematiski uzkratas eksperimentali ieglitas energijas termu

vertibas.
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6.6. attéls. Efektivas rotacijas konstantes B, atkariba no rotacijas kvantu skaitla J' svarstibu

Ilimeniem V' €[0, 3] f un e komponentem.

Lai fita varétu ieklaut ari e komponentes, més korigg€jam atbilsotsas vertibas péc $adas

sakaribas:

EX'(V,J)=E (vV,J)-7-J'(J'+D). (5.3)
Sakotngji varétu Skist, ka $ada pieeja nav pielietojama V' >7 svarstibu l[imeniem, bet ta ka
atbilsto$as A-dubultoSanas konstantes vertibas ir daudz mazakas par E,g, — E,,, Iidz ar to §1

apr»

pieeja ir izmantojama.

6.3. Rezultati un analize

PEL iegisanai D(2)'T1 ierosinatajam stavoklim izmantojam IPA fiteSanas metodi,
kura ir aprakstita 2.4.1. nodala. Ka pirmo tuvinajumu izmantojam ab initio potencialu no
[31] Hunda c saites gadfjumam, kur§ konverge uz K(4°P1)+Cs(6°Syp) disociacijas
asimptoti. Vispirms bija nepiecieSams veikt PEL parbidi, lai disociacijas energija T
sakristu ar realo, kuru iegiistam pamatstavokla disocidcijas energijai D, =4 069,2 cm™
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[134] pieskaitot 12 985,185724 cm™ energijas starpibu starp K (4)°P1, un (4)°Sip

atomarajiem stavokliem.

6.1. tabula

Ar IPA metodi iegitais potencials D(2)'T1 elektroniskajam stavoklim svarstibu kvantu skaitla

V' e[0, 28] un rotacijas kvantu skaitla J'e[7, 274] diapazona *K"**Cs molekulai.

R, A U, cm?

3,6 18 255,102
3,8 17 233,772
4,0 16 385,450
4,2 16 002,208
4.4 15 714,755
4,5 15 603,169
4,6 15 514,897
4,7 15 450,116
4,8 15 407,415
49 15 385,544
50 15 382,843
51 15 397,869
52 15 428,992
53 15 474,446
55 15 600,795
57 15 759,730
59 15 933,942
6,1 16 108,448
6,3 16 270,462
6,5 16 414,050
6,7 16 560,141
6,9 16 659,778
7,1 16 734,304
7,3 16 785,834
7,5 16 845,589
17,7 16 942,507
8,0 16 942,507
8,3 16 984,662
8,6 17 014,211
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Pirmaja tuvinajuma tika fitéti tikai svarstibu Itmeni V'€ |0, 10]. Talak izmantojot
iegito PEL tikai noteikti v'=11 un v' =12 energijas limeni, kuri tikai pievienoti fitam.
Konkrétajiem V' Iimeniem tika izmantotas tikai tas energijas vértibas, kuras neat$kiras no
aprekinatajam par vairak ka 5 em™. Talak soli pa solim tika noteikti augstakie svarstibu
limeni un tada pat veida ieklauti fita lidz ieguvam PEL, kura konstruéta balstoties uz
V' [0, 28] svarstibu limegu energijas vertibam.

Eksperimentalas nenoteiktibas vieta katram datu punktam izmantojam svaru

Wz\/wezkSp +0,3(Byep — Eapr)2 , kurw,, =0,01 cm™ ir eksperimentala nenoteiktiba un

Eesp — Eapr ir starpiba starp eksperimentali noverotajam energijas vertibam un atbilstoSajai

!

v’ un J' kombinacijai aprékinatajam energijas veértibam no potenciala, kur§ iegits
iepriekseja iteracija. Savukart koeficients 0,3 tiek nemts balstoties uz rekomendaciju
publikacija [162].

Kopuma fitéjam 2006 energijas termu vértibas *°K™*Cs molekulai. legita PEL ir
redzama 6.1. tabula un to veido 29 punkti starpkodolu attaluma R diapazona no 3,6 lidz 8,6
A. 6.4. attela ar linijam ir attélotas no empiriska potenciala aprekinatas energijas vértibas
atbilstosajiem svarstibu Iimeniem. Energijas vértibu aprékinasanai augstakiem fita

iesaistitiem svarstibu rotacijas [imeniem bija nepieciesams fita ieklaut arf punktus R<38 A

un R>7 A, kuriem atbilstoSie energijas limeni eksperimentos netika novéroti.

® Empiriskais potencials [P4]
Hunda a saite [32]
18 + Hunda c saite [31]
Hunda c saite [31] parbidita
£
5]
=
o 174
m
=
5
e
5]
=
83
16

Starpkodolu attalums, A

6.7. attéls. Empiriska un ab initio PEL KCs D(2)'I1 elektroniskajam stavoklim. Ar IPA

metodi konstruéta PEL ir paradita ar punktiem, savukart ar linijam ir paraditas PEL no [31, 32]

darbiem.

82



Kopgja stdev fitam ir 0,5 cm™, kas ieveérojami parsniedz miisu eksperimenta noverteto

precizitati. Lidzigi ka B(1)'I1 elektroniska stavokla gadijuma, iegiitais potencials D(2)'T1

elektroniska stavokla zemakos svarstibu Iimenus (V' € [0, 7]) apraksta ar stdev 0,008 cm™,

kas ieklaujas miisu eksperimentalas nenoteiktibas (0,01 cm'l) robezas. legiitais potencials

apraksta aptuveni 67% no PEL dziluma (att€la 6.7. iesvitrotais laukums) un reproducé

cksperimentalas energijas vertibas sekojosi: apméram 60% ar 0,01 cm™ precizitati vai

labaku, 80% ar 0,1 cm™ precizitati un 96% ar 1 cm™ precizitati.
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6.8. attéls. Energiju starpibas E,, —E,  atkariba no rotacijas kvantu skaitla J' zemakajiem

svarstibu rotacijas limeniem D(2)'T1 elektroniskajam stavoklim. Ar sarkanu krasu ir paraditas f

komponentes un ar zilu krasu — e komponentes, un ar Iinijam ir att€lota miisu eksperimentala

precizitate £0,01 cm™.

No iegiita potenciala D(2)'I1 stavoklim aprekinajam ari atbilstodas molekularas

konstantes, kuras ir apkopotas 6.2. tabula. Salidzinajumam ir dotas arT dazados literatiiras

avotos uz teorétiskiem modeliem balstitu aprékinu iegiitas konstantes.

6.2. tabula
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Molekularas konstantes **K'**Cs (2)'I1 elektroniskajam stavoklim; T,, , un D, ircm™

vienibas, R, ir dota A.

Empiriskais Teorija

potencials [30] [31] [32]
T, 15 381,68 15 406,58 15421 15 409
o, 45,18 45,99 44,4 44,41
R, 4,964 4,926 4,92 4,961
D, 1672,7 1566,9 1 600 1684

No energijas termu shémas 6.1. attéla redzam, ka (2)'TT stavoklim ir sagaidama
mijiedarbiba ar (2)°TT un (3)’°Z* ierosinatajiem stavokliem. Balstoties uz iepriek3gjo
pieredzi, perturbaciju apgabalus noteikt, izmantojot Q-faktora un efektivas rotacijas

konstantes B, grafikus neizdodas. Savukart apliikojot 6.1. redzam, ka (2)°IT elektroniska

stavok]a potencials gandriz sakrit ar (2)'T1 stavok]a potencialu un ari to PEL minimums R,
ir gandriz pie vienam un tam pa$am vértibam. Sis norada uz to, ka visi energijas limeni
singleta IT ierosinataja stavokli ir paklauti vienmérigai mijiedarbibai ar blakus esoso tripleta

IT elektronisko stavokli. Miisu izmantotaja modeli, empiriskaja potenciala ir ieklauta S1
regulara mijiedarbiba ar (2)°I1 elektronisko stavokli. To apstiprina ari starpibas starp

Eup — Eapr 6.8. attela, kur redzams, ka gan e, gan f paritates ITmeni aprakstas Iidzigi

asotniem zemakajiem svarstibu ITmeniem V'e[O, 7]. Lielaka izkliede novérojama ir e
simetrijas Itmeniem, kas var€tu bt skaidrojama ar A-dubultoSanas konstantes vertibam un
tas véra nemsana e komopnentes energijas l[imenu termu vértibu korekcijai (formula (2.33)).

Augstakiem svarstibu limepiem Vv'>8 ir novérojamas lielakas nobides no misu
izveleta viena potenciala modela, kas norada uz pieaugosu, véra nenemtu mijiedarbibu. No
6.1. ir redzams, ka pie Siem svarstibu limeniem notiek (2)'TT krustosanas ar (3)°Z", lidz ar
to iesp&jama speciga SO mijiedarbiba starp abu So stavoklu svarstibu rotacijas limeniem.
Pilnveértigus secinajumus par $o mijiedarbibu un tas raksturu ir griiti izdarit, jo augstakiem

limeniem nav iegiito eksperimentalo datu sistematiskas.
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6.9. attéls (a) Eksperimentos iegiitas **K**Cs molekulas energijas termu vértibas D(2)'TI
stavoklim. (b) E,,, —E,, *K'*Cs izotopa D(2)'IT stavoklim. Ar sarkaniem punktiem ir
att€lotas f komponentes (LIF Q parejas), ar ziliem trijstiriem ir attélotas e komponentes (LIF

PR parejas). Ar linijam (a) att€la ir no empiriska potenciala (6.1. tabula) iegiitas energijas

termu vértibas un ar linijam (b) attéla ir miisu eksperimentala precizitate £0,01 cm™.

Ar MK¥Cs izotops aprakstas lidzigi ar masu iegito PEL: V' <7 Iimeniem stdev ir
+0,015 cm™, bet pieaugot svarstibu kvantu skaitlim stdev sasniedz pat dazus cm™. legtitie

rezultati “*K**Cs izotopam ir redzami 6.9. att€la, kur (b) att€la ir redzama starpiba

E.. —E. , kura neparsniedz 1 cm™, noverotajiem **K**Cs izotopa punktiem.
eksp apr p 1]

6.4. Kopsavilkums

[P4] publikacija apkopoti rezultati analizéjot LIF FT spektrus 15400 — 17 000 cm™

energijas diapazona KCs molekulai. Novérota fluorescence atbilst D(2)'TT — X (1)'Z*
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parejam. No LIF spektriem iegttas un analizétas 2121 energijas termu vértibas PK1Bcs
izotopam kvantu skaitlu v’ €[0, 35] un J'e[7, 274] apgabala.

No PEL shémas ir redzams, ka (2)'IT un (2)°IT elektroniskajiem stavokliem ir loti
lidzigi potenciali ar gandriz vienadu lidzsvara stavokla starpkodolu attalumu. Izmantojot
tadas pasas metodes ka KCs B(1)'IT eksperimenta datu analize, neizdevas noteikt spécigu
perturbaciju apgabalus D(2)'IT elektroniska stavokla energijas termu vértibam. Tas lauj
secinat, ka visi nov@rotie svarstibu rotacijas energijas Iimeni ir vienmérigi perturbé&ti
mijiedabiba ar blakus eso$a (2)°TT elektroniska stavokla energijas Iimeniem.

Regulara g-faktora atkariba no rotacijas kvantu skaitla J' lava noteikt vidjo vértibu
q=(18+01)-10° cm™ D(2)'II stavokla V' [0, 6] svarstibu limeniem.

Ar IPA metodi iegita PEL apraksta D(2)'TT stavok]a svarstibu rotacijas Iimenus
Ve [O, 35] apgabala ar stdev 0,5 cm™, kas parsniedz eksperimentalo precizitati, tatu taja
pat laika zemakos svarstibu limenus V' €[0, 7] ta apraksta ar stdev 0,008 cm™. legitais

potencials ir uzskatams par ticamu starpkodolu attaluma R diapazona no 4,2 1idz 6,7 A.
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7. B(1)'I1 STAVOKLIS RbCs MOLEKULA [P2]

7.1. LIF progresiju BQ)'TI— X(1)'=" un B()'TI — a())’T" analize

RbCs B(1)'TI stavokla ierosinasanai tika izmantoti diozu lazeri frekvencu diapazona
no 13 610 Iidz 13 860 cm™ (730 nm lazerdiode) un no 14 063 Iidz 14 223 cm™ (705 nm
lazerdiode). Lidzigi ka KCs molekulu ierosinata B(1)'IT eletroniska stavokla pétijumos, ari
RbCs spektros novérojamas LIF parejas gan uz X (1)'Z", gan uz a(l)’L*. Tapat arT RbCs
B()'IT stavokla eksperimentos siltuma caurulé atradas argona gaze, kas spektros
nodroSinaja plasas rotacijas relaksacijas ainas, ka ar1 sadursmju parejas starp dazadiem e/ f
simetrijas [tmeniem. Nove@rotas rotacijas relaksacijas ir lidzigas KCs molekulas spektros

noverotajam (4.5.(b) att€ls). Bez tiesas ierosmes fluorescences, spektros bija noveérojamas

ar1 dazas CIF parejas, no kuram viens piemérs ir paradits 7.1. attéla.

pareja: (0,7") « (2,7]")
J'=179 - 203

pareja: (0, J') « (4,J") '
I'=174-203 pareja: (0,J) « (3,1")

J'=174-203
H'ﬁ MM MRV R

M IM I
AR
13460 13470 13480 13490 13500 13510 13520 13530 13540 13550 13560 13570

T T T T —

7.1. attéls. CIF ®Rb™Cs molekulas spektra. Blakus redzama rotacijas relaksacija ir no tiesi

ierosinatas (1, 194)— (v, 194) parejas B(1)'II elektroniskaja stavoklT.
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Seit ir redzams, ka starp spécigam LIF relaksacijas linijam — tie§a ierosme
@, 194) «<—(v", 194) — ir saskatama mazak intensiva progresija. Sadursmju rezultata
(sadursmes ar bufergazi) notiek energijas parnese no V' =1 uz V' =0 ierosinataja stavokli un
talak no V' =0 ir novérojama fluorescence uz X (1)'X* pamatstavokli. Sajas parejas ir
noverotas tikai Q tipa progresijas, t.i., fluorescence no f simetrijas limeniem.

Kopuma RbCs B(1)'TI stavoklim tika uznemti un apstradati aptuveni 160 FT spektri,
kuros kopa tika atSifrétas 1418 LIF progresijas. ®Rb***Cs izotopam 979 LIF progresijas —
558 ar f simetriju un 421 ar € simetriju. Savukart ®’Rb™*Cs izotopam novérotas 439 LIF
progresijas — (234 ar f simetriju un 90 ar € simetriju). legitajos spektros divsimt vienai no
novérotajam LIF progresijam 8 Rb™3Cs un divdesmitsesam no novérotajam LIF progresijam
8"Rb'*3Cs tika novérotas arT parejas uz tripleta pamastavokli a(l)®*S", tade] sagaidam, ka Sie
Iimeni bis perturbéti. Vel japiemin, ka 33 no novérotajam LIF progresijam (22 progresijas
8Rb™3Cs un 11 progresijas ®’Rb***Cs) ir novérotas parejas tikai uz tripleta pamatstavokli
a(l)’z*. Tapat spektros novérotas 5 CIF sérijas, tatu tikai diviem $ada tipa fluorescences
spektriem izdevas noteikt ticamas kvantu skaitlu (v/,J") un (v",J") vértibas un lidz ar to
atbilsto$as energijas termu vértibas. Jaatzimé, ka vairuma gadijumu zemakajiem svarstibu
Iimeniem V' €[0, 4], dazados spektros tika atrastas vienu un to paSu svarstibu rotacijas
limenu energijas vértibas. Tade] Siem limeniem eksperimentali ieghtas energijas vértibas
tika vid€jotas no vairakiem spektriem, un 1idz ar to no 979 novérotajam LIF progresijam
(08 iegtitas 2081 svarstibu rotacijas limenu (v’, J ’) energijas vertibas diapazona no 13

770 Iidz 15 200 cm™.

legiitais datu lauks ®Rb™3Cs ir paradits 7.2. attéla un ®’'Rb***Cs — 7.3. attela. Ka
redzams 7.2. attela, tad sistematiski uzkrati eksperimentalie dati ir zemakajiem svarstibu
limeniem ar svarstibu kvantu skaitli v'=0, 1, 2 un 3. Tas ir galvenokart pateicoties
datu punktus vidgji vél 10 — 15 blakus esoSajiem rotacijas Iimeniem. Augstakiem svarstibu
rotacijas Itmeniem §ts relaksacijas ir noverotas mazak, tadel art Siem Iimeniem nav noverota
uzkrato datu sistematika No ¥’Rb**Cs datu lauka (7.3. att.) redzams, ka datu punktu ir
mazak un noveérotas vien dazas rotacijas relaksacijas. Tas skaidrojams ar to, ka miisu

eksperimenta rubidijs un c€zijs ir ar dabisko izotopu attiecibu (izteikta procentos)

5 Rb:*Rb = 72,17 : 27,83 [161].
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7.2. attels. ®Rb*™*Cs B(1)'I1 stavokla energijas termu vértibas atkariba no J' reducétajam
energijas E,, =E—0,0132-J'-(J'+1) vértibam. Ar punktiem ir apzimétas eksperimenta iegiitas
energijas termu vértibas, bet ar Iinijam — no miisu konstruéta potencidla B(1)'T1 stavoklim

(7.3. tabula) iegiitas termu vertibas.
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7.3. attels. *'Rb™*Cs B(1)'I1 stavokla energijas termu vértibas atkariba no J’ reducétajam
energijas E,, =E—0,0132-J'-(J'+1) vértibam. Ar punktiem ir apzimétas eksperimenta iegiitas
energijas termu vértibas, bet ar Iinijam — no misu konstruéta potenciala B(1)'T1 stavoklim

(7.3. tabula) iegitas termu vértibas.

7.2. Perturbéto stavoklu noteikSana

leprieks ir aprakstita B(1)'T1 stavokla atrasanas vieta energiskaja skalda RbCs termu

shema (3.2. attéls), ka ar1 aplikoti blakus esoSie elektroniskie stavokli, ar kuriem ir
sagaidama misu pétama stavokla mijiedarbiba. Sis mijiedarbibas dé| ir sagaidams, ka
eksperimentali novérotas energijas vertibas varétu biit perturb&tas — novirzitas par kaut kadu
lielumu attieciba pret miisu izmantota potenciala modeli. Tap&c pirms eksperimentalo datu
fitéSanas ir nepiecieSams veikt neperturbéto datu atlasi. Soreiz A-dubultosanas aprékina
izmantoSana, kura labi darbojas KCs gadijuma, izradijas neveiksmiga, jo g-faktora funkcija
atkariba no rotacijas kvantu skaitla J' pat svarstibu Iimenim V' =0 parada vairakus tuvu
esoSus perturbaciju apgabalus (7.4. att.), tad€] no Siem grafikiem ir griiti noteikt mazak
perturb&tos apgabalus. Neskatoties uz (-faktora veértibu neregularo uzvedibu, trim

zemakajiem svarstibu Iimeniem sistematiski iegutie dati atlava veikt Q-faktora fitu

zemakajiem B(1)'TT elektroniska stavokla svarstibu Iimeniem. Lai noteiktu vidgjo veértibu
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katram svarstibu lIimenim, fit€§jam mazak perturbétos Itmenus, kurus savukart atlasijam no

rotacijas konstantes aprékiniem. Tabula 7.1. ir redzamas iegitas Q-faktora vértibas, kuras

aprakstitas ar izteiksmi q(v') =g, (V") +q,(v')-J'(3"+1).
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7.4. attels. A-dubultosanas konstantes (q-faktora) atkariba no rotacijas kvantu skaitla J'

svarstibu [imeniem V' e [0, 3]. Ar punktiem ir att€lotas no eksperimentalajiem datiem iegiitas
g-faktora vertibas, ar sarkanajam linijam ir att€lota q(v') atbilstosi 7.1. tabula apkopotajam q,

un g, vertibam. Svarstibu limenim V' =3 ar melnu Iiniju ir att€lota g(v')=0.

Ka bija sagaidams no haotiskas g-faktora uzvedibas, arT B, atkariba no J' paradija, ka

RbCs molekulas B(1)'TT stavoklis ir stipri perturb&ts (7.5. attéls). Lokalo perturbaciju centri

ir noverojami daudz tuvak viens pie otra ka KCs molekulas gadijuma. Vairakiem svarstibu
limeniem pat noveérojams, ka vienas lokalas perturbacijas centra apgabala iesp&jams ir vél

viens lokalo perturbaciju centrs. Piem&ram, svarstibu Iimenim v’ =0 gan g-faktora funkcija,
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gan rotacijas konstantes funkcija parada perturbacijas J'~70-80, J'=110-120 un

J'~140 apgabalos. B, atkariba no rotacijas kvantu skaitla J’ §im svarstibu limenim

parada ar1 perturbacijas pie J'~160 un J'~180. Analiz€jot Sos pasus grafikus svarstibu
limenim V'=1, secinam, ka perturbaciju centri ir novérojami piec J'~40-70,
J'~95-105, J'~130, J' =155, J' =175, J' =185 un J'~210. Jau v' =1 limenim var
noverot perturbacijas loti tuvu vienu otrai, kas uzskatami atklajas efektivas rotacijas
konstantes B, grafikos, rotacijas kvantu skaitla J’~95-105 apgabala. Seit viens

perturbacijas centrs varétu but pie J'~95 un otrs pie J'~105, tacu viss apgabals starp

Siem abiem cantriem arT uzskatams par perturb&tu.

7.1. tabula
legatas g, un g, vertibas v'=[0, 2] svarstibu limeniem B(1)'I1

elektroniskajam stavoklim ®Rb**Cs molekulai: vertibas ir dotas cm™ vienibas.

V' qo _10—7 ql .10—12
0 1,46 £ 0,70 71+23
1 3,87 £ 0,68 28+18
2 -5,91+£1,43 3,9+05

Ari RbCs B(1)'IT elektroniskais stavoklis mijiedarbojas ar blakus esoso C(3)'Z”

elektronisko stavokli. Tade] ir sagaidams, ka biis novérojami svarstibu rotacijas Itmeni,

kuros tikai € komponente ir perturbéta (sk. 7.5. attélu). Sis perturbacijas tiks analiz&tas

viena no turpmakajam apaksnodalam par C(3)'<" stavokla p&tijumiem.
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7.5. attéls. Efektivas rotacijas konstantes B, atkariba no rotacijas kvantu skaitla J' svarstibu

limepiem v' [0, 4]. Ar sarkaniem punktiem ir att&lotas rotacijas konstantes vértibas f

simetrijas [imeniem un ar ziliem trijstiriem — e simetrijas ITmeniem.

7.3. Rezultati un analize

7.3.1. PEL konstruésana

Sakotngji noléemam fitet eksperimentali iegiitos datus svarstibu kvantu skaitlu apgabala

Ve [O, 2] un rotacijas kvantu skaitla apgabala J'e [24, 228], kurus, p&c riipigas grafiku
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7.5. att€la izpétes, uzskatijam par mazak perturbétiem. Neregularitate g-faktoru grafikos un
daudzie lokalo perturbaciju centri, kuri ir skaidri redzami rotacijas konstantes B, grafikos,
varétu bt skaidrojama ar perturbacijam € -paritates limenos. Tadel mes, lidzigi ka A.
Grochola et al NaCs molekulas pétijumos [105, 106], no visa datu apgabala fitéjam tikai
svarstibu rotacijas [imenu energijas, kuras iegiitas Q-tipa parejas ( f simetrijas [imenus). Sis
sakotngjais fits paradija, ka loti strauji palielinas stdev, pieaugot svarstibu kvantu skaitlim
Vv'. Labakais rezultats, kuru vargjam iegit, aprakstija B(1)'TT stavokla zemako svarstibu
limeni v'=0 ar 0,05 cm™ precizitati, savukart, v'=1 ar 0,15 cm™ un v'=2 ar 0,4 cm™
precizitati.

Sads potencials radija aizdomas par to, ka iespgjams RbCs molekula nav tikai lokalas
perturbacijas, bet iesp&jams kads no svarstibu limeniem, vai ari visi svarstibu Iimeni, ir
vienmerigi perturb&ti, t. i. energijas termu vértibas visa svarstibu Iimeni ir vienm&rigi
nobiditas uz vienu vai otru pusi no izmantota modela molekulas energijas limenu aprakstam.
Lai parliecinatos par $ada pienémuma pamatotibu, noteicam molekularas konstantes katram
no zemakajiem svarstibu limeniem atseviski. legiitie rezultati ir paraditi 7.2. tabula, no
kurienes ar1 ieglistam apstiprinagjumu tam, ka kads no zemakajiem svarstibu Itmeniem ir
vienmerigi perturbéts. Energijas starpiba E,, —E, harmoniska oscilatora gadijuma
samazinas, pieaugot V', bet no misu datiem ir redzams, ka ta palielinas. Augstakiem
svarstibu Iimeniem neizdevas iegit ticamas molekularas konstantes un tadé] nevaram veikt

pilnigaku analizi par perturbacijam RbCs B(1)'TI stavokla svarstibu limenos.

7.2. tabula

Molekularas konstantes zemakajiem svarstibu [imeniem ®Rb™Cs B()'IT stavoklim;

visas konstantes ir dotas cm™ vienibas.

v E, B, D, -10° H,-10% L, -10" J’ apgabals N stdev
0 13766,112(5) 0,0144(1) 0,797(5)  -0,0325(85) - 46— 202 105 0,010
1 13804,868(15) 0,0143(5) 0,912(42)  0,3894(1400) ) 24216 103 0,038

0,46002(15000)
2 13844,102(46) 0,0141(8) 0,637(38) -0,1870(490) - 57 - 227 52 0,082

P&c ieprieks aprakstita secinajam, ka miisu PEL RbCs B(1)'I1 stavoklim nebiis
preciza bez padzilinatas perturbaciju analizes, bet to var€s izmantot aptuvenai prieks$stata
giiSanai par $o stipri perturb&to stavokli. Lidz ar to soli pa solim fitam pievienojam papildus

datus no augstakiem svarstibu limeniem apgabala no V' € [3, 35]. Pievienoti tika visi tie
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7.3. tabula

Ar IPA metodi iegiitais potencials ®Rb™3Cs B(1)'IT stavoklim, izmantojot energijas

termu vertibas V' €[0—35] un J' e[6—228] svarstibu rotacijas [imeniem.

R, A U, cm?

3,55 16 716,078
3,65 16 111,090
3,76 15 564,671
3,86 15 157,185
3,97 14 800,950
4,07 14 530,371
4,18 14 299,836
4,29 14 110,440
4,39 14 071,068
4,47 13 888,589
4,55 13 800,746
4,66 13 756,971
4,76 13 746,751
4,87 13 761,915
4,97 13 794,050
513 13 871,758
5,29 13 969,069
5,45 14 073,051
5,61 14 173,995
5,93 14 353,945
6,24 14 499,311
6,56 14 617,943
6,88 14 731,564
7,50 14 908,715
8,00 15 070,333
8,50 15 164,556
9,00 15 275,764

punkti, kuru starpiba ar iepriek$gja iteracija iegito potencialu nebija lielaka par 4 cm™.

Svarstibu Iimeniem V'=0-2 ir fitétas tikai

f komponentes, kuras nav paklautas

mijiedarbibai ar C(3)'Z" Iimeniem, un fita v’ =0, 1 energijas vértibas ir icklautas ar svaru

0,01 cm™, kas atbilst eksperimentalajai precizitatei, bet V' =2 energijas vértibas ar svaru 0,1

cem™.
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Pargjiem svarstibu limeniem fita ieklautas abas e/ f komponentes, jo sagaidama A-

saSkelSanas ir daudz mazaka par energijas termu dispersiju. V' =3 Iimeniem svars ir 0,2 cm’

L v=4 limeniem — 0,5 cm?, bet V' e [5, 35] Iimeniem svars ir 1 cm’’. Rezultata iegiito

PEL veido 27 punkti (7.3. tabula).
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7.6. attéls. Energiju starpibas E,, —E,, atkariba no rotacijas kvantu skaitla J' svarstibu
limeniem v'=[0, 2], kur E,,, ir iegiitas energijas termu vértibas no 7.3. tabula paradita
potenciala. E, vertibas e komponentém ir korig€tas atbilstosi 7.1. tabula paraditajam

g-faktora vértibam. Linijas norada eksperimentalo nenoteiktibu £0.01 cm™.

Ta ka pirmajiem trim svarstibu limeniem fitétas tika f komponentes, tad energijas
starpibu E, — E,,, rekinaSanai nepiecieSams ieviest korekciju € komponentém. To daram
izmantojot g-faktora fitu (7.1. tabula). Energiju starpibu E, , —E, atkariba no rotacijas

kvantu skaitla J' ir paradita 7.6. att€la, no kurienes ar ir redzams, ka empiriskaja potenciala
ir véra nenemtas perturbacijas un atbilstoSi starpibas starp eksperimenta datiem un
konstruéto potencialu ir lielas.

7.7. attela ir paradits salidzinajums starp musu iegito PEL un ab initio aprékiniem

dazadiem Hunda sai$u tipiem RbCs B(1)'Tl stavoklim. Ka redzams, tad ab initio aprekini
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(Hunda a [35] un c [36] saite) dod T, vértibas, kuras ir tuvakas miisu eksperimentam, tacu
uz starpibam balstitas PEL (Hunda a* [35] un c* [36] saite) dod labaku R, aprakstu

salidzinajuma ar eksperimentu. Pie lieliem starpkodolu attalumiem, labaku aprakstu dod

Hunda c saites modelis, kura PEL konvergé uz Rb(5°S,,,) + Cs(6°P,,,) atomaro asimptoti. .

To, ka empiriskais potencials ir korekts apstiprina 8"Rb'*3Cs dati, kuri fita netika ieklauti,

bet aplikojot 7.3. att€lu varam redz&t, ka ari $1 izotopa energijas termu vértibas labi

aprakstas ar iegiito potencialu RbCs B(1)'IT stavoklim.

17 ~
- 161
g
(o]
©
= 1 T e —
g
5 154
=
m
— e — Empiriska PEL [P2]
Hunda a saite [35]
...... Hunda a* saite [35]
14 Hunda c saite [36]
........ Hunda c* saite [36]
. | . : . : . T . T T T T T T |
3 4 5 6 7 8 9 o4

Starpkodolu attalums R, A

7.7. attéls. Saja darba iegiita un ab initio PEL B(1)'IT stavoklim **Rb***Cs. Sarkanie punkti

att€lo misu iegtto PEL [P2]. Ar Iinijam ir redzamas PEL no [35, 36] teorétiskajiem darbiem,

kur ar dazadam metodém ir iegtitas PEL. Pietuvinati ir redzamas PEL to minimuma.

Lidzigi ka KCs gadijuma, ari RbCs B(1)'IT potencialam ir novérojams izliekums pie
starpkodolu attaluma R~4,4 A, kur§ izskaidro ari 7.2. tabula novéroto E, uzvedibu.
Potenciala uzvediba varétu biit skaidrojama ar antikrusto$anos (avoided crossing) starp
divam Q=1 (B()'TT un c¢(2)°>") PEL (skatit termu shému 3.2. attgla). Empiriskajam
potencialam ir efektivs raksturs, kur ta minimuma apgabala tam piemit B(1)'TT stavokla
raksturs, bet, samazinoties starpkodolu attalumam, palielinas ¢(2)°X* stavokla ietekme un ta

ir maksimala antikrustoSanas apgabala. V&l vairak samazinoties starpkodolu attalumam SO
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mijiedarbiba starp abiem stavokliem klfist vajaka un potencials atgiist B(1)'TT stavokla

raksturu.
7.4. tabula
%Rb™3Cs molekulas B(L)'II elektroniska stavokla molekularas konstantes.
Iegiitas [P2] ekperimentos salidzinajuma ar vértibam no ab initio aprékiniem ar
dazadam metodém; T, un w, ir dotas cm™, bet R, — A.
Eksperiments Teorija
[P2] [3] [35] [36] [33] [38] [39]
T 13 746,65(4) 13736,3(6) | 13753 13743 14152 13814 13750
@ (38 —40) 36,1 38,62 40,8 33,16 35,04 37,0
R 4,751 4,672 4,676 4,616 4,747 4,72 4,79
14,5 4 LT, s+ B(1)'TI->X(1)'=" e komponente
©o , o B(1)'TI->X(1)'z" f komponente
14,4 o & | B(1)'I1 no [3]
o [} AC 4 ®oOo 05 0o A 8
T’é\ i e) oo [eNe) i o ’70' ; o og A0 803 Zo :O Qg o
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7.8. attéls. ®Rb™Cs B(1)'IT stavoklim iegiito energijas termu vértibu atkariba no rotacijas

kvantu skaitla J'.

Paradita ir datu lauka dala, kur v' [0, 23] un J' [0, 100]. Ar zaliem

punktiem ir [3] iegitas termu vértibas B(1)'T1 stavoklim, tiem blakus ar zalas krasas cipariem

ir noradita [3] atbilstosa svarstibu kvantu skaitla v’ numeracija. Ar sarkanas krasas cipariem ir

noradita [P2] atbilstosa V' numeracija.

@, vertiba 7.4. tabula ir aptuveni novertéta fit€jot attalumus starp svarstibu l[imeniem,

jo ka minéts, tad attalumi starp svarstibu limeniem, pieaugot svarstibu kvantu skaitlim, nevis
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samazinas, bet dazos gadijumos palielinas. Tabula ir arT paraditas konstantes no [3], kuras
iegiitas no sakotngjas B—b—cC sisttmas deperturbaciju analizes, kur analizéti ultra aukstu
RbCs molekulu spektri. Molekularo konstansu vértibas [P2] un [3] ir diezgan atSkirigas.
Aplukojot 7.8. att€lu ir redzams, ka [3] darba svarstibu kvantu skaitlu numeracija nav
pareiza, jo salidzindjuma ar misu ieglitajiem rezultatiem ta atSkiras par divam vienibam
svarstibu Iimepiem V'>10. Tas skaidrojams ar to, ka [3] ir méginats pétit B-b-—c
kompleksu, un visiem Siem Iimeniem, kuri ir paraditi 7.8. att€la ar zaliem punktiem ir
piejaukums no abiem tripleta stavokliem. ST nesakritiba kvantu skaitlu numeracija un lidz ar
to armT molekularo konstansu skaitliskajas vértibas parada ari to, cik sarezgiti ir veikt
deperturbaciju analizi, ja nav precizas eksperimentalas informacijas par nevienu no
kompleksa elektroniskajiem stavokliem.
Empiriska disociacijas energijas vértiba ir novertéta sadi:
D,(B@)'I1)=E,, , ~[T.(B@'TT)-D,(x @'z )=
=11 732,3079 — [13 746,65(4) -3 836,373(40)]=1 822,03(8) cm™.

7.3.2. C(3)'2" stavokla pétijumi

RbCs C(3)'Z" stavoklis ir izpétits un ta raksturigie parametri ir aprakstiti publikacija
[150] , kura iegiitais §1 elektroniska stavokla apraksts ar Danhema koeficientiem ir redzams
7.5. tabula. Ta ka més var€jam precizi aprakstit, pie kuram rotacijas kvantu skaitla J’
vertibam tikai e komponente ir perturbéta, tad miisu iegiitos rezultatus salidzinajam ar [150]
iegitajiem rezultatiem, kur C(3)'X" stavoklis ir aprakstits ar Danhema tipa koeficientiem
tikai lidz svarstibu limenim V'=21. Mgés, balstoties uz Siem Danhema koeficientiem,
aprékinajam energijas vértibas augstakiem svarstibu Iimeniem C(3)'S" stavoklim. Attela
7.9. S§is ir paradits ar nepartrauktam linijjam. Ka redzam no $§1 att€la, tad misu

eksperimentalie punkti labi sakrit ar [150] raksta doto C(3)'X* stavokla aprakstu.

E kur E

Salidzinajumam aprékinajam ari E,—E, esp IT misu eksperimentalas energijas

vertibas un E, . ir no [150] raksta dotajiem Danhema koeficientiem aprékinatas energijas

apr
vertibas Siem pasiem svarstibu-rotaciju limeniem. Ka redzams no 7.9. attéla labaja puse

apak3a esosa attela, tad §Ts energijas starpibas atrodas aptuveni —0,5 cm™ apgabala un tikai
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dazi punkti So robezu parsniedz, sasniedzot 1 cm™ vai pat 2 cm™. Lidz ar to mums nav

pamata apSaubit [150] iegiitas PEL C(3)'>" stavok]a atbilstibu.

Danhema koeficienti C(3)'=" elektroniskajam stavoklim no [150] darba.

Yoo(Te)
Yio(@,)
Yoo(@,X,)
Yyo(@,Y,)
Yo(@.2,)
Yu(B,)
Yy (@)
Y..(5)
Y. (€)
Ye(D,)
Y..(8)
Y. (1)
Yoa(H,)

Yis(7)

13 052,694(2)
28,47933(53)
-6,539(77)-10°
-3,991(48)-10™
1,64(10)-10°®
1,061216(33)-107
3,060(40)-10°®
-1,800(25)-10”’
1,289(48)-107
5,8575(70)-10°°
-1,51(12)-10™
4,39(35)-10*
5,242(75)-10™
-8,23(97)-10™"

N
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7.5. tabula

7.9. attéls. Lokalo perturbaciju centri (perturbétas tikai e komponentes) Cetriem zemakajiem

B()'II1 svarstibu limepiem v’ [0, 3] (attéla ar ziliem trijsturiem). Nepartrauktas Iinijas ir

C(3)'z" stavokla svarstibu limeni V' €[25—35], kuru vértibas iegiitas, izmantojot [150] dotos

Danhema koeficientus. Attéla apaksa labaja pusé ir paraditas energijas termu starpibas

E.o—E. C()'Z" stavokla termu vértibam.
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7.4. Kopsavilkums

[P2] apkopoti rezultati, kuri iegiiti uzgemot un analiz&jot LIF FT spektrus 13 500 —

15000 cm™ energijas diapazona RbCs molekulai. Novérota fluorescence atbilst
B()'TT—> X(1)'Z" parejam. No aptuveni 160 LIF spektriem iegiitas un analizétas 2664
energijas termu vértibas ®>Rb™Cs un ®’Rb**Cs izotopiem kvantu skaitlu V' e [0, 35] un
J'e [6, 228] apgabala.

Spécigu mijiedarbibu apgabalus starp B(1)'TI un blakus esofajiem 'Z* un 3%°
elektroniskajiem stavokliem noteicam izmantojot Q-faktora un rotacija konstantes B,
aprekinus. Sada veida tika atlasiti mazak perturbétie svarstibu rotacijas energijas limeni, kuri
talak tika fitéti ar IPA metodi, dodot PEL RbCs B(1)'Il stavoklim. legita potenciala
standartnovirze ir 0,95 cm™. Zemakos svarstibu energijas limenus empiriskais potencials
neapraksta ar eksperimentalo precizitati. [zmantojot molekularo konstansu aprékinus katram
no zemakajiem svarstibu energijas limeniem, tiek paradits, ka ari $aja apgabala ir
noverojama spéciga mijiedarbiba ar blakus esoSajiem elektroniskajiem stavokliem.

Konstruétaja PEL RbCs B(1)'IT stavoklim ir novérojams izliekums pie starpkodolu
attaluma aptuveni R=4,4 A, kas rodas pateicoties antikrusto$anas (avoided crossing) starp
B(1)'TT un ¢(2)°Z* energijas limeniem.

Sistematiski uzkratie dati lava pétit perturbaciju centrus zemakajiem svarstibu
energijas ITmeniem B(1)'T1. Rotacijas konstantes B, atkariba no rotacijas kvantu skaitla J’
atklaja perturbaciju centrus, kuros mijiedarbiba ietekmé tikai e simetrijas limenus,kas
paradas 'TT mijiedarbibas dé| ar 'S*. RbCs C(3)'Z" elektroniskais stavoklis ir ieprieks
pétits, taCu miisu noverotie svarstibu limeni atrodas augstak energijas zina neka pedgjie
aprakstitie. Izmantojot Danhema koeficientus un aprékinot energijas svarstibu ITmeniem

v 6[25, 35], tika apstiprinats, ka Sie perturbaciju centri rodas RbCs B(1)'TTun

!
c@)ts*

C(3)'Z" energijas Iimenu mijiedarbibas d&].
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8. SECINAJUMI UN AIZSTAVAMAS TEZES

Secinajumi
e Ir uznemti un analiz€ti augstas izskirtsp&jas lazera ierosinatas fluorescences

Furjé transformacijas spektri, ierosinot B(1)'IT elektronisko stavokli KCs un

RbCs molekulam un D(2)'IT elektronisko stavokli KCs molekulai un pirmo

reizi iegltas $o stavoklu energijas termu vertibas plasam svarstibu un rotacijas

kvantu skaitlu diapazonam.

e Mijiedarbibas d&]l ar blakus esoSajiem energijas Iimeniem pétamo 'II
elektronisko stavok]u energijas limeni ir paklauti perturbacijam. Izmantojot
darba iegiitos eksperimentalos datus tika noteikta A-dubultoSanas konstantes (q-
faktoru) un efektivas rotacijas konstantes B, atkariba no rotacijas kvantu skaitla
J’, no kurienes bija iesp&jams noteikt perturbacijam mazak paklautos energijas
limepus B()'TT un D(2)'TI1 stavoklos, kuri tika izmantoti potencialu
konstrugsanai.

e Aprakstot energijas termu vértibas ar invertéto perturbaciju aproksimacijas

(IPA) metodi, iegiitas potencialas energijas ltknes KCs molekulas B(1)'IT

stavoklim ar v'=0, 1 un D(2)'IT stavoklim ar Vv'=0-7 apraksta ar
eksperimentalo precizitati 0,01 cm™.

e Jegiito potencialu atbilstiba tika papildus parbaudita salidzinot eksperimentalo
datu energijas vertibas ar aprékinatajam no iegiitajiem empiriskajiem
potencialiem MKBcs un ¥RbM¥Cs izotopiem, kuru dati netika ieklauti fita.
Tapat ir noteikta paSparbaudes kritériju izpildiSanas starp Danhema
koeficientiem.

e Darba tika iegiiti ta saucamie efektivie potenciali, kuros ir ieklauta mijiedarbiba
ar blakus eso$ajiem elektroniskajiem stavokliem. B(1)'IT elektronisko stavoklu
potencialas energijas Iiknes gan KCs, gan RbCs molekulam pie starpkodolu
attaluma 4,0 — 4,3 A parada izliekumu, kur§ skaidrojams ar B(1)'TT un ¢(2)*Z*
elektronisko stavoklu antikrustoSanos. Lai detalizéti analiz€tu spécigo
spinorbitalo mijiedarbibu B(L)'TI—c(2)°S" —b(1)’TT stavoklu sistéma, ir
nepiecieama  spektroskopiska informacija par b(1)°’IT un ¢(2)°%*

elektroniskajiem stavokliem.
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e Perturbacijas, kuras rodas mijiedarbojoties B(1)'TT un C(3)'Z" elektroniskajiem
stavokliem, ir vieglak konstatét, jo ar C(3)'T" stavokli mijiedarbojas tikai
B(D'IT stavokla e simetrijas energijas Iimeni. Analizjot $§ada veida
perturbaciju centrus KCs molekulai, noteiktas C(3)'X" stavokla molekularas

konstantes Certiem svarstibu energijas l[imeniem.

Aizstavamas tézes
1. Energijas limenus, kuri ir mazak paklauti SO mijiedarbibai, ir iesp&jams noteikt,

izmantojot A-dubultosanas konstantes un rotacijas konstantes B, atkaribas no

rotacijas kvantu skaitla J noveérotajiem svarstibu limeniem V.

2. Spinorbitalajai mijiedarbibai paklautos B(1)'IT un D(2)'IT elektroniskos stavok]us
ir iespgjams aprakstit izmantojot viena potenciala tuvinajumu, kur§ konstruéts,
izv€loties mazak perturb&to energijas limenu vértibas.

3. Analizgjot perturbaciju centrus, kur tikai B(1)'TT stavokla e simetrijas Iimeni ir
perturbéti, ir iesp&jams iegiit informaciju par ierosinato C(3)'Z" stavokli.

4. Efektiva B()'IT potenciala atklatais izlickums atbilst B(1)'TT—c(2)’x" termu
sajaukSanas maksimumam pie starpkodolu attaluma R veértibam 4,1 — 4,3 A, pie

kuram teor&tiskie aprékini paredz antikrustoS$anos ab initio Hunda c saites

potencialiem.

Autora ieguldijums

Inese Birzniece doktorantiiras studiju laika ir piedalijusies LIF spektru uznemsSana,
terosinot KCs un RbCs molekulas. Spektri talak ir analizéti un ieguts plass svarstibu
rotacijas energijas limenu datu lauks. No mazak perturbétajiem energijas Iimeniem ir
konstruéti ierosinato Iimenu potenciali. lesp&ju robezas ir analiz&ti perturbaciju centri un
raksturota elektronisko stavoklu savstarpgja mijiedarbiba. Darbs ir apkopots Ccetras

zinatniskajas publikacijas un promocijas darba.

Nobeigums

Promocijas darba izvirzitie mérki un uzdevumi ir izpilditi. Ir iegtti un analizeti LIF
spektri KCs un RbCs molekulam. Balstoties uz eksperimentalajam energijas termu veértibam,
ir iegiits viena potenciala apraksts B(1)'TT un D(2)'IT ierosinatajiem elektroniskajiem

stavokliem. legtitas PEL var tikt izmantotas aptuvenai priekSstata giiSanai par realo situaciju,
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ka ari §1s liknes ir precizakas elektronisko stavokla raksturotajas ka ab initio (teorétiskie)
aprékini un var tikt izmantoti ka pirmie tuvinajumi talakiem aprékiniem.

Darba izstrades laika griitibas sagadaja datu analize, atlasot mazak perturb&tos
energijas limenus, kurus izmantot potenciala konstrugsanai. KCs molekulas B(1)'TT stavokla
pétijumos no perturbacijam relativi brivos energijas limenus var€ja noteikt balstoties uz g-
faktora aprékiniem un grafisku att€losanu atkariba no rotacijas kvantu skaitla J'. Tacu
RbCs molekulas gadijuma §1 metode izradijas neefektiva un palavamies tikai uz rotacijas
konstantes aprékiniem un to grafikiem atkariba no J'.

legiito rezultatu uzlabosana ir iesp&jama tikai veicot deperturbaciju analizi. Savukart,
lai to veiksmigi daritu, ir nepiecieSama spektroskopiska informacija ari par citiem

aplikotajos energijas diapazonos esosajiem elektroniskajiem stavokliem.
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The diode laser induced B(1)'TT — X' fluorescence spectra of the KCs molecule were recorded
by Fourier-transform spectrometer with resolution of 0.03 em™ . Buffer gas Ar was used to facilitae
appearance of rotation relaxation lines in the spectra, thus enlarging the B(1)' IT dataset, allowing
one to determine the A-splitting constants and to reveal numerous local perturbations. A dataset was
systematically obtained for B(1)'TT vibrational levels v € [ 5] nonuniformly covering rotational
levels with J* € [7; 233]. For v" € [0; 3]. the less-perturbed data of f~components were included in the
fit. A pointwise potential energy curve (PEC) based on the inverted perturbation approach, as well
as the Dunham coefficients, was obtained and compared with ab initio caleulations; in particular,
the energy of the PEC’s minimum T, = 14044.918(6) cm™' was determined. Both approaches al-
lowed us o reproduce the vast majority of data used in the fit with accuracy of 0.02 em™!. Tentative
molecular constants for several vibrational levels of the near lying C(3)! TF state were estimated.
© 2002 American Institute of Physics. [http:#dx. dotorg/ 100 106371 368321 8]

. INTRODUCTION

Ultracold polar diatomic molecules with a sufficiently
large permanent electric dipole moments continue to be a
fruitful area of research. Here, the electric dipole-dipoke in-
teraction is long range and spatially anisotropic; therefore, a
wide range of many-body physics phenomena would oceur
in an ultracold gas of such species.!-? The experimental ef-
forts in obtaming ultracold polar diatomics were mainly fo-
cused on diatomics of heteronuclear alkali atoms and many
of them have been successfully produced at ultralow tempera-
tures (see Ref. | for a review). In the last decade. emphasis has
shifted from weakly bonded levels produced by photoassoci-
ation {PA) or magnetoassociation (by Feshbach resonances)
to formation of the deeply bound levels, especially the ones
which belong to electronic ground state X'E™ with zero ro-
tational and vibrational quantum numbers, v =0, /" = 0,
respectively, or X(0, 0) for short.

Formation of an ultracold Cs-containing heteronuclear
diatomic molecule in the X(0, () state was achieved for the
RbCs molecule’ using PA followed by an incoherent pump-
dump cycle, and then for LiCs (Ref. 4) using a single PA step
followed by spontaneous emission. More recently, the NaCs
molecules in wide range of deeply bound vibrational states
were produced by near-dissociation PA® Tt appeared that a
search of appropriate optical cycles for formation of such sys-
tems is important; until now, such a search is mostly based on
ab initio calculations, and there is a demand for an analysis
based on accurate spectroscopic data. For KCs, ab initie cal-
culations have been performed in Refs. 6 and 7 for Hund’s
case “a" and in Ref. & for Hund's case “¢”. Among prospec-
tive pathways, transitions involving the first excited singlet
B{1)Y'T state converging to the excited atomic limit Cs(67P3a)
are predicted to be favourable due to pronounced spin-orbit
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(500 coupling {caused mainly by large spin-orbit interaction
parameter fegyste = 18468 em™! in atomic Cs (Ref. 9)) o
other excited states of triplet natre, namely, ¢ £ and 5711
states. Significant values of the spin-orhit matrix elements of
the b~ B and the ¢ ~ Binteractions in KCs are predicted by
ab initio calculation in Ref. 6. As shown by calculations, the &
state crosses the C3Y ET state, which dissociates to another
atomic limit K(4°P) + Cs(675), as shown in Fig. 1. Consid-
erable C~ B rotational interaction is predicted as well. From
another point, favourable vibrational wave function overlap is
present between a number of 81 )T state levels and the X(0,
) state. As a result, the B(1)' [T state may possess efficient
enough optical transitions hoth to the triplet @ &1 for the
PA step and the singlet X' % for a conversion to the ground
state {see the analysis in Ref. 10 based on ab iritie calcula-
tion). In particular, it was the Bi1)'M state which has been
exploited to successfully transfer into the Xi0, 0) level of the
RbCs molecule "

As follows from the aforementioned considerations, there
is a strong maotivation to obtain high-accuracy spectroscopic
data and perform their reduction to empirical potential energy
curves (PECs) of the B(1)! IT state of Cs-containing heteronus
clear alkali diatomics. At present, such information is only
available for the B(1)'TT state of NaCs, 1% 13

The present paper reports on experimental study of the
B(1)'TI state of the KCs molecule, being the closest analog to
RbCs, which was already produced in ultracold conditions.?
At present, the existing empirical potentials for excited states
of KCs are restricted to the A'E+ — BT complex'*" and
the E(4)'ET state.'® At the same time, laser-induced fluo-
rescence (LIF) spectra from the BT state in KCs were
already recorded by high resolution Fourier-transform (FT')
spectrometer in the Laser Centre, University of Latvia in the
course of the studies of ground singlet X' T+ and tripleta”E
states. 1% As a result, part of the data on the Bi1y' [ state
in KCs was already in hand, while the accurate potential

@ 2012 Amarican Ingtitute of Physics
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FIG. 1. Scheme of potential emergy curves of the kbow-lying elecironic states
of the KCs molecule based on Hund's case a7 calculations in Ret. 7 {upper
graph) and Hund's case *c™ calculations in Ref. & {lower graph, where the
letters at potentials are referring o the “a™ case).

energy curves of the ground electronic states'™ ™ made it pos-
sible to transform the LIF transition frequencies to the Bi1)' T
state term values. We focused on systematic studies of (v, J')-
level energies for low vibrational levels which appeared pos-
sible due to rotational relaxation in the upper state induced
by the collisions with the added buffer gas Ar. These data al-
lowed us to construct the lower part of B-state PEC, to reveal
numerows local perturbations, to indicate centers of these per-
turbations, to determine the A-doubling constant values, and
to estimate empirical molecular constants for the near-lying
Ci3)' T state.

Il. EXPERIMENT

The experimental setup is the same as was used in our
previous KCs studies.'*"¥ Briefly, the KCs molecules were
produced in a linear heat-pipe filled with 10 g of potassium
(natural isotopic mixture) and 7 g of cesium at a tempera-
ture of about 290 °C and were excited in the B(1) [T(v". J')
— X(u", J" = JF . J £ 1) transition (B« X for short) by diode
laser radiation. Backward LIF was sent onto the input aper-
ture of a Fourier-transform spectrometer (FT'S) by a pierced
mirror. Spectra were recorded by FTS Bruker IFS - 125HR
at a resolution 0.03 cm™'. A diode laser, with a 685 nm,
T05% nm, ar 730 nm laser diode installed in a homemade ex-
ternal resonator, was used for excitation. The laser frequency
used in the experiment varied from 13 643 to 13 816 cm™!

J. Chem. Phys. 136, 064304 (2012)

excitation laser

10000 11000 12000 13000

Wave number {cm™)

FIG. 2. KCs LIF spectrum excited by laser frequency 14 090 268 em™! and
recorded with a silicon detector. The spectrum contains only # — X transi-
tions, The dominant progression originates from the v’ = 3, & = 129 level
of the B 13" IT state {line positions are marked below the s pectrum). No spin-
forbidden transitions to the & £+ state are observed,

for the 730 nm diode, from 14 070 to 14 320 cm™"! for the
705 nm diode, and from 14 402 to 14 58 cm™' for the
685 nm diode. A silicon photodiode operating at room tem-
perature was most often used as a detector; however, in some
cases it was replaced by either a photomultiplier (Hamamatsu
R928) ora InGaAs diode operating at room temperature.

We observed LIF progressions of either @ or PR type.
The presence of O-type transitions indicates that the excited
state is a ' [T state, while the energy range of the excited levels
allowed us to suggest, based on ab initio caleulations’ (see
Fig. 1), that the excited levels belong to the Bi1)'T1 state. An
example of the obtained LIF spectra from the B(1)'TT state
is presented in Fig. 2. In a number of spectra, we saw pro-
gressions also o the tiplet ground & ©F state, as is shown in
Fig. 3. Transitions to the o ¥ state were analyzed and used

B(1)'n 8
|l|'
!
/
a't’ »
X'z
1|'l4l§|'|' 10500 DE00 phini
)
T i aulueh l 1
L 1 L 1
HE FIRRRTrRnnnn e
10000 11000 12000 13000 14000

Wave number (om’)

FIG. 3. KOs LIF spectrum excited by laser frequency 14 1762494 em™? and
recorded with a silicon detector. The spectrum contains both spin-allowed &
—+ X and spin-forbidden 8 — @ tansitions. The dominant KCs LIF progres-
sions to the singlet and triplet states originate from the 0’ = 4, .F = 8§ level
of B{1)'T1 state {line pesitions are marked with vertical lines below the spec-
trum ). LIF lines close to exciting laser are weakened by a long-pass filter. The
insctcontains the B — & bands,
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for the & £+ PEC fit in our earlier work."™ In some spec-
tra containing LIF progressions to the a-state approaching the
dissociation limit, we have observed bound-free transitions as
well. In the spectra excited by the 685 nm laser diode, besides
KCs LIE, weak K1 fluorescence was ohserved.

It is assumed that we determine a line position with inac-
curacy of 0.1 from the spectral resolution. Since the spectral
resolution is 0.03 cm™', our instrumental uncertainty of line
position is estimated as 0.003 em™!.

Iil. DATA ANALYSIS

The assignment of rotational quantum number J' for
the excited state and J* for the ground state, along with
ground state vibrational quantum number v”, was based on
the accurate singlet ground state X'Z T PEC.'® Term values
E(v', J') of the excited state were obtained by adding the
observed transition frequencies v o a comesponding term
value E(v”, J*) of the ground state calculated from Ref. 18,
Le. E(v'. 0= we ayeqer, o + E(U". J7). The uncertainty
of the excited stae energy consists of the instrumental un-
certainty of frequency measurements, the uncertainty of the
ground state energy, and the uncertainty due to excitation
at the Doppler profile wing of absorbing transition. The full
width at half maximum for the Doppler profile at our typi-
cal temperatures of about 290 °C is 0.016 em™". The uncer-
tainty of ground state term values calculated from the PEC
{Ref. 18) does not exceed 0.003 em™', so the overall uncer-
tainty of upper state energies is about 0.010 em™" . Vibrational
assignment of the excited state was based on the observation
of the LIF intensity distribution over v" (see examples pre-
sented in Fig. 4). In Fig. 4(a). we do not see an intensity mini-
mum; therefore, we conclude that v =10 In Fig. 4(b), we see
only one intensity minimum, which implies v’ = 1.

Due to the presence of buffer gas in the heat-pipe,
around strong lines, we were able to observe a rich pat-
tern of additional lines appearing due to collision-induced
population transfer within the same vibrational level, from
the directly excited rotational level to neighboring rotational
levels with |AF] < 20. Most often, population transfer to
the different (eff)symmetry levels could be observed as
well, thus allowing us to detect P, R, and (0 transitions si-
multaneously. An example of such rotational relaxation is
presented in Fig. 5. Here, besides population transfer to
the same fesymmetry sublevels (@ branch), ransitions from
esymmetry levels (P and R branches) are also observed.
This allowed us not only to considerably extend the available
dataset, but also to determine the A-splitting between e and f
sublevels. Simce in the rotational relaxation pattern shown in
Fig. 5 all lines are subjected to the same Doppler shift, the
latter is canceled in the energy differences. Therefore, the un-
certainties of A-splitting do not exceed 0,005 cm™' . By con-
trast, when the energy of ¢ and f sublevels for the same v,
J' quantum numbers is determined from different spectra, the
uncertainty of A-splitting can he about (0,015 em™".

In total. more than 100 spectra have been recorded
and processed. We identified 743 KCs LIF progressions for
the *#*K'%Cs isotopologue, 387 of them originating from
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FIG. 4. An example of the LIF imensity distribution over v in the B
— X bands. {a) the LIF progression is excited at a laser froquency of
13 TI2700 em=!, sssigned 1o the B-tmnsition B(0, 1191 < X{4, 118
(b} the LIF progression is excited at a laser frequency of 14 071 926 cm™ !,
assigned to the (-transition #{1, 517+ X{0, 51).

fesymmetry levels (Q-type progressions) and 356 originating
from e=symmetry levels (P« and R-type progressions). One
hundred five of the directly excited levels exhibited also flu-
orescence to the @ L state, indicating that the excited state
under study is heavily perturbed. Owverall, we have obtained
about 3200 B(1)'T1 state energy levels. About 2000 term val-
ues for about 10 lowest v' are plotied in a reduced scale vs J'
in Fig. 6. For v’ € [{); 5], a list of experimental B-state level

»
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i Rebranch
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Wave number (cm’')
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FIG. 5. An expanded example of rotational relaxation from the spectrum
shown in Fig. 2. The portion of the spectrum presented corresponds o the
B3, 129 — X{12, |29 tmnsition{ most intense line). (-, F-, and R-lines are
marked by bars below the spectrum.
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FIG. 6. S-dependence of experimental term values in the roduced encrgy
seale % = E — (L0207 + 1). Shon armows mark levels {0, 119) and {1,
51) producing the LIF imensity disribwions shown in Fig. 4. Insas show
term value plot of another staie {most likely C{3) £+) crossing the plots
of B 13T state at {2, 95 and {5, 144). v'-numbering from O to # is indi-
cated. Enlarged symbaols { x ) and red dotted lines represent term values of the
(C-state. The lowest v* term is constructed basing on perurbation centers at
=0 F7=108mdv =1, 5 =63

energies can be found in the supplementary materials.™ We
have observed also 56 LIF progressions for the *'"K'¥Cs iso-
topologue, which were, as a rule, weaker than for ™ K!#Cs;
hence, only few of them exhibited weak rotational relaxation.

As can be seen from Fig. 6, only the lowest few vibra-
tional levels contain abundant Jf -level data over a wide range
of J' levels. Term values above 14 400 em~! are fragmentary
and not uniformly distributed. The levels marked in Fig. 6 by
short arrows refer to intensity distributions in Fig. 4, thus es-
tablishing the absolute vibrational numbering. As can be seen
from Fig. 6. LIF to the a® 7 state was observed from vibra-
tional levels starting from v* = 3.

Irregularities in J-dependence for a fixed vibrational
quantum number indicate that deseription of a whole experi-
mental dataset using the adiabatic approximation based on a
single PEC model is impossible. Description of term values
presented in Fig. 6 might require the inclusion in the Hamil-
tonian of PECs forthe 2P ZT ()T, b1 P and AT+
states (see Fig. 1) along with their respective interaction pa-
rameters. Multistate deperturbation analysis of such complex-
ity has not yvet been carried out for the heavy alkali diatomics.
In particular, in KCs only the A'E+ and 5T empirical PECs
below 13 000 cm~! are available.'* '3 while other PECs in

J. Chem. Phys. 136, 064304 (2012)

s ] (a)

° " ()

E
2
.
m
0.024 « fcomponent
= @ component ,
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T T T T T T T T T T
o] 40 B0 120 160 200

J

FIG. 7. S-dependence of {a) the A-doubling constant g{v”) and (b) the mia-
tional constant 8,0 for o = (.

question are known only from ab initio calculations.” There-
fore, we restricted our goal to description, by asingle PEC, of
term values considered as perturbation-free.

In order to select the non- or less-perturbed experimental
data, we checked the J'-behavior of A-doubling constant, or
g-factor, 242!

Eqv', 1) — E;(v', J")
T+ 1)

q{:_l’] = (1)
for v’ € [0, 3]. It is expected that in ahsence of pronounced
local perturbations, a g-factor’s value is either constant or
changes smoothly with J. However, as follows from the
J' -dependence of g-values depicted in Fig. Ti(a), even for v’
= (). from which we have not observed LIF to the & £ state.
pronounced local perturbations take place, with perturbation
centers at J':, = 34, 73,107, 133,155, and 192

An alternative way to identify perturbed levels is to ana-
lyze effective rotational constant B as dependent on J',

Eww, '+ 1)— E@v'. 0

J£J 2
Bl VT : @

For this purpose, we calculated the B,(J) dependencies for
v" € [0, 5] for both ¢« and fecomponents (see the graphs in the
supplementary material). ™ The result for v* = 0 is presented
in Fig. 7(h). As can be noticed, only for J' = 36 both e- and
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Jreomponents are perturbed, while in other perturbation re-
gions it is only the e-component which is perturbed.

IV. RESULTS AND DISCUSSION
A. Pointwise PEC and molecular constants

We used the “spline-pointwise” inverted perturbation ap-
proach (IPA) fitting procedure™ > in order to obtain an empir-
ical PEC in explicit form. To construct a PEC for the ¥K'¥Cs
isotopologue, we used only f«components as less perturbed.
We excluded from the fit the term values with B(J") drop-
ping out from the smooth behavior (see the supplementary
material ™). It appeared that this could be feasibly done only
for v* € [0; 3]. As a result, 520 term energies were left for
fitting. nonuniformly covering J' & [7; 233] (see Table 1 in
Ref. 19). The resulting PEC consists of 23 points and is pre-
sented in Table 1. The standard deviation (sd) of the fitis 0.02 ]
em™!, which exceeds the experimental uncertainty of term
values by a factor of two. It should be noted, however, that
for v = Oand 1, the experimental term values included in the
fit are deseribed with a standard deviation 0.005 cm~'. This
can be explained by changes in the character and strength of
perturhations for v’ from 0 to 3 as demonstrated in Fig. 8.
Indeed, one can see that for v = 1, the deviation of the
Jecomponent from the unpenturbed position does not exceed
0.1 cm™', and most deviations are within horizontal lines in-
dicating the experimental uncertainty. On the opposite, for v*
= 2 and 3 only few deviations lie within experimental uncer-
tainty, while maximal deviation reaches 0.9 cm ™",

TABLE I. List of the grid points of the IPA potential for the KCs B(1)'TT
state. Energies are given with respect 1o the minimum of the ground state.

R{ﬁ.] U{cm"]

E¥.1 152372313
19 L4 HBE4 3071
4.0 L4 669 4475
4.1 L4 492 1451
4.2 14 3419770
4.3 L4 211170
4.4 L4 19 1L
4.5 L4 06T B0l
4.6 L4 (e 5021
4.7 L4 (449 1 GRE
4.8 L4 (0 BT
5.0 L4 154 8077
51 14 @232
53 14 32623060
55 L4 4446 THED
57 14 5465154
59 14 G3HIEE
h.l L4 TI30EHD
6.3 14 TRE. 1925
6.5 14 B55 B961
6T 14 9181250
T.0 15 (01 4050
T2 15 051 4040
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FIG. . S-dependence of the differences between measured term values and
their counterparts calculated using the data from Tables [ and 11 Horizontal
lines indicate experimental wneertainty 2001 cm™!. Arrow marks fhe level
{2, 9d).

In order to describe the e=components, we fitted giv')-
values for each v* as a function of J', namely,

gy = galvy + g1 (VS 4 1. (3)

The gy and g values obtained from the fit are presented in
Table 1. The data from Table 1T were used to calculate the
energy of edevels E%, which were compared with the ex-
perimental values in Fig. 8. It can be seen from the table that
gy values estimated for v’ = 2 and 3 differ significantly from
the respective values for v’ = 0 and 1 due to stronger perturs
bations and poorer J'<coverage. The gy values for v* = 0 and
| exceed their theoretical counterparts presented in Ref. 6 by
about 0.8 % 107% ecm™". It should be noted that the respective
values in Ref. 6 are most probably underestimated because the
influence of the C(3)' T state was not included in the calcu-
lations. Though the contribution of the C-state into g-factor

TABLE II. The go and g1 values {in em™") fitted for the four lowest vibra-
tional levels of the (1) IT state.

' ga{10=%) gui{l0=1

i 217015 —13240.73
1 211033 —103£1.43
2 0.28+1.35 T
k LET+1.74 —1481+1192
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TABLE II. Comparison of cxperimental £27 and caleulated {by point-
wise PEC) rovibranic term values Fok for the 41K s isatapologue of the
B(1)" I state. All energies are in em ™",

I r elf fa e sl
0 iz e 14 095,530 — 0ol
1 4% e 14 175.301 — 003
1 T4 I 14 253,713 — Qi
1 05 e 15 110,840 — (150
z a1 e 14 367850 0025
z 95 ki 14 385,820 — 0z
3 1% f 14 2 19 8K 0413
k] 6l e 14 302,400 — L1600
3 62 f 14 305,375 — 0161
k] 70 ki 14 330,962 —0.123
3 K0 & 14 367393 0143
k3 ®1 e 14 371,224 0.103
1 K2 & 14 375,110 0072
k3 K3 e 14 379,053 0052
k] K4 e 14 383045 0034
k) K5 e 14 387086 0019
k] K6 e 14 391,177 000

values is strongly dependent on v, for v’ =0 and 1 it leads to
ag-factor about 1.3 = 107 %¢m~!24

In order to demonstrate the applicability of the pointwise
PEC and g-factors obtained, we used the measured term val-
ues of the *'K'¥Cs isatopologue which were not included in
the fit. The f«components were calculated directly from the
PEC applying the respective reduced mass; the e-components
were obtained by adding to the respective f-level energy the
A -splitting calculated using the constants from Table I1. The
differences between experimental and calculated term values
are presented in Table III. Note that the data in Table 11T in-
clude all ohserved values of the ¥ K'¥Cs isotopologue for
v e [0 3]; therefore, the strongly perturbed levels may be
present as well. Accounting for that, the description of the
Eewt data for ¥ K'3Cs by the pointwise PEC (see Table [y can
be considered as satisfactory.

Anmother possibility was to describe the data included
in the fit by a conventional (unconstrained) Dunham
expansion.®® The respective Dunham parameters ¥, listed in
Table 1V, were obtained by least-square fiting of the same
data field for K ' Cs (see Table | in Ref. 19) as used for the
pointwise PEC construction by IPA vielding the same stan-
dard deviation of 0.02 em™ as for the IPA fit.

Since the accuracy of description of experimental data
was significantly changing with v (see Fig. 8), it seemed rea-
sonable to obtain, by fiting, the molecular constants for sep-
arate v’ levels {as applied, for instance. in Ref. 26 for B(1)' T

J. Cham. Phys. 136, 064304 (2012)

TABLEIV. Dunham cocthiciems ¥y obtained by hitting the data for v e[l
3] F &[T, 233 of the B 1)1 state of ¥ K14 Cs. All values are in cm=!.

Yo 1404491 &
LA T 49,7807

¥an — 0301776

Yo 026027433 « 10=!
i — 0TI« 10t
¥y 00552850 « 104
Yoz — 06T x 10=T
Y2 OUEDAS] 30 5 |-
¥a — 03275646 10=10
Yo (LITT514052 % [0=12
Yis —(LTIOMRTIRD o 101
You —(LE1932228 x 10=1®
¥ig 013663046 x 10=17
Yo 0. 3B4TS208 » 10=2
Yis — (12659450 = 0=

in NaRb), which represent the rovibronic term energy in the
following way:

E.J)=E, +B.X— DX+ HX°
+ L XY+ M XS, 4

where X = [/ + 1) — A% and A = 1. The resulting
molecular constants are presented in Table V. It can be seen
that the uncertainty of molecular constants increases with v’
which can be explained by increase of perturbation strength
for higher v* (see Fig. §).

Table VI presents a comparison of main molecular
constants of the B(1)' [T state obtained in this work with
ab initio calculations.®™* The present empirical value of dis-
sociation energy D, = 1756.598(6) is obtained as a differ-
ence between asymptotic atomic limit Cs(6° Py2) equal to
117323079 cm~! (Ref. 27) and the obtained T, with respect
to the KCs ground state minimum —4069.208 cm~'.'#

B. Manifestation of the C' X+ state

As already mentioned in Secs. land 111, the B'IT siate
of KCs is expected to be heavily perturbed by 50 interac-
tion with triplet states #° IT and " E% (see Fig. 1), with their
strength increasing with v’ (see Fig. 8). Such perturbations af-
fect both ¢« and f~components and are of local character; their
centers may be identified from Figs. 7 and 8. Besides these
perturbations, we observed also local perturbations of the
e=component only, which are seen in Fig. & for v = 0 at J'
= 74, 108, 132, 155, and 192, as well as for v = | at J'
= 63, 100, 152, 171, 191, and 208. For v* = 2, such pertur-
bations are also present, but cannot be distinguished clearly.

TABLE V. Molecular constants for particular v™-levels of the (1" IT state of K™ s, All values are inem ™",

v Ey By Dy 0% Hy =100 Lyt + 101 M x LI J rmange =d

0 1406 TOR1)  0.0259223(1) 29157i6) .. —S.0SETT{00Mm . 7-210 00039
1 14 1186852 Q02S6093(3) 29101437) — 10,360 {4500 515372 £ 013 33131 n.onsa
2 14 1669306 QO2S43TAIE) 272911 —L0S052 1600) 290, 16T, 233 00235
k] 14214 34109 QOIS IROE(39) 2EKIIEAT —0.9K]6T9A00) =152, 172 00428
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TABLE V1. Molecular constnts of the B(17°TT state of K" Cs fined in
the present work compared with their ab fino counterpans, T and a. in
em™, R, in A,

Present experiment Theory
Drumham IPA 7 ] L]
T 14 044,91 i) 14 044,932 L4014 6 12479 14038
dilg 49.TEL{E) 49 59 45,49 300 49,56
Re 46339 4.637 4.622 46012 44611

We attribute such local perturbations to the interaction with
the nearby lyving C(3)' T state (see Fig. 1).

Another hint of the appearance of the C(3)' 7 state is
observation of LIF transitions to high v in the range where
the B — X transitions are expected to be unobservable ac-
cording to Franck-Condon factor (FCF) calculations. Figure 9
illustrates this effect. Fig. 9(a) demonstrates strong B — X

(a)
oy
0.6
0.1 C-branch
=
0.0 .
P beanch ||||.||||-||- (R} I.Rl'!rﬂnﬂ!
weo @ s |
. .IL |
T T il 1l
L] L] T
12000 13000 14000
Wave number {cm )
(b}

1
11320

T
11280
Wave number {[:n1'1}|

FIG. 9. {a) Example of # — X LIF spectra exhibiting weak LIF lines around
11 280 em™", LIF progressions from directly excied B' Ty = 2,0 =94)
level is marked by vertical bars helow the spectmum: the inset expands the
rotational relaxation pattem for " = 9 from the directly excited £ T{p’
=2 7 = %) level. {b) Enlarged fragment of the spectrum arcund o”
= Sland 51. LIF from directly excited level is marked by red vertical hars he-
low the s pectrum, caollision-induced LIF from a state with S = 94 is marked
by blue dots above the spectrum. LIF from a directly excited C-state level is
marked by an asterisk.

J. Cham. Phys. 136, 064304 (2012)

1.04

=222 experiment {a)
I35

Intensity {rel. units)

& experirment
— 5" 6]
CE

KL

aG,, {cm b

42 mal e

T T
14100 14200
E'{em’)

FIG. 10, {a) v"-<dependence of the relative intensities of CTE+ — xTE*
LIF. Red shaded bars represent the experiment, black bars are FCFs calew-
lated wsing the €1 £+ PEC from Ref. 7; the data are matched at o = 50. {h)
A0y dependence on the energy of the respective levels, Dots epresent the
experiment, lines are calculaed from ab inite PECs {Rels. 6 and 7)) {=olid
lines — for €1 E¥, dotted lines - for & £,

LIF within the range 13 000=14 000 em™' consisting of three
progressions: (v' =2, ' =94) — (", S =9385, (v = L..J'
=23 - " =2 and (v = 1. J =30) = "0
29/31). In this range, a typical rotational relaxation pat-
tern consisting of @, P, and R branches has been observed
(see inset in Fig. 9a)). Besides. a noticeable LIF was de-
tected at high v" values {around v* = 50), in the wave num-
ber range around 11 250 em~!'. A short fragment of the
comresponding spectrum is expanded in Fig. 9(b). Two dou-
blets marked by red bars below the spectrum represent the
trace of the same B — X LIF progression from directly ex-
cited v' =2, J' =94 level as presented in Fig. 9(a). At the
same time, one can notice nearby a fragment of another dou-
blet progression (marked by blue dots), shifted to the higher
frequencies by ahout 1.12 em™' with the same vibrational
numbering v" = 50, 51 and the same rotational gquantum
number J* = 94, Moreover, a rotational relaxation pattern is
ohservable around these lines, which contains the P, R dou-
blets only, thus revealing transitions from e-component. The
processing of such a pattern yields the J' -dependence of term
values which markedly differs from the B'TT state hehav-
ior (see the insets in Fig. 6). This proves the observation
of the C'T* — X'E* LIF which appears due to collision-
induced population transfer from the directly excited B'T1
level. Figure 10{a) presents the analysis of the © — X LIF
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TABLE WII. Tentative molecular constams for the C-state, all values in
em=!. u* {see Fig. 6) is estimated a5 18 + 2 by comparing experimental
intensity distribution {see Fig. %a)) and term values with calculations hasing
on Ret. 7.

v’ EY L8, 1,
w* 14 14387 = L4 L4921 £ 0012

vt 41 14 18348 0,66 LE9E £ 0005

v 42 1422388  (L6S LEKS + 0005

ph 42 1422118 (.65 Lol £ 0011 215 £ 040
v 43 1426108 % (.67 LEKS + 0005

intensity distribution of the (/' = 94) — (/" =93, 95) pro-
gression under discussion. In order to assure that the LIF
originates from the C'T* state, the experimental intensity
distribution is compared with the FCFs obtained using the
ab initie PEC from Ref. 7. As can be seen in Fig. 10(a),
taking vj. = 20, which does not contradict the energy con-
sideration, yields a FCF distribution that reasonably agrees
with the experiment, predicting an intensity maximum for
v’y around 50. It should be noted that FCFs for B'TI(u'
=72)— X'Et) LIF are negligible for o = 20 (for in-
stance, FCFs are of the order of 107" for v around 50).
Observation of the BT =2, 0 =9%) — X'ZH' . J”
= 03, 95) LIF shown in Fig. 9(b) might be considered as man-
ifestation of the multi-component wave function of the upper
level due to rotational perturbation by the OV ET (0", ' = 94)
level. The level B'TI{v" = 2, ' = 94) (marked by an arrow
in Fig. &) is shifted from its non-perturbed position by about
0.13em™

In addition, we have observed a number of LIF progres-
sions originating from accidentally directly excited rovibronic
levels which we atiribute o the C'TV state. The reason for
that was, first, their dropping out from the B'IT manifold
{see enlarged symbols in Fig. 6). Second, LIF from these lev-
els occurs mainly to v = 45=60 of the X'T 1 state. Part of
such a progression to v" = 50=52 is marked by asterisks in
Fig. 9(h).

The above-mentioned considerations allowed us to esti-
mate molecular constants for several vibrational levels of the
C'ET state. We used the collision-induced relaxation for v’
= 2 shown in Fig. 6 inset, separate e-levels not belonging to
the B( 13'T1 state, as well as e-levels” perturbation centers only
to obtain E, and B, constants for few adjacent vibrational
levels of C'E™ state. The resulting constants are given in
Table VII. Term values provided by these constants are plot-
ted in Fig. 6 by dotted lines. Term values belonging to the
v# + 2 level were fitted twice, first as a linear function on
JUI + 1), and second as a quadratic function of the same
parameter. The latter was possible since the number of fitted
points was 11, while there were only 2 points for v¥ level
and 3 points for v¥ + 1 level. Figure 10(b) presents first
vibrational differences AG, for the C'E1 state. Points are
experimental data and lines represent AG, dependence on
the level’s energy calculated from ab initio PECs in Refs. 6
and 7: solid lines = for C'ET, dotted lines = for the £ L1
state. Again, the results are consistent with the C'E T state.

J. Chem. Phys. 136, 064304 (2012)

V. CONCLUSIONS

Abundant data on low-lying B(1)'TT state (v, J )-levels
have been obtained from more than 1000 8 — X fluorescence
spectra of the KCs molecule recorded by a Fourier-transform
spectrometer with a typical resolution of 0.03 cm~'. An ex-
citation by diode lasers allowed us to study the energy range
from 14071 to 15300 em™" which covers v' from 0 to (ten-
tatively) 25 and J' from 7 to 233, To select a less-perturbed
J'-range, the J'-dependencies of A-doubling constant g, and
rotational constant B¢ were analyzed. As shown by the anal-
ysis, we had o restrict to v' = 3 the data field that could be
adequately processed to obtain the B-state parameters. Indeed,
it appeared that for v* = 3 the influence of strong SO perturba-
tions presumably of local character did not allow us o select
the non« or less-perturbed term values that could be processed
by constructing a single PEC while a multi-channel depertur-
bation routine was not applicable because of the lack of data
on the perturbing states.

As aresult, the pointwise PEC, as well as the Dunham
expansion were applied to term values of f«components with
v = 01to 3 of the ¥K'%3Cs; both approaches allowed us o
reproduce most of the data included in the fit with the ac-
curacy of 0.02 em™ which is close enough to experimental
uncertainty of about 0.01 cm™ . Since the quality of data pro-
cessing markedly deteriorates with o', it appeared reasonable
to obtain molecular constants separately for a particular v'-
level. Overall, we believe that the lowest part of the B-state
potential is adequately described, vielding accurate empirical
values of intermuclear distance R, and PEC minimum energy
T, (see Table VI); comparison with ab initio calculations al
lows one to evaluate the reliability of the latter.

The rich dataset, with numerous well-defined centers of
local perturbations, is promising for the challenging task of
accomplishing a full deperturbation of the B(1)'IT state. Cur-
rently, it appeared possible to distinguish the local perturba-
tions caused by rotational interaction with the Ci3)' T+ state
and to estimate tentative molecular constants for several vi-
brational levels of this state. To include the strongest S0 in-
teraction with @ EF and &' IT states, more detailed spectro-
scopic information on these states 1s necessary. Such studies
are underway at the Laser Centre of the University of Latvia,
and the B{1)'IT state data obtained in the present paper may
serve as a reasonable initial approximation.
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The Fourier transform spectrometer with resolution of 0.03 em™ was applied to disperse the diode
laser induced B(1)'TT — X' T fluorescence spectra of the RbCs molecule in a heat pipe. The pres-
ence of buffer gas (Ar) produced in the spectra the dense pattern of collision-induced rotation re-
laxation lines, thus enlarging the B(1)' 1 data set, allowing to determine the A-splitting constants
and to reveal numercus local perturbations. In total, 2664 term values for ¥ Rb%3Cs and ¥RE™Cs
in the energy range from 13 770 to 15200 cm~! were obtained with accuracy about 0.01 cm~'. A
pointwise potential energy curve (PEC) based on inverted perturbation approach was constructed in
the R-range from 335 to 9.00 A for less perturbed vibrational levels v/ € [0, 35] and compared with
ab initie calculations. The data included in the fit were reproduced by present PEC with standard
deviation (sd) 0.95 em™' . More systematic over rotational levels J* € [6. 228] data set was ohtained
forv” € [0, 2]. These data were reproduced by the obtained PEC with sd of 0,08 cm™' . The energy of
PEC’s minimum 7, = 13 746.65 cm™ !, as well as other main molecular constants were determined.

© 2043 AIP Publishing LLC. [http:/fdx dot.org/10.1063/1 4801 323]

I. INTRODUCTION

The RbCs molecule is among the most popular species
for producing ultracold polar diatomics (see Ref. | for a
review) since both cold Rb and Cs atoms can be feasi-
bly prepared by diode lasers. In particular, in Ref. 2, ultra-
cold RbCs molecules were produced and detected in their
metastable lowest triplet @ £ state using long range pho-
toassociation (PA) of a laser cooled Rb and Cs mixture in
a dual-species magneto-optical trap via coupled B(1)'TT and
(2P ET state levels followed by spontaneous emission. Sime
ilar experiments were recently accomplished in Ref. 3 and 4
via (2)'TT and (2)°T1 state mixture. Inelastic collisions of ul-
tracold metastable RbCs molecules with Rb and Cs atoms are
studied in Ref. 5. In Ref. 6, the ultracold RbCs species have
been driven from the @ £ state to their vibronic ground state
X'Et" =0, /") by “pump” - “dump” pulsed lasers tech-
nique via the c{2¥ Z* intermediate state. In Refs. 7 and 8
RbCs was considered as a prototype heteronuclear molecule
for simulating its production in a deeply bound X' Z¥ state in
ultracold conditions using PA with laser pulses via A(2)'E+
and b1 P T states that are strongly mixed by a spin-orbit (S0}
interaction. The Feshbach resonances in an ultracold Rb-Cs
mixture were observed and stdied in Refs. 9=11 in order
to identify suitable pathways to transform the initial Fesh-
hach state to the ahsolute rovibronic ground state X' £ 4" =
0.0 =10).

The above mentioned intensive efforts to produce ultra-
cold ground state RbCs molecules motivate work to extend
and elaborate the knowledge of its excited electronic states.
Rather extensive theoretical studies of the RbCs molecule,
including potential energy curves (PECs) obtained by all-
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electron calculations, have been performed in Refs. 12=17. In
particular, the A -splittings for the (2, 4)'TT states were caleu-
lated in Ref. 15, Atthe same time, the experiment-based spec-
troscopic information is definitely insufficient. To the best of
our knowledge, the following excited states of RbCs have
been studied till now by various spectroscopy methods. The
strongly mixed lowest excited A(2) £+ — (111 states were
studied by Fourier-transform spectroscopy (FT'S) of laser in-
duced fluorescence (LIF) in Refs. 18 and 19, which allowed
to construct the deperturbed potentials; the SO coupling ma-
trix element functions were determined in Ref. 19. In Ref. 20
maolecular constants (Dunham coefficients) and RKR poten-
tials for the electronically excited (2, 4. 5)'TT and (3. H'ET
states have been obtained by LIF-FTS method in the en-
ergy regions 20000-22000 em ™" and 13 000=15000 em™'.
Spectroscopic data on the (5)' T state can be found in
Ref. 21, Information on the (4)' T+, (3)' 1. and (1)7A states
obtained from the high-resolution resonance-enhanced two-
photon ionization (RE2ZP) spectroscopy of RbCs in a molecu-
lar beam is contained in Ref. 22 and 23, The (49)' 1 state data
from Ref. 23 were amended by the FTS data and reduced to
a PEC in Ref. 24. Fragmentary data on the ¢ 2T+ state and
perturbation analysis can be found in Ref. 25.

As can be seen, the lowest 'TT state, namely the B(1)'T1
state (Bestate for short), which is approaching the Rb(584)
+Cs{6P30) limit of separated atoms, see Fig. 1, is not
mentioned in the list (apart of its analysis as a perturber
of the c(2P £ state in Ref. 25). This motivates the moal
of the present study: to apply high-resolution spectroscopy
to the B(1)'IT state in the RbCs molecule and to use the data
for construction of empirical PEC, focusing on description
of the low-lying levels. It is worth mentioning that this state
has been already exploited in our previous study of the o T 1
state.™® What is more, since the term values of X- and a-states

2 2013 AIP Publishing LLC
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FIG. 1. Scheme of potential energy curves of the low-lying electronic states
af the RbCs molecule based on Hund s case™a™ calculations in Ref. 13 {upper
pancl) and on Hund's case *c” calculations in Ref. 14 {lower panel: here, the
letters at notations refer to the Hund's case “'a™).

were obtained in Ref. 26 from the B — X; a LIF-FTS spectra
in the Laser Center, University of Latvia, part of the neces-
sary spectra was already in hand. The task was facilitated by
the existing accurate FTS-based ground X-state PEC in Refs.
26 and 27.

Although the strong SO coupling between Bi1)'IT,
BIP T, and c(2)P°ET states provides a suitable optical route
from the a-state to the X-state. it also makes it difficult to
reduce term energy data to a set of parameters for the B-state
if the influence of others is neglected. This situation also
arises in other Cs containing diatomics, such as NaCs™-*
and KCs. ™

Il. EXPERIMENT

The experimental setup was the same as used in our
previous RbCs studies.'™® In short, RbCs molecules were
produced in a linear heat-pipe filled with 10 g of rubid-
ium (natural mixture of ¥Rb and ¥ Rb isctopologues) and
T g of cesium at temperature about 200°C and were ex-
cited in a BT ) «— X", /" = J'.0 £+ 1) transi-
tion (B < X for short) by a diode laser radiation. Pierced
mirror was used to send backward LIF onto the input aperture
of Fourier-transform (FT) spectrometer Bruker IFS-125HR.
Spectra were recorded at instrumental spectral resolution
0.03 em~!. The instrumental uncertainty of line position is
estimated as 0.003 cm~', being 0.1 of the linewidth. For ex-

J. Cham. Phys. 138, 154304 (2013)
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FIGi. 2. Examplesof RbCs 8 — X LIF specira from ' =0, 1, and 2, which
contain onestron g LIF progression. Laserexcitation frequency for the 8-state
(e, J'xlevel are: fa) 13644, 754 em =0 for {0, 153):(b) 12643 94 em=? far( 1,
1370 () 13795015 em™" for (2, #9), All three spectra contain also several
much weaker progressions. Mo spin-forbidden tansitions to the ' EF state
are observed.

citation we used a diode laser with 705 nm or 730 nm laser
diode installed in a home-made external resonator. The ex-
citing laser frequency was measured by HighFinesse WS6
wavemeter with accuracy of 0.015 cm™; it varied from
13610 to 13860 cm™! for 730 nm diode and from 14063 to
14223 em™! for 705 nm diode. Laser output power before the
heat-pipe entrance window varied from 20 to 30 mW. A pho-
tomultiplier (Hamamatsu) operated at room temperature was
used as a detector for about 65% of spectra. For the levels
giving LIF to the &' £+ state an InGaAs or silicon photodiode
operating at room temperature were used as detectors.

LIF progressions of either 0 or PR type have been ob-
served, as expected”! for a 'TT — 'E* transition. The energy
range of the excited levels allowed us to suggest, basing on
ab initio calculations (see Fig. 1), that the excited levels be-
long to the B(1)'T1 state. Examples of the obtained LIF spec-
tra from the low-lving v"-levels of the B(1)' T state are pre-
sented in Fig. 2. In a number of spectra from v° = 3 we have
observed LIF progressions B — a also to the ground triplet
al 1 ET state, see, for instance, Figs. 2 and 3in Ref. 26.

Il. DATA ANALYSIS

The assignment of the excited B(1)!TI(v', J') levels
was accomplished as follows. First, a rotational assignment
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wias made basing on the ground stae PEC from Ref. 26.
The ground state vibrational quantum number 1)’ was ob-
tained from a B{1 (', J') — X1 E+ (v, J") LIF progres-
sion simulation. The excited state vibrational quantum num-
ber v’ for low-lying v'-levels could be identified from a LIF
intensity distribution, assuming that the number of LIF in-
tensity minima is equal to v".3' Examples of LIF intensity
distribution presented in Fig. 2 for three lowest observed v'-
levels proves the v identification. As soon as the transition
BT ) — X'EF (", J") was identified. the energy
of the excited level E(v'. J") was obtined by adding the re-
spective frequencies Wy -, o4 Of about 4 10 6 transitions
from the FT LIF spectra to the corresponding ground X-state
term value E{v". "), which has been calculated from the
PEC in Ref. 26. The uncertainty of the excited state energy
consists of the instrumental uncertainty of line position mea-
suremnents, the uncertainty of the ground state energy being
about 0.003 em™ 2% and the 0.008 em ™! uncertainty caused
by excitation that is possibly shifted within the Doppler pro-
file of absorbing transiion, with its full width at half maxi-
mum being about 0.016 cm~!. As a result, the overall uncer-
tainty of an upper E{v’. J') term value energies was conser-
vatively estimated as 0.01 em™!

An admixture of argon as buffer gas in the heat-pipe al-
lowed us to observe a rich pattern of rotational satellites as
additional spectral lines in the vicinity of strong “parent” lines
originating from a directly excited level, see Fig. 3 as an ex-
ample. Such satellite lines, which are appearing due to colli-
sion induced population transfer to rotational levels adjacent
to the excited rovibronic level, allowed us to considerably en-
rich the number of obtained term values. What is more, pop-
ulation transfer to the different (e/f)-symmetry sublevels took
place as well, thus kading to P, 8, and ( transitions. Indeed,
as can be seen in Fig. 3, besides collision satellites from the
same symmetry e-levels (P- and R-branches), the satellites
from the different symmeltry f-levels (Q-branch) are observed.
This made it possible to determine the A-splitting between

Q1 branch

T T T
13490 13445 13500
Wave number (cm’)

R branch

P bran

T T
13485 13505

FIG. 3. A zoomed in fragment of the spectrum shown in Fig, 2{a) demon-
sirating motational relaxation. The directly excited LIF lines {(shown by ar-
rows | cormespond to the 80, 153) — X(4, [152; 154) tmnsition. -, £-, and
R-lines from the levels populated by collisions are marked by hars below the
spoctmim.
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FIG. 4. F<dependence of the experimental term values of ¥R (s in the
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on the right side). Green triangles mark the levels from which LIF to the
ﬂl[l.]:"Z“' state was oheerved. Stas above & = () presents the data from
Ref. 25, which are identificd as v'-levels of the B{1)'TT state (their &' num-
bers are marked nearby ). Lines are caleulated from the present PEC. Diotted
lines are extrapolation.

e- and f-sublevels. Here, due to the cancellation of Doppler
shift in the energy differences of a particular rotational pat-
tern originating from the same directly excited level, the un-
certainty of A-splitting is estimated as about 0.005 cm™!. On
the contrary, if the energy of - and fesublevels for a particular
(v', J") rovibronic level is determined from different spectra,
the A -splitting uncertainty might reach up to 0.015 em=1.
Summarizing, about 160 FT spectra have been recorded.
The identified spectra provided us 979 LIF progressions for
the most abundant * Rh'¥ Cs isotopologue, including 558 (-
type progressions originating from f-symmetry sublevels and
421 P- and R-type progressions originating from e-symmetry
levels. It is notable that the LIF spectra from 201 of the di-
rectly excited levels contained both B — X and B — a pro-
gressions, therefore the respective kevels should be considered
as perturbed by the SO interaction with a triplet state. In to-
tal, 2081 rovibronic (v', J') term values of the B(1)'TT state
of the ¥Rb'Cs isotopologue have been obtained in the en-
ergy range from 13770 to 15200 em™', Fig. 4 presents the
obtained term values, which are plotted in a reduced scale
as dependent on J'. Besides, we have observed 439 LIF pro-
gressions yielding 583 term values for the ¥ Rb'Cs iso-
topologue, see Ref. 32. Since they were, most often, weaker
than the ¥ Rh!¥ Cs progressions, the rotational relaxation was
rarely ohserved. A list of all experimental B(1)'T1 state term
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TABLE [. List of the grid points U{R) of the [PA potential for the Hppteg
B{1)" I state. Energics are given with respect to the minimum of the ground
state.

RiA) U fem™ 1)

i55 16 T LAOTE
365 L6 1 LLR0
3.TH 15 364671
386 15 157.185
97 14 BiX0.4950
4007 14 33371
4.18 14 2949 K36
4.29 14 1 L0
4.39 14 OTL0GE
4.47 13 EER.58Y
4.55 13 BiX).T46
466 13 756971
4.Th 13 T46.751
4,87 13 T6BLY91S
4.97 13 794050
513 13 KTLTSE
529 13 969,064
545 14 073051
5461 14 173,995
593 14 353945
624 14 499,31 1
.56 14 6174943
(%" 14 731564
T7.50 14 908 TL5
K 15070333
K30 15 164556
Q. 15 275.764

values is given in Table I for *Rb™Cs and Table 11 for
¥TRbS3Cs of the supplementary material. ¥ We should note
here, that some (v’, J') term values, especially for v’ € [0, 2]
were obtained from more than one (sometimes up to 4) spec-
tra, and for such levels the supplementary material contain an
averaged term value. ™

Figure 4 demonstrates that only three lowest rovibra-
tional levels with v* € [{), 2] contain systematic, mostly con-
tinuous J'-level data covering a wide range of J* up to about
23, while higher term values, especially above 13 900 cm™!
are fragmentary and not uniformly distributed over J'. Though
LIF to the a(1 PET state was detected only from the levels
v' = 3, which are above ca. 13850 cm™', the lowest vibra-
tional levels v* & [0, 2] exhibit numerous local perturbations
as well.

TABLE II. The gy and gy values {incm™") fitted for the v* & [0, 2] levels
of the B{1 ) 1T statc of ®RH1**Cs,

v gl 10=7) g (10712
0 L AG070 T1+23
1 IRT 068 2818
2 —591 %143 19405
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FIG. 5. M-dependence of the rotational constant 8¢ for ¢ = 0. Inset demon-
strates a relatively weak perturbation of e-<component centered at S =130,

In order to identify local perturbations, we checked J'-
dependence of the effective rotational constant B,
oo B T+ D= EQ'LID
Bol ) 2+ D ' W
The respective B,(J") dependence for v’ € [0, 2] can be
found in Ref 32 and is presented for v' =0 in Fig. 5.
As can be seen, pronounced perturbations around J!
= 76,110, 118, 140, 147, and 162 take place for both ¢« and
f-components. At /' = 182, where it seems that only the
freomponent is perturbed. we just have no data for the e-
component. At less pronounced perturbations (not clearly
distinguishable in the figure due to the scaling) around J,
= 99,130, 155, and 177 only the e-component is perturbed.
These perturbations are of interest since they are pointing to
a local rotational interaction with a 'E* state, ™ which in our
case is the C' 7 state (see Fig. |, upper panel).

IV. RESULTS AND DISCUSSION
A. Pointwise PEC construction

The “spline-pointwise™ inverted perturbation approach
(IPA) fitting procedure™ ™ was applied for obtaining an em-
pirical B'TT state PEC. We used the term values data for the
more abundant ¥ Rb'¥Cs isotopologue. In the initial fit only
the data for v' & [0, 2] were included for which the abundant
systematic over S data allowed us to select the kess perturbed
levels. In doing so, the term walues with B.(J') dropping
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out from the smooth behavior (see, for instance, Fig. 5) were
excluded from the fit. Only the f~components were included
since they provide a sufficient amount of such data and are
non-interacting with the C'E+ state. As a result, 358 rovi-
brational level energies with o' € [0, 2] were included in the
initial fit, see Table Il in Ref. 32, covering J' & [24, 228]. It
appeared, that the difference between observed and calculated
from the PEC energy for the levels included in the fit does
not exceed 0,05 em™ forv' =0, 0.15 cm™ forv' = 1, and
O4em™ forv' =2,

In order to construct an extended PEC, we added step by
step to the fit the term values for v € [3, 35]. For each o' we
excluded the term values for a particular J', which were oh-
viously dropping out by more than 4 em™' from the smooth
behaviour mapped out by the majority of the points for this
v'. Since for o' € [3, 35] the expected A-splitiings are sub-
stantially smaller that the dispersion of term values, both e-
and fecomponents were included i the fit in order to extend
the massive of fitted data. As a result, the final fit contains
10400 term values, which are presented in Table [T in Ref. 32
along with the uncertainties for performing a weighted fit.

The resulted IPA PEC includes 27 grid points, which are
presented im Table I and also in Table IV in Ref. 32, The R-
range from 3.55 to 9.00 A of the grid points is minimal nec-
essary to reproduce energies and wave functions of the levels
used in the fit. The number of grid points was taken as min-
imal as possible to fulfill the condition that the cubic splines
provide a “physical” behavior of the PEC. It reproduces the
fitted term walues with a standard deviation (sd) 0.95 cm™',
which significantly exceeds the uncertainty of experimental
term values. In particular, for v € [3.35]. about 20% of the
data are reproduced with the accuracy better than 0.1 cm ™!,
whereas about 70% of the data are reproduced with the accu-
racy of about 1 em ™!, see Table 11 in Ref. 32,

B. Description of low vibrational levels v' € [0, 2]

The obtained PEC reproduces the low vibrational levels
v’ € [0, 2] with sd 0.08 cm™!, which is closer to the experi-
mental uncertainty of term values and is much smaller than
the sd of the total fit. Moreover, for v' =0 the experimen=
tal term values included in the fit are described with better
accuracy, yielding sd of 0.015 em™' . This can be explained
by increasing the strength of perturbations when v’ is grow-
ing from Oto 2, as demonstrated in Fig. 6. Indeed, one can see
that for v* = 0 the absolute value of deviation of experimental
term values F,up from their predicted position E, 4. at identi-
fied centers of perturbation does not exceed 0.2 cm™', while
reaching up to 0.8 em ™" forv’ = 1 and 2.5 em™ for v’ = 2.

In order to demonstrate how the massive of ob-
served e-components for o' € [0, 2] is reproduced by the
constructed PEC, we examined the J'-dependence of A-
doubling constant, or g-factor g(v ) J(J' + D)= E (v, 1"
— E (v, J)7"% First we fitted the g-values for each o' by
a function of J':

g =gqo+g I+ 1) [l

The gy and g values obtained from the fit are given in
Tahle II. They allowed us to calculate A-splittings, which
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FIG. 6. [-dependence of the differences between the measured **Rb'™ (s
term values Egne and their counterpans S caloulated using the data
tfrom Tables I and II. Horzontal lines indicate the experimental uncertainty
20,01 em™".

were added 1o the respective f-level energies obtained from
the PEC. yielding calculated e-level energies Eyp. The dif-
ference between E,;. and the respective expenmental e-level
energies Eup for v° € [0, 2] can be viewed in Fig. 6.

We have also derived, by fitting, the molecular constants
for separate v'-levels (as it is done, for example, in Ref. 36
for the Bi 1)' T state of NaRb), which represent the rovibronic
term energy in the following way:

Eqv', I = E, 4+ B, [J(J + 11— A7
— DS+ = AT
+HLS T+ = AT

+ LI+ )= A% (3)

where A = 1. The obtamed molecular constants for a pare
ticular v* are presented in Table IIL It can be seen that the
uncertainty increases with v', which can be explained by in-
creasing of perturbation strength for higher v* (see Fig. 6). Itis
important to stress that, as follows from Table 111 the energy
spacing between vibrational levels £; — Ey is smaller than
E; — Ey.while it should obviously be the opposite for PECs
with a Morse-like shape,™
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TABLE I1I. Malecular constants for low-lying v'Hevels of the 8{1 )1 IT state of Bpn*os The J-mange, the
number of term energies {N) and the standard deviation fsd) are also presemted. All constants are given in cm™",

I F By Dy L) Hp10M) L 101 Sorange N sd

0 I3TEALIHS) 001441 OT9NS)  —00335{KS) . AR-202 105 (0L0L0
1 1380486815 00143(5)  0.91242) OISO1400)  —046002(1 50000 24-216 103 (03K
2 IR 102460 O0L4LE)  OEITIR) — OLETOE00 57-227 52 (E2

C. Discussion

Figure T demonstrates a comparison between the present
empirical PEC and its theoretical counterparts™ " for the
B'T1 state in RbCs. Dotted lines represent difference-based
PECs obtained by adding the respective difference between
ab initio B' T and ground state PECs to the empirical ground
state PEC from Ref. 26.

As can be seen the difference-based PEC better repro-
duce the empirical R, value, while T, from ab initio calcula-
tions 1s more consistent with the present study. For large R the
present PEC does not contradict the behavior of the theoreti-
cal PECY calculated in Hund's case *¢”, which converges to
the Rbi5%S1;2) + Cs(6°P3y2) asymptotic limit. In the Hund’s
case “a"” the theoretical PEC converges to the center of grav-
ity of the Rb{5°S) + Cs({&*P) asymptote. The inflection in the
empirical PEC appears around # = 4.4 A being in line with
the unusual behaviour of £+ in Table 111 Increasing the nume
ber of the PEC grid points have almost no influence on the
shape and position of the inflection. Such behaviour of PEC
is additionally supported by a satisfactory deseription of the
¥TRbM3Cs data, which were not included in the fit (see Fig. 8).
We believe that this peculiarity is caused by avoided cross.
ing of two £2 = | (B and ) PECs, see lower panel of Fig. 1.
The present empirical PEC is an effective one. It reflects the
B'I character in the vicinity of &, = 4.75 i, while the inner
wall becomes more steep for smaller 8;, thus reflecting the
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FIG. 7. Present empirical and @b initio PECs of the 8111 state: red points
— present empirical, black solid line — ab inirio caleulations™ in Hund's “¢”
coupling case, solid blue line— ab inigs calculations ™ in Hund's *“a” coupling
case. Dotted lines represent the mespective difference-hased PECs: black —
for Hund's *c™ coupling case,™ blue — for Hund's “2™ coupling case.™ Inzet
shows PECs close to their minima.

influence of the «# T state being the strongest in the avoided
crossing region. Athigher energies, when R, is further dimin-
ishing, the 30 interaction becomes weaker, and the behaviour
of the empirical PEC again acquires the B'IT character, thus
leading to an inflection in the PEC. It seems from Figs. 7 and
| that the position £, of the respective avoided crossing point
predicted by Ref. 14 supports this result. though it might be
slightly underestimated. On the other hand. the &, value at
about 4.6 A predicted in Ref. 16 is slightly too large.

Table IV presents a comparison of the T, and R, of
the B(1)'T] state obtained in present study with the respec-
tive constants derived from the partially deperturbed em-
pirical PEC** and from ab initio calculations.'*=1% 17 The
present empirical T, wvalue wields the dissociation energy
D, = 1822.03(8) cm™' when subtracted from the asymptotic
atomic limit of Cs(67P 32), which is the sum of atomic reso-
nance transition frequency 117323071 em™"7 and the RhCs
X state dissociation energy 3836.373(40) cm™! 28

148 1

146 7

1y

om’)

14.4 -

14.2

E - 0.0132°J(J+1) (10°

- =

Wog4n

138 A

FIG. 8. F-dependence of present experimental jerm values of Tpptics
in the reduced energy scale B,y = £ — Q0132007 + 1). Lines are cal-
culated from the presemt empirical PEC. Red lines mark vibrational levels
v’ =1, [0, 2, 30, 41 The symbols are the same as in Fig. 4.
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TABLE IV. Comparison of molecular constants of the (1) T state of ®Rb™ Cs obtgined in the present work
with their counterpants obtained from periurbation nnnl}sisl‘ and by ab inirio caleulations. "7 7, and a, in

em™", By in
ambigeous because of negative anhammonicity.

A a — the ay value is moughly estimated by a fit of vibrational differences, though ils meaning is

Experimem Theory
Present Rel. 25 Rel. 13 Ref. 14 Ref. 12 Ref. 15 Ref. 17
Te 13 T46.65(4) 13 736 346) 13753 13743 14 152 13814 132750
g (3= 36.1 3R.62 4.8 3314 A5 a7
e 4.751 44672 4676 4.616 4.747 4.72 4.79

It should be pointed out that the present experimental T,
and e, values in Table I'V substantially exceed their empirical
counterparts reported in Ref. 25, which were determined dur-
ing a preliminary analysis based on multichannel deperturba-
tion treatment of the c(2PE+ — H(1)°TT — BT system. It
should be noted that the fitted in Ref. 25 term values were ob-
tained using excitation spectra (c(2PF £+ — b1 F T — B(1)' 1)
— a(1PE* of ultracold RhCs from near-dissociation o £+
rovibronic levels populated by photoassociation. The authors
mention £0.6 cm™! inaccuracy due to the uncertainty of the
a-state energy. As can be seen from Fig. 4 (see stars), the
Bestate v'-assignment suggested in Ref. 25 is incorrect. This
proves the complexity of deperturbation task and the neces-
sity of substantially extended and more uniform set of high
accuracy experimental data including those for (2P £ and
BI1PIT states.

To additionally test the obtained PEC, we added the
term energies calculated from PEC to the data field of the
YTRbICs isotopologue, see Fig. 8. As can be seen from
the figure, the description of term values of the ¥ Rb'Cs
isotopologue for v' € [0, 35] does not differ much from the
description of the ¥ Rh!' ¥ Cs isotopologue, see Fig. 4. There-
fore, the description of the observed data for ¥Rb¥Cs by
the present pointwise PEC (see Table 1) can be considered as
satisfactory.

b
o
f

15.94

15.8

E,=E-0.0106°{J+1) (107 em”)

137 4 . .
i 10000

T T T T
20000 30000 40000 S0000

J(J+1)

FIG. 9. The F{J + lj<dependence of local perturbation centers at S}, of
e-component only for v e [0, 3] {ifangles). Solid lines comespond 1o the
caleulations hased on Ret. 20 for L':,_h & |23, 35]. Dashed lines are caleulatad
from the present B{1)? I state PEC. Inset shows the difference between mea-
sured £y, and caleulated £, term valuwes.

The weak local perturbations in which only e=component
is perturbed allowed us to check the hypothesis of a mani-
festation of interaction with the (({3)'E* state (see Fig. 1).
Such perturbations were distinguished for the B(1)'IT state
vibrational levels v}y € [0, 3]; their centers are depicted in
Fig. 9. Here. solid lines are the C(3)'E7 state energies ob-
tained for vj. € [25, 35] using the Dunham coefficients from
Ref. 20. It should be noted that the data from Ref. 20 are
based on measured term values for v = 21. The inset in Fig.
9 shows the difference between measured (E 4,) and calcu-
lated (E,,z) term values. As can be seen, this difference is
mainly within £0.5 cm™', which confirms ascribing the per-
turbations to a local rotational B(1)' [T — €(3)' T interac-
tion. Possibly, changing sign of the gy-factor for o' = 2, see
Table I1. is connected with the crossing of B- and Ce-states.

V. CONCLUDING REMARKS

The B(1)'T1 state of the RbCs molecule was studied by
resolving the B(1)'TT — X'E* LIF by high resolution FT
spectrometer. The abundant data field, see Ref. 32, of 2664
rovibronic term values of ¥Rb'¥Cs and *'Rb'¥Cs belong-
ing to the mixed B(1)'TT — c(2PE+ — b1 1T system, within
energy range 13 77015200 em™!, was obtained with the av-
erage accuracy about 0.01 em=!. It appeared possible to con-
struct a pointwise PEC in the R -range from 3.55 to 9.00 A by
including in the fit the less perturbed data for vibrational lev-
els v e [0, 35] of the ®*Rb'¥Cs isotopologue; the fitted data
are reproduced with sd of 0.95 cm™",

The term values of low-lying levels v € [0, 2] are de-
scribed with much better accuracy vielding sd of 0.08 cm™',
Local perturbations caused by the rotational interaction with
the near-lying C(3)' £1 state have been identified. The next
step of the study would have to include a deperturbation of
the strongly mixed B — ¢ — b system, which demands more
systematic spectroscopic data set, especially of the triplet
c(2PET and B 17T states.
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The paper presents an empirical pointwise potential energy curve (PEC) of the extensively
perturbed E{h'ﬂ state of the KCs molecule constructed by applying an Inverted
Perturbation Approach routine. The experimental term wvalues in the energy range
E(v. ") e [14071;15502) cm-! involved in the fit were based on Fourier-Transform
spectroscopy data obtained with 0,01 cm ~' accuracy from laser-induced B1)' 7 —Xx'EZ*
fluorescence spectra in the present work (634 term values) combined with 520 term
values from Birzniece et al. (2012) . The data set included vibrational v e[0,35] and
rotational [ (7. 233] guantum numbers covering about 85% of the potential well. The
present fit reproduces the data included in the fit with a standard deviation 0.94 cm™".
The empirical PEC contains an inflection at about R=4.1 A that reflects the avoided
crossing of two £2 = 1 states corresponding to B(1)' /T and 27 £* states as predicted by
ab initio calculations.

@ 2014 Elsevier Led. All rights reserved.

1. Introduction

Creation and investigation of ultracold {below 1 mK)
polar diatomic molecules have attracted a considerable
interest primarily because of their usage in experiments
based on strong long-range spatially anisotropic dipole-
dipole interaction, see [1-3] for a review. Among most
popular species are heteronudear alkali diatomics con-
taining a heavier Cs or Rb atom. One of the still challenging
issues is to convert the weakly bound ultracold molecules
produced from ultracold atoms by photoassociation (PA)
or magnetoassociation, to their deeply bound rovibrational
levels of the ground electronic state, presumably into the
X¥'Et = 0,] =0) state. To perform this task, the efficient
aptical routs have to be exploited, in particular, via an
intermediate excited state, which has sufficient transition

*Corresponding author. Tel: +371 67033754; fax: +371 67033751
E-mail address: ferbe r@atnet v (R Ferber).

hittp: ffdxdoiorg (100016 josr12014.09.006
0022 -407 32 2014 Elsevier Ltd. All rights reserved

probabilities both to high-lying triplet a®Z™" state levels
and to low-lying X' £ state levels. The B(1)' I state, due
to its pronounced spin—orbit (50) coupling to the neigh-
boring triplet states, proved to be among appropriate
candidates for realizing both the PA and the conversion
steps. In particular, the authors of Ref. [4] converted
ultracold RbCs from o*X™ state into the X'A.'*{v:ﬂ.j}
ground state via the B(1)'IT state mixed with c*X™* and
B*IT states. Ultracold LiCs X'XFiv=0.=0) molecules
were produced using PA via the B(1)'/7 state [5]. More
recently, NaCs molecules were produced ina deeply bound
rovibrational X'X% state level by near-dissociation PA via
the Bi1)'IT state [G].

These considerations motivate a need for the
experiment-based information on the B(1)'I7 states of
the heavier polar alkali diatomics, which has long been a
challenging task first of all due to its numerous extensive
perturbations caused by S50 interaction with X% and
b IT states, see Fig. 1. Such interaction is the strongest for
Cs-containing alkali diatomics in which B(1)'17, X" and
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H{4'S}+Cs(6P, )

Enargy {1(]’ cm’)
=

Internuclear distance (A)

Fig. 1. Scheme of potential energy curves of the low-lying electronic
states of the KCs mokecule based on Hunds case “¢” caleulations in Ref.
[12]. Symbaols in bradeets refer to Hund's “a™ case.

b1 states are converging to the nZSUz +\':‘.2P‘l atomic
asymptote due to a very large 50 interaction parameter
of Cs(6°P;) atom, yielding the value of the atomic 6°Pyp =
6Py splitting as large as 554.0382 em ="' [7]. The B(1)' /7
state was studied in NaCs [8,9], KCs [10] and RbCs [11]. The
insufficient spectroscopic data on the “dark” triplet ¢- and
b-states still prevents one from applying a deperturbation
routine; thus the conventional approach is to include in
potential construction a restricted amount of term values
which are selected as less perturbed from the whole mass
of data.

The present work is a continuation of our previous
stucy of the B(1)' /7 state in KCs performed in Ref. [10]. In
Ref. [10] we applied B(1)'f7~X'E" rtransitions o excite
laser-induced fluorescence (LIF) spectra which were dis-
persed by a Fourier-transform {FT) spectrometer yielding a
systematic data set of term values for rovibrational levels
v e[0,5] and ' e[7, 233]. However, only a very restricted
set of data for less perturbed term values with low
e [0.3] has been processed. It was possible to select
them by careful analysis of rotational constant B, and
A-doubling factor g, dependences on v and ['. As a result,
the empirical pointwise potential energy curve (PEC) was
constructed in [10] by applying the Inverted Perturbation
Approach (IPA). This approach, as well as the fitted Dun-
ham expansion parameters allowed us to reproduce most
of the data included in the fit with the 0,02 em =" standard
deviation which was close to the experimental accuracy of
about 0.01 em =", Though such an approach yielded rather
accurate T, and R, values, it has been based on empirical
data in a narrow energy range and leaving unprocessed
the vast majority of data. Therefore the constructed PEC
[10] is reliable over a very limited range of internuclear
distances, approximately for 4.2-5.4 A,

The goal of the present study is to supplement the
previous data field obtained in [ 10] focusing on the higher
energy data and to include into a pointwise PEC construc-
tion the present and previous term values with energies
corresponding up to v of about 35. For this purpose, we
reanalysed the data field obtained in [10] and performed
additional measurements mostly for high v levels. Though
such a potential is expected to be of rather moderate

accuracy, it is expected to provide a valuable physical
insight into the actual shape of the potential curve and
to allow one to test the theoretical predictions.

2. Experiment

Similar to our previous experiment [10], we recorded
the back-scattered B(1)'/1 —X'X™" LIF of KCs molecules,
which were formed in a linear heat-pipe filled with 10 g
potassium and 7 g of cesium. The heat-pipe operating
temperature was about 280 °C. For excitation we used a
diode laser with 685 nm laser diode placed in a home-
made resonator cavity operated in the 14550-14730 cm™!
frequency range. The LIF spectra were recorded with a
resolution 003 cm=" using Fourier-Transform spectro-
meter Bruker IFS 125HR. A Hamamatsu R928 photomulti-
plier operated at room temperature was used as a detector.
The instrumental uncertainty of line positions was esti-
mated as 0.1 of resolution, ie. 0003 cm™", for lines with
signal to noise ratio not less than four.

3. Data analysis and fitting procedure

Assignment of quantum numbers v7,J" and [ for each
LIF progression originating from a specific v, [ level of the
B(1)'/7 state was exactly the same as in [ 10], that is, based
on the high accuracy ground state PEC from [13,14]).
A particular term energy E(v.[) of the exited state was
obtained from an assigned progression by adding the
rerm energy E(v ") of the ground state to the frequency
Ve sy of the respective LIF transition: E(v. [y =Ev".J7)
+ Ly g~ In order to get rid of possible noise influence
on the obtained upper state energy we used from 4 to 6
most intense lines of each progression to obtain an
averaged term value of the excited state. Fig. 2 presents
the entire set of term values obtained in the present study
and in Ref. [10]; they can be found in Table I of Supple-
mentary Materials [15]. The previous data from [10] are
marked by grey points, while the new data are marked by
red and blue points for the e- and f~ sublevels, respectively.
The experimental uncertainty of the term energy caused
by Doppler shift and instrumental uncertainty was about
0,01 em~!,

The construction of the Ev([')=dependences by means
of the previous PEC [10] allowed us to assign the v —values
of the B(1)' [7 state up to v =10, The assigned term values
were fitted by the IPA routine [15,17] in order to get a new
pointwise PEC, which was expected to be valid up to
v =10, Using this fitted PEC we were able to assign next
the levelsv' =11 and 12. For a particular v the term values
E. (") which departed from the smooth [-behavior by
more than 4 cm~! have been excluded from the further
fitting. Then the fitting procedure was repeated, and in
such step by step routine we managed to construct the PEC
up o v = 35.

The experimental uncertainty 0.01 cm™" was set as a
weight of the fitted term values for v [0, 3], For v = 3 we
do not have long enough EJ'y dependencies and therefore
we were not able to straightforwardly identify the less
perturbed term values. Due to this issue, for v =4 the
uncertainty was set as 0.1 cm=", and for v' = 5 it was set as
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Fig. 2. [ —dependence of experimental term values in the reduced energy
scale F™ = E— 0,02/ + 1. Grey points denote data from [ 10], red points
show term values of e levels of new data, blue points - f levels. Lines are
calculated from present PEC.{ For interpretation of the references to color
in this figure caption, the reader is referred to the web version of this
article.)

0.2 cm~"', so that the weight of term values for these v is
by an order of magnitude less than for v < 3. Starting from
v =06 we have set the weight of fitted terms as corre-
sponding to the uncertainty of 1cm=",

Mote that for v ¢[0.6] only f~components were used
[15] whereas for v =6 we used both e and [ components,
since the expected A-splitting of the order of 0.1 cm™! for
high [ is smaller than possible influence of perturbations.
In total we fitted 1174 term values of *K'3Cs, which
included 520 term values for v £ [0, 3] used in the fit of Ref.
[10], as well as 654 term values selected in the course of
present analysis; they are presented in Table I of Supple-
mentary Materials [15].

4. Results and discussion

The resulted pointwise IPA PEC consists of 30 grid
points in R-range from 3.5 to 90 A and is presented in
Table 1, as well as in Table 11l of Supplemetary Materials
[15]. It should be noted that the grid point for the shortest
R=35A is not justified by the experiment and does not
vary much in the fitting procedure. It was, however,
necessary to include it in the fit in order to reproduce
numerically the experimental term values up to v = 35 level.
The standard deviation of the fit is 094 cm™", which
significantly exceeds the experimental uncertainty. A com-
parison of term values calculated using the present PEC with
their experimental counterparts is given in Tables I and Il of

Table 1

List of the grid points of the [PA potential
for the KCs B{1)'M0 state. Energies are
given with respeat to the minimum of

the ground state.

(A Ufem=")
35 177282199
36 169985432
37 16178 4182
38 15444 0558
348 151240701
40 1458274953
41 147142890
432 143838645
43 142082512
4.4 141193584
45 140677416
46 14046.5289
47 140491573
48 140709917
50 14154.7952
5l 142092236
53 143280559
5.5 14446.3214
57 145573530
59 146538716
6.1 14744 G955
6.3 148282562
6.5 149033106
6.7 14976 4468
70 150714230
72 15119.5029
75 15218.1251
8.0 153414226
85 154499782
9.0 155301356

--- - coupling case a [19)
- coupling case ¢ [12]
15.5 4 coupling case a [18]
= present fit -
160
E
[*]
=}
w 1451
14.0 A
4 6 8 10
R (&)

Fig 3. Empirical and ab initio PECs. The shaded area depicts the energy
range covered by data included in the present fit

Supplementary Materials [15]. The obtained PEC describes
85% of its well depth (see shaded area in Fiz. 3) and
reproduces the term values used in the fit as follows: about
35% of the data — with 0.01 cm™" accuracy or better, about
77% — with 0.5 cm™" accuracy or better, and about 90% —
with 1ecm=" accuracy or better. The E,{]') dependences
calculated with the present PEC are depicted in Fig. 2 (lines).
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Table 2

Malecular constants of the B(1)' 17 state obtained in the present work
compared with their counterparts from our previous work [10] and ab
initie cakculations [12,18,19].

Telem=") aig (€m ="} R, (A)
Present 14044982 5008 4637
[10] 14044922 49.89 4637
[18] 14038 49.56 461
[19] 140146 48.49 4622
[12] 13797 50000 4.602

The B{1)1H state's pointwise PEC obtained in this work
is presented in Fig. 3 along with ab initio potentials
calculated in [18,19,12]. As can be seen from the figure,
the present empirical PEC has a pronounced inflection
around R=41 A This R value is consistent with the inter-
nudear distance range of the avoided crossing of two PECs
with £2=1 (in Hund's case “c"), which correspond to
By T and 2@ X" states (in Hund's case “a"), see
Fig. 1. A very similar irregularity was obtained in the
empirical PEC of the B(1)' [7 state of RbCs in [11]. Therefore
we may suppose that, similar to the RbCs case, the
inflection in the empirical effective PEC of the B(1)y'7
state of KCs is caused by irregularities in vibrational
spacings due to the spin-orbit mixing between the respec-
tive components of the c(2P X" and B(1)/T states.

The main molecular constants obtained from the PECs
depicted in Fig. 3 are presented in Table 2. It should be
noted that, as could be expected, the R. value of the
present empirical PEC remained the same as the one
obtained in [10] by fitting the first four v-levels, and the
T. value has changed only by 0,06 cm =", At the same time
the changes in o, reached 0.3 cm=".

To conclude, it may be noted that the obtained empiri-
cal PEC of the B(1)'J7 state of ¥K'3Cs, in spite of its
moderate accuracy, allows one to check the wvalidity of
existing all-electron calculations and may serve as the first
step in further studies that should be based on depertur-
bation models similar to the one used in [20]. This
approach, however, will need detailed spectroscopic infor-
mation on the interacting states belonging to the B—=c=b
system (see Fig 1), in particular, in the wide range of
vibrational levels of the “dark” a2)° X" and b(1)* 7 states,
which is still a challenging task.
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Fourier-transform spectroscopy and potential construction
of the (2)'I1 state in KCs
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The paper presents an empirical pointwise potential energy curve {PEC) of the (2'1 state of the
KOs molecule construcizd by applying the Invened Perurbation Approach routine . The experimental
term values in the energy sange E{e’, 7€ [15407; 16579] em™ invelved in dhe it were based
on Fouries-Transform speciroscopy data obtained with 001 cm™ accuracy from the laser-induced
(201 — X'E* fluorescence spectra. Buffer gas Ar wis used 1o facilitate the appearance of rotation
relaxation lines in the spectra, thus enlarging the {21 data set and allowing determination of
the A-splining constanis. The data set ineluded vibrational o* € |0, 28] and rowmtional 4 & |7, 774]
quanium numbers oovering about 7% of the poiential well. The present PEC reproduces the overall
set of data included in the fit with a standasd deviation of (L5 cm-!. The obtained value of the
A-doubling constant ¢ = + 1.8 = 10-%cm~! for /> 50 and o* € [0, 6] is in an excellent agresment
with ¢ = + |84 % [0 cm-! reporied in Kim, Lee, and Swolyaroy [1. Mol Specirosc. 256, 57-67

{200M)). € 2015 AIP Publishing LLC. [hup:/dx doiorg/ 1 0. 1063/1.4916906]

L INTRODUCTION

The goal of the present study is i perform the first spec-
troscopic study of the second excited (2)'11 stie of the KCs
malecule and vy constouct the pointwise potential energy curve
{FEC). In acoordance with s dmine caleulations' this state
dissociaies to the K{4*P) + Co{65) limit of separaied stoms
in Hund's coupling case “a™ see Fig. |. In Hund's coupl-
ing case “c” the dissociation limit for the stae in question
is B2 ) + Caf6? )20 The spectroscopic menest in the
polar alkali distomics posacssing a permanent elecric dipole
mament had grown considerably, mainly due to the possibility
1o prodwce such species at oold and uliraceld conditions. This
o kd al low one a subse guent manipulation ofthose molecules
by acontralled eleciric field, which suggesis numenous funda-
mental and applicd applications.?

The necessity of spectroscopic information on the por-
turbed excited siates, in many cases possessing considerable
transition probabilites both 1o singlet and iriplet smies, is
connecied with their applicability as an intermediaie state 1o
transfer, by all-optical cyeles, a cold mokecule, whichis usually
produced inoa weakly coupled level, 1o a deeply bound smie,
prefemably 1o the lowest vibronic levels of the X'E* staite
Though KCs molecules have not boen produced in uliracold
conditions yet, they are considered among prospective candi-
dates, soe, for instance, Bef. 5. Begarding the BRhCs molecule,
which is the closest analogue o KOs, the {1]"31'1 states that
disanciae 1o the B33P + Ca6*5) dissociation limit, were
invialvied by the authors of Befs. 68 in phooassociation (PA)
of uliracold atoms at short internuclear distance, with subse-
quent radiative stabilization into the metastable of | PE* ste.
The authors made use of the proximity of the bottom of the
{2501 states o the lower lying B3390+ Ca(6? P disaocia-
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tion limit. Substantial progress was achieved recently in the
wierk,” inwhich an efficient direct formation of ultzacokl RbCs
in its “absolute” vibrational ground X'E* state with e = (was
demonsirated by PA of uliracold aoms via the {20l state
folkvwed by spontancous decay. The {2illgs stane has baen
chosen as most suitable basod on detailed spoctrorcopic data
from Ref. 10 The muthors of Ref. 9 arc optimistic o node that
their resulis show a pathwaay 1o form lar ge samples of uliracold
X'EXe =10, J = 0) RbCs mokecules.

As s obvious, detailed specinoscopic information on the
{20M1 state would be necessary. Regarding heterogencous
alkali distomics, which comtain a heavier Bb or Cs atom,
emipirical dataon the second excited {2301 staie { also denoted
a5 DU state) obiained by conventional speciroscopy can be
found in lieramre. This state is comierging 1o the asymplotic
limit of separaed moms where the lighter stom is in its first
excited 2P staie whike the heavier one is in it ground 25 state.
High nesoltion speciioscopy smdies have boen performed
mainly by Fouricr-iransfiom speciroscopy (FTS 1 or by polari-
zation labeling spoctroscopy (PLS)L For BbCs, the fisst FTS
data on the {2)'11 stale are presented in Ref. |1, the mone
detailed data are contained in Ref. 10, The FTS data on {21
Lifth can be found in Ref. 12, and on {2)'11 LiCs in Ref. 13
The {211 state of Nakh was studied by FTS in Ref. 14, while
the permanent eleciric dipale moment valwes wene deter mined
in Boef. |5, The {2)'T1 stae of K Bb was studied by Doppler-free
optical-optical double resonance polanization specinosodpy in
Rif. 16 and by FTS in Ref. 17. The data on (23' 11 NaCs can
be found in Ref. 18, Note, howe ver, that for MaCs, this state
s oonverging o the Na{35) + Ca(300) atomic limi, the nexi
excited (3T state comverging 1o the Nal 3F) + Csf65) limit
was atudied in Bef. 19 by FT5. It has w be mentioned thar
the derived molecular constants and PECs inthe cied papers
should b, as a rule, understond only @5 an approsimate model
for describing the energy levels of the {2301 stmie because a

22015 AP Publishing LLT
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FIdk 1. Scheme of potestial gy osrves of the bow- hisg eleoroai stans
of g K5 modecule basad om Husd's cose o™ calod oo oss i Bel L

single channel ireaiment of this state & not approprisie due io
pronounced periurbations of both local and regular characier.

[t can be added that the speciroscopic data on the (2011
staie exist alse for the ligher heemgencous alkali distomics
compaeszd from Li, K, and Ma, see, for instance, PLS based
atudies for NaLi in Bef, 20, fior KL n Ref 21, and for Mak in
Raf. 22,

So 1o our best knowledge, the (2)' 1 staie of KCs remains
the last unexplored case for heterogeneous alkali distomics.
The dbove considerations justify our motivation to perform
a high-resolution FTS sudy of the {2)'[1 state in KCs. The
term values were deiermined from the recorded (2)'11 — X'z
apecira of laser-induced Auerescence {LIF). The dat were
invalved intoa fitting prooedure in order 1o construct a poind-
wise potential energy curve by applying the invened penur-
bation approach {IPA), and to compare the resulis with the
exifing af fure caleulations. 11 should be noted that, as can
e seznfrom Fig. 1, the pronounced influence of the very close
Iying {2071 state, a5 wellasof the { 3P I state isto be cxpected
due 1o the spin-orhit interaction.

Il. EXPERIMENT

Similarly o our previous esperiments on KOs, 22 we
recorded the back-scattened LIF of K.Cs molecules, which wene
formed in a linear heat-pipe filled with [ g of potassium
and T g of cesium. The heai-pipe operating iempersiure was
about 280 °C. For excitation, we used cither a diede laser, or
Coherent CE 6% ring dye laser. A diode laser with a 658 or
685 nm laser diode placed in a homemade resonasor cavity

J.Chesn . Phye. 142, 124309 |2015)

operated in the 15 174- 15274 cm ™" {658 nm diode) or in the
[4 543- 14 728 cm ! {685 nm diode) freguency range. The dye
laser operatedin |5 986 16230 cm- ! range with Rh&G dye, as
well as in 15279- 15 439 em~" and 15 900- 16072 cm ™! range
with DM dye. The LIF specira were recorded with a reso-
hution (.03 cm ™ using Fousier-ransfor m speatrometer Bruker
[FS 125HE. A Hamamatsu R928 photomultiplier operating ai
ronan temperalure was used as a detecwor. The instrumental
uncertainty of line positions was estimated & 0.1 of resolution,
L, (U003 em ™, for lines with signal tonoise ratio not less than
fipuir. In mioal cases a long-pess edge filier was used 1oeliminate
the seamered lmer light or the K LIF In some cases fillers
wiere nod used in order 1o obtain a comrect melative intensity
distribution within a compleie LIF progression. Examples of
the recorded specira are presented in Figs. 2 and 3 and will be
discussed later.

lll. SPFECTRA AMALYSIS AND ATTING PROCEDURE

Acssignment of quantum numbers o, 7 and 1 for each
LIF progression {2)'TT{e", ) — X{1Z 4", J]") originating
from a specific o', level of the (23U sate excited in a
(M, 51— X{0E4e™, ) ransition wis based on the
high accuracy ground swmie PEC from Refs. 26 and 27 A
panticular term energy S{e’, ) of the exited stae was obtained

15 14
T
14400

12 412 v

1-IEIII.'!.'I

e I T O I O A O R O A B
F P-branch i

16355 14360 14388 143T0 14575 14380 14385 14390
Wavae number om’ |

FIC 2 {ap KOs LIF spe conem excited by biser dreguesc y 14655 40 o™ and
e oo usd aga bomgg- peses e e filker, which cuss off L1F abowe 14430 con
ez o i {F-peogre son b isdsoed by (ZPTI0, 102 X (2, 102} tmis-
sitom (I posiatioss ane marked below g speconemi). bl o socemed fmg-
et dermose Eiteg rotGonal relomaton lmes oousd g (21100, 102) -
K04, 002} s imce. (), P, ond R sanellne limes are maked by bars below
et s COBETL
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FIiGi 3 Pom of the KOs LIF spocoem exciesd by lisy freguescy
Bt 01 et con™ | e reccae d wsing o boagg-peees adge filter The presemce of
s Ky LIF cambe dkocksered, The KOs spoc insm ool mis rcge s
bt oo simggler X0 01ES amd mipler ai 1LY s The insa 2oors B oon
R et v 00t e plden (115 S smane

from an msigned LIF progression by adding the tem ener gy
e, " 1of the ground state o the froguency vae e svof the
respective LIF wransition: E{o", 57 = E{e”, 170+ v oo
[norder o get rid of possible nose influence on the obtained
upper state energy we usad from 4 1o & most intense lines
of cach LIF progression to obtain an averaged term value of
the excited stae. The experimental uncenainty of the term
energy caused by Doppler shift and instrumental unceriainty
was eatimated & 001 cm-"

In Fig. 2a), the most intense progression {marked by the
rad bars below the spectrum) originates From vibrational kevel
w=0,0 =112 excited in oa {200, 112) — ¥'EHD 112)
iransition. A aeemod portionof the specirum shown inFig. 2{b)
demonsrates that around a strong Auorescence line one can
obaerve satellite lines, which appear due 1o collsion induced
population transfer o the neighbouring rotational levels of
bath & and [ parity. This allowed us 1o obain erm energies for
bath & and f sublevels and i extend the data set significantly,
particularly for lower vibrational lvels with e’ & [(,9].

Wi should mention that insome specina, along with LIF 1o
the X{1'E* state we have observed transitions 1o the o [ 7E*
staie a5 owell. A fragment of such a spoctrum is presented in
Fig. 3. [t coniains K3 LIF, which is dominating in the range over
13600 cm'. In the range 13 200-13 600 cm™! the srongest
lines belong 1o the {201 — X 'E* wansitien of KCs, while
b loww 12 B0 e ! several weak progressions of the (2T —
{172+ transition can be observed. The assignment of the
lamizr was posaible basing onthe accuraie empirical PEC of the
e 1754 staie from Bef. 27, The inset shows that the stronger
(20HT — anf1)2+ progression includes the transition woe” = (.

Fig. 4 presents the entine set of 2121 term values obtained
in the present study. The data are marked by redand blue poins
forthe § and ¢ sublevels of different parity, respectively. [t can
e seen that the dhee rvied ransitions to the @ 13E+ state ocour
from rather high vibeational leve b {marked by ssterisks). All
observed term values for {2)' 11K Cs canbe found in Tables
[ and Il of supplementary material {Table [ contains a list of

J. Chern . Phiys. 142, 134309 {2015)
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Fite 4. Jr-depesdmee of exparimental ween vakses of (2P0 #E5 in
ez e e dl eme ggy scale K7 m B = OLOELPF ¢ 1) Hed e les desose weem
whees of § levels, blee tmaeghes deose o of @ levels Astoreks mark
e Bevels fromn which LIF oo te a®2% s wis cbservad Solsd lmes e

caloslaed feom presest empircal PEC. The aneows mork dee levels fmam
wiich LIF Eessiny 5 soribastions am peesestsd im Fig 4

the o', levels, for which the LIF was observed 1o the a1 7£*
aAa).

[t should be neted that we have ebsered LIF from 67
levie b of the * K205 isstopologue. The respective term values
can be found in Table [11 of supplementary magerial. ™

ibrational assignment of the excited stae was based on
the observation of the LIF ntensity disiribution in a progres-
sipn over ¢, Fig. § presens such distributions for theoe lewest
ahwervod vibrational levels o from 0to 2, which unambigu-
ausly prove o =0 for Fig. 5a)y, o' = | for Fig. 5{b), and
o' =12 for Fig. 5{c). The observed number of LIF imensity
minimaconfirms the assumed assignment. Fig. 5 presenis also
the relative LIF imtensity o"-dependence calculated as § -
F_‘{bﬂd{miﬂ” F. v being transition frequency, {:‘“j )
are the respective vibrational wave functions obiai EL
the present fitied {29V staie PEC, see below, and the X1E+
sate ?? respectively. The wansition dipok moment Tunction
HEY for (201 - X2 transition was taken from ab -
ne caloulations in Ref. 1, it exhibits a sharp 8-depende noe
arpund &, . This is verified by a comparizon betwoen observed
and calculated inensity distributions. Indeed, a5 shown by
Fig. 5{c) for v* = 2, ignaring of the &) dependence leads
i a substantial disagreement with the experimental intensity
distribution. Duee o the rich data set for the lower energies{ see
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Fig. 4}, assignmeniof next vibrational levelsupio o® = [(was
straighiforwand.

Since, fore® < 10, we havwe obtained asignificant number
of data for both & and F sublevels, it was posaible 10 determine
the A-doubling constant, or g-factor
P e T

A= T th
The resulis are presenied in Fig. 6. For o' € (L 6] and
It = 5, the obtained g-factor values have not revealed pro-
nounced perurbations and dependence on o and 7 within the
eatimaied uncenainty, therefore, we averaged these values uo
F={l. 8201 = 10-%em-!, see horizonial line in Fig. & {ihe
givien uncenainty is gatistical). It is wonh mentioning tha this
value is inexcellent agreement with its theere tical countenpart
calculaied inRef. |. Inthi work, the prediciad g value slightly
varies from 18410 188 = 10 cm™ for o’ & [0,6].

[n erder to include in the i both & and © componenis,
we applicd a comrection 1o the energy of @ components in a
ol ki weany:

Emy’ Fy= E e’ )= gx P00+ 1) {2

[t may seem that for e’ = T ihis procedune is not valid boc suse
of incremed dispersion of g-factors, see Fig. 6. However, as
it will be shown later, the corresponding A-splifiings ane aill
much kess than the residuals for & components, which makes
this approach still applicable.

J. Chen, Phys, 142, 134309 §2015)
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The assigned term values wene fited by the [PA mou-
fine. ™ As zenro-order approximation, we used the ol (e
PEC given in Ref. 3 for Hund's “c"-coupling case, which oon-
verges to the dissociation limit K42 Py + Cs{6 5120 of sepa-
ratid atoms. Note that the af dure PEC was shified wothe oor-
recidissociation energy T = | T054.39 em-! obained & the
sum ofthe X'E* dissociationenergy £, = 4069.2 em ™' Ref. 27
and the energy difference betwoen {425 g and (435 5 atemic
sates of YK being 12 985 185 724 cn- LY [nothe first step, we
abiained a pointwise PEC by fiting term values apios’ = [0
Using the Aned PEC, we assigned the next levels with o
= || and 2. For apanicular o, the term values £ 40" which
dropped out from the smooth Jf -be havior by more than 5 cm-!
have boen excluded from the funher fiting. Then, the fitting
procedune was repeaied, and in such step by siep routine we
managed 1 consaruct the PEC up ey’ = 248,

The parameter @ was used instead of the experimental
uncerminty in a weighted fit for each point, where w

= \Ilwfq,, + 0. Evqe = Eeate), e is the experimental uncer-
taindy (L0 em-! and Epg = Ege 15 the diffenence betw cen the
experimental term valwe and its counerpan calculasted from
the previous iteration of PEC; a cocfficient (0.3 was taken as
recommended by Watson

[ total, we frited 2006 term values of YK Y05, which ane
presemied in Table IV of supplementary material ®

IV¥. RESULTS ANMD DISCUSSION

The resulied pointwise [PA PEC consists of 29 grid points
in R-range from 3.6 0 86 A and is presented in Tabke [
ai well @ in Table V of supplementary matesial 2 It was
necessary to e lude in the fit the grid points for & = 3.6 and
A8 A, @ well as for & > 7.5 A, though these point ane not
fully justified by the cxperiment and do nod vary much in
the fitting prooedure. They wene needed in order io neproduce
mumerically the experimental erm values up o o = 28 level

The £.4.7) depende noes caleulated with the present PEC
ane depicted by lines in Fig. 4. The standard deviaton of the
fit is (0.5 cm ™, which significantly exceeds the experimental
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uncermingy. Al the same time for the lowest vibrational kewels
vt & |, T], the standard deviation is (L0# cm -, which is well
within the experimental uncenainty. The obtained PEC de-
scribes 679% of is well depih (see shaded area in Fig. #) and
reproduces the emn vales used in the it as follows: about
60% of the data—with 001 cm-! accuracy or betier, about
A% —with 0.1 cm™ sccuracy or betier, and about 96%—
with | em=! accuracy of better. [n general, we believe that the
presem empirical PEC can be considencd & reliable in the 8-
range from 4.2 1o 6.7 A

The description quality of the fited werm values is ilus-
trated in Fig. 7. Here, the upper pan presenis the residuals
for & = (), the middl: pan for ¢ = 8, and the lower part for
o' =9 [t can be seen that for o° = 0 the obtained PEC re pro-
duwces the fitted term values of f panty {black points) within

TABLELL. Modeoslarcossmames of e ()11 sgane of ™K 155 obenmed fom
presa ernparical PEC & comparsos with desir ob bebtdo cossteans. T,
1, el eu, o, B A

Thzory
Ervipirical z 2 !
Ta 153351 4% 15405 13421 15 4
[ 4515 435 444 4441
Ry 459 A5t 4492 445460
i, IGTLT Pl L K] Hl 0

J. Chesn . Phys. 142, 13£309 §2015)

[0 4 W =0 = f campanant
# = g companarnt
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Fii 7. Ressduals of che fimed s vabess for o= 0, 5, md 50 Horeosedl
e vk dhe enpemimentol wscem oy +0.00 e Black pomes descee
cornpome s, red podses Gl ¢ C OO B

experimental uncertainty. It ksoks like a somewhat larger sca-
ering of ¢ parity levels {red poinis) may be conneciad with
the respecitive variations with /* of A-spliting. A rather satis-
factory comrespondence between residuals and experimental
uncermintes for both & and [ componenis is observed up
i e’ = 7, see figures in supplementary makerial.™ Indeed, as
follows from the term scheme {see Fig. 1) the wipla {2701
saie i close o the {21 staie, possessing similar shape and
almost equal #, value. In such a case, as a mle, the e ffec of
the {2071 state i exposed as arcpular perurbation.™ which is
ncorporated in the efective (211 PEC.

& Siusnl empncal
[——Fiunals a [1]
e —— Hunda & [5)
E |
SR P | T
-E -
w
16

Internuchenr distancg | &)

Fifi & Presest ompasical md b debdo PECs of e KOs (211 stane The
shaded orea depects the gy rasge conerad by dats ol wded §e de pre e
i

144



1343056 Birzniecs al al

The variations of level energies ncresse substantially
staning frome’ = #{see middle and lower panelof Fig. T}, than
points i the evidence of incressed penurbation. The swiiching
on of these periurbations & most likely caused by the spin-odbit
imeraction with the {375+ stane, see Fig. |. [n this cmse, the |
leve ks should be affected 1o somewhat less exiend, though it is
difficult 1o judge becavse the range of observed f levels is oo
fragmeniary.

We sheuld nete that the term values of the 'K90s ko
topologue are reproduced by the obtained PEC with the same
quality, see Table 1 in supplementary material. ® Namely,
for o' < 7 the residuals are within £0.015 em™', while with
increasing o the residuals can reachup 1o a few wave numbers.

The {2)M1 staie's poiniwise PEC obiained in this work is
presemed in Fig, # along with el fnine potentials caleulated
in Refs. | and 3. Besides the original PEC from Ref. 3 {see
blue line), we presentihe laiter alsoas shifted ] soe red line ). As
cam be seen from Fig. &, the PECs calculated in Refs. | and 3
demonsrate aneasonable agroe men with the present empirical
PEC.

The main molecular constants of the { 2)' 11 saie obained
from the present empirical and af e PECs are presented
in Tabkle IL Owverall, the af inioe calculations provide a satis-
faciory agreement with parameiers derived from the empirical
PEC. [n panicular, one may notice a very good agrosment of
the empirical £, and &, valeswith their af e couniz npans
obiained in Ref. |

T conclude, the present PEC obtained in a one-stae
msdiz]l may be used as the st siep in further analysis, such
as the coupled-channe] weament {see, for instance, Ref. 340
The laner should be based on deperurbation mode k, which
requine a detailed specirescopic information on the periurbing
{375 and {27711 states {see Fig. 1).
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PATEICIBAS

Es velos pateikties savam darba vaditajam, profesoram Ruvinam Ferberam, par
sniegto iesp&ju stradat lazeru spektroskopijas nozaré Latvijas Universitates Lazeru centra, ka
ar1 par noderigiem ieteikumiem promocijas darba izstradasanas laika. Tapat velos pateikties
publikaciju lidzautoriem — O. Docenko, O. Nikolajevai un M. Tamanim, par padomiem un
palidzibu iegiito eksperimentalo rezultatu apkoposana. V&los pateikties arT pargjiem LU
Lazeru centra kolégiem par neatsveramo atbalstu promocijas darba izstradasanas laika.

Par sapratni un atbalstu vélos pateikt paldies savai gimenei un draugiem. Ipass paldies
Ligai un Artiram Kezberiem ne tikai par moralo atbalstu, bet arT par noderigiem padomiem
un diskusijam.
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