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Streszczenie

Celem gtownym, w oparciu o ktory powstata niniejsza praca, jest wnikliwe zrozumienie
natury najstabszych oddziatywan spajajacych atomy w stany zwigzane, tzw. oddzialywan van
der Waalsa (vdW). Temat rozprawy: Spektroskopia wzbudzenia i emisji stanéw rydbergowskich
dwuatomowych molekut van der Waalsa zawierajgcych metale 12. grupy uktadu okresowego
W sposob naturalny dzieli tematyke, o ktérej beda rozwazania, na dwie czesci: spektroskopie
wzbudzenia oraz spektroskopi¢ emisji. Przedmiotem badan sg natomiast stany rydbergowskie
molekut, czyli - zgodnie z definicjg [UPAC - takie, ktorych asymptoty stanowig stany atomowe
o glownej liczbie kwantowej wickszej, niz gléwna liczba kwantowa asymptoty stanu

podstawowego [1]. W rozprawie tej bedzie mowa o niskich stanach rydbergowskich.

W pierwszym rozdziale czytelnik bgdzie mogt dowiedzie¢ si¢ wigcej na temat natury
oddziatywan van der Waalsa, w szczegolnosci dyspersyjnych (Londona), oraz najprostszych
obiektow, w ktorych owe oddziatywania wystepuja — dwuatomowych molekut vdW. Zostata
rOwniez poruszona problematyka roznic migdzy modelami teoretycznymi i wynikami
doswiadczalnymi ksztattow Kkrzywych potencjatu (ang. Potential Energy Curves, PECS)
oddziatywan migdzyatomowych w molekutach vdW, ktora sktania do nieustannego ulepszania
zarbwno modelu teoretycznego, jak i eksperymentu. Naturalng rzecza jest, iz roznice te
poglebiajg si¢ dla stanéw rydbergowskich. Jest to zwigzane zaréwno z wigksza iloScig
poprawek, ktore nalezy bra¢ pod uwagg przy modelach ab initio, jak i wicksza ztozonoscig
eksperymentu, wynikajaca z konieczno$ci wzbudzenia molekul do wysokich stanow
energetycznych. Praca ta koncentruje si¢ na eksperymentalnym podej$ciu do wyznaczania

ksztattu PEC stanow rydbergowskich w dwuatomowych molekutach vdW.

Rozdziaty: drugi, trzeci i czwarty stanowig podsumowanie badan wykonanych w
ramach rozprawy doktorskiej. Kazdy z tych rozdzialow opatrzony jest krotkim wstepem
opisujacym wktad doktorantki w opublikowane prace. W drugim rozdziale zostata poruszona
problematyka spektroskopii wzbudzenia. Przedstawiono wyniki eksperymentalne dotyczace
spektroskopii wzbudzenia molekut CdRg (Cd — atom kadmu, Rg — atom gazu szlachetnego):
efekt selektywnego wzbudzania izotopologéw w metodzie podwojnego wzbudzenia optyczno
— optycznego (ang. Optical-Optical Double Resonance, OODR) charakterystyke poziomow
rotacyjnych stanu rydbergowskiego E3Xf(63S;) molekuly CdNe oraz eksperymentalne
wyznaczenie kompletnego, dwudotkowego ksztattu PEC stanu rydbergowskiego E32f (63S,)

molekuty CdAr uwzgledniajace ksztalt bariery potencjalu miedzy dwiema studniami.



Zagadnienie spektroskopii wzbudzenia molekut CdRg stanowi gléwng 0§ rozprawy
doktorskiej, a wyniki eksperymentalne opisane sg w trzech pracach wchodzacych w sktad

rozprawy: [A], [E] i [F].

Trzeci rozdzial poswigcony jest spektroskopii emisyjnej molekut vdW Cdz, CdRg, Zn»
1ZnRg. Zostaty w nim zawarte przewidywania co do dalszego rozwoju badan doswiadczalnych.
Propozycja eksperymentu umozliwiajgcego badanie widm emisyjnych ze stanow
rydbergowskich tych molekul wraz z niezbednymi symulacjami zostala zawarta w [C].
Ponadto, opracowano model teoretyczny umozliwiajacy przewidywanie liczby molekut
wzbudzonych metoda OODR oraz liczbe fotonow pochodzacych z emisji ze standow
rydbergowskich molekut, ktore moga by¢ zarejestrowane przez detektor. Te badania
umozliwiaja przewidywanie, czy widma emisji z nowo eksplorowanych stanow

rydbergowskich moga zosta¢ zarejestrowane. Model, o ktorym mowa, zostat opublikowany w
[D].

W czwartym rozdziale przedstawiono problematyke badan stanow rydbergowskich
molekut Zn i ZnRg. Poczyniono kroki w kierunku eksperymentalnego wyznaczenia ksztattu
ich potencjalow. W tym celu zostal zaprojektowany i wykonany nowy modul Zrédta
umozliwiajacy wytwarzanie tego typu molekut. Opis tego urzadzenia, wraz ze wstgpnymi
wynikami spektroskopowymi wzbudzenia przejs¢ bound <« bound miedzy stanami

b307 (4°P) « X107 (4'S,) dla molekuty Zn; zostaty opisane w [B].



Abstract

The main goal of the presented thesis is a thorough understanding of the weakest interactions
that bond atoms into bound states, i.e. van der Waals interactions (vdW). The thesis, as
suggested by the title: Excitation and emission spectroscopy of Rydberg states of diatomic van
der Waals molecules containing 12. group elements is divided into two parts: excitation and
emission spectroscopy. The research is focused on Rydberg states of molecules which are
defined by IUPAC as excited molecular states which are composed primarily of atomic orbitals
with principal quantum numbers greater than that of the ground state [1]. In this work, only

low-lying Rydberg states were investigated.

The first chapter provides information about the principles of van der Waals interactions,
especially dispersive (London), and about the simplest objects containing such interactions —
diatomic vdW molecules. Moreover, discrepancy between theoretically - and experimentally -
resolved potential energy curves (PECs) in vdW molecules that leads to the ongoing
enhancement of both theoretical and experimental tools is described. Naturally, the discrepancy
is particularly marked in the case of Rydberg states. It is due to both: a large number of
corrections that must be taken into account in ab initio calculations and the higher complexity
of experimental design required to excite molecules to Rydberg states. This work focuses on
the experimental determination of PECs of Rydberg states for diatomic vdW molecules.

The second, third, and fourth chapters contain a summary of research performed within the PhD
thesis. Each of them begins with a short description of the contribution of the PhD student to
published works. The second chapter contains results regarding excitation spectroscopy of
CdRg molecules (Cd — cadmium atom, Rg - rare gas atom): isotopologue selection in optical —
optical double resonance (OODR) method, characteristics of rotational profiles of the
E3x}(63S,) Rydberg state of CdNe molecule, and experimental determination of a complete,
double-well PEC of the E3X; (63S,) in CdAr including the shape of a potential barrier between
two wells. The study of excitation spectroscopy is a main part of the presented thesis, and the
experimental results were described in three articles being a part of the thesis: [A], [E], and [F].

In the third chapter a study on emission spectroscopy of Cd., CdRg, Zn; and ZnRg is described.
An experiment that enables to record emission spectra from Rydberg states of vdW molecules
was proposed and simulations of emission from ZnAr and CdAr Rydberg states were
performed. The results were published in [C]. Furthermore, a theoretical model for an

estimation of the number of excited molecules in OODR approach and the number of detected



photons was proposed in [D]. The calculations enable to predict whether emission spectra from

newly-explored Rydberg states can be detectable.

In the fourth chapter the experimental study of Rydberg states of Zn, and ZnRg and its future
prospective is described. A new source — module of molecular beam for zinc has been designed
and built. A description of the source — module along with spectroscopic results of the
b30% (4°P,) « X'0f (4'Sy) bound«bound excitation in Zn2 were published in [B].
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1. Molekuly van der Waalsa

1.1 Oddziatywania dyspersyjne

O oddzialywaniach dyspersyjnych (Londona) mi¢dzy atomami (czgsteczkami) méwimy
wtedy, gdy oddziatujgce obiekty nie posiadajg trwatego momentu dipolowego, a przycigganie
elektrostatyczne zachodzi dzigki niezerowej polaryzowalnos$ci dwoch oddziatujacych obiektow
[2]. W praktyce oddziatywania dyspersyjne wystepujg rowniez w przypadku atomow lub
czasteczek posiadajacych trwaly moment dipolowy, lecz sg one pomijalnie mate w poréwnaniu
Z przycigganiem mig¢dzy statymi dipolami (Keesoma) lub miedzy dipolem statym i
indukowanym (Debye’a) [2]. Oddziatywania te malejg wraz z odleglo$cig R miedzy atomami

jak 1/R®, co zostanie pokazane dla prostego jednowymiarowego modelu [3].

X, X,

R

Rysunek 1. Prosty jednowymiarowy model atoméw wodoru oddziatujacych dyspersyjnie [3].

Dane sa dwa atomy, ktorych jadra (rdzenie atomowe) sg w odlegtosci R od siebie
(rys.1). Kazdy z atomow opisany jest modelem oscylatora harmonicznego sktadajacego si¢ z
ciezkiego jadra (rdzenia atomowego) i lekkiego elektronu. Uwzgledniajac ponadto
oddziatywania kulombowskie mi¢dzy czterema tadunkami, hamiltonian tego uktadu mozna

zapisac jako:

H =Hy + Hy, (1)
gdzie czgs¢ H, opisuje oddzialywania zwigzane z oscylatorem harmonicznym, a H; —

oddziatywania elektrostatyczne. Cztony H,, i H; mozna rozwing¢ jako:

1 1
Hy = %pf + Emwéxf + %pg + Emwéx%,
5 (2)

g = e (1+ 1 1 1 )
' 4meg\R " R4+x,—-x, R+x, R-—x,)



gdzie p, (p,) — ped pierwszego (drugiego) atomu, m — masa atomu, w, — czgstos¢ drgan atomu
w stanie podstawowym, x;(x,) — odlegtos¢ miedzy jadrem (rdzeniem atomowym) a
elektronem w pierwszym (drugim) atomie. Poniewaz R > x4, x,, rozwini¢cie H; W szereg do

wyrazow 2. stopnia daje przyblizenie:

e?x,x,

H; ~— .
1 4meyR3

@)

Rownanie (3) bardzo obrazowo przedstawia natur¢ oddzialywan dyspersyjnych. Ot6z H;y
opisuje energi¢ atomu 2. jako dipola znajdujacego si¢ w polu elektrycznym pochodzacym od

momentu dipolowego atomu 1.:

—ex; e?x,x,

Ha~ = dpfp(dy) = exy 4me,R3 ~ 4me R
0 0

(4)

gdzie d,(d,) — moment dipolowy atomu pierwszego (drugiego), E,(d;) — pole elektryczne
pochodzace od dipola d; w potozeniu atomu drugiego. Posta¢ rownania (4) analogiczna do

rownania (3) pod wzgledem zaleznosci od R, x; i x5.

Przedstawmy teraz ten uklad uzywajac rachunku zaburzen. Poniewaz atomy
pozbawione sg trwalego momentu dipolowego, poprawki perturbacyjne pierwszego rzgdu AE;

nie wnoszg wktadu w energie uktadu:

AE; = (Yo|H;1 o) = 0, ®)
gdzie Y, — funkcja falowa uktadu.

Zmiana energii zwigzana z oddziatywaniem dyspersyjnym jest zatem zwigzana z poprawkami

drugiego rzedu AE,:

0|3, 7,10
AE, = V(R) = Z< | E|:>_<"E|n 9 ©6)

n+0

Dla jednowymiarowego oscylatora harmonicznego:

(Ux|0) = 61 ) ()

2muwy

gdzie §; ; oznacza funkcje¢ delta Diraca. Wowczas z rownania (6) otrzymujemy:



232 )2 z 6n1,16n2,1|<1;1|x1x2|0,0>|2

41eyR3 (ny +nz)wg

V(R) = (

4

o 2e* 1 1 (®)
_<4T[€0R3> 2mwy | (—2wq)

e4-

32m2eim2wiRY

Roéwnanie (8) pokazuje, ze potencjal oddziatywan dyspersyjnych rzeczywiscie maleje
jak 1/R®. Wynik uzyskany w réwnaniu (8) mozna zapisaé, uzywajac polaryzowalnos$ci
oddziatujgcego atomu ag. Jezeli do uktadu przytozone jest zewngtrzne pole elektryczne Ej,
hamiltonian tego systemu jest nastepujacy:

e?E?
H = Ho(x1,x3) + eEoy, + eEgx, = Ho(24,22) — m—wg' )

. eE, . . ,
gdzie z; = x; + m—w°2 Indukowany moment dipolowy d;,,q wynosi wowczas:
0

5H  2¢2E,
§Ey mw

ding = (10)

Polaryzowalno$¢ elektryczna ap jest wielkosciag opisujaca zdolnos¢ uktadu do
tworzenia dipola elektrycznego pod wplywem zewngtrznego pola elektrycznego. Zgodnie z

definicja mozna wigc zapisac, ze:

dina = 4megagE,. (11)
Z roéwnan (10) i (11) wynika natomiast:

2e?

= 12
4EyMmWe (12)

ag

Na koncu, potencjat dyspersyjny w rownaniu (8) mozna wyrazi¢ przez polaryzowalno$¢
W réwnaniu (12), otrzymujac:
agwo
8RO
Jest to ,,tradycyjna” forma potencjatu zaproponowana przez Londona [4].

V(R) = (13)

W powyzszym wyprowadzaniu przyj¢to zalozenie, ze czas propagacji oddziatywan
elektrostatycznych jest nieskonczenie krotki. Jednak dla duzych odlegtos$ci migdzyatomowych,
dla ktérych czas propagacji sygnatu jest zblizony lub wigkszy od czasu charakteryzujacego

ewolucje atomu, tzn. wyR = 1, nalezy uwzglednic¢ relatywistyczny efekt retardacji. Zatem dla

6



duzych odlegtosci oddziatywania dyspersyjne opisywane sg przez oddziatywanie Casimira-

Poldera i maleja wraz z odlegtoscia jak 1/R7 [5].

1.2 Wilasciwosct molekut van der Waalsa

Molekutami (kompleksami) van der Waalsa nazywane sa kompleksy utworzone przez
atomy lub molekuly, zwigzane nie przez wigzania chemiczne, lecz przez przyciagajace
oddziatywania miedzyatomowe (miedzymolekularne) [6], w szczegdlno$ci: Keesoma, Debye’a
lub Londona. Przyktadowo, gazy szlachetne, wodor, tlen czy benzen zawierajg Sladowe ilo$ci
molekut vdW typu Rg2 [6], (H2)2, (O2)2 czy (CeHe)2 [7]. Atomy moga natomiast tworzy¢
kompleksy vdW wtedy, gdy posiadajag zapelnione powloki elektronowe, tj. atomy gazu
szlachetnego lub atomy 2. i 12. grupy Uktadu Okresowego Pierwiastkow (UOP) [8]. W tej
pracy bedzie mowa o dwuatomowych kompleksach typu MeRg lub Mez (Me — atom 12. grupy
UOP).

Zgodnie z nomenklaturg [UPAC molekulg okre$la si¢ neutralng elektrycznie grupe
dwoch lub wigcej atomoéw, ktorych powierzchnia energii potencjatu posiada studni¢ na tyle
gleboka, aby zawierala co najmniej jeden poziom oscylacyjny. Natomiast kompleksami
nazywane sg grupy atomoéw, jonéw lub molekut otrzymane przez oddzialywania stabsze, niz
kowalencyjne [1]. Poniewaz Me2 i MeRg spetniaja definicje zaréwno kompleksu, jak i

molekuty, w niniejszej pracy oba terminy uzywane sg zamiennie.

Aby w pelni opisa¢ potencjal oddzialywania migdzy atomami posiadajacymi
zamknigtopowlokowa  strukture elektronowa, o0procz przyciagajacych oddziatywan
dyspersyjnych nalezy wzig¢ rowniez pod uwage oddzialywania odpychajace, wynikajace z
zakazu Pauliego [9]. Pierwszy empiryczny model uwzgledniajacy odpychajaca strukture
zaproponowany byt przez Lennarda — Jonesa [10], ktory opisywat oddziatywania odpychajace
proporcjonalne do 1/R*2. Innymi potencjatami czgsto uzywanymi w opisie kompleksow vdW
jest potencjat Morse’a [8], Maitlanda-Smitha [8] czy Halgrena [9].

Nalezy mie¢ jednak na uwadze, ze granica migdzy wigzaniem chemicznym a
oddzialywaniem vdW jest niejednoznaczna. Przyktadowo, analiza migdzyjadrowej odlegtosci
rOwnowagowej w stanie podstawowym molekuty Cdz wykazata, ze miedzy atomami, oprocz

oddziatywan dyspersyjnych, wystepuje rowniez domieszka wigzania kowalencyjnego [11]. Do



podobnych wnioskow doprowadzity obliczenia ab initio dla stanow podstawowych molekut

Zny, Cd2 i Hg2[12].

1.3  Stany rydbergowskie molekut van der Waalsa

Stany rydbergowskie molekut MeRg i Me> wykazuja bardzo ciekawe wasciwosci, ktore
po czeSci zostalty wyjasnione dzigki obliczeniom ab initio. Przede wszystkim, PEC tych stanow
czesto wykazujg wielodotkows strukturg, ktora zazwyczaj wynika z ksztattu modutu kwadratu
funkcji falowej stanu rydbergowskiego atomu metalu [13]. Czasami jednak taka struktura ma
zwigzek ze sprz¢zeniem spinowo — orbitalnym. Dowodem na to jest fakt, ze dwudoltkowy
ksztalt moga wykazywaé stany nie-rydbergowskie, np. stan B31(53P;) w CdKr [14-16]. Taki
charakter wynika z faktu, ze przyczynek do potencjatu B31 wnosza stany °I1 oraz 3%, ktorych

minima sg zlokalizowane dla réznych odlegtosci migdzyatomowych [14].

Z wielodotkowa strukturg wigze si¢ inna ciekawa cecha molekul w stanie
rydbergowskim. Jest nig duza migdzyjadrowa odleglo$¢ rownowagowa najdalszej studni [13].
ktora dla wysoko wzbudzonych stanow moze dochodzi¢ nawet do kilku mikrometréw [17-18].

Takie molekuty zostaty szerzej omowione w podrozdziale 1.5.

Kolejna ciekawa wlasciwoscia, ktora charakteryzuje stany rydbergowskie jest
stosunkowo maty przyczynek oddziatywan dyspersyjnych do ksztaltu potencjatu. O ile dla
stanow podstawowych w kompleksach MeRg oddziatywania dyspersyjne w obszarze
dalekozasiegowym s3a dominujace, o tyle zostalo pokazane, ze molekule CdAr w stanie
rydbergowskim mozna w obliczeniach potraktowa¢ jako strukture sktadajgca si¢ z: kationu Cd™,
atomu Ar i elektronu w stanie rydbergowskim, a ksztalt bariery potencjatu oraz, czg¢$ciowo,
zewnetrznej studni mozna wytlumaczy¢ rozpraszaniem rydbergowskiego elektronu na atomie

Ar [13]. Do podobnych wnioskow doprowadzita analiza obliczen ab initio molekuty ZnAr [19].



Tabela 1. Zestawienie badan nad molekutami van der Waalsa MeRg i Me;, (gdzie Me=Zn,Cd,Hg, Rg=atom gazu

szlachetnego).

Molekuta Obliczenia ab initio Eksperyment
Zn
Stany korelujace z
ZnAr gﬁgmt"’thD'Z’ 43%22‘?%{21; E35*(5%1) [20]
6%S1, 61So [C], [19]
Cd
CdNe E*2*(6°Sy) [E],[21]
Stany korelujace z
asymptotami atomowymi:
63S1, 6°So, 6%°Po12, 5'D,
3 1 3 1
CdAr o Dizs O P, 1581, T SOWIZ 2 oy gis,y: [A E-F], [22-26]
ipolowymi momentami
przejscia dla absorpcji ze stanu
podstawowego [13]
CdKr E3Z*(6°S1) [A], [24],[27-28]
D10.* (61S0) [29] D10.* (61S0) [29]
Cds F31,(6°P2) [29] F*1u(6%P2) [29]
314(6%1) [30] 314(6°1) [30]
Hg
3y+(n3 —
HgNe Stany 307(73S1), 31(73S1) oraz 1Z+(n181), n:9-10 [32-33]
Lnt o1 } >*(n*So), N=7-9 [34]
07(7°So) wszystkich molekut E95(7%S,) [35]
HgAr HgRg [31]

35.4(8%Sy) [33]

Tabela 1. pokazuje dotychczasowy stan badan nad stanami rydbergowskimi molekul MeRg i
Mez. Do tej pory najlepiej przebadanym eksperymentalnie stanem jest E3%1*(63S1) w CdAr.
Wykazano, ze posiada on dwudotkowa strukture [23-24] oraz wyznaczono ksztalt wewnetrznej
E3Xf,, [26] i zewnetrznej E3Xf,,. [25F] studni potencjatu. Niewatpliwie duzym
osiggnigciem w tym zakresie bylo wyznaczenie ksztattu potencjalu obejmujacego dwie studnie

i barierg potencjatu [F].

1.4 Metody eksperymentalne badan nad stanami

rydbergowskimi molekut van der Waalsa

Studnia potencjatu molekut vdW w stanie podstawowym jest zazwyczaj niezwykle

ptytka, w warunkach normalnych zblizona do energii termicznej systemu. Dlatego wigkszos¢

9



kompleksow VAW moze by¢ stabilna jedynie w uktadzie schtodzonym. W tej pracy
zastosowano chlodzenie przez adiabatyczne rozpr¢zanie gazu w wigzce naddzwigkowej [36].
W tej metodzie gaz jest w stanie nierdwnowagowym, a chtodzenie oscylacyjnych i rotacyjnych

stopni swobody jest znacznie wydajniejsze, niz chtodzenie translacyjne [6].

Duzym wyzwaniem eksperymentalnym byla budowa modulu zrodlta wigzki
naddzwickowej dla molekul zawierajgcych kadm i cynk. Otrzymanie par tych pierwiastkow o
ci$nieniu parcjalnym umozliwiajagcym formowanie molekut vdW jest mozliwe przez ablacje
laserowg [37] lub podgrzewanie metalu do relatywnie wysokiej temperatury (odpowiednio ok.
650°C 1 750°C). W niniejszej pracy zostata zastosowana druga z metod. Do badania molekut
CdRg i Cd> wykorzystano modut zrodta o pracy impulsowej, ktorego konstrukcja zostala
opisana w [38]. Natomiast do spektroskopii komplekséw ZnRg i Zn», zostat zaprojektowany
nowy modut Zrodta o pracy ciagtej, ktorego konfiguracja, uruchomienie i testy wchodza w sktad
niniejszej pracy [B]. Szczegodty dotyczace uktadu eksperymentalnego do badania molekut Zn»
oraz ZnRg, i zostaty opisane w rozdziale 3.

Do badania struktury energetycznej kompleksow vdW zostaly zastosowane metody
spektroskopii laserowej przy uzyciu impulsowych laserow barwnikowych o wysokiej energii.
Zaleta laseréw barwnikowych jest ich przestrajalno$¢ w szerokim zakresie energii, co petni

dwojaka funkcje:

— pozwala na eksploracj¢ réznych stanow elektronowych przy zastosowaniu tych samych

systemow laserowych,
— Umozliwia realizacje spektroskopii wzbudzenia w zakresie optycznym.

Glownag metodg eksperymentalng stosowang W niniejszej pracy jest spektroskopia
wzbudzenia [A,B,E,F], jednak poczyniono rowniez wysitek w kierunku realizacji spektroskopii
emisji [C,D]. Uklad eksperymentalny uzywany do spektroskopii wzbudzeniowej molekut Cd>
i CdRg zostat pokazany na rys. 2a. W tej metodzie molekuty w wigzce naddzwickowej sa
wzbudzane za pomoca przestrajalnych laseréw, a catkowita indukowana laserowo emisja (ang.
Laser — Induced Fluorescence, LIF) jest przedstawiana w funkcji zmierzonej liczby falowej

wzbudzajgcego lasera. Do detekcji sygnatu LIF uzywane sg fotopowielacze.

Schemat uktadu umozliwiajacego rejestracje widm emisji jest przedstawiony na rys. 2b.
W tym przypadku lasery barwnikowe ustawione sa na konkretne dlugosci fali, odpowiadajace

dwom przejsciom o relatywie duzych dipolowych momentach przejécia (ang. Transition Dipole
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Moment, TDM) w molekule, natomiast emisja jest analizowana z uzyciem spektrometru i

rejestrowana przez kamere¢ iCCD.

a)

b)

Rysunek 2. Schemat uktadu do§wiadczalnego stuzacego do badania widm: a) wzbudzenia [A], b) emisji [C] przy
wzbudzeniu do stanéw rydbergowskich metoda OODR. 1- modut zrédta wigzki naddzwigkowej, 2 — komora
prozniowa, 3,5— impulsowy laser Nd:YAG pompujacy laser barwnikowy, 4 — impulsowy laser barwnikowy
(pompujacy w OODR), 6 — impulsowy laser barwnikowy (probkujacy w OODR), 7 — fotopowielacz rejestrujacy
LIF z przejscia pompujacego, 8 — fotopowielacz rejestrujacy LIF przejécia probkujacego, 9 — falomierz, 10 —
cyfrowy generator opdznienia, 11 — oscyloskop, 12 — spektrometr, 13 — kamera iCCD.

Badanie stanéw Rydbergowskich kompleksow vdW wymaga zastosowania energii

wzbudzenia odpowiadajacej prozniowemu UV. Przyktadowo, energia wzbudzenia molekuty
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CdAr ze stanu podstawowego do studni E3X} . odpowiada dtugoéci fali ok. 194 nm. Aby
unikng¢ stosowania wigzek laserowych w zakresie prozniowego UV stwarzajacych duze
trudnosci eksperymentalne ze wzgledu na: ich absorpcje W powietrzu, niski prog zniszczenia
clementow optycznych przez $wiatlo laserowe (ang. laser damage threshold) oraz
bezpieczenstwo uzytkowania, w niniejszych badaniach stosowany jest sekwencyjny (ang.
stepwise) OODR [39]. Metoda ta polega na wzbudzeniu molekuly do wysokiego stanu
elektronowego poprzez wybrany poziom oscylacyjny stanu posredniego (rys. 3). Analogicznie
do techniki pump-and-probe [40], przejécie ze stanu podstawowego do posredniego jest
nazywane przejsciem pompujacym, natomiast wzbudzenie ze stanu posredniego —przejsciem
probkujacym. Scisle rzecz biorac, sekwencyjny OODR nie jest jednak tozsamy z technika
pump-and-probe. Celem wykorzystania lasera probkujacego w sekwencyjnym OODR nie jest
bezposrednie zebranie informacji o probee, jak w technice pump-and-probe, lecz wzbudzenie
molekuty do poziomu oscylacyjno — rotacyjnego w wysokim stanie elektronowym. Stad tez
wynika kolejna r6znica: w pump-and-probe impuls probkujacy jest zwykle znacznie stabszy od
impulsu pompujacego, natomiast w sekwencyjnym OODR wykorzystywane sg zwykle impulsy

pompujacy i probkujacy lasera o zblizonej mocy.

stan wzbudzonyA
o~ 'quJ
)
.E CU
o=
N | O
O | x
o |o
O
N |*O
= la
A stan posredni
- .QEJ
0]
A
o l1la
S
al&
N1oO
2 | a

Rysunek 3. Schemat przejs$¢ w metodzie sekwencyjnego OODR [39] oraz powigzanie nazw przej$¢ z nomenklaturg
stosowang w technice pump-and-probe [40].
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1.5 Motywacja badan nad stanami rydbergowskimi

molekul van der Waalsa

Poréwnanie obliczen ab initio oraz wynikow eksperymentalnych PEC dla ptytkich
stanow E31,(63P,) oraz F30{ (63P;) molekuly Hg, wykazato znaczne roznice miedzy teorig a
eksperymentem [41], cho¢ zgodnos¢ ta byta wicksza, niz w przypadku poréwnania tych samych
wynikow eksperymentalnych [42-43] ze wczeSniejszymi obliczeniami ab initio [44-45].
Poprawa jakosci obliczen ab initio nastapita dzigki zastosowaniu nowych baz atomowych oraz
uzyciu szybszych komputerow umozliwiajagcych uwzglednienie sprzezen miedzy wigksza
iloécig elektronow. Ponadto, wykorzystanie nowych metod symulacji widm, przy uzyciu
programow LEVEL [46] oraz PGOPHER [47] pozwolito na ponowng analizg [41] wynikow
eksperymentalnych [42-43], uzyskujac state spektroskopowe o wigkszej precyzji i doktadnosci.

Powyzszy przyktad pokazuje, ze fizyka kompleksow vdW wcigz pozostawia wiele
pytan. Znalezienie ksztalttu PEC molekuty Hg> nawet dla niskich stanéw elektronowych
stanowi wyzwanie ze wzglgdu na znaczng liczbg elektronow, jaka nalezy uwzglgdnié w
obliczeniach. Rownie istotng problematyka jest badanie PEC stanow rydbergowskich molekut
vdW. Na przyktad w analizie zawartej w [F] wchodzacej w zakres niniejszej pracy doktorskiej
widoczna jest znaczna réznica migdzy wynikami otrzymanymi z obliczen ab initio a wynikami
eksperymentalnymi dla ksztaltu potencjatu E32] (63S,) w CdAr. Szczegolnie przejawia si¢ ona
w sporej rozbiezno$ci w migdzyjadrowej odlegtosci rownowagowej zewnetrznej studni oraz w

ksztalcie bariery potencjatu.

Dlaczego tak istotne jest udoskonalanie narzedzi badajacych i opisujacych stabe
oddziatywania dalekozasiegowe? Ot6z pozwala to na zrozumienie i modelowanie wielu
ztozonych i istotnych zjawisk fizycznych i chemicznych. Kompleksy vdW mozna postrzegac
jako stadium posrednie pomiedzy izolowanymi atomami czy molekutami a fazg objetosciowa
(ang. bulk), ktorych wtasciwosci skrajnie sie¢ r6znig. Przyktadowo, w dimerach Zny, Cdz i Hg
dominujg oddziatywania dyspersyjne, podczas gdy cynk, kadm i rte¢ w fazie objgtosciowej
wykazuja wlasciwosci metaliczne. Ta rozbiezno$¢ zostala wyjasniona dzigki analizie

wlasciwosci klastrow 0 zmiennej ilosci atomow Zny, [48], Cdn [49] i Hgn [50] (N> 2).

Kompleksy vdW stanowig rowniez ciekawy obiekt badawczy w astronomii. Na
przyktad, dimery (O2)2 i (Hz2)2 zostaly wykryte w atmosferze Jowisza i Saturna [51-53],

natomiast kompleksy H>-H>O obecne w os$rodku miedzygwiazdowym w gwiazdozbiorze
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Cefeusza pelnig prawdopodobnie rol¢ osrodka pompujgcego dla odkrytego w tym regionie
masera wodnego [54]. Co ciekawe, w materii migdzygwiazdowe] zostalty rowniez wykryte
pierwiastki Zn [55] 1 Cd [56], co w polaczeniu ze sprzyjajacymi warunkami
termodynamicznymi pozwala wysuna¢ hipotezeg, ze kompleksy vdW pierwiastkow Zn 1 Cd sg

w tej materii obecne i mogg stanowi¢ stadium posredniec w powstawaniu pytu kosmicznego.

Stany rydbergowskie molekut stanowig rowniez bogatg rodzin¢ niezwykle ciekawych i
zlozonych systemow kwantowych. Kilkukrotnie pokazano istnienie stanow zwigzanych mi¢dzy
atomami o ekstremalnie dtugiej miedzyjadrowej odlegltosci rownowagowej przekraczajacej 1
um, ktorych pochodzenie zostato zidentyfikowane jako rezultat obecnosci nowego rodzaju
wigzania pochodzacego od rozpraszania elektronu w stanie rydbergowskim na atomie lub
molekule [57]. Takie molekuly, utworzone przez atomy rubidu, otrzymano przez stany
zwigzane na fali s (ang. s-wave bound states) [17], na fali p [58] oraz molekuty zawierajace

elektrony rydbergowskie o duzym momencie pedu — tzw. molekuty trylobitowe [59].

Podsumowujac, wykonane badania nad stanami rydbergowskimi molekut vdW wpisuja
si¢ w dziedzine fizyki fundamentalnej dazacej do doskonalenia narz¢dzi uwzgledniajacych
wplyw stabych oddzialywan migdzyatomowych i migdzymolekularnych na kwantowy opis

systemu.
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2. Spektroskopia wzbudzeniowa molekul CdRg

W tym rozdziale zostanie omowiona spektroskopia wzbudzeniowa do stanu

rydbergowskiego E°2} (63S 1) molekut CdAr, CdKr i CdNe uzyskana metodg OODR. W pracy
poswieconej selekcji izotopologéow molekut CdAr i CdKr [A] doktorantka wuczestniczyta w
pomiarach widm wzbudzenia w molekule CdKr, co pozwolito na nauke obstugi istniejgcego juz
uktadu doswiadczalnego uzywanego do wszystkich eksperymentow dotyczqcych spektroskopii
Cd2 i CdRg. Doktorantka wykonata rowniez czes¢ grafik wehodzqcych do publikacji oraz brata
udzial w ostatecznej edycji tekstu publikacji. W pracy dotyczqcej charakterystyki poziomow
rotacyjnych stanu E°X] w CdNe [E] doktoranta uczestniczyla w przygotowaniu ukladu
doswiadczalnego oraz w pomiarach wstepnych do oméwionej w podrozdziale 2.2 spektroskopii

molekuty CdNe.

Najwazniejszym wktadem doktorantki w spektroskopie stanu E3X} w CdRg byto
wyznaczenie ksztattu potencjatu E’>] w CdAr uwzgledniajgcy bariere potencjatu.
Przeprowadzita ona wszystkie pomiary widm free<—bound, a takze wstepne pomiary widm
bound—>bound. Ponadto, wykonatla ona analize danych umozliwiajgcqg wyznaczenie nowych
statych oscylacyjnych oraz nowej wartosci miedzyjgdrowej odlegtosci rownowagowej na
podstawie zmierzonych widm bound«—bound. Brala rowniez udzial w analizie widm
free<—bound. Doktorantka jest autorkq tekstu publikacji [F] dotyczqcego wynikow, dyskusji i

podsumowania, a takze wigkszosci rysunkow.

2.1 Selektywne wzbudzenie izotopologow molekut CdAr
1 CdKr z wykorzystaniem stanow rydbergowskich

E’2](6°S))

W pracy [A] zostata pokazana metoda selektywnego wzbudzenia izotopologow do
stanow rydbergowskich metodg OODR dla komplekséw CdAr i CdKr. Efekt ten jest mozliwy
dzieki zjawisku przesunigcia izotopowego, czyli roznicy energii przejscia oscylacyjnego dla
poszczegolnych izotopologéw Av;; [6]. Dla molekut nierotujgcych, réznica ta miedzy i-tym a
j-tym izotopologiem przejscia oscylacyjnego v’ « v" W przyblizeniu oscylatora

anharmonicznego pierwszego rzgdu jest rowna
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gdzie p;; = \/Z:,L Hi¢jy — Masa zredukowana i-tego (j-ego) izotopologu, w, — stata oscylacyjna,

w.X, — stata anharmoniczna 1. rzedu. Jak pokazuje réwnanie (14), przesunigcie izotopowe

zalezy od stosunku mas zredukowanych izotopologow.

W eksperymencie zastosowano kadm oraz gaz szlachetny o naturalnych abundancjach.

Dla obydwu molekut zastosowano schemat wzbudzenia E3Z} « A3+ « X1 +.

1 12CdSGKr
118GdHKr

LIF [a.u.]

11dcd86Kr

HBCdSﬁKr

b 2

30554 30566 30558 30560 30562 30564 30566 30568
Liczba falowa lasera [cm™]

Rysunek 4. (a) Widmo eksperymentalne zarejestrowane z wykorzystaniem przejscia A3Tp+(v" = 9) «
X!2y+( = 0) w molekule CdKr. (b) Symulacja widma eksperymentalnego przy uzyciu programéw LEVEL [46]
i PGOPHER [47]. (c) Przyczynki poszczegdlnych izotopologéw do symulacji widma eksperymentalnego
przedstawionego w (b) pochodzace od izotopologdw o abundancji wigkszej, niz 1%. Na kazdy z przyczynkoéw
sktada sie struktura rotacyjna odpowiadajgca temperaturze rotacyjnej T, = 4 K. (d) Pozycje lasera pierwszego
wzbudzenia uzyte do wzbudzenia w schemacie OODR E3Z} (v’ = 18) « A3+ (" =9) « X'Zp+(v =0) w
CdKTr, zrealizowane w pracy [A].

Idea selekcji izotopologow w schemacie OODR pokazana jest na rys. 4, na ktorym
przedstawiono widmo zarejestrowane z wykorzystaniem przejscia A3+ (0" = 9) «
X1Z,+(v = 0) w CdKr. Wybrana linia oscylacyjna ma ksztatt odzwierciedlajacy strukture
izotopowa, ktoérej poszczegolne przyczynki pochodzace od izotopologow o najwigkszej
abundancji zostaly przedstawione na rys. 4c. Nastepnie, ustawiajac laser 1. wzbudzenia (rys. 3)
na jednym z siedmiu polozen, pokazanych na rys. 4d, zrealizowano przejscie E3Zf (v’ = 18) «
A3+ (v” = 9). W zaleznosci od energii lasera 1. wzbudzenia, dominujacy wktad w widmo 2.
wzbudzenia miat jeden (pozycje 1 i 2 na rys. 4d) lub wiele (pozycje 6 i 7 na rys. 4d)

izotopologow. Analiza widm drugiego wzbudzenia wykonana w pracy [A] pokazata, ze w celu
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selekcji jednego izotopologu CdKr najlepszym wyborem jest energia pierwszego wzbudzenia
rowna 30 557.58 cm™ (pozycja 2 na rys. 4d). Otrzymuje sic wowczas wzbudzenie gtdwnie
izotopologu 4Cd®Kr z relatywnie dobrym stosunkiem sygnatu do szumu.

Analogiczna analiza zostata wykonana dla kompleksu CdAr, w ktorym jednak
przesunigcie izotopowe jest mniejsze z powodu mniejszej wartosci masy zredukowanej, jak

rowniez nizszej oscylacyjnej liczby kwantowej v” uzytej do analizy - A3l +(v" = 6).

2.2 Charakterystyka  pozioméw  rotacyjnych  w
rydbergowskim stanie E32 (63S;) molekuty CdNe

Stan rydbergowski E32F(63S;) kompleksu CdNe zostat dotychczas opisany tylko raz
[21], z rozdzielczoscig pozwalajaca jedynie na rozdzielenie struktury oscylacyjnej. W pracy [E]

dokonano pierwszej analizy struktury rotacyjnej pozioméw v’ = 0 oraz v’ = 1.

Przejscia zostaty zrealizowane w schemacie OODR E3Xf(v',]") « A+ (v" =
0,]") « X'Zy+(v=0,]). Przejscie pompujagce A3My+(" =0,]") « X'Zy+(v = 0,))
charakteryzuje si¢ dobrze rozdzielong strukturg rotacyjna, co umozliwito uzyskanie przejscia
probkujacego E3Xf(v',]") « A3M,+(v” =0,J") z pojedynczego poziomu rotacyjnego.
Widma zarejestrowane z wykorzystaniem przejs¢ E3Zf (v',]") « A3+ (v" = 0,]") wraz z

przyporzadkowaniem odpowiednich liczb rotacyjnych przedstawione sg na rys. 5.

Analiza odlegtosci migdzy poszczegdlnymi komponentami rotacyjnymi pozwolila na
wyznaczenie statych rotacyjnych B,_, oraz B,_,, a takze miedzyjadrowej odlegtosci
rownowagowej R,' studni potencjalu stanu E3Z}. Roéznica miedzy polozeniem linii
pochodzacych z tego samego stanu j” dla gatezi P i Q, oznaczona jako A, jest w przyblizeniu

rOwna

A=4B;-]" + 2B, (15)
Réwnanie (15) pokazuje, ze odleglos¢ ta jest liniowg funkcja rotacyjnej liczby
kwantowej J”, a wspotczynnik kierunkowy prostej pozwala na wyznaczenie statych

!

rotacyjnych B,_, oraz B,_,. Warto$ci tych statych zostaty zamieszczone w tabeli 2.
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Rysunek 5. Widma eksperymentalne zarejestrowane z wykorzystaniem przejs¢ E3Xf « A3+ w CdNe dla
przejsc oscylacyjnyeh (a) (v’ =0,J) « (v =0,Jz) oraz (b) W' =1,J) « (v =0,Jz) [E]. () Struktura

przejs¢ rotacyjnych zrealizowanych w eksperymencie.
Wyznaczenie statych B,,—, i B,—; pozwolito na obliczenie migdzyjadrowej odlegtosci

rownowagowej studni potencjatu. State rotacyjne moga by¢ wyrazone jako

1
B, =B, —a, (v + E)’ (16)
gdzie B, jest stalg rotacyjng w stanie rownowagowym, a a, jest poprawka anharmoniczna.
Wobec tego
3By—¢ — By=
Be — 'U—OZ U_l_ (17)

Miedzyjadrowa odlegtos¢ rownowagowa mozna wyznaczy¢ korzystajac z rOwnania:
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h
= [—— 18
ke / 8m2cuB,’ (18)

gdzie h - stata Plancka, ¢ — predkos¢ $wiatta, u — masa zredukowana molekuty.

Tabela 2. State rotacyjne oraz migdzyjadrowa odlegtoéé rownowagowa stanu E3Z] (63S;) w kompleksie CdNe
wyznaczone w [E].

B,-o (cm™) B,_y (cm™) B,' (cm™) R (A)
0.106+0.001 0.0950.001 0.112%0.002 2.98+0.06

2.3 Charakterystyka rydbergowskego stanu E*27(6°S,)
molekuly CdAr

Stan E* 2?(6381) w CdAr wykazuje struktur¢ dwudotkowa, co bylo wynikiem analizy
w [23]. Do momentu publikacji [F] zbadano ksztatt gtebokiej wewngtrznej E3Z]; [24, A] lub
ptytkiej zewnetrznej E3X7}, . [24-25] studni tego potencjalu, brakowato natomiast obrazu
cato$ciowego, taczacego oba obszary potencjatu oddziatywania. Ponadto, cho¢ podjete zostaty
badania nad wyznaczeniem potozenia i wysokosSci bariery potencjatu [26], nic dawaty one

pelnej informacji o jej ksztalcie.

W pracy [F] po raz pierwszy zostal zaproponowany kompletny, dwudotkowy potencjat
eksperymentalny stanu E32](63S;) w kompleksie CdAr uwzgledniajacy réwniez bariere
potencjatu migdzy dwiema studniami. Jego ksztalt zostat zaprezentowany na rys. 6 ciagla
niebieska linig i por6wnany z potencjatami otrzymanymi w wyniku obliczen initio [26] oraz we

wczesniejszych eksperymentach [25].

Ksztatt studni E3Zf . zostal otrzymany przez analize¢ przej$¢ bound <« bound
zarejestrowanych metodg OODR E3Xf . « B3Zf (v") « X1Z,+(v = 0), gdzie v"=1-4.
Przyktadowe widmo zarejestrowane z wykorzystaniem przejscia E3Xf . < B3Zf (v" = 4)
przedstawiono na rys. 7a. W poréwnaniu do poprzedniej analizy studni E3X{ . [25], zostaty
wyznaczone precyzyjniejsze state oscylacyjne w,’ oraz w,'x,’' oraz migdzyjadrowa odlegtos$é
rownowagowa R,’. Wyznaczenie precyzyjniejszych warto$ci spektroskopowych studni
E3%fu¢ stanowi bardzo istotny wktad do spektroskopowych badan stanu E3X}. Otéz,
uzupehienie poprzedniej analizy [25] o przejscia E3Xf . < B3Zf(v") z poziomow
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oscylacyjnych v" = 2 — 4 pozwolito na poprawk¢ w przyporzadkowaniu numeru poziomu
oscylacyjnego do danej linii widmowej. Ziclona strzatka na rys. 7a wskazuje lini¢ oscylacyjna,
ktora nie zostala zaobserwowana we wczesniejszym eksperymencie [25]. Wyniki nowo

otrzymanych statych zostaly zawarte w tabeli 3.

Ksztalt bariery potencjalu zostal odtworzony przez badanie widm free «— bound z
wykorzystaniem przej$¢ E3Xf « B3xf(v”), gdzie v”"= 0-4. Przykltadowe widmo
wykorzystujace jako posredni poziom v” = 4 przedstawiono na rys. 7b. Poszukiwania ksztattu
bariery rozpoczeto od potencjalu otrzymanego w wyniku obliczen ab initio [26] |
przedstawionego w postaci zbioru punktéw. Nastepnie zmodyfikowano potozenie punktow tak,
aby otrzyma¢ maksymalng zgodno$¢ miedzy widmami eksperymentalnymi a symulacjami
wykonywanymi z wykorzystaniem programu BCONT [60]. Modyfikacja potencjatu
spowodowata powstanie punktow przegiecia po obu stronach bariery (rys. 6), z czego jeden z
nich, po stronie studni E3X;,, zostal otrzymany w wyniku poprzedniej analizy [26] metoda
odwroconego podejscia perturbacyjnego (ang. Inverted Perturbativ Approach, IPA [61]). W
wyniku analizy przeprowadzonej w [F] oszacowano ksztatt bariery potencjatu w postaci zbioru

punktow oraz jej wysokos¢ Ej, (tabela 3).

Ksztalt wewnetrznej studni E3X], zostal otrzymany przez przesuniecie potencjatu

otrzymanego metodg IPA w [26] z widm bound « bound z wykorzystaniem przej$é¢ E3Z7;,, <

A3M1,+(53P;). Przesuniecie to bylo konieczne, aby mozliwe byto zszycie potencjatu E3X7,, z
potencjalem bariery. W [26] potoZenie maksimum bariery zostato 0szacowane na ok. 5 A,
podczas gdy w wyniku nowej analizy [F] uzyskano warto$é 7.235 A (tabela 3), zatem roznica

miedzy poprzednig, a nowg wartoécig wyniosta az 1.235 A.

Tabela 3. State spektroskopowe stanu E*%] 0ut(6381) w CdAr otrzymane w [F].

we, (Cm_l) we’xel (Cm_l) Re,(A) Eb(cm_l)

4.36+0.05 0.207+0.005 7.235+0.121 27
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Rysunek 6. Potencjaly migdzyatomowe stanow elektronowych X'Zq+, B32f i E3X w CdAr bioracych udzial w
procesie OODR przedstawionym w [F]. Przerywang czarng strzatkg zaznaczono schematycznie pierwszy proces
wzbudzenia B32f (v”) « X'Z,+(v = 0). Czarnymi ciagtymi strzatkami zaznaczono trzy mozliwe drogi drugiego
wzbudzenia E3Z} « B3Zf(v”): (a) przejécia bound<bound do wewnetrznego dotka E3Zf,,, (b) przejicia
free«—bound odzwierciedlajace struktur¢ bariery oraz odpychajacej czeSci potencjalu, oraz (c) przejscia

bound«bound do ptytkiego zewnetrznego dotka E3Zf .. Przerywang niebieska linig zaznaczona jest pozycja
stanu A3 ,+.
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Rysunek 7. Przyktadowe widma eksperymentalne (czerwona linia) oraz symulacje (czarna linia) (a)
bound«bound oraz (b) free«—bound przejécia E32},,, « B3Z] (v") otrzymane metodg OODR w CdAr. W tym
przyktadzie v”=4. Powyzej, czarnymi liniami zaznaczone sg potozenia pozioméw oscylacyjnych studni E3Zf .,
a szarymi — studni E3Z;,, . Zielona strzatka pokazuje potozenie linii oscylacyjnej, ktora nie byta obserwowana we
wczesniejszym eksperymencie [25]. Wszystkie zarejestrowane widma bound«—bound oraz free«<—bound uzywane

do analizy ksztattu potencjatu E3Z; zostaty zamieszczone w [F].
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3. Dyspersyjna spektroskopia emisyjna

W tym rozdziale zostaly zaprezentowane prace koncepcyjne nad spektroskopiq emisyjng
molekut CdAr i ZnAr, ktore stanowiq bardzo wazny wktad w dorobek doktorantki. Analiza widm
emisji ze stanow rydbergowskich stwarza fascynujgcq mozliwosé eksploracji potencjatow, do
ktorych nie ma mozliwosci wzbudzenia ze stanu podstawowego. Obliczenia ab initio PEC
stanow rydbergowskich w CdAr [13] i ZnAr [19] oraz TDM dla absorpcji ze stanow posrednich
umozliwito wykonanie symulacji emisji ze stanow rydbergowskich. Symulacje te, opublikowane
w [C], doktorantka wykonala w cafosci samodzielnie. Jest ona réowniez autorkq tekstu

dotyczqcego uktadu eksperymentalnego, wynikow i wnioskow oraz wszystkich rysunkéw w [C].

Projektowanie eksperymentu umozliwiajgcego rejestracje emisji  ze  stanow
rydbergowskich w CdAr i ZnAr stanowilo inspiracje dla stworzenia modelu szacowania liczby
fotonow wpadajgcych do detektora w wyniku emisji. Model ten, opublikowany w [D/, zostat
opracowany samodzielnie przez doktorantke. Na podstawie zaproponowanego modelu
wykonata ona rowniez wszystkie obliczenia zawarte w [D]. Jest ona autorkq wszystkich grafik

oraz czesci tekstu dotyczgcej liczby wzbudzonych molekut i emitowanych fotonow.

3.1 Symulacja widm emisji ze standéw rydbergowskich
molekut CdAr i ZnAr

Wzbudzenie molekut do stanéw rydbergowskich stwarza mozliwos¢ eksploracji stanow
nizszych poprzez badanie widm emisji. W ten sposéb mozliwe jest badanie potencjatow
niedostepnych we wzbudzeniu ze stanu podstawowego ze wzgledu na mate wartosci czynnikow
Francka — Condona i/lub TDM. Szczegodlnie atrakcyjna wydaje si¢ by¢ perspektywa rejestracji
widm emisji bound—free umozliwiajacej badanie malo poznanych, krotkozasiegowych,
odpychajacych czesci potencjatu. Ksztalt tego fragmentu potencjatu determinuje przebieg

wielu waznych procesow fizycznych, przede wszystkim procesu rozpraszania [62].

Ze wzgledu na niskie koncentracje komplekséw wysoko wzbudzonych mozliwe do
uzyskania przez zastosowanie sekwencyjnego OODR w wigzce naddzwigkowej, eksperyment

musi zosta¢ dobrze zaprojektowany. Pomocne tutaj okazuja si¢ by¢ obliczenia ab initio stanow
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rydbergowskich oraz TDM z tych stanow, ktore umozliwiajg symulacj¢ intensywnosci widm

wzbudzenia i emisji oraz oszacowanie, czy obserwacja danego przejécia jest mozliwa.

Korzystajac z obliczen ab initio stanow rydbergowskich w CdAr [13] oraz ZnAr [19]
wykonano symulacje emisji ze stanéw rydbergowskich w tych molekutach. Wyniki symulacji

zostaty przedstawione w [C].

Pierwszym krokiem byta selekcja odpowiedniego stanu rydbergowskiego, z ktorego
bedzie rejestrowana emisja. W przypadku CdAr wybrano wielokrotnie badany stan E? ZT(63 Sl)
[A,E-F,19-26]. Dla ZnAr zdecydowano sie na symulacje emisji ze stanu *1(4'D,) ze wzgledu
na intensywne przejscie ze stanu C*1(4P;). Symulacja wzbudzenia 11(4'D,) « C'1(4'P)) z
wykorzystaniem potencjatu eksperymentalnego C'1 oraz wyniku obliczen ab initio dla
potencjalu stanu '1(4'D,) pokazata, Zze najintensywniejsze przejécie zachodzi do stanu
oscylacyjnego v’ = 13. Dlatego do obserwacji widm emisji w ZnAr wybrano poziom

oscylacyjny v’ = 13 w stanie elektronowym 11(4!D,).

Gléwne okno  Bcontinput Bcont output  Dodaj potencialy

TDM = Potencjaly s——==m)
Molekuta =
CdAr v —ro g L 2050
Masa atomowa 1 Masa atomowa 2 | e 20000
11400 13 4000 £ - . 41 -
..... 0 ‘
Poczatkowy potencja Koricowy potencjal N T T T | 25000
Omega Omega - s ° [ - 28500
1 3 0 : ot - Ld”p -
Asymmot: . Asymptota . G Zopisz : . . - - :
43692.38}% 0.00 = symulacie symulacie o 2 s P 1 12 1
Re Re [4]
3.340 & 4270 ISyn’\ulac:]a Title
we wexe we wexe =
36.95001:240.6150 15/18.1000/40.5000 &
[ Aktywuj Deip
De B De B
v J =
- initio
e L TOM
Ab initio Ab initio
poczatkowy koricowy

Wyczysé ab
initio

Rysunek 8. Glowne okno programu BCONTAdder napisanego w jezyku C#. Program umozliwia korzystanie z
programu BCONT [60] z interfejsem graficznym oraz sumowanie naktadajacych si¢ na siebie widm.

Symulacje widm emisji bound—bound wykonano przy uzyciu programow LEVEL [46]
oraz PGOPHER [47]. Natomiast do symulacji widm emisji bound—free zostat wykorzystany
program BCONT [60]. W celu stworzenia mozliwosci uzycia programu BCONT z interfejsem
graficznym, automatycznego potlaczenia widm bound—bound oraz bound—free, a takze
sumowania naktadajacych si¢ widm emisji pochodzacych z réznych stanow, doktorantka

napisata program BCONTAdder w jezyku C# (rys. 8).
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Symulacja widm emisji ze stanu *1(4'D,) (v’ = 13) w ZnAr zostala przedstawiona na

rys. 9. Wynika z niego, ze istnieje mozliwo$¢ detekcji widm bound—free do kilku stanow:
— doD'0*(4'P,) w obszarze 12 100 — 15 100 cm™,

— do c31(43P,) pokrywajace sie z widmem do d30~(43P,) w obszarze 29 600 —
32300 cm?,

— do B31(43P;) w obszarze 29 600 — 29 900 cm™; choé¢ widmo bound—free do
B31 pokrywa sie z widmami do a307 (43P,) oraz do A30* (43P,), intensywno$¢

tego pierwszego jest dominujaca.

Podobna analiza emisji ze stanu E*3{ (6°S,) (v’ = 2) CdAr wykazata, ze mozliwa jest
detekcja widm bound—free do stanéw b32(53P,), a307(53P,) oraz A30* (53P,). Szczegdty tej

analizy zawarte sag w [C].
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Rysunek 9. Symulacje wielokanatowej emisji bound—bound i bound—free ze stanu 11(4'D,),v’ = 13 w ZnAr
[C]. Przejscia bound—bound zawieraja zar6wno strukture oscylacyjna, jak i rotacyjng. Dwie zielone poziome linie
przedstawiaja obszar emisji ze stanu C11,v’ = 10 uzywanego jako stan posredni we wzbudzeniu OODR.
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3.2 Model szacowania liczby fotonow emitowanych ze

stanow rydbergowskich molekut CdAr i ZnAr

Wazng informacja pozwalajaca na ocenienie, czy dane przejsScie jest mozliwe do
rejestracji, jest liczba fotonéw docierajacych do detektora podczas eksperymentu. Aby
oszacowaé te liczbe w emisji ze stanoéw 11(4D,) w ZnAr i E3ZT(63SI) w CdAr opisanych w
podrozdziale 3.1, zostal zaproponowany model obliczeniowy uwzgledniajacy: liczbe molekut
w stanie podstawowym powstalych w module Zrddta, rozprezanie gazu w wigzce molekularnej,
przekrdj czynny na absorpcj¢ fotonu z wigzki lasera, oraz czas zycia molekul w stanie

wzbudzonym. Szczegoty modelu zostaty opisane w [D].

b)

soczewka kolimujgca
fluorescencje

7 fluorescencja c) B

-
wigzka molekularna

dysza

modut zrodia

wigzki lasera propagujgce o .
wigzki molekularnej

w przeciwnych kierunkach

Rysunek 10. (a) Geometria eksperymentu rejestracji widma emisji ze stanéw rydbergowskich molekut ZnAr i
CdAr chtodzonych w wiazce molekularnej [D]. (b) Rozklad gestosci molekut w przekroju wiazki molekularnej

prostopadtym do kierunku propagacji, zaktadajac rozktad gaussowski o odchyleniu standardowym o = DTm. (c)

Rozktad gestosci molekut w wiazce molekularnej w plaszczyznie symetrii wigzki wzdtuz kierunku propagacji.
Zatozono liniowy wzrost odchylenia standardowego o wzdtuz kierunku propagacji.

Rys. 10a przedstawia geometri¢ zastosowanego modelu. Cynk lub kadm w postaci statej
wewnatrz piecyka w module zrodta sg ogrzewane do temperatury T,. W takiej temperaturze
wytwarzajg si¢ pary metalu o cisnieniu parcjalnym py,.. Do modutu Zrodta dostarczany jest gaz

nosny (argon) o ciSnieniu p,,-, ktdéry po zmieszaniu z parami metalu przechodzi przez dysze o
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srednicy D,, i rozpreza si¢ tworzac wigzke molekularng. W odleglosci X od dyszy wigzka
molekularna rozpre¢zona do $rednicy D,, jest oswietlona przez dwie wiazki lasera o $rednicy
D, propagujace w przeciwnych kierunkach. W odlegtosci L od wigzek laserowych znajduje si¢
soczewka o $rednicy Dy, kolimujgca $wiatto emisji zebrane z kata brylowego . Za nig

umieszczony jest uktad optyczny skupiajacy sygnat do detektora (na rys. 10 nie pokazano).

Aby wyznaczy¢ poczatkowa liczbe utworzonych molekut MeRg, skorzystano z modelu
Vigasina [63], zgodnie z ktorym stata reakcji

Me+Ar=MeAr

zalezy od temperatury i statych spektroskopowych stanu podstawowego molekuty MeAr

zgodnie z empirycznym rownaniem:

18.86 [ De
K, (

= 05 efo —
we By XTy" (Uprear)t®

gdzie w, — stata oscylacyjna stanu podstawowego, B, — stata rotacyjna stanu podstawowego

14 ?—)l (19)

0

dla danego v, y — liczba okreslajaca symetri¢ (dla molekuty heteroatomowej rowna 1), Ty —
temperatura gazu w dyszy, puyear — masa zredukowana MeAr, D, — glebokos¢ studni stanu

podstawowego w jednostkach [K].

Zaktadajac model stanu gazu doskonalego, mozna wyznaczy¢ poczatkowa gestosé

molekut ng.

Po rozprezeniu gesto$¢ molekut w wigzce wzdluz osi propagacji maleje zgodnie z

rOwnaniem [64]:

n(X) = o i

[1+50 - Dmeo| ™

(20)

Zatozono gaussowski rozktad gestosci molekut w wigzce, oraz gaussowski rozktad
energii w wigzce lasera. Przy oddzialywaniu wigzki molekularnej ze $wiattem z lasera

populacja molekut wzbudzonych N; (t) ro$nie zgodnie z rbwnaniem

Nz*(t) — Wlazbs _ szslpont em 2sltim em (21)
gdzie W5 — wspotczynnik absorpcii, Wzslpont ¢M _ wspotczynnik emisji spontanicznej,

wtimem _ \wspétczynnik emisji wymuszonej. Wielkosci wystepujace w (20) mozna wyrazié

nastepujaco:
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WY = Bi2pu Ny,
Wy "™ = Ay N3, (22)
W3{™ €™ = By1po,N;.
Bi,, Az1, B21 sa policzonymi przez LEVEL [46] wspolczynnikami Einsteina na absorpcje,
emisje spontaniczng i emisje wymuszona, p,, jest gesto$cig energii lasera na jednostke czestosci

kotowej, N; (N,) to liczba molekut w stanie podstawowym (wzbudzonym).

Rozwigzanie réwnania (21) pozwala na wyznaczenie liczby wzbudzonych molekut po
zakonczeniu pojedynczego impulsu lasera. W podobny sposob zostata wyznaczona liczba

molekut po drugim wzbudzeniu w schemacie OODR.

Zatozono, ze jeden wzbudzony kompleks emituje jeden foton oraz ze fotony emitowane
sg rownomierniec w caly kat brytowy, Nppottor = Nz (t = 10 ns) . Poniewaz soczewka
kolimujgca ma skofczone rozmiary, liczba fotonow osiggajgca detektor Nppoe (bEZ

uwzgledniania strat na uktadzie optycznym) jest w przyblizeniu rowna:

2
(%
2 (23)
Nphot = —Nphot tot-
Am[?

Obliczono, ze liczba molekul wzbudzonych do stanu rydbergowskiego wynosi: dla
CdAr: 1.27 - 108 oraz dla ZnAr: 5.31 - 107. Odpowiada to liczbie fotonéw docierajacych do
soczewki: 2.08 - 10° dla CdAri 3.8 - 10°. Sa to liczby pozwalajace na obserwacje widm emisji

opisanych w podrozdziale 3.1. Wartos$ci parametrow uzytych do obliczen zawarte sa w [D].

3.3 Zarys kontynuacji badan nad spektroskopig emisji
molekul CdRg 1 ZnRg

We weczesniejszych eksperymentach widma emisji molekut MeRg 1 Me: byly
rejestrowane przy uzyciu fotopowielacza z monochromatorem [65-67]. Poniewaz jest to
metoda niezwykle czasochtonna, jako detektora zaczeto uzywaé spektrometru z kamerg CCD
[68]. W ten sposob zostalo wykazane, ze ten typ detekcji moze stanowi¢ alternatywng do
monochromatora z fotopowielaczem forme detekcji umozliwiajacag rejestracje widm emisji
molekut chlodzonych w wigzce naddzwigckowej (zatem o niskich koncentracjach) i

wzbudzanych laserowo.
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Kolejny projekt realizowany w laboratorium zaktada budow¢ uktadu do$wiadczalnego,
ktorego schemat zostat przedstawiony na rys. 2b, umozliwiajacego rejestracje widm emisji ze
stanow rydbergowskich, opisanych w podrozdziale 3.1. W tym celu zostal przetestowany
spektrometr Mechelle 5000 z kamerg iStar DH334T. Aby zoptymalizowaé parametry pracy
detektora, wykonano uktad optyczny do rejestracji przejscia B3I, (v' = 28) —»X'2f (v") w
molekule jodu I>. Wstepne wyniki przedstawiono na rys. 11. Jednak, ze wzglgdu na duza
trudno$¢ napotkang przy sprzegnieciu sygnatu emisji do Swiattowodu zrezygnowano z

zastosowania spektrometru typu Echelle.

—— Widmo eksperymentalne
—— Symulacja

Intensywnosé sygnatu [a.u.]

o b

I ! I N I
16000 17000 18000

Liczba falowa spektrometru [cm™]

Rysunek 11. Widmo eksperymentalne (czerwona linia) i symulacja (czarna linia) emisji otrzymane z
wykorzystaniem przejscia B3I1, (v' = 28) —X'2J (v") w molekule 1, zarejestrowane z uzyciem spektrometru
Mechelle 5000 z kamerg iStar DH334T.

Przewiduje sig, ze rejestracja widma emisji ze stanu rydbergowskiego E32T(63 S ), v =
2 w CdAr jest znacznie blizsza realizacji, niz emisja z ZnAr, poniewaz widmo wzbudzenia tego
stanu bylo juz wielokrotnie otrzymywane w Laboratorium Spektroskopii Laserowej i

Informacji Kwantowej Instytutu Fizyki UJ. Kolejnym zadaniem badawczym bedzie zatem

dostosowanie uktadu detekcji do rejestracji widma emisji.

Znacznie wicksze wyzwanie stanowi rejestracja widma emisji ze stanu
rydbergowskiego 11(4'D,)(v’ = 13) w ZnAr. Jak dotad, dla molekul zawierajacych Zn nie

zarejestrowano widm wzbudzenia otrzymanych z zastosowaniem metody OODR. Aby tego
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dokona¢, konieczna jest optymalizacja pracy modutu zrédta wigzki molekularnej opisanego w

rozdziale 4.
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4. Nowy uklad doswiadczalny

Rozdziatl 4. traktuje o budowie nowego uktadu doswiadczalnego wykorzystujgcego
modul Zrodla wigzki naddzwiekowej, zaprojektowanego we wspolpracy z firmg MeasLine i
stuzgcy do spektroskopii molekut Znz 1\ ZnAr. Doktorantka wykonata samodzielnie lub w duzej
mierze samodzielnie wiele testow zmierzajgcych do: optymalizacji temperatury pracy modutu
zrodla oraz cisnienia gazu nosnego, znalezienia i wyeliminowania nieszczelnosci w module
zrodla i komorze prozniowej, dostosowania laserow barwnikowych do przejs¢ w Zna,
znalezienia pofozenia i szerokosci wigzki lasera wzgledem wigzki molekularnej
umozliwiajgcego obserwacje widm wzbudzenia, a takze dostosowania pracy fotopowielacza do
rejestracji LIF w Zny. Szczegoty dotyczgce budowy modutu zrodta, uktadu eksperymentalnego
oraz rejestracji przejscia b>05 (4°Py),v" « X0} (41S,),v" W Znzzostaty opublikowane w [B].
Oprocz budowy uktadu doswiadczalnego, doktorantka zrealizowala pomiary wzbudzenia
b30i, v « X 105 , " W Zny i wykonata analize danych umozliwiajgcq wyznaczenie nowych

stalych spektroskopowych stanu b307 . Jest ona réwniez autorkq tekstu i rysunkéw w artykule.

4.1 Widma wzbudzenia molekut Zn2 1 ZnRg

Posrod innych pierwiastkow 12. grupy UOP, Zn wyrdznia si¢ ze wzgledu na jego
biologiczne i technologiczne znaczenie. Ciekawe na przyktad jest zjawisko powstawania
mostkow cynkowych migdzy ligandami organicznymi [69]. Znajomos$¢ potencjatu
oddzialywania miedzy atomami Zn pozwala réwniez na symulacje waznych procesow

technologicznych z uzyciem cynku [70].

Jednocze$nie, sposrod wszystkich pierwiastkow 12. grupy UOP, dimery vdW
zawierajace Zn sg najmniej poznane. Przyczyng tego stanu rzeczy s3 powazne wyzwania
technologiczne zwigzane z wytwarzaniem wystarczajaco wysokiego cisnienia parcjalnego pzn
par Zn, ktéry charakteryzuje si¢ stosunkowo wysoka temperaturg topnienia (419.53°C). Pary

Zn sa rowniez wysoce reaktywne, powodujac korozje stalowych elementoéw konstrukcyjnych.

We wczesniejszych badaniach nad dimerami Znz i ZnRg stosowano ablacje laserowg
[20], jednak ta metoda otrzymywania par metalu powoduje powstawanie dodatkowo w wigzce
atomoOw oraz jonéw w stanie wzbudzonym, co znaczaco komplikuje, a czasem uniemozliwia

interpretacje danych spektroskopowych. Stosowano rowniez metode ogrzewania
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rezystancyjnego w module zrodta zawierajagcym elementy wykonane z molibdenu, ktory jest
odporny na korozyjne dziatanie par cynku [65-66,71-72]. Jednak molibden jest materiatem

bardzo trudnym w obrobce i spawaniu.

We wspotpracy z firmg MeasLine, w [B] zaproponowano konstrukcje modutu Zrodta
wiazki naddzwigkowej dedykowanego dla pierwiastkow korozyjnych o wysokiej temperaturze
topnienia, szczegélnie dla Zn. Schemat tego urzadzenia pokazano na rys. 12. W
zaprezentowanym module Zrodta, elementy majace styczno$é z parami cynku, tzn. tygiel i
modut dyszy wykonane sg z grafitu. Materiat zostal wybrany w oparciu o kilka istotnych
wlasciwosci: wysoka temperaturg sublimacji (migdzy 3620°C a 3745°C w warunkach
normalnych [73]), wysoka odpornos¢ chemiczng w kontakcie z wieloma metalami w stanie
cieklym, m.in. Zn, Sn, Pb [74] oraz dobre wlasciwosci mechaniczne. Talerz modutu dyszy,
dociskany przez $ruby, pelni rowniez dodatkowa funkcj¢ uszczelniania stalowych elementow

obudowy.

© O~NO O hWN

12

Rysunek 12. (a) Modut zrodta wigzki naddzwiekowej o pracy ciagtej dedykowanej dla pierwiastkow korozyjnych
[B]: (1) dysza, (2) przewod kapilarny w module dyszy, (3) grafitowy modut dyszy, (4) stalowa obudowa, (5) gérna
grzatka, (6) warstwa ceramiczna, (7) ostona termiczna, (8) $ruba dociskajaca, (9) grafitowy tygiel, (10) otwor w
tyglu - wlot gazu nos$nego, (11) dolna grzatka, (12) wlot gazu nosnego, (13) termopara. (b) Przekroj przez profil
dyszy. (C) Przekroj przez tygiel pokazujacy szczegdty wlotu gazu nosnego ($ciezki przeptywu gazu pokazane sa
niebieskimi strzatkami). Wszystkie wymiary podane sa w milimetrach.
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Tygiel wypehiany jest granulkami metalu, ktory podczas pracy urzadzenia ogrzewany
jest przez druty oporowe do temperatury mogacej osigga¢ 1300 K. Podczas eksperymentu,
modul dyszy jest podgrzewany do temperatury ok. 10 — 30 K wyzszej, niz tygiel, aby zapobiec

osadzaniu par metalu powodujgcemu zatykanie dyszy.

Gaz no$ny jest wprowadzony stalowg rurka zlokalizowang u dotu modutu zrédta. Gaz,
ktorego maksymalne ci$nienie moze wynosi¢ 6 bar, wedruje w obszarze miedzy stalowg
obudowg a grafitowym tyglem, a nastgpnie przez otwor w tyglu i od gory przemieszcza sie do
przewodu w module dyszy (rys. 12c). Mieszanina par metalu i gazu no$nego przechodzi przez

dysz¢ o $rednicy 0.2 mm i rozpr¢za si¢ w komorze prozniowej tworzac wigzke naddzwigkowa.

Szczegoty budowy i funkcjonalnosci opisanego uktadu znajduja sie w [B].

4.2 Test uktadu doswiadczalnego

Przy wuzyciu nowego modutu zrodta zarejestrowano widmo wzbudzenia z
wykorzystaniem przejscia b30; (4°P,),v" « X' 0§ (4'Sy),v" W Zn,. Do testu nowego uktadu
doswiadczalnego wybrano przejscie, ktore byto wykorzystane we wczeséniejszych badaniach,

w ktorych rozdzielono strukture oscylacyjna przy nierozdzieleniu struktury rotacyjnej [72].

Rys. 13a przedstawia widma eksperymentalne zarejestrowane przy uzyciu nowego
modutu zrodta. W poréwnaniu z wezesniejszymi badaniami, wzbudzenia dokonano za pomoca
lasera wezszego spektralnie (0.1 cm™ w poréwnaniu z 0.5 cm™ w [72]), co pozwolito na
wyznaczenie stalych spektroskopowych z mniejszg niepewnoscig. State oscylacyjne w,’ i
wlx," wzbudzonego stanu b30 zostaty otrzymane przy uzyciu metody Birge — Sponer [75], a

ich warto$ci znajduja si¢ w tabeli 4.

Uzywajac nowych statych spektroskopowych stanu b307, przy uzyciu programow
LEVEL [46] i PGOPHER [47] wykonano symulacje przejs¢ b30{,v" « X*0F,v", pokazane na
rys. 13b. Do opisu stanu b30; uzyto funkcji Morse’a

E(R) = D,{1— e P®RRIV D, 4 Epone (24)

2 2
gdzie D, = We f = /W ¢ — predkos¢ $wiatta, h - stala Plancka, ¢ — masa

4wexe'

zredukowana molekuty, R, — miedzyjadrowa odlegtos¢ rownowagowa.
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Obecnos¢ przejs¢ z wyzszych pozioméw oscylacyjnych stanu podstawowego, tzw.
,»goracych pasm” (zaznaczonych kolorem zielonym i czerwonym na rys. 13c) wskazuje na
wysoka temperatur¢ oscylacyjng w wigzce. Przy zalozeniu boltzmanowskiego rozktadu
obsadzenia pozioméw oscylacyjnych, analiza natezen ,,gorgcych pasm” pozwolita na

wyznaczenie temperatury oscylacyjnej molekut w wiazce, ktora wynosita T, = 150 K.

Uzycie wezszego spektralnie lasera pozwolito rowniez na czeSciowe rozdzielenie
struktury izotopowej i rotacyjnej (rys. 13d,e), co umozliwilo oszacowanie temperatury
rotacyjnej molekut w wigzce. Z uzyciem programu PGOPHER wykonano symulacje dla
roéznych wartosci temperatur rotacyjnych, szukajgc najlepszej zgodno$ci miedzy symulacja a

eksperymentem. Najlepszg zgodno$¢ stwierdzono dla T;.,; = 10 K.

Szczegbty eksperymentu i analizy danych znajduja si¢ w [B].

a) iy 1 1 1 | 1 1
o /"\ A -j\ A A A 32590 32595
S |b)
E M
w
|
k MM\/\/\\/\/\/\, 32622 32628
C) U"=
|2
f A I 1
32550 32600 32650
jo

Liczba falowa lasera [cm™]

Rysunek 13. (a) Widma wzbudzenia zarejestrowane z wykorzystaniem przejscia b307 (43P),v" «
X*0F(4'Sy),v" w Zn,. Eksperyment wykonano przy uzyciu nowego modutu zrodha [B]. (b) Symulacja widma
wykonana dla temperatur T,,. = 150K i T,.,; = 10 K. (¢) Poszczegblne przyczynki pochodzace od réznych
izotopologdéw Zn; dla kazdej sktadowej widma v’ « v” sktadajace si¢ na profile przedstawione w (b). Po prawej
stronie pokazano pasma z zarejestrowang, czgsciowo rozdzielong struktura izotopowo — rotacyjng (d) v’ = 2 «
v'"=0o0raz(e)v' =4 < v" =0.
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Tabela 4. State spektroskopowe w,’ i w,'x,’ stanu b307otrzymane w [B] oraz wyznaczone temperatury:
oscylacyjna T, i rotacyjna Ty

we, (Cm-l) welxe’ (Cm-l) Tosc (K) Trot (K)

20.3+0.1 0.557+0.020 150 10
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Podsumowanie

W rozprawie doktorskiej zaprezentowano wieloaspektowe podejscie do problematyki
niskich stanow rydbergowskich molekut Me, i MeRg. Po pierwsze, zostata wzbogacona wiedza
o ksztattach krzywych potencjatu oraz statych spektroskopowych stanow rydbergowskich.
Wyznaczono state oscylacyjne studni E3Xf;, w CdAr i CdKr [A], state oscylacyjne i
miedzyjadrowa odlegto$é rownowagowa studni E3Z] .. w CdAr [F] oraz stale rotacyjne stanu
E32fw CdNe [E]. Nade wszystko, wyznaczono eksperymentalnie kompletny, dwudotkowy
ksztalt potencjatu E3%F w CdAr uwzgledniajacy rowniez bariere [F], co stanowi najwazniejszy

wynik zaprezentowany w niniejszej rozprawie.

Ponadto, zostala wzbogacona metodologia badan eksperymentalnych nad niskimi
stanami rydbergowskimi. Zostata pokazana mozliwo$¢ selekcji izotopologow [A] oraz
poziomo6w rotacyjnych [E] we wzbudzeniu OODR. Pokazano rowniez, ze detekcja widm
free—bound moze by¢ pomocna w wyznaczeniu ksztaltu bariery potencjatu [F].
Najwazniejszym osiggni¢ciem doktorantki w tym zakresie jest zestawienie i przetestowanie
nowego ukladu eksperymentalnego zawierajacego modul zrodla wigzki naddzwigkowe;j
zawierajacej molekuty Zno i ZnRg [B], co otwiera droge do eksploracji ich standéw

rydbergowskich.

Po trzecie, sprawdzono mozliwos¢ eksploracji nizszych stanow molekularnych przez
symulacje widm wielokanatowej emisji z niskich stanéw rydbergowskich w CdAr i ZnAr [C].
Mozliwo$¢ realizacji eksperymentalnej zostata sprawdzona przez: uwzglednienie czynnikow
Francka — Condona i TDM we wszystkich symulowanych przej$ciach [C] oraz oszacowanie
liczby fotonow powstatych przez emisjg, ktore moga by¢ zarejestrowane przez detektor [D].
Warto podkresli¢, ze symulacje te stanowig podwaliny dla eksperymentu rejestracji emisji z
uzyciem spektrometru z kamerg CCD, ktory jest intensywnie rozwijany w Laboratorium

Spektroskopii Laserowej i Informacji Kwantowej Instytutu Fizyki UJ.
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A method of experimental selection of molecular isotopologues using optical-optical double resonance
(OODR) scheme and supersonic beam source of van der Waals (vdW) complexes is presented. Due to an
appropriately large isotopic shift, the proper choice of a wavenumber of a sufficiently narrowband laser
in the first transition of OODR scheme can lead to a selective isotopologue excitation to the intermediate

state. Thanks to this approach, it is possible to select some of the isotopologues which subsequently give
a contribution to laser induced fluorescence (LIF) signal originated from the final state of OODR. In this
article, results of tests of the proposed method that employs the E>S} « A3TI: « X!Zo. transitions in
two vdW complexes, CdKr and CdAr, are presented and analysed.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

[sotope-selective laser excitation with subsequent photochemi-
cal reactions represent low-cost processes that have already been
proved feasible in laboratory experiments devoted to the devel-
opment of isotope-separation techniques. The increasing demands
exist for fundamental research in physics and chemistry laborato-
ries but also for the practical use of atom isotopes and molecular
isotopologues in medicine, biology, geology, hydrology or nuclear
power industry [1,2].

As already shown, the isotopologue-selective laser excitation of
molecules can be based e.g., on difference of rotational period be-
tween 79Br, and 8!Br, as demonstrated by Akagi et al. [3] laser
molecular alignment as proposed for N, and "N, by Fleischer
et al. [4], molecular spinning by a chiral train of short laser pulses
as reported by Floss and Averbukh [5], or quantum control of
the rovibrational excitation including both radial and angular mo-
tions as demonstrated theoretically for 7Li3’Cl and ’Li3°Cl mix-
ture by Kurosaki and Yokoyama [6]. As far as the isotopologue-
selective laser excitation is concerned, the process can also be sim-
ply demonstrated in the first step of optical-optical double res-
onance (OODR) scheme using the E3X (63S1) < A3Ty+ (5°P;) <
X120+ (51Sg) transitions in CdRg (Rg=Ar or Kr) van der Waals
(vdW) complexes produced in a supersonic expansion beam. Sub-

* Corresponding author.
E-mail addresses: tomek.urbanczyk@uj.edu.pl, tomek_urbanczyk@op.pl (T.
Urbaficzyk).
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sequently, the effect of selective excitation can be examined using
the second-step transition from the A3T1,: intermediate to the Ry-
dberg E3El+ final state. The Rydberg electronic energy state E3Z]1+
(ie, E3X* or E31 in Hund’s case-a or case-c, respectively) corre-
lating with the 5s6s3S; atomic cadmium asymptote was spectro-
scopically studied in CdAr and CdKr vdW complexes by several au-
thors [7-12]. In both complexes, the E3El+—state potential possess a
double-well structure (as concluded also from ab initio calculations
[13]), with deeper (inner, E;,) and shallower (outer, Equt) wells. In
order to demonstrate the isotopologue-selective laser excitation, it
is essential to explore the energy structure of the E32)1+ <« A3+
transition in both CdAr and CdKr.

Bennet and Breckenridge |[7] studied the isotopic struc-
ture of five (v’ = 6— 10) vibrational profiles recorded in the
e3 T+ (V') « b3, (v” = 0) transition in CdAr (their e3 =+ corre-
sponds to the E3 X7, in this article). However, in their investigation
the lower b3I1, state correlating with the 5s5p3P, asymptote was
populated in a nonselective excitation what can be treated as a
drawback of the method. As a result, spectroscopic constants for
the e3 X *-state inner well were reported.

Using pump-and-probe method in conjunction with a continu-
ous supersonic expansion of CdAr, Czajkowski et al. [8] character-
ized the E31-state inner well. In the excitation, as an intermedi-
ate they employed the A30*-state (A3TT in Hund’s case-a) corre-
lating with the 5s5p3P; asymptote. In the A30* state, vibrational
level v” = 5 was used. Czajkowski et al. determined a distinct
non-Morse behaviour of the E31;, -state potential well close to
the dissociation limit. The E314y -state well was omitted in the
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analysis. Both, the E31-state inner and outer wells were studied
in CdAr by Koperski and Czajkowski [9] using the same experi-
mental approach as in previous study [8]. In order to extend the
E31-state characterization, as additional intermediate they used the
B31 state (B3X * in Hund’s case-a) that correlates with the same
5s5p3P; asymptote as does the A30*, however, possessing longer
bond length R.’. The extended approach allowed for exploration
(with a limited resolution though) of the vibrational energy struc-
ture in the E31,yc-state well. Neither isotopic nor rotational struc-
ture of the vibrational bands was resolved. Characterization of the
E31-state inner and outer wells, along with a position and height
of the barrier, and long-range potential characteristics were deter-
mined. As the frequencies of the E31(v’) < A30*(v” = 5) pro-
gression reported [9] did not correspond to those of Czajkowski
et al. [8], and the E31;, -state dissociation energies Dy’ (and well
depths D¢’) differed [7-9], additional investigations were carried
out.

Urbaficzyk et al. [10] partly extended exploration of the
E3X +,,-state well in CdAr and investigated also the isotopic struc-
ture of three (v’,v” = 5) vibrational bands in the E3X+;, <«
A3TI transition. In their analysis, an influence of rotational energy
structure of the studied bands was included. Several vibrational
and rotational characteristics were determined. For the E3X + oy
-state well, isotopic structure of seven (v’,v” =1) vibrational
bands in the E3X+ « B3X* transition were investigated improv-
ing characterization of the outer well.

Further studies of the E3X * ., -state well in CdAr and new
determination of its bond length R.’ by Urbanczyk and Koper-
ski [11] provided its satisfactory characterization. On the contrary,
in view of several inconsistencies between results of studies of
the E3 X, -state well, Urbaficzyk et al. [12] performed revisited
investigation of the E3X; . (v') « A*Ily+ (v” = 6) transition in
CdAr using both theoretical and experimental approach. Systematic
detection of the v/ « v” = 6 transition frequencies performed
with higher accuracy and with spectrally narrower laser than in
previous studies [8-10], extended and improved analysis of the
spectrum and its simulation, and resulted in more consistent char-
acterization of the E321+ in-State well with the help of inverse per-
turbation approach (IPA) methodology.

As far as CdKr is concerned, the E3% * -state inner and outer
wells were studied by Koperski and Czajkowski [14]| using the
same experimental approach as that employed in the study of
CdAr [9]. In order to perform the characterization as thorough
as possible, both intermediate states i.e., the A30t(v” = 9) and
B31(v” = 1) were used. The approach allowed for exploration
(again with a limited resolution) a vibrational energy structure in
the E3X *-state inner and outer wells. Neither isotopic nor ro-
tational structure of the vibrational bands was resolved. Charac-
terization of both E3X * -state potential wells, along with a posi-
tion and height of the barrier, and long-range potential characteris-
tics were proposed. Isotopic structure of the E3 Erin(u’ = 21) <
A3Tly+ (v” = 9) transition was investigated by Urbanczyk et al.
[10] extending the E3X *-state characterization of the previous
study [14].

2. Experimental

The experimental set-up for studying vdW complexes using
OODR scheme is based on that used in our previous studies of
CdRg complexes [15,16]. Here, we limit the description to nec-
essary details. The scheme is presented in Fig. 1. In the exper-
iment, CdRg (Rg=Kr or Ar) complexes were produced using a
high-temperature, high-pressure pulsed source of the supersonic
molecular beam [17]. The source was filled with cadmium pellets
(purity 99.95%, natural abundance, Aldrich) and a carrier gas of
high purity at a pressure from 3 bar to 6bar was used (Ar or Kr,

Fig. 1. Experimental scheme used in OODR experiment. (1) High-temperature,
high-pressure, pulsed source of supersonic molecular beam. (2) Vacuum chamber.
(3) YG981C pulsed Nd*:YAG laser. (4) Frequency-doubled TDL90 tuneable dye laser
(first-step excitation in OODR scheme). (5) Powerlite 7010 pulsed Nd+:YAG laser.
(6) TDL9O tuneable dye laser (second-step excitation in OODR). (7) R585 PM tube

screened from the UV radiation and recording fluorescence from the final E3)31+in
Rydberg state. (8) Auxiliary 9893QB/350 PM tube recording fluorescence from the
intermediate A3TTp. state. (9) WSU30 wavemeter. (10) DG645 digital delay genera-
tor used for time synchronization of the pulsed beam source, Nd*:YAG lasers and
triggering of the oscilloscope. (11) TDS 2024B oscilloscope averaging signals from

the PM tubes.

99.999%, Linde Gas). In OODR scheme two laser systems are ap-
plied. First system, a frequency-doubled Nd*:YAG-laser-pumped-
dye-laser (YG981C-TDL90, Quantel) was employed to excite com-
plexes in the beam from the ground X!Xy+ to the intermediate
ATy state.

Second system, Nd+: YAG-laser-pumped-dye-laser
(Powerlite7010-TDL90, Continuum-Quantel), served for further
excitation from the A3[y. to the final E3X  state. Thanks to
this approach, it was possible to excite the E3E]Jr ., State which
otherwise is difficult to reach using one-step excitation (in CdRg,
excitation energy of the E3X state is about 50,000 cm~! which
corresponds to 200nm). The two dye-laser beams were directed
into a vacuum chamber (PREVAC) pumped with two rotary pumps
(Trivac D25B, Oerlikon Leybold Vacuum) and two diffusion pumps
(VHS-4, Varian). In the chamber, the laser beams intersected the
molecular beam at a distance of 18 mm from the source nozzle
(0.2 mm orifice diameter). To synchronize the pulsed beam source
and the laser pulses, a digital delay generator was employed
(DG645, Stanford Research Systems). Laser induced fluorescence
(LIF) signals were registered using two photomultiplier (PM)
tubes. For the auxiliary purposes, LIF signal resulting from the
A3Tlg+ < X1Xg+ transition was monitored using first PM tube
(9893QB/350, Electron Tubes) whereas that resulting from the
E3%} . <« ATy transition was recorded using second PM tube
(R585, Hamamatsu), screened from the UV radiation. During
OODR experiment, the wavenumbers of the first- and second-step
excitation lasers were fixed and tuned (0.04-0.3-cm~! steps),
respectively. For each tuning step, the signal from the second PM
was averaged over 64 laser pulses in oscilloscope (TDS 2024B,
Tektronix) and the resulting averaged waveform was saved in a
computer memory along with additional experimental parameters
including wavenumbers of the second-step excitation laser mea-
sured by a precise wavemeter (WSU30, HighFinesse). To obtain
the resulting spectrum from the collected waveforms, during data
analysis process each registered waveform was integrated within a
selected integration window (usually 2-ps wide, starting 1 ps after
the second-step excitation laser pulse). Details of the integration
process can be found elsewhere [18].
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Fig. 2. (a) LIF excitation spectrum of the A3Igp: (v’ =9) « X'Zg: (v =0) tran-
sition in CdKr complex. (b) Simulation of the experimental spectrum performed
using PGOPHER program and assuming Ty, = 4K, Gauss and Lorentz broadenings:
Acauss=0.1cm~! and Ajpg=0.1cm~'. Lower- and upper-state rotational con-
stants B, and D,, and transition energies computed using LEVEL program for the
A3T1y: and X' y. -state potential characteristics (see Table 1). (¢) Contributions to
the simulation shown in (b) originating from different isotopologues with abun-
dances o > 1%. (d) Positions of the first-step excitation laser wavenumbers E; used
in comparison presented in Fig. 3. Black vertical solid line and grey rectangle rep-
resent the laser wavenumber which is most suitable for one isotopologue excita-
tion in the A3Tly. state (compare with Figs. 3 and 4) and the laser bandwidth
(£0.1 cm~1), respectively. (For interpretation of the references to colour in the text,
the reader is referred to the web version of this article.)

3. Method of isotopologues selection

To understand the idea of isotopologues selection as well as
shapes of LIF excitation spectra resulting from excitation of the
final electronic energy state in OODR scheme (here, the E3 Erin
state), one should examine the shape of LIF excitation spectrum
resulting from the transition to the intermediate A3I1y+ from the
ground X'y, state. Fig. 2 presents the experimental LIF excita-
tion spectrum of the A3TIy+ (v” =9) « X! X+ (v = 0) transition
in CdKr (red trace) and its simulation (blue trace) obtained with
the help of LEVEL [19] and PGOPHER [20] programs (using parame-
ters shown in caption of Fig. 2 and Table 1). Black traces show con-
tributions to the simulation (b) originating from particular isotopo-
logues (only these with abundance « larger than 1% were shown
for clarity).

Positions of the first-step excitation laser (wavenumbers E;)
used during recording of the spectra presented in Fig. 3 are shown
in Fig. 2(d) (vertical solid line and grey rectangle indicate laser
wavenumber and bandwidth for position (2), respectively). From
Fig. 2 it is obvious that each region of LIF excitation spectrum of
the first-step A3TIy+ < X!'X,+ transition can be associated with
different group of A1Cd”2Kr isotopologues. Particularly, in the low-
wavenumber part of the spectrum the observed maxima in the ex-
perimental profile can be associated with excitation of few isotopo-
logues only. For instance, the maximum near 30,557.6 cm~! can
be associated with excitation of mainly "#Cd86Kr isotopologue (see
position 2 and vertical solid line in Fig. 2(d)). Due to the fact, that
in OODR scheme the wavenumber of first-step excitation laser is
fixed and the spectral bandwidth of this laser is relatively narrow
(see grey rectangle depicting the assumed bandwidth +0.1 cm™1)
only a limited number of isotopologues can be excited to the in-
termediate A3TTy: state and contributes to LIF signal that results
from the second-step E3X}. <« A3Tly+ transition. In other words,
selecting the first-step laser wavenumber of the A3I1g+ « X! Zg+
transition, one can select isotopologues contributing to LIF signal

Table 1

Spectroscopic characteristics of the X! Xo., A*Tlo+ and E*Z;,  states in CdKr
complex. All values are expressed in [cm~'] except R, and B which are ex-
pressed in [A] and [A~1], respectively. For the E321+in-state potential, due to
a significant non-Morse behaviour near the dissociation limit, presented char-
acteristics are valid only for v’ near the bottom of the potential well.

X! . AT, B,

we 18.1+0.5¢ 36.95+0.05¢ 91.1+0.50¢

90.97+1.00¢
WeXe 0.5+0.01° 0.615+0.005¢ 1.4240.04¢

1.374+0.030¢
Re 4.27¢ 3.34+0.03¢ 2.99+0.05¢
D, 163.8+5.0° 555.0+0.5¢ 1461.14+9.0¢
B 1.1971° 1.32774 2.0174¢
Morse potential asymptote 0 30663.8" 51321.8"

a Ref. [21].

b Obtained using formulas D, = %fxs and 8 =,/ m% and character-
istics from Ref. [21].

¢ Ref. [10].

d Obtained using formulas from “b” and characteristics from Ref. [10]

¢ This work, based on experimental data; vibrational constants obtained
using agreement plot [11,12] for 8 vibrational components v’ (from range
v’ = 0-18) which were recorded applying selective excitation of "Cd36Kr
isotopologue.

f This work, based on experimental data; the obtained asymptotes are dif-
ferent (by +7.7 cm~! and -162.2 cm~! for the A3Tlo. and E3X},  states, re-
spectively) from the atomic asymptotes [24] due to a non-Morse behaviour
of their interatomic potentials near the asymptotes; the energy shifts were
adjusted to obtain agreement between simulations and absolute energies of
the observed vibrational components.

M
e
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Fig. 3. Experimental LIF excitation spectra (red traces) of the E3E]+m(u’ =18) <
A3T1y: (v”=9) transition in CdKr recorded using OODR scheme for different laser
wavenumbers (E;) of the first-step excitation A3[gy: (V" =9) « X' Zg: (v = 0).
Numbers adjacent to the E,’s correspond to the positions depicted in Fig. 2(d) where
the E;’s are shown with respect to the experimental LIF excitation spectrum of
the A3Ty: (V” =9) < X' Zg. (v = 0) transition. Simulation shown in part (2) (blue
trace) is described in detail in Fig 4. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Table 2

List of isotopologues A1 Cd*Kr with abun-
dances « larger than 1%. Reduced mass p
and « are expressed in [atomic mass units]
and [%], respectively.

Aq A A1+A; o %

10 82 192 1.45 46.933
111 82 193 1.48 47115
10 83 1.44 47.260
12 82 194 2.80 47.294
111 83 147 47.444
110 84 7.12 47.582
13 82 195 1.42 47.472
12 83 2.77 47.626
111 84 729 47.769
14 82 196 333 47.648
13 83 141 47.806
12 84 13.75 47953
110 86 2.16 48.218
14 83 197 3.30 47.985
13 84 6.96 48.136
m 86 2.21 48.410
114 84 198 1637  48.317
12 86 417 48.600
113 86 199 211 48.787
16 84 200 427 48.673
14 86 4.96 48.973
116 86 202 1.29 49.339

resulting from the E3X;, <« A3Ilo+ transition. It has to be em-
phasized that the isotopologues selection has a tremendous impact
on the shape of the observed excitation spectra. It is clearly visi-
ble in Fig. 3, which shows shapes of LIF profiles recorded using
the E321+ n < ATy, transition for seven different first-step laser
wavenumbers E; (for more details see Section 4.1). The method of
isotopologues selection may be applied to other complexes with
rich isotopic structure. The only requirement is an existence of
an appropriately large isotopic shift that can be resolved using
laser with sufficiently small bandwidth in the first-step of OODR
scheme.

4. Results and discussion
4.1. CdKr

In CdKr complex reduced mass p is relatively large and
the strongest vibrational component in uv’-progression of the
A3+ (V") < X1Zg+ (v = 0) transition occurs for the v” = 9.

As the isotopic shift increases with increasing v”, the magni-
tude of the isotopic shift in LIF excitation spectrum of this transi-
tion is sufficiently large. Moreover, due to the fact that CdKr com-
plex has a significant number of isotopologues (i.e., 22 with abun-
dance o >1%, compare with Table 2), the CdKr is a good candidate
to apply the isotopologue selection method using OODR scheme.
Fig. 3 presents LIF excitation spectra of the E3El+in(v’ =18) «
A3Tly+ (V" = 9) transition in CdKr recorded for different laser
wavenumbers E; of the A3[Iy+ (v” = 9) « XX+ (v =0) first-
step transition of OODR scheme (compare positions from 1 to 7
in Fig. 3 with those in Fig. 2(d)). From Fig. 3 one can conclude
that the laser wavenumber E; has a large impact on the shape of
the recorded LIF excitation spectrum originating from OODR final
state. The complexity of the spectrum increases with increasing
E;. The reason for this is the fact, that with increasing E; larger
number of isotopologues is excited to the A3ITy: state contribut-
ing to the complexity of the LIF spectrum. From Fig. 2 one can
infer that most preferable separation of isotopologues occurs for
E;=30,556.90 cm~! (see position 1). In this case, only 16Cd86Kr
is excited to the A3IIy: state. Unfortunately, the abundance of
16Cd86Kr isotopologue in the molecular beam is small (o =1.3%,

Table 3

Rotational characteristics (all ex-
pressed in [cm~!]) of several
lowest v’ levels in the E*X, -
state inner potential well of
14Cd86Kr isotopologue, obtained
using of LEVEL program [19]
under an assumption that the
E3X], -state potential is rep-
resented using constants from
Table 1 (see footnote®).

v By, D, x 1077
0 003828 02980
1 003782  0.3081
2 003736 03189
3 003689  0.3305

see Table 2), thus, the signal-to-noise ratio (SNR) in the spectrum
of the E3X}, (V' =18) « ATy« (v = 9) transition is also low
(refer to position 1 in Fig. 3). For E;=30,557.58 cm~! (position 2
in Fig. 3), "4Cd86Kr and '6Cd86Kr, with relatively small admixture
of 13Cd®Kr, are excited to the A3Tly+ state. However, due to a
large abundance (« =5.0%), #Cd8Kr dominates in the spectrum.
Concluding, to record the spectrum for primarily one isotopologue
with reasonable SNR, E;=30,557.58 cm~! should be considered as
the most appropriate option.

Further increase of E; usually leads to more complex spectra.
For example, for E;=30,561.06 cm~! (position 6 in Figs. 2 and 3)
several abundant isotopologues make a significant contribution to
the spectrum. One exception from the presented rule occurs for
E;=30,559.35 cm~! (position 4 in Figs. 2 and 3) when the contri-
bution from ¥Cd84Kr is much stronger than that from other iso-
topologues.

Simplification of LIF excitation spectrum by reducing number of
excited isotopologues greatly simplifies further simulation. In some
cases it might also allow to partially resolve the rotational struc-
ture of a vibrational component, which would be difficult (or even
impossible) without the isotopologues selection, due to the over-
lap of the spectra originating from different isotopologues. Using
spectrally narrowband laser in the first-step excitation has also an
impact on a distribution of the populations of intermediate-state
rotational levels. In other words, if the first-step excitation laser
is sufficiently narrow only a selected group of rotational levels J
in the A3+ state is populated. It is evident that by narrowing
the spectral bandwidth of the first-step excitation laser, one can
restrict the range of J in the intermediate state without manipu-
lating of rotational temperature Tyo. Therefore, also LIF spectrum
originated from the E3 21* i State contains contribution only from
the selected range of J.

Red traces (a) in Fig. 4 present experimental LIF excitation
spectra with partially resolved rotational structure recorded for
three vibrational components (v = 0, v/ = 3and v’ = 18)
of the E>X, (V) « AMp+ (v” = 9) transition recorded with
the selection of 4Cd36Kr isotopologue (E;=30,557.58 cm~!, po-
sition 2 in Fig. 2). Simulations of these profiles (black traces)
were obtained using LEVEL [19] and PGOPHER [20] programs, un-
der assumption that interatomic potentials of the E3Z1+ i, and
A3T1,+ states are represented with Morse functions (parameters
in Table 1), T;ot=4.5K (for v/ = 0and v’ = 3), Tyt = 15K (for
v/ = 18), Gauss and Lorentz broadenings: Acayss=0.1 cm~! and
Aor=0.1 cm~!, and minimum and maximum rotational quan-
tum numbers considered in the simulation J;, =0, Jmax = 15 (for
v/ =0and v/ =3)and Jp, =7 Jmax =20 (for v/ = 18). The ro-
tational constants B, and D,, for several low-lying v’ levels of the
E3El+in state are collected in Table 3. The determined rotational
constants, that improved characteristics of the E32]1+ q State in
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Fig. 4. (a) Experimental LIF excitation spectra (red traces) of the E321+m(u’) <«
A3T1y: (v”=19) transition recorded for v’ =0 (upper part), v’ =3 (middle part)
and v’ =18 (lower part) in "¥Cd®Kr isotopologue (E;=30,557.58 cm~!, posi-
tion 2 in Fig. 2). For v’ = 18 compare also part (2) in Fig. 3). (b) Simulations
(blue traces) performed using PGOPHER program assuming lower- and upper-
state rotational constants B, and D,, and transitions energies obtained using
LEVEL program based on characteristics of the E? ¥, and A3T1y. state potentials
from Table 1, and assuming Tyt =4.5K (v'=0andv’ =3), T,e=15K (v’ = 18),
Jmin =0, Jmax =15(v' = 0and v’ = 3) and Jiin=7, Jmax=20 (v’ = 18). For all
simulations: Agayss =0.1 cm~! and Ajpog =0.1 cm~'. (c) Simulated distributions of
P-, Q- and R-branch components represented by black, red and blue bars, respec-
tively. For the sake of comparison, for all v’ the range of horizontal axis was unified
(6 cm™'). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

comparison to Ref. [10], were obtained using LEVEL program based
on representation of the interatomic potential with constants from
Table 1.

4.2. CdAr

The isotopologue selection can also be observed in CdAr com-
plex. In comparison with CdKr, naturally abundant CdAr expanding
in the beam consists of smaller number of 41Cd”2Ar isotopologues
(7 instead of 22 with o > 1%, see Table 4).

However, due to smaller u and lower v’ = 6, for the
ATl (V') < X1Zg+ (v = 0) transition, the isotopic shift is
smaller than for analogous transition in CdKr (refer to Fig. 5).
Red trace in Fig. 5 shows experimental LIF excitation spectrum
of the A3Ty+ (v’ = 6) « X!Zp+ (v = 0) transition while blue
trace presents a simulation of the spectrum performed using PGO-
PHER program (with spectroscopic parameters shown in figure

Table 4

List of isotopologues A1Cd*2Ar with abun-
dances « larger than 1%. Reduced mass p
and « are expressed in [atomic mass units]
and [%], respectively.

Aq A A1+A; o I
106 40 146 125 29.014
110 40 150 12.44 29.306
m 40 151 12.75 29.377
112 40 152 24.03 29.447
113 40 153 1217 29.515
114 40 154 28.62 29.583
116 40 156 746 29.717
1 2
d) ]
112Cd40Ar
113Cd40Ar
S
© 1140d40Ar
L 111 40
w Cd™Ar
-
110Cd40Ar
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Fig. 5. (a) LIF excitation spectrum of the A3[y (v’ = 6) «
X'Zo+ (v = 0) transition in CdAr complex. (b) Simulation of the experimen-
tal spectrum performed using PGOPHER program and assuming Ty =5 K, Gauss
and Lorentz broadenings: Acayss=01cm~! and Aog=0.15cm~'. Lower- and
upper-state rotational constants B, and D,, and transition energies computed
using LEVEL program for the A3T1y. and X'X,. -state potential characteristics (see
Table 3). (c) Contributions to the simulation shown in (b) originating from different
isotopologues with abundances o > 1%. (d) Positions of the first-step excitation
laser wavenumbers E; used in comparison presented in Fig. 6. Black vertical solid
lines and grey rectangle represent the first-step laser wavenumbers used in OODR
scheme and laser bandwidth (+0.1 cm~1), respectively.

caption). Black traces on the bottom part of the figure show contri-
butions to the simulation from particular 41Cd?2Ar isotopologues.

Black vertical lines and grey rectangles in Fig. 5(d) show laser
wavenumbers of the first-step excitation in OODR scheme that
were used during the experiment and the assumed laser band-
width (£0.1 cm~1), respectively. For the first-step wavenumber
E;=30,625.60 cm~! (position 1 in Fig. 5(d)), "6Cd*°Ar with small
admixture of 4Cd*0Ar is excited to the A3Ily: intermediate
state. For E;=30,626.16 cm~! (position 2 in Fig. 5(d)), three iso-
topologues (14Cd*Ar, 2Cd*0Ar and 3Cd*Ar) can be efficiently
excited. For the same E;, three other isotopologues (16Cd%0Ar,
M cd40Ar and '9Cd40Ar) are possible to be excited but the ef-
ficiency of this process is significantly smaller, especially for
M cd49Ar and 19Cd*0Ar (refer to Fig. 5(c)). Thus, one can foresee,
that for E; =30,626.16 cm~! the spectrum originated from the final
state of OODR should be more complex than these recorded upon
the first-step excitation using E; =30,625.6 cm~!.

The prediction was confirmed experimentally and the result
is presented in Fig. 6. Red traces show experimental LIF ex-
citation spectra of the E3X;, (v =2,6,13) « A3l (v” =6)
transitions recorded for FE;=30,626.16 cm~! (position 2 in
Fig. 5(d)) whereas black traces present spectra recorded for
E;=30,625.60 cm~! (position 1 in Fig. 5(d)). Simulations of the
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Fig. 6. (a) and (b) Experimental LIF excitation spectra of the
EXf (v = 26,13) « A’llp: (v = 6) transitions in CdAr recorded us-
ing OODR scheme. For spectra in (a) (red traces) the first-step laser excitation
wavenumber: E; =30,626.16 cm~! (position 2 in Fig. 5(d)) resulting in excitation to
the A3y state mainly "#Cd*°Ar, "2Cd*°Ar and "3Cd*°Ar with small admixture of
16Cd4Ar. For spectra in (b) E;=30,625.60 cm~! (position 1 in Fig. 5(d)) resulting
in excitation mainly "6Cd*°Ar with small admixture of "Cd%°Ar. In case of the
v = 13 <~ v” = 6 transition, the spectrum of the v/ = 13 < v” = 5 transi-
tion collected using a continuous beam source [10] is shown for comparison (grey
trace). The spectrum was rescaled by 3.12% to compensate the difference in isotopic
shift due to a different v” and shifted along horizontal axis to compensate the
difference between energies of v” = 6 and v” = 5 levels in the A3TIy. state. (c)
Simulations of the experimental spectra shown in (b) performed using PGOPHER
program and assuming lower- and upper-state rotational constants B, and D,
and transitions energies computed using LEVEL for the A3Il,. -state potential
characteristics (see Table 3) and E321+m—state potential as result of IPA method
[12]. All simulations were performed assuming: Tit=4.5K, Acayss=0.1cm~1,
Apr=01cm~" and Jpax = 10. (d) Simulated distributions of P-, Q- and R-branch
components represented by black, red and blue bars, respectively. For the sake
of comparison, for all v’ the range of horizontal axis was unified (9.5 cm~!).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

spectra shown in traces (b) were performed using LEVEL and PGO-
PHER programs and are shown with blue traces. In the simula-
tions, the A3T1,. -state potential characteristics from Table 5 were
employed. Note: for the E3231+ i, State, potential obtained using
IPA method was used [12], whereas in Table 5 for the E3E1+in
state Morse potential characteristics are collected, which can be
treated as approximation (the characteristics were used to con-
struct initial potential used in IPA method). Comparison of the ex-
perimental spectra in Fig. 6, recorded for two different E; used

in the first-step excitation (traces (a) and (b)), illustrates that

Table 5

Spectroscopic characteristics of the X'Xo., A3Ilo. and E*X], states in CdAr
complex. All values are expressed in [cm~!] except R, and B8 which are ex-
pressed in [A] and [A-1], respectively. For the E3E]+m -state potential, due to
a significant non-Morse behaviour near the dissociation limit, presented charac-

teristics are valid only for v’ near the bottom of the potential well.

X! Zo- ATy EBxr
We 19.8¢ 37.51+0.30¢ 106.5+0.3¢
WeXe 0.93° 1.098+0.020°  2.16+0.02¢
Re 4.31£0.02°  3.51+0.03¢ 2.850+0.005¢
D, 102.8+0.4°  320.4+5.0¢ 1312.8+14.2'
B 1.2775¢ 138814 1.9469°
Morse potential asymptote 0 30656.13 51538.25¢
@ Ref. [22].
b Ref. [23].
¢ Ref. [12].

d Obtained using formulas D, = %fxe and g =,/ 8o and characteristics
from Ref. [12].

e Ref. [10].

f Obtained using formulas from  and characteristics from Ref. [10].

& This work, based on experimental data; the obtained asymptote is differ-
ent (by +54.25 cm~') from the atomic asymptote [24] due to a non-Morse be-
haviour of its interatomic potential near the asymptote; the energy shift was
adjusted to obtain agreement between simulation and absolute energies of the
observed vibrational components.

for all three v’ there is an evidence of 6Cd40Ar excitation for
both E;. However, in case of excitation using E; =30,625.60 cm™!
(traces (b)), "16Cd*0Ar strongly dominates the spectrum, whereas in
case of E;=30,626.16 cm~! (traces (a)), the intensity of LIF signal
associated with 6Cd40Ar is significantly smaller (compare with
Fig. 5(c)). It is also worth to mention, that the shape of spec-
trum (a) for v/ = 13 is in an agreement with previous result from
our laboratory [10] (see Fig. 3 (I) there). The agreement should be
noted despite the 20-cm~! shift associated with different selection
of v” in the intermediate AT+ state (6 in this work and 5 in
[10]) and more precise determination of laser wavenumbers than
that done previously [10]. For the comparison, in the lowest part
of Fig. 6, an additional trace was added (in grey) which presents
the experimental spectrum of the (v’ = 13) « (v” = 5) transition
reported in [10] for CdAr. To compensate the difference in iso-
topic shift due to different v”, presented spectrum was rescaled by
3.12%. The spectrum was also shifted along horizontal axis to com-
pensate the difference between energies of the v/ =6 and v’/ =5
levels in the A3Ily+ state.

5. Conclusions

In this article we presented a method of experimental selec-
tion of molecular isotopologues using optical-optical double res-
onance (OODR) scheme applied to CdRg (Rg=rare gas) van der
Waals (vdW) complexes expanded in a supersonic beam. The iso-
topologue selection was realised at the first-step transition but
revealed itself in LIF excitation spectra recorded using transition
of the second-step of OODR. Due to the isotopic shift between
different isotopologues of the studied CdRg complexes, by em-
ploying laser with sufficiently small spectral bandwidth, using
transition between the ground and intermediate state of OODR
scheme one can excite only selected isotopologues present in
the molecular beam. The method was demonstrated using the
E3%f, < A3Tlg+ < XX+ transitions in CdKr and CdAr com-
plexes. In Fig. 3 we demonstrated an influence of selection of a
wavenumber of the first-step excitation laser (which was used to
excite complexes from the X! Sy to the intermediate A3I1y+ state)
on LIF excitation spectrum recorded using the E3X}. <« A3TIy«
transition in CdKr complex. Limiting the number of isotopologues
participating in the LIF signal leads to simplification of the ob-
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served spectra and consequently, simplifies the simulation process
which was presented in Fig. 6.

The benefits of isotopologues selection are also clearly visible
by comparison of results of this work with results of our previous
analysis of the E321+in « A3Tly transition in CdRg molecules [10].
Due to employing of the isotopologues selection method, spectra
presented in this work were collected with partially resolved rota-
tional structure (see traces c) and d) in Figs. 4 and 6, respectively),
whereas in Ref. [10] only the isotopic structure was resolved and
the rotational structure manifested itself in the shapes of observed
spectra only. The spectra presented in Ref. [10] were collected us-
ing the first-step excitation laser with considerably wider band-
width than in case of this study. In the previous experiment [10],
we set the frequency of first-step excitation laser at the frequency
of the bandhead of the first-excitation transition. Neglecting the
fact, that in Ref. [10] and in this study we used different v” in
the intermediate state (v” = 6 and v” = 5, respectively), one
can assume that the method of first-step excitation used in Ref.
[10] is similar to this of setting the first-step laser to position 5
in Fig. 2 (CdKr) and position 2 in Fig. 5 (CdAr) in the present
study (in a sense of the first-step laser frequency with respect to a
shape of the profile resulting from the first OODR transition). LIF
spectra originated from the E3Efri state which were presented
in Ref. [10] contain contributions from a larger number of iso-
topologues. The comparison of the previous results with these of
the present study shows that the recorded spectra are similar in
character. It is presented in the lower part of Fig. 6(a) for the
E3%f. (V' =13) « A%y transition in CdAr molecule.
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ABSTRACT

Expansion of Zn; or ZnRg (Rg = rare gas atom) in a molecular supersonic beam constitutes a considerable technical challenge due to the
high zinc melting point and high zinc reactivity with stainless steel at high temperatures. In order to overcome these difficulties and meet the
requirements for spectroscopy of van der Waals molecules containing zinc, a high-temperature source-module of the supersonic molecular
beam for aggressive elements was designed. The module was tested in the laser-induced fluorescence excitation spectroscopy experiment
using the b*0;, (43P1) - )(10;r (4'Sp) bound < bound transitions in Zn,. The new source-module can be used for other aggressive elements

for which a laser-vaporization technique has been used to date.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127809

I. INTRODUCTION

Laser spectroscopy of metal-containing dimers or clusters in
supersonic expansion beams requires production of metal-vapor
at a sufficient partial pressure. In the past, three approaches have
been used: (i) heating of a metal sample at temperatures consider-
ably higher than its melting point to provide sufficient metal-vapor
partial pressure,’ (ii) metal vaporization by irradiation with a high-
power pulsed laser before expansion,” and (iii) photolysis of a metal-
containing larger complex by an excimer pulsed laser downstream of
the source orifice.” However, the first technique allows production
of molecules or clusters only in their ground state. It considerably
simplifies the laser excitation schemes and, what is more important,
facilitates the interpretation and analysis of the spectroscopic data.

Stainless steel is an inexpensive material widely used in the pro-
duction of molecular beam source-modules. It is easy to weld and
mechanically machine. However, there exist metal elements that in
melted form, due to the high reactivity of their vapors, lead to a
rapid degradation of stainless steel construction elements. Thus, the
manufacture of the beam source-module for those “reactive” metals
requires using materials with appropriate chemical resistance and
compatibility.

Another problem is high temperature that has to be applied to
achieve a sufficient metal-vapor partial pressure. In molecular spec-
troscopy, induction heating is not an option due to the presence of
an inhomogeneous magnetic field causing undefined shifts of molec-
ular spectral lines. Another method is an electron-beam heating, but
it is not proposed here. The option that is used in our laboratory
is a resistance heating. In this case, a small size of heated elements,
and thus a small area for winding of resistance wires, determines a
requirement for well-designed geometry and precise construction of
the beam source-module.

Zinc is subjected to both criteria of the difficulty mentioned
above: stainless-steel high-temperature degradation while in con-
tact with zinc vapor and considerably high melting point (692.7 K)
as compared with two other 12-group metal elements (Cd and
Hg with their 594.2 K and 234.3 K melting points, respectively).
As a 12-group metal, zinc is characterized by closed-shell elec-
tronic configuration, and along with 18-group rare-gas elements (Rg
= He, Ne, Ar, Kr, and Xe), it is a good candidate to form van
der Waals (vdW) molecules. However, due to the above-mentioned
experimental difficulties, vdW molecules such as Zn, and ZnRg
have been less intensively investigated as compared with Hg," and
Cd,,” or CdRg' and HgRg.' Nevertheless, in the previous studies of
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complexes containing zing, to overcome difficulties associated with
stainless steel degradation, a molybdenum source-module was
applied in, e.g., an investigation of laser-induced fluorescence (LIF)
excitation spectra of the C'1(4'P;) « X'0%(4'S) transition in
ZnNe,’ the D'Z¢(4'P)) « X123(4ISO) transition in ZnRg (Rg
= Ne, Ar, Kr), and the b301+,(43P1) -« X10§(4180) transition
in Zn,,” and LIF emission spectra recorded using the C'1(4'Py),

v’ =10 - X'0%(4'Sy) transition in ZnAr.” However, due to difficul-
ties associated with a necessity of machining and welding, molyb-
denum was temporarily abandoned as a material for the source-
module production. Instead, other researchers employed a laser
vaporization technique in the investigation of LIF excitation spec-
tra of the C'TI; « X! T¢ transitions in ZnAr," ZnKr," and ZnNe,”
as well as the D'S{ « X'ZJ transition in ZnXe," stumbling with
ambiguities in spectra interpretation and analysis, however.

A preferable material suitable for the production of the super-
sonic molecular-beam source-module for aggressive and high-
temperature-melting metal elements is graphite. It is due to its sev-
eral advantages: (i) high sublimation temperature—between 3895 K
and 4020 K under 1.013 bars (1 atm) pressure,’" (i) low ther-
mal expansion, and thus high thermal shock resistance,” (iii) good
chemical compatibility with numerous melted metals,'° e.g., Zn, Sn,
and Pb, (iv) very good machining properties, and (v) relatively high
thermal conductivity'’ that allows for an efficient heat transfer. A
variety of graphite sources were used by other researchers in their

ARTICLE scitation.orgljournal/rsi

FIG. 1. (a) High-temperature source-module of the contin-
uous supersonic molecular beam designed for aggressive
elements: (1) nozzle, (2) capillary passage in the nozzle-
cap, (3) graphite nozzle-cap, (4) stainless steel casing,
(5) upper heater, (6) ceramic layer, (7) thermal shield, (8)
tightening screw, (9) graphite zinc reservoir (crucible), (10)
carrier-gas inlet-hole, (11) lower heater, (12) carrier-gas
inlet pipe, and (13) thermocouple. Insets show cross section
details of (b) the nozzle profile and (c) carrier-gas inlet to the
crucible (the carrier-gas flow is marked with blue arrows).
Overall dimensions are in millimeters.

studies'* ' to produce Cl,"*"” Bry,'"” and I,"” molecular halogen
beams including supersonic beams'’ with rare gas carriers under
several-bars pressure, Br and Br, effusive beams”” or serving as an
evaporation source for the Al beam.’' However, in the last example,
melting of Al in a graphite reservoir leads to its slow gradual degra-
dation and caused the formation of unwanted aluminum carbide
Al,Cs. In other cases, graphite can dissolve in some liquid metals,
e.g., Fe.”” Very recently, porous graphite was used both as a resis-
tive heater and a heat exchanger in the high enthalpy source for the
temperatures reaching 2000 K.”’

In this article, we present a high-temperature source-module
for the supersonic molecular beam that is devoted to highly aggres-
sive elements. The components that are exposed to the molten
aggressive metal, i.e., the reservoir (crucible) and nozzle-cap (see
Fig. 1), are made of graphite, which ensures chemical resistance.
Because of the inability of welding, a new method for mixing the
carrier gas and metal vapor inside the graphite crucible is proposed.
The source-module was tested in LIF excitation spectroscopy using
the b>07 « Xlog bound <« bound transitions in Zn;.

Il. DESIGN OF THE SOURCE-MODULE

An overall view with the partial cross section of the source-
module is presented in Fig. 1. Both reservoir (crucible) [(9), see
Fig. 1(a)] and nozzle-cap (3) that are exposed to a molten aggressive
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metal element (here, zinc) and its vapor are made of graphite. Casing
of the source-module (4) that is not exposed to the aggressive metal
is made of stainless steel. The crucible is filled with metallic zinc and
placed in the casing, which is heated with a ribbon-shaped resis-
tance heater [Kanthal® D (11)]. The nozzle-module itself is heated
separately with a round-shaped heater made of tantalum (5). The
two-part heating system allows us to control the source-module tem-
perature during the experiment; hence, the upper part (with the
nozzle) remains 10-30 K hotter than the lower part. It secures the
nozzle orifice against clogging. Temperatures of the upper and lower
parts of the source-module are controlled with two thermocouples
(13). Using the heating system, temperatures reaching 1300 K are
possible to obtain. The shape of the nozzle-cap was designed to max-
imize the area available for mounting the heating tantalum wire and,
at the same time, to minimize the volume of the heated part. Thus,
the middle part of the graphite nozzle-cap (15 mm in diameter) is
taller than the top part (8 mm in diameter). The source-module is
sealed-up mechanically by pressing the graphite flange on the bot-
tom part of the nozzle-cap (38 mm in diameter) against the stainless
steel flange of the casing using 6 Allen screws (8) located on the mod-
ule’s upper wall. All screws are tightened using 4.5-N m torque that
ensures sufficient sealing and does not damage the fragile graphite
flange.

Both the upper and lower heaters are mechanically stabilized
with a ceramic layer (6) made of sodium silicate, which simulta-
neously forms a barrier that stops transferring the heat outside the
module. In addition, in order to further minimize the radiative heat
transfer, the source is surrounded by a thin metal sheet (7) made of
C16 stainless steel.

A 5-mm-inner-diameter stainless steel carrier-gas inlet pipe
(12) is welded to the bottom of the casing. The carrier-gas fills the
empty space between the casing and the crucible and then enters
into the crucible through four holes, 3 mm in diameter, located sym-
metrically in the top part of the crucible wall (10). The maximum
pressure of the carrier-gas is limited by mechanical resistance of the
nozzle-cap graphite flange and cannot exceed 6 bars. The carrier-
gas mixed with zinc vapor expands through the two-part capillary
passage (4 mm and 2 mm in diameter) in the nozzle-cap (2) and
enters into the vacuum chamber through the 0.2-mm nozzle ori-
fice (1) drilled in its 1-mm-thick front wall. The nozzle is equipped
with an additional 40° conical opening [see Fig. 1(b)], which,
according to Even,”’ provides an optimal well-defined shape of the
beam.

Although maintaining the temperature gradient could prevent
the hotter nozzle orifice from clogging, it was observed that occa-
sional formation of zinc oxide at the surface of the congealed zinc
and inside the nozzle-cap long capillary passage may lead to the
loss of the intensity of the recorded signal in the spectroscopy test
experiment. The zinc oxide can be easily removed by immersing the
contaminated parts in 10% acetic acid. In order to avoid clogging of
the nozzle orifice and contaminating the heated source-module with
air (and oxygen), the following shutdown sequence was ensured: (i)
switching-off the bottom heater power supply, (ii) waiting until the
temperature gradient reaches 100 K, (iii) reducing the upper heater
power supply, (iv) waiting until the crucible is cooled down below
the zinc melting point, (v) switching-off the upper heater power sup-
ply, and (vi) turning-off the valve on the carrier-gas inlet pipe and
the carrier gas supply.

ARTICLE scitation.orgljournal/rsi

I1l. DIAGNOSTICS AND TESTS OF THE
SOURCE-MODULE

Using the new source-module, LIF excitation spectrum of the
b%0; (4°P1),v" « X'04(4'S),v” transitions in Zn, was recorded
and analyzed. The scheme of the experimental setup is shown in
Fig. 2. The crucible was filled with zinc pellets (Alfa Aesar, 99.99%
purity, natural abundance). The upper and lower heaters were sup-
plied with 163 W and 216 W of electric power, respectively. It
enabled to heat the parts with the crucible and the nozzle-cap up to
about 1000 K and 1020 K, respectively, and resulted in 125 mbar of
zinc vapor partial pressure.”” Argon as a carrier-gas at 5-bars back-
ing pressure was delivered to the source. The background pressure
inside the vacuum chamber, 0.03 mbar and 0.25 mbar without and
with the carrier-gas delivery system off and on, respectively, was
obtained using a Roots pump (RUVAC WAU501, Leybold) backed
by a rotary pump (SOGEVAC SV200, Leybold). In the vacuum
chamber, the source-module was surrounded with a water-shield,
which acted as a protection against the chamber overheating. At a
distance of 8 mm from the nozzle, Zn, molecules in the beam were
irradiated with a frequency-doubled output of a tunable pulsed dye-
laser (TDL90, Quantel) with a dye-mixture of Rh640 and DCM in
methanol. The dye-laser was pumped with a second-harmonic out-
put of the Nd":YAG laser (YG981C, Quantel). The resulting LIF
signal from the beam was monitored at right angles to the plane
containing the crossed molecular and laser beams. The LIF signal
was focused at the photocathode of a photomultiplier (9893QB/350,
Electron Tubes), recorded with a digital oscilloscope (TDS 2024B,
Tektronix), and stored in a computer. The frequency of the funda-
mental dye-laser beam was monitored with a wavemeter (WSU-30,
High Finesse).

Both experimental and simulated LIF excitation spectra of the
b%0;,v" < X'04,v” transitions are shown in Fig. 3. The excited-state
vibrational frequency (w.’) and anharmonicity (w.'x.”) were deter-
mined using a Birge-Sponer (B-S) plot method™ and were some-
what different from those obtained previously.” Uncertainties of the
intersect with the vertical axis and the slope of the linear regres-
sion of the B-S plot were used to determine uncertainties of the w,

trigger

FIG. 2. Experimental setup of LIF excitation spectroscopy of Zn, produced in
the supersonic molecular beam. (1)The pulsed Nd*:YAG laser, (2) dye laser, (3)
wavemeter, (4) vacuum chamber, (5) source-module, (6) photomultiplier tube, (7)
oscilloscope, (8) beam-dump, and (9) computer.

Rev. Sci. Instrum. 90, 115109 (2019); doi: 10.1063/1.5127809
Published under license by AIP Publishing
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A

FIG. 3. (a) Experimental LIF excitation spectra of the
b%0;(4°P1) « X'0}(4'So) transition in Zn, recorded
using the new source-module. (b) Simulations of the
b%0, v « X'0;, v" transitions obtained with parameters:

u AA‘J\AMA

32590

32595 Tub = 150 K, Tt = 10 K, Morse-function representation

for the excited- and ground-state potentials (see details in
text), and 0.1-cm~" (FWHM) Gaussian and Lorentzian con-
volutions for every rotational transition. (c) Intensities of all

Intensity (arb. units)

A

individual Zn; isotopologue components within each of the
v” < v’ vibrational band (see the color legend), which con-
stitute shaded profiles in (b). Insets: experimental (black)
and simulated (gray) rotational-isotopologue structures of

V"=
2
K
32650
lo

32550 32600
Wavenumber (cm™)

and w.'x.’, respectively (see Table I). In comparison with the pre-
vious study,’ better accuracy of the laser-frequency measurement
(0.03 cm™) allowed to obtain positions of the vibrational compo-
nents with better accuracy (compared with 0.5 cm™! of Strojecki
et al.’).

Simulations of the experimental LIF excitation spectra were
performed using LEVEL”” and PGOPHER™ programs, with a Morse
function representing the excited- and ground-state interatomic
potentials, using potential parameters obtained in this analysis and
by Strojecki et al.,” for the excited and ground states, respectively.
Comparing experimental spectra with these simulated for different
vibrational (Tyi) and rotational (Tror) temperatures, Tyi, and Trot
were estimated to be 150 K and 10 K, respectively. For vV <1"=0
transitions, a distinct rotational shading can be observed [see details
of v =2« v” =0and v' =4 « v" = 0 components in Figs. 3(d)
and 3(e), respectively]. The presence of v’ < v/ =1and v' < v" =2

TABLE I. The b>07 (4°P;) and X' 0] (4'S, )-state interatomic potential parameters
in Zn,.

b0} (4°P) X'05(4'So)
. 203 +0.1° b
we (cm™ ) 20.6 4 0.1° 25.90 + 0.45
_ 0.557 + 0.020° !
wexe (cm™Y) 058 £ 0.01° 0.69 + 0.03"
185.0 + 0.5
D -1 242 +1°
e (em ) 182.6 £ 0.5
R. (A) 458 +0.01° 4.19 +0.01°
*This work.

bStrojecki ef al.®

(d)v' =2« v” =0and (e) v’ =4 < v =0 compo-
nents. The unidentified spectral component in (a) marked
with an asterisk originates most likely from the B31(43P;)
< X'0*(4Sy) transition in ZnAr.

32628

progressions in the spectrum suggests Ty, higher than that reported
by Strojecki et al. (Tyi, = 30 K).}

IV. CONCLUSIONS

The high-temperature source-module of the supersonic molec-
ular beam for aggressive elements was designed and constructed. Its
operation was tested in the experiment with detection and analysis
of the b0} (43P1) « X10g+(4180) transition in Zn,. The occurrence
of spectroscopic components originating from v" = 1, 2 suggests a
relatively high T, vibrational temperature of Zn; molecules in the
beam (approximately 150 K). As compared to other source-modules
that had been used to produce supersonic molecular beams contain-
ing zinc,”” two innovative solutions were introduced: graphite as a
material for metal reservoir (crucible) and a nozzle cap with an ori-
fice, as well as a new carrier-gas distribution system inside the source
module that can be applied for source modules containing a crucible
made of nonweldable materials.
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Multichannel dispersed emission spectra originated upon a selective excitation of Rydberg electronic
energy states in the ZnAr and CdAr van der Waals (vdW) complexes are simulated and analysed as a
proof-of-concept of the future experimental approach. Simulations of the emission spectra are based on
ab-initio calculated interatomic potentials and transition dipole moments (TDMs), that for ZnAr were
newly calculated. Experimental set-up that is under construction along with the experimental procedure
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1. Introduction

Bound — free and bound—bound laser induced fluorescence
(LIF) emission (also called fluorescence) spectra emitted after a
selective excitation of Rydberg states of diatomic van der Waals
(vdW) complexes are a source of information, mainly on repulsive
part, but also on potential well of the lower-lying electronic state
potentials that are not accessible in the excitation from the ground
state. Modelling of the dispersed emission spectra provides a direct
information on the steepness of the short-range branch of the
potential at which the emission terminates — information that is
hard to access from LIF excitation spectra.

The selective excitation to the Rydberg states can be realized
using different methods. If the transition from the ground to the

* Corresponding author.
E-mail address: joanna.b.dudek@doctoral.uj.edu.pl (J. Dudek).

https://doi.org/10.1016/j.molstruc.2020.128840
0022-2860/© 2020 Elsevier B.V. All rights reserved.

Rydberg state is allowed, a direct excitation can be implemented.
This way, for complexes such as e.g., the Rg; (Rg = rare gas atom),
pulsed synchrotron radiation has been used to perform a state-
selective excitation of the Ar,, Kr, and Xe, complexes to their

303(3131) or 31, (3P;) lower-lying excited states at 106.8—108.8 nm,
124—126.5 nm and 148—151.5 nm wavelength ranges, respectively
[1]. Following the excitation, oscillatory bound — free continua, also
called Condon internal diffraction (CID) patterns [2], were observed
using time-resolved emission in 130—180 nm, 150—200 nm and
175—230 nm spectral ranges, respectively.

Beside high-energy UV synchrotron radiation beam, a more
convenient method for exciting molecular Rydberg states is optical-
optical double resonance (OODR) method that simply uses two
laser beams, both in the VIS and/or UV range. Also, OODR allows to
excite a molecule to the electronic energy states to which transi-
tions from the ground state are forbidden as well as using different
intermediate electronic states to access and probe different parts of
the ro-vibrational energy structure in the final Rydberg-state
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Fig. 1. (a) Ab initio interatomic potentials for electronic states of the ZnAr used in simulation of multichannel emission from the
The 11(41 D2> U =13<C"1,v" = 10-X'0*,v = 0 excitation in OODR process is depicted with vertical solid arrows whereas allowed emission channels are shown with vertical

11(4102), v o= 13.

dashed arrows. (b) Ab initio interatomic potentials intersecting with the 11 (41 Dz) emitting state (only these with Q = 1 are shown). (c), (d), (e) Values of [TDM|? for an emission
from the 11 (41 D2) state to the states correlating with the 4'P;, 43P}, and 4'S, atomic asymptotes. (f), (g) Values of [TDM]? for the C'1 (41 Pl) ~x'o* (41 So) excitation (thick solid

line) and the excitation from the C'1 (thin solid and dotted lines) to several Rydberg states in ZnAr.
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potential. Employing OODR, a number of Rydberg electronic states
in the MRg (M = Cd, Hg) heteroatomic complexes has been reached,
among them, as first, the C31(73S;) double-well Rydberg state in
the HgAr that was excited via the A30*(63P;) or B*1(63P;) inter-
mediate states [3,4], and studied recording LIF excitation spectra.
The same intermediates were used to excite to and record excita-
tion spectra from the triplet Rydberg series of
the 33+ (n3S;, n=7 - 10) states in HgNe [5,6], the 33+ (8351)
Rydberg state in HgAr [6] and the singlet Rydberg series of
the1=*(n'Sg, n =7 — 9) states in HgNe [7].

As far as the CdRg (Rg = Ne, Ar, Kr) complexes are concerned,
OODR via the lower-lying A>0*(53P;) and B31(53P;) intermediates
was employed to investigate a complex double-well structure of
the E31(63S;) Rydberg state in CdNe [8], CdAr [9—15] and CdKr
[12,14,16,17] using LIF excitation spectra.

Regarding the ZnRg complexes, only the E3=*(53S;) state in
ZnAr has been investigated, however, using excitation via
vaporization-optical (VO) method [18]. In general, VO relies on
utilizing a vaporization laser pulse in the first-step of the excitation.
It produces a number of atoms in long-lived metastable interme-
diate states. Characterisation of the E>3* state has been performed
using LIF excitation spectra recorded using the second-step
E3s+ a3l (43P0), b>II,(43P,) transitions.

As concerns the M, (M = Zn, Cd, Hg) homoatomic complexes, by
employing OODR it was possible for the first time to excite a gerade
Rydberg state in Cd; via the bBOf,r (53P;) intermediate and record a
pronounced v'—v” = 0, 3 progressions showing their isotopologue
structure [19].

It has to be emphasized however, that in any of the above
Rydberg-state studies emission spectra in MRg complexes have not
been observed, except one investigation. For the HgAr, Duval et al.
[4] recorded dispersed emission bound —bound spectra using the
C31(7381),v =3-A30"(63P;),v”, (31,0 = 14,19—-a30(63Py),v"
and C1,v :2,4,14—>b32(63l’2), c31<63P2), d30- (63P2),v"
transitions, as well as long bound — free undulated CID reflection
[20] patterns using the C31, v = 3, 11—a30-,
C31,v =2, 10»A%0+, B31 and C1,v =3, 14-Db%2, 31, d’0-
transitions; it allowed to probe and determine lower-lying state
potentials including their repulsive branches.

In this article, we propose a scheme for excitation of the ZnAr
complex to the 11(4'D,) Rydberg state via the C'1(4'P;) inter-
mediate using OODR and detection of a dispersed emission from
the 11(41D,) state to the lower-lying electronic states (see Fig. 1a).

The goal is to analyse the11(41 Dz) —a30- (43P0), Ao+ (43P1),
B31 (431)1)7 b32(43P2)., A1 (43P2), d*0- (431)2)7 c1 (411)1)7
D'o* (41P1)emission channels taking into account newly calcu-

lated ab initio ZnAr interatomic potentials and transition dipole
moments (TDMs) for transitions between the emitting and lower
electronic energy states.

Along with the analysis for the ZnAr, we present also a similar
consideration for detection of dispersed emission spectra in the
CdAr complex after a selective excitation of the E31(63S;) Rydberg
state (see Fig. 2). The analysis is based on ab-initio calculated
interatomic potentials obtained in our laboratory and recently
published by Krosnicki et al. [21].

a
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Fig. 2. (a) Ab initio interatomic potentials for electronic states of the CdAr [21] used
in simulation of multichannel emission from the E>1 (6351)71{ =2.The E31,v =2«

A30+(53P1),U":5<—X10+(51SO),U:0 excitation in OODR process is depicted
with vertical solid arrows whereas allowed emission channels are shown with
vertical dashed arrows. (b) Values of [TDM|? for emission from the E31 state to the

states correlating with the 5'P;, 53P; and 5'Sy atomic asymptotes. Inset shows two
smallest [TDM|?.

2. Ab initio calculations

Ab initio potentials of electronic states of ZnAr complex up to Zn
6'Sp asymptote have been calculated within three-step approach.
Firstly, the state-average complete active space self-consistent field
method has been applied (SA-CASSCF) [22,23] for the active space,
in which two electrons are distributed on the molecular orbitals of
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the predominant Zn 4s, 4p, 4d, 5s, 5p, 6s character. Calculations
were performed in Cy, symmetry. State averaging was performed
over the following sets of states: seven states of 1A; symmetry, six
of 3A;, three of'B;3B; 'B,, 3B, and one of'A, and3A,
symmetries.

Secondly, the multi-state second-order CAS perturbation theory
method (MS-CASPT2) has been used [24]. Finally, the spin-orbit
interaction has been taken into account by means of restricted
active space state interaction method (RASSI-SO) [25]. Scalar rela-
tivistic effects have been accounted for within Douglas-Kroll-Hess
second-order Hamiltonian [26,27]. We used new ANO-type
(ANO = atomic natural orbitals) basis for Zn atom within general
contraction scheme (23s17p12d6f4g2h)/[11s9p7d4f2g], which is
modified and extended Zn basis from Ref. [28]; discussion on the
construction of new Zn ANO basis set can be found in Supporting
Information of Ref. [29]. For Ar, we used (17s12p5d4f2g)/
[8s7p5d4f2g] ANO basis set [30]. Additionally, we used mid-bond
basis applying (8s4p3d1f)/[6s4p3d1f] Hydrogen ANO basis [31].
Ab initio calculations of ZnAr were performed for the following grid
of points of internuclear distances (in bohr): range 3.4—9.6 with
step 0.2; 9.6—24.0 with step 0.4; 24—30 with step 1; 30—40 with
step 2; 40—60 with step 4; 60—100 with step 10. Details of new Zn
basis and of the computational aspects are presented elsewhere
[29,32]. TDMs have been calculated within SA-CASSCF/MS-CASPT2/
RASSI-SO approach, where the initial and final states are the linear
combinations of the SA-CASSCF states. All the calculations were
performed with Molcas 8.2 [33].

Details of ab initio calculations of electronic states and TDMs of
CdAr complex are presented in Ref. [21].

3. Experiment — a prospective set-up

There are two experimental methods devoted to detection of LIF
dispersed emission spectra with the use of: i) a tuneable mono-
chromator in front of a photocathode of a photomultiplier tube
(PMT) - the method which is limited by a considerable time con-
sumption during the experiment, especially when a large spectral
range is scanned over (see e.g. Ref. [36]), or ii) a spectrometer fitted
with an iCCD camera (see e.g. Refs. [37]) - the method in which the
whole spectrum is recorded at once without a necessity of
executing the time-consuming scans.

Fig. 3 presents experimental set-up for excitation of the ZnAr to
the selected Rydberg state using OODR method, followed by
detection of a dispersed emission that occurs to the lower-lying
electronic energy states. Description of a continuously operating
source-module of a molecular beam containing zinc and descrip-
tion of a molecular single excitation were included elsewhere [34].
Both crucible and cap with the source nozzle are made of graphite
that is chemically resistant to numerous melted aggressive metals
and metal vapours. ZnAr complexes in the beam are excited by UV
laser radiation produced by a pulsed dye laser (TDL90, Quantel)
pumped with a Nd*:YAG laser (YG981C, Quantel). To perform
OODR excitation, a second dye laser (TDL90, Quantel) pumped with
another Nd":YAG laser (Powerlite 7010, Continuum) is employed.
Total LIF emission from the first and the second excitation-step is
controlled by two photomultipliers (R375, Hamamatsu and
9893QB/350, Electron Tubes) and recorded with a digital oscillo-
scope (TDS 2024B, Tektronix). Emission from the Rydberg state is
focused on the entrance slit of an echelle spectrometer (ME5000,
Andor), dispersed with a spectral resolution ﬁ = 5000 and oper-
ating wavelength range 200—975 nm, and detected by iCCD camera
(334T, iStar). The lasers, oscilloscope and camera are triggered by a

Fig. 3. Scheme of experimental set-up for excitation of the ZnAr complexes to the '1(4! ng Rydberg state using OODR method followed by detection of a dispersed emission to

lower-lying electronic energy states (under construction in our laboratory). 1 - Pulsed Nd*:

YAG lasers, 2 - dye lasers, 3 - wavemeter, 4. - vacuum chamber, 5 - continuously operating

source-module of the molecular beam, 6 — photomultipliers, 7- oscilloscope, 8 - spectrometer, 9 - iCCD camera, 10 - digital delay generator.
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digital delay generator (DDG) (DG645, Stanford Research Systems).

The experimental set-up for excitation of vdW complexes con-
taining cadmium atoms using OODR method was used in our
previous studies [14]. In the experiment, a molecular beam was
produced with high-temperature, high-pressure pulsed molecular
beam-module [35]. For the CdAr, as in the case of the ZnAr, spec-
trometer fitted with iCCD camera triggered with DDG is planned to
be installed to record emission from the Rydberg state.

4. Results

For both ZnAr and CdAr complexes, LEVEL Fortran code [38] for
vibrational spectra, and PGOPHER [39] for rotational spectra, were
used to simulate all bound < bound transitions in OODR excitations
and subsequent emissions. To simulate bound — free CID patterns
in emission, BCONT program [40] was used. The initial states (the

11(4'D,) and E31(63S;) in ZnAr and CdAr, respectively) from
which emission was originated were selected to assure the allowed
emission channels. Indeed, the projection of the total electronic
angular momentum represented by Q quantum number (Hund’s
case c) equals 1 for both the '1(4'D,) and E31(63S;) emitting
states, and thus transitions to the lower-lying states with Q = 0,1
and 2 are allowed.

4.1. ZnAr

Analysis of [TDM(R)|*> functions for the excitation from the
ground X'0+, v = 0 reveals that the excitation to the C'1(4!P;)
state can be chosen for being the intermediate step in OODR.
Experimental spectrum of the C!'1,v"—X!0*,v=0 transition
[41,42] reveals the v” = 10 <—v = 0 as the most intensive vibrational
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Fig. 4. a) Simulation [38—40] of multichannel bound — bound and bound — free transitions in emission from the 11(4'D,),v" = 13 in ZnAr to the electronic states correlating with
the 41P;, 43PJ and 4'S, atomic asymptotes. Bound —bound transitions include both vibrational and rotational components, Gaussian convolution (FWHM) corresponds to the

spectrometer resolution, i.e. ﬁ = 5000. Two green bars on the energy axis in part a) show a location of the expected emission spectrum from the C'1,v’ = 10 intermediate level
which is used in OODR excitation (based on [43] and simulation). Arrows depict contributions to the total emission spectrum originating from single-channel emissions shown in
insets. b) Bound — free emission channels to the C' 1 (dark blue) and D' 0*(light blue) states. c) Single bound — bound emission channel to the C'1 state. d) Both bound — bound and
bound — free emission channels to the d>0~ (black), c31 (gray) and B31 (red) states. The lowest-intensity spectra are shown below. e) Bound — free and f) bound — bound emission
channel to the A>0-. g) Bound —bound and bound — free emission channel to the a30~ state. h) Bound — free and i) bound — bound emission channels to the b32 state.
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Fig. 5. Simulation [38,39] of the C'1(4!P;),v" = 10~X'0+,v = 0 vibrational transi-
tion in the excitation spectrum of ZnAr where rotational profiles of three most
abundant isotopologues: 54Zn“°Ar (red line), %Zn*°Ar (blue line), %8Zn*°Ar (green line)
along with the resulting profile (black line) are revealed. The simulation was per-
formed using PGOPHER [39] with parameters: Tyo; = 10 K and 0.1 cm~' (FWHM)
Gaussian convolution.

transition. Therefore, the C'1,v” = 10 was chosen for first-step
excitation in OODR. In the previous realization of the C'1«
X!'0*excitation [41], frequency-doubled output of a dye laser
working with Stilbene 3 dye was used, but a frequency-tripling
with DCM dye can be applied as well. Due to wide-separation of
the isotopologue components in the v’ =10«<v =0 transition
(Fig. 5), an isotopologue-selective OODR [14] is possible to apply.
Thus, the 11(4'D,)«C'1,v” = 10 can be realized mostly for the
647n40Ar isotopologue.

:(E [ T | T T T T T T T T T 1T 1T1rm
= v =0 1 2 3 4 5 6 7 8 9 10 111213
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Fig. 6. Simulation of the 11(4'D,),v'«—C'1(4!P;),v” = 10 transition in excitation
spectrum of ZnAr that is planned for realization of OODR scheme. The simulation was
performed for the 4Zn“°Ar isotopologue, with parameters: T;o; = 10 K and 0.2 cm ™"
(FWHM) Gaussian convolution. Inset shows the spectrum of the v = 13« v”" = 10
transition with partly resolved rotational structure.

For the final state in OODR, the 11(4!D,) electronic state was
chosen not only to assure all transition channels in the subsequent
emission to be allowed, but also to assure the excitation fre-
quencies from dye lasers available in our lab. Realization of
the 11(41D,),v'—C'1,v” = 10 transition requires frequencies in
the range of 15,200—15,850 cm ™! (it is ensured by using e.g., DCM
dye pumped with a second harmonic of Nd*:YAG laser). Although
several intersecting potentials with Q = 1 are accessible in the
energy region: 11(41D;),31(43Dy), 31(43D,), 31(43Dsy)
and '1(5'P;) (see Fig. 1b), the 11(4!D,)—C!1(4!P;),v" =10
transition has the highest intensity. It is due to the high value of |
TDM|? (see Fig. 1f) and the same multiplicity of the initial and final
states. Simulation of the 11(4!Dy),v'—C'1,v" =10 for the
647n%%Ar isotopologue (Fig. 6) includes rotational transitions with
the rotational temperature Tyot=10 K and Gaussian convolution
FWHM = 0.2 cm™', that are typical values for excitation experi-
ments realized in our laboratory. The strongest v = 13 vibrational
component was chosen to simulate emission from.

In the emission from the 11(4!D,),v = 13, parameters used in
the simulation of bound—bound transitions correspond to the
conditions that are most likely to be realized in the planned
experiment, i.e. rotational temperature Tyot = 10 K and spectral
broadening of bound — bound components that corresponds to
the spectrometer resolution (ﬁ = 5000).

The total multichannel emission (bound—free along with
bound —bound transitions) from the 11(41D;),v" = 13 (see Fig. 4
and Table 1) encompasses three main energy regions: (i) 10,000-
15,900 cm~! where relatively intensive emission to the states
correlating with the 4!P; atomic asymptote is expected; (ii) 27,100-
30,000 cm~! with much weaker spin-forbidden emission to triplet
states correlating with the 43PJ asymptotes; (iii) emission to the
ground X'0+ state that is beyond of the range of the spectrometer
(see Sec. 3).

According to the simulation (Fig. 4 and Table 1), there is a pos-
sibility of detection of strong bound—free emission to the
D!0*(4!P;) state which within the 12,100-15,100 cm~' energy
range is not influenced by other emission channels. Only the first
maximum within the 15,100-15,600 cm~! overlaps with residual
bound — free emission from the 11(4!D,),v = 13 emitting state.

Bound — free transitions to the c31(43P,) and d0~(43P,) states
overlap in the energy region 29,600-32,300 cm™ . A higher value of
[TDM|? for the 11(4!D,)— c31 transition below R = 3 A results in a
considerably higher intensity of the emission to the c31 state.

within the 29,600-29,900 cm~! range, a combination of
bound—bound and bound— free transitions to the a30~(43Py),
A30+(43P;) and B31(43P;) states is located, with a significant

Table 1

Energy range and fraction of integrated fluorescence of all simulated emission
channels originating from the '1(4'D,),v" = 13 state in ZnAr molecule. Only the
simulated emission channels were included in the integration of total fluorescence.

Final state Energy range (cm ') Fraction of integrated fluorescence
Xx10+ 62,507—54,685 212105

Alo+ 30,170-27,950 1.44-10-10

B31 30,028—27,775 7.67-10°8

c 16,269—15,078 6.23-10°!

Dlo+ 15,628—10,000 3.76-10"!

30+ 30,190-27,589 4.70-10-11

b32 29,855-27,940 1.26-10°1

31 29,688—21,881 6.30-10°7

30— 29,685—-17,839 138107
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a) Simulation [38—40] of multichannel bound —bound and bound — free transitions in emission from the E31(6351 ),v =2 in CdAr to the electronic states correlating with

the 531’] and 5'Sy atomic asymptotes. Bound —bound transitions include vibrational and rotational components, Gaussian convolution (FWHM) corresponds to the spectrometer
resolution, i.e. ﬁ: 5000. Arrows depict contributions to the total emission spectrum originating from single-channel emissions shown in insets. b) Bound— free and c)

bound — bound single emission channels to the b’2 state. d) Bound —bound and bound — free, and e) zoom in of the bound — bound single emission channel to the a30~ state. f)
Bound — bound and bound — free, and g) zoom in of the bound — bound emission to the A0~ state. The lowest-intensity spectra are shown below: bound — free transitions to the

h) X'0*, i) 31 and j) B30* states.

domination of these to the B31 state. Although resolution of the
spectrometer is too low to resolve the bound —bound 11(4'D,) —
B31 emission spectrum (below 1 cm~! is required), the bound — -
free continuum could be detectable.

It has to be noted, that the emission from the intermediate C!1
v = 10 used in OODR to the states correlating with the 43P} atomic
asymptotes occurs within the 13,500-14,000 cm™! range, so, it
could overlap with the bound— free11(4!D,),v' =13—D!0*
transition. However, change of the multiplicity in former transi-
tions suppress the intensity of their spectra. According to Koperski
and Czajkowski [43], strong C'1,v” = 10—~X'0* emission occurs
within the 39,900-47,000 cm™ ' range, therefore, does not overlap
with any emission channels from the 11(4!D,) (see green bar in
Fig. 4).

Estimated number of photons originating from the emission
occurring from the 11(41D;),v" = 13 per one laser pulse is equal to
5.08 x 108 which corresponds to 3.67 x 106 photons focused on a
slit of the spectrometer [44]. The estimations were performed
based on simplified model of equilibrium constant of formation of
ZnAr molecules [45] and Einstein coefficients calculated by LEVEL
[38].

4.2. CdAr

In case of the CdAr, excitation from the ground to the double-
well E31(63S;)Rydberg state using OODR scheme, through v’ =5
level in the A3O+(53P1) intermediate state, has been recently
recorded and re-analysed [15]. To simulate emission from the E31
state, v’ = 2, situated near the bottom of the E>1-state inner well,
was chosen as the E31,v = 2«—A30*, v” = 5 transition possess a
relatively large intensity. It also allowed to avoid an influence of the
E31-state outer-well vibrational levels on those in the inner-well as
far as calculation of their wave functions and energies was

Table 2

Energy range and fraction of integrated fluorescence of all simulated emission
channels from the E31(63S;),v’ = 2 state in CdAr molecule. Only the simulated
emission channels were included in the integration of total fluorescence.

Final state Energy range (cm™') Fraction of integrated fluorescence
x1o+ 50,609—45,172 9.52-10710

Alo? 20,082—18,450 1.80-101

B31 19,820-16,365 1.21-10°7

B30+ 20,283-18,600 1.65-10°"

b32 19,163—17,736 6.32:10°1

31 18,864—10,000 2.62-1073

&30~ 18,860—10,053 2.07-1072
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concerned.

In the emission from the E31 v’ = 2 (see Fig. 7), Tror and spectral
broadening used in the simulation of bound —bound transitions
are the same as in case of the ZnAr analysed above. For the CdAr, the
most intense emission spectra extend within the 18,000-
20,200 cm™! range (see Table 2). According to the simulation, the
2— b>2(53P,), a30-(53P;) and
A30+(53P1) channels are generally well separated. Only the
bound — free transitions in emission to the a30~ and bound— -

most intensive E31, v =

bound transitions to the A>0* states overlap. Taking into account
the experimental determination of the A30+-state potential that

was based on the A30*,v” « X'0*, v =0 vibrational structure
[15] and that the overlapped transitions represent different char-
acter (discrete and continuous), both spectra would be able to
separate. However, a particularly valuable observation from the
simulation of the emission spectra, that would extend possible
characterization of CdAr electronic energy states, is well-resolved

vibrational structure in the b2 and a30- states, as their excita-
tion from the ground state is forbidden.

Using the same model applied to ZnAr, the estimated number of
CdAr molecules excited to the E>1(63S;),v’ =2 is estimated to
equal 2.33-10° that corresponds to 1.63-107 photons focused on a
slit of the spectrometer [44].

5. Conclusions

Multichannel emission spectra from v =13 level in
the 11(4'D,) and v = 2 level in the E31(53S;) Rydberg states in
ZnAr and CdAr, respectively, were simulated based on ab-initio
calculated potentials and transition dipole moment (TDM) func-
tions for ZnAr [32] and CdAr [21]. For ZnAr, newly-calculated po-
tentials were used for the first time. An experimental realization of
the detection of the emission spectra presently prepared in our
laboratory was proposed and discussed. Because an excitation of
the 11(41D,) Rydberg state in ZnAr has never been reported, OODR
excitation via the previously reported [41,42] C11(41 P;) interme-
diate was simulated as well.

Simulation of emission spectra from the 11(41D,),v' =13 in
ZnAr reveals a promising prospect for recording bound— free
transitions to the D'0+(41P;), c31(43P,) and B31(43P,) states that
would allow determine a shape of short-range repulsive parts of
the potentials at which emission terminates, and/or explore po-
tentials of lower-lying electronic states that are not accessible in the
excitation from the ground state.

In case of emission from the E31,v’ = 2 state in CdAr, according
to the simulation, bound — bound and bound — free transitions to
the b>2(53P,), a30~(53P;) and A0+ (53P;) are well—separated or
easy to be separated in detection. It offers prospects for determi-
nation of the shape of both repulsive part and the potential well in
one experiment.
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ABSTRACT

Basic characteristics of a free-jet supersonic expansion beam are presented along with an estimation
of a number of expanding CdAr and ZnAr molecules that are excited in the free-jet in the opti-
cal-optical double resonance process. The estimation is demonstrated for laser excitation from the
ground, via respective A307 (53P1) or C'1(4'P;) intermediate, to the E31(63S;) or '1(4' D,) Rydberg
state of CdAr or ZnAr, respectively. A number of subsequently emitted and collected photons is also

predicted.
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1. Introduction

For experiments in physics and chemistry, pioneering
applications of molecular beams were those in Stern-
Gerlach [1] and the maser [2] experiments. In those
works, so-called effusive beams were used, however, they
were limited to low number densities and relatively high
temperatures, as particles were emitted in free-molecular
flow. Supersonic molecular beams [3] introduced denser
beams of ro-vibrationally colder molecules, leading to
advances in fields of research such as nanomaterials [4],
atom interferometry [5], reaction studies [6] and high-
resolution molecular spectroscopy [7]. Later, supersonic
beams have been employed as sources for molecular
decelerators [8,9], applied toward molecular evaporative

phot

collected photons

cooling [10,11] and in molecular interferometry experi-
ments [12].

Free-jet (i.e. skimmerless) supersonic expansion beams
[13] have been frequently combined with laser excita-
tion and subsequent observation of laser-induced fluo-
rescence (LIF) excitation or emission spectra. They con-
sist a well-established experimental technique for studies
of molecular electronic, vibrational and rotational energy
structures [13,14]. Usually, to excite molecules propa-
gating in the beam, one- or two-step laser excitation is
employed to transfer a molecular-level population from
the ground to alower or higher lying (Rydberg) electronic
energy state. Then, sweeping the laser frequency or spec-
trometer wavelength, LIF excitation or emission spectra
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laser beams

Figure 1. (a) Geometry of the experiment with CdAr or ZnAr vdW molecules excited in a molecular free-jet using OODR process. Two laser
beams overlap in the interaction region with the molecular free-jet. A lens is used to collect LIF from the interaction region. To acquire
the excitation spectrum, LIF is recorded by the detector (CCD camera or photomultiplier) as a function of frequency of the second-step
excitation laser. To observe the emission spectrum, LIF is dispersed using spectrograph situated in front of the detector (not shown). (b)
An approximate molecular density distribution in a cross-section of the molecular free-jet perpendicular to its direction of propagation;
a Gaussian distribution of the molecular density with o = 22 standard deviation has been assumed. (c) As in (b) but in a cross-section of

2
the molecular free-jet along its direction of propagation. In this model, a linear increase of standard deviation o of the molecular density

along X is assumed.

are observed, respectively. In both processes, but partic-
ularly in the process of excitation of Rydberg states via
optical-optical double resonance (OODR), a final num-
ber of excited molecules in the free-jet appears to be a
crucial parameter for assessing whether LIF signal would
be strong enough to be detected with e.g. a CCD camera
or a photomultiplier.

In experiments devoted to studies of CdRg or ZnRg
(Rg = rare gas atom) van der Waals (vdW) molecules
that are performed in our laboratory [15], cadmium
or zinc pellets are heated in a molecular source cru-
cible (see Figure 1) to the temperature Ty (equal to the
source nozzle stagnation temperature [16]) that results
in pye cadmium or zinc vapour partial pressure (ME
= Cd or Zn). A carrier gas (argon), under the pres-
sure par, is delivered to the crucible causing a mix-
ture of metal vapour and argon to expand through the
source nozzle (diameter D,) into a vacuum chamber.
In OODR process, at the distance X from the nozzle,
two counterpropagating resonant laser beams (each of
diameter Dj) excite molecules. At X, the molecular free-
jet has diameter D,,. After the excitation, LIF signal is
collected from a solid angle €2 using a lens (diameter
Dy) located at the distanceL from the interaction region
(L > Dp).

The goal of this article is to estimate a number of
excited molecules and number of consequently emitted

photons in the total emission per one laser pulse. It
is realised in the environment of a free-jet supersonic
expansion for laser excitation from the ground, via
respective A>0% (5°P1) or C'1(4!Py) intermediate, to the
E31(63S;) or '1(4!D,) Rydberg state of CdAr or ZnAr,
respectively. Besides few characteristics of the free-jet
supersonic expansion that are crucial to the analysed
problem, several quantities are evaluated: an equilibrium
constant of formation of MeAr molecules, a number den-
sity of MeAr at the distance X from the nozzle, a number
of excited MeAr based on Einstein coeflicients calculated
using LEVEL Fortran code [17] and number of emitted
photons.

2. OODR processes in CdAr or ZnAr

A scheme of OODR process that is realised to excite Ryd-
berg electronic energy states in CdAr or ZnAr is shown in
Figure 2. It has been described in detail in [15]. Generally,
two laser beams in the VIS and/or UV region are used
in the process. They are employed to excite molecules to
the electronic states to which transitions from the ground
state are forbidden or not possible in one-step excitation.
Moreover, OODR can involve different intermediate elec-
tronic states to access and probe different parts of the
ro-vibrational energy structure in the final Rydberg-state
potential well(s).
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Figure 2. Ab-initio calculated interatomic potentials of electronic states in (a) CdAr [18] and b) ZnAr [15] molecules. A scheme of OODR
process is shown (solid vertical arrows) for excitation of (a) the E31(63S1), v/ = 2 and (b) the '1(4'D,), v’ = 13 levels in Rydberg states
(level |3)) from v = 0 of the ground state (level | 1)) using (a) the A30% (53P;), u7 = 5and (b) the C' 1(4"P;), u7 = 10intermediates (level
|3) <= |2)). Possible channels of the allowed emission analysed in [15] are shown with dashed vertical arrows. 350 x 200 mm (300 x 300

DPI)

Detection of dispersed emission from a Rydberg state
can be used in determination of those parts of lower
lying state potential that are not accessible in the exci-
tation from the ground state. As shown in [15], it can
be applied for CdAr or ZnAr molecules by collecting
fluorescence from molecules previously excited to the
E31(6S;) or '1(4!D;) Rydberg states via the A30"(5°P;)
or C'1(4'P;) intermediates, respectively (see Figure 2).
However, to effectively realise OODR process, one must
ensure that the chosen molecular transitions guaran-
tee efficient vibrational-level population transfer from
the |1)ground to the |3) Rydberg state. Except for suf-
ficiently intense resonant laser pulses and adequately
‘dense’ molecular free-jet (in the sense of molecular num-
ber density), one has to choose transitions for which tran-
sition dipole moments (TDMs) have satisfactory large
values. Figure 3 presents |[TDM|?(R), where R is an inter-
nuclear separation, for (a) the E31<-A30% «-X10%(5'Sy)
and (b) the 11<-C!'1<-X101(4!Sy) transitions for CdAr
and ZnAr, respectively. As one can see, for ZnAr,
as both transitions are singlet<—singlet transitions, are

appreciably large, which is not the case for the first
triplet<—singlet transition in CdAr that is characterised
by |TDM|? which is three orders of magnitude smaller.
Fortunately, despite the fact, the A>0T«-X'0" transi-
tion in CdAr has been experimentally realised in several
laboratories as reported, e.g. in [13] and [19].

3. Number density of ground-state MeAr
molecules in free-jet supersonic expansion

Let us consider a process of formation of diatomic
molecules (here MeAr from Me and Ar atoms), in a ther-
mal equilibrium bath which takes place in the source
nozzle

Me + Ar = MeAr

According to Vigasin [20], near the bottom of the molec-
ular potential that is well approximated by a truncated
harmonic oscillator, K, equilibrium constant can be
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Figure 3. Ab-initio calculated transition dipole moments \ DM \ 2 for electronic transitions in (a) CdAr [18] and (b) ZnAr [15]
molecules shown in Figure 2 for which OODR process is performed. 289 x 202 mm (300 x 300 DPI)

expressed in (atm™1!) as

X 18.86 |: % (1 n De>:| N
= e —_— JE— ,
P weBy X To%S agear ™ To

where w, is a harmonic vibrational constant and B, is
a rotational constant for a given v, both in (cm™h), x
is the symmetry number (equal to 1 for heteronuclear
molecule), Ty is a nozzle stagnation temperature (equal
to the temperature of a gas mixture in the crucible) in (K),
IMeAr is a reduced mass of MeAr in (atomic units) and D,
is MeAr ground-state potential depth in (K).
Having K}, one can write the formula

Kp _ pMeAr
PMe pAr

(2)

which is valid only if K, < 1 (it means only a small
fraction of Me and Ar atoms forms MeAr molecules
which is a realistic approximation in free-jet supersonic
expansion) and where pyg4, is a partial vapour pressure
of MeAr in the source nozzle where the molecules are
formed due to collisions. Using Equations (1) and (2),
PMear and then number density ny of the ground-state

MeAr in the nozzle can be calculated assuming an ideal
gas approximation

_ PMeAr
kB To

1o (3)
where kg is the Boltzmann constant.

For an isentropic flow in free-jet supersonic expan-
sion, after travelling the distance X, number density n(X)
of MeAr along with the central axis of free-jet propaga-
tion decreases according to the formula [7]

no

nX) = ;
[1+ 1y —DMEX)*] 7T

(4)

where y = E—}; and cp(y) is the heat capacity at a constant
pressure (volume), and the decrease of n in Equation (4)
is due to the increasing of M(X) local Mach number that
satisfies the equation [7]

X\ !
M(X) = A(D—) (5)

n

where A is a constant. Here, we discuss so-called seeded
molecular free-jet which consists of Me atoms with small
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number density in a cold ‘bath’ of carrier gas Ar atoms;
for monoatomic gas y = 5/3 and A = 3.26. (Note: M
corresponds to “U—AS’ ratio of va,, the local velocity of the
carrier gas in the free-jet, to vs, the local velocity of sound,
and as vg ~ JT, T drops along with the central axis of
expansion while M increases).

Figure 4 shows (a) n—”O(X) and (b) M(X) dependencies
that illustrate relations expressed with Equations (4) and
(5), respectively, and are derived for three different D,
nozzle diameters, typical in our experiments. It is evi-
dent that number density n of the ground-state molecules
along with the central axis of free-jet supersonic expan-
sion decreases quickly with X and, for experimental con-
ditions of present consideration, the decrease is approx.
from 5 to 6 orders of magnitude at X = 20 mm (Note: in
Figure 4(a) only X from 0 to 2 mm is shown).

It is interesting to examine M(X) for different D, with
respect to Mt terminal Mach number beyond which no
further cooling of molecular internal degrees of freedom
is taking place and particles travel in the molecular free-
jet in so-called zone of silence without collisions. Here,
M for monoatomic gas is given by the phenomenologi-
cal formula [7,21]

My = 133(pa,Dp)"* (6)

where p4, and Dy, are expressed (atm) and (cm), respec-
tively, and — as Mt depends on D,, and p4, — it is worth-
while to estimate M for typical experimental parame-
ters. In Figure 4(b), several values of M1 were depicted
with arrows numbered according to increased pa,: (1),
(2) and (3) for 1, 2 and 3 atm, respectively. Along with
the central axis of free-jet propagation, the distance Xt
from the nozzle at which M7 occurs (and origin of zone

of silence’ starts) can be estimated using the formula [16]

MT 1.5
Xt =Dy| — 7
T n<3‘26> ( )

and one can see that for all D, and pg4, available in
the experiment M attain their Mt terminal values for X
smaller than 20 mm.

The analysis presented above allows to formulate a
conclusion: with increasing D, the number density n of
molecules along with the central axis of free-jet expan-
sion increases as well; however, for larger D, the drop of n
along with the central axis is slower than that for smaller
D,,. For larger D, conditions for ro-vibrational cooling
become worse. The best cooling conditions are reached
for smaller D, and larger p4, and X.

Finally, according to a thermodynamic description
of free-jet supersonic expansion, M at particular X
expressed by Equation (5) allows to estimate an average
flow velocity [21,22]

0.5
J/kBT(X)> ’ ®)

Vaver(X) = M(X) (
M MeAr

where T along with the central axis of propagation is
governed by the formula [7,21]

To
1+ 3y — DMX)?*

TX) = )

Figure 5 shows (a) vaer(X) and (b) T(X) dependen-
cies for ZnAr expanding in the free-jet as expressed by
Equations (8) and (9), respectively. It is evident that for
experimental parameters of this analysis vy, increases
sharply at the beginning of the expansion (say, first 0.5-1
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mm) and the larger D,, the smaller is vgyer. As far as
T is concerned, it drops very fast from its Ty starting
value at first 1-2 mm of the expansion and its drop is
faster the smaller is D,,. Using Equations (8) and (9), one
can show that assuming typical experimental conditions
realised in our laboratory, i.e. D, = 0.2 mm, Tp = 913K
and Ty = 1073 K for CdAr and ZnAr, respectively, one
can arrive at Ugyer(Xexp = 10 mm) = 1131 ms~! and
Uaver(Xexp = 7 mm) = 1343 m s~! for CdAr and ZnAr,
respectively.

4, Number of excited MeAr molecules

To realise the first-step transition of OODR process, at
distance X,yp, the molecular free-jet is illuminated by a
pulsed laser beam that emits pulses of duration ¢,, spec-
tral bandwidth Awy,s (=2m Avj,) and a total energy per
pulse E,. The pulses have spectral energy density distri-
bution p(w) which is a function of angular frequency @
and is given by the formula

B 2
p(w) :pOle_no eXp[(a) ©las) ] (10)

202

where po is energy density per laser pulse (pp =
E

and wy,; is an average laser frequency. Let us assume

wjgs 1s tuned to wy) resonance frequency of the molec-

ular transition between |1) lower and |2) upper state

ro-vibrational energy levels: wj,s = w;2, and the transi-

tion natural linewidth Awpa < Awiys. Then, the total

rate of absorption szhs expressed in (s 1) is equal [23]

, ¢ is the speed of light), o =

WL = By pN) (11)

where By, is Einstein coefficient for absorption in

3 _
(%‘isl), P is energy density per unit of angular
— 1 poj, (Im™?
frequency expressed as p, = E%m (ra?5_1> and N;

is an initial number of absorbing molecules in level |1)
(see Equation (17)) Assuming a Gaussian distribution of
molecular number density along with the direction of
the laser beam with a variance o satistying the condition
Dy, = 20 (Dyy, can be determined experimentally [24]),
N can be approximated by

3 (D Dy 2
N = n(X)(2m)?2 (7) (3) , (12)

where n(X) is given by Equation (4).
Together with an increasing N, number of the excited

molecules in level |2), spontaneous and stimulated emis-

spont em

sions with W5 and W3[™ " rates, respectively,

occur and
W = AN, (13)
witimem — B, 0,Na, (14)

where A;; and Bj; are Einstein coefficients for spon-
taneous and stimulated emissions to the lower level
expressed in (s7!) and % , respectively. Here,
for the sake of simplicity, we assume spontaneous emis-
sion only to one lower level. Ay; coefficients were calcu-
lated by LEVEL program [17] taking into account inter-
atomic potentials of the electronic states involved in the
transitions and respective TDMs as a function of R, with
one exception: In case of the A30T, =5 « Xlot,
v =0 transition in CdAr, the A;; coefficient has been
assumed as that determined experimentally [25]. Mutual
relations between Einstein coefficients are as follows [23]:

27363
Bz]z 3 A21a (15)
haws,
D
Bh=(2)B (16)
. (g1> 2

where h is the Planck constant and g5(1) is degeneracy of
the upper (lower) level.

The N; and N, numbers of molecules are time depen-
dent, thus Ny = Nj(t) and N, = Nj (¢). In general, p,, is
also time dependent due to absorption (emission) of pho-
tons and non-rectangular shape of the laser pulse in time
domain. However, in case of considered transitions, the
number of absorbed photons is negligible as compared to
the total number of photons in the laser beam. Moreover,
for the sake of simplicity as shown above, in time domain,
we assumed a rectangular shape of the laser pulse. In such
a case, p,, is constant. With the above assumptions, the
population transfer N»(t) <— N} (¢) occurs and Nj () is
given by the equation

AN}
dt

= Wk — W W = B— ANS (0,

(17)
where A = B,p, + By, 0w +A21 and B = B,p,N1.
With the boundary condition N (t = 0) = 0, solution of
Equation (17) is

Ni(t) = 2(1 — e, (18)

Excitation in the second-step of OODR process is anal-
ogous to that in the first-step, with the exception that in
the second-step the N3 () < NJ(¢) population transfer
occurs and emission from level |3) is recorded.

In this study, it is approximated that there is no delay t
between the two excitation pulses in OODR process. This
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Figure 5. (a) Average flow velocity vaver and (b) temperature T along the central axis of free-jet supersonic expansion plotted against
distance X for ZnAr, and for source nozzle diameters D, = 0.1, 0.2 and 0.3 mm—according to (a) Equation (8) and (b) Equation (9).

Table 1. Parameters of the experiment with OODR excitation process of CdAr and ZnAr molecules from the ground to the E31(63S;) and

11(4'D,) Rydberg states, respectively.

Parameter Unit Description CdAr ZnAr

Initial parameters of the free-jet supersonic expansion

To K Nozzle stagnation temperature = temperature of a gas 913 1073
mixture in the crucible

Pie bar Metal vapour pressure in the crucible [28] 0.220 0.335

Par bar Argon pressure in the crucible 5 7

Geometry of the experiment

Dp mm Diameter of the nozzle 0.2 0.2

Dp mm Diameter of the molecular free-jet at Xey, 5 4

Dy mm Diameter of the laser beam at the intersection with the 2 2
molecular free-jet

Df mm Diameter of the collecting lens 51 51

Xexp mm Distance between the nozzle and the laser beam 10 7

L mm Distance between the intersection of the laser beams and 100 150
molecular free-jet, and the collecting lens

Parameters of laser beams in OODR process

Epi m)J Energy per pulse of the first excitation 3 15

Eps mJ Energy per pulse of the second excitation 1.5 1.5

tp ns Laser pulse duration 10 10

AVjgs cm~! Spectral bandwidth of the laser pulse 0.2 0.2

Parameters of the molecular electronic ground-state

v — Vibrational quantum number 0 0

we cm! Harmonic vibrational constant [13,29] 19.8 19.8

By—o cm~! Rotational constant for v =0[17] 0.046 0.034

De K Potential well depth [13,29], 146.88 116.73

is because after 7 of few tens of ns (in the experiment T &~
50 ns) molecules in the free-jet travel approx. 60-70 pm
which is a negligible distance as compared with D,, and
D; that are of few mm each (see Table 1). Thus, the loss
of molecules from the interaction region is also negligible
and T = 0 ns is justified to be assumed.

5. Number of emitted and collected photons

As excited energy level |3) in both Rydberg states of CdAr
and ZnAr possess a limited lifetime, so in our model one
can assume that one photon from each excited molecule

in the first-step LIF is emitted. Secondary LIF events are
not taken into consideration. Thus, the number of emit-
ted photons is equal to the number of excited molecules:
Nphottot = Nj (t). Moreover, in this study, an idealised
detection system is described. It is affected neither by
scattering from the collecting lens nor efficiency of the
detector. Although photons are emitted in full solid angle,
only these that reach the collecting lens can be detected
(see Figure 1). Thus, a number of photons collected by
the lens approximately equals

7 (Dy/2)?

412 (19)

Nphot = Nphot tot-
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Table 2. Calculated parameters of the experiment of OODR process and subsequent emission from the E31(6351) and ' 1(4'D,) Rydberg

states of CdAr and ZnAr molecules, respectively.

Parameter Unit Description CdAr ZnAr

Free-jet supersonic expansion

Ky atm™! Equilibrium constant of MeAr formation in the ground 89.107° 43.107°
state, Equation (1)

no m—3 Number density of MeAr molecules in the source nozzle 7.7 -10%° 6.7 - 10%°
(Equation (3))

n m~3 Number density of MeAr molecules at X along the axis of 46-10'° 8.2-10'6
molecular free-jet, Equation (4)

M — Mach number at X, Equation (5) 44.8 353

T K Temperature at X, Equation (9) 1.5 2.6

Uaver ms~! Average velocity of molecules at X, Equation (8) 1131 1343

First-step excitation in OODR process (transition |2) <—|1))

A s7! Einstein coefficient for spontaneous emission [15,22] 3.7-10° 1.26 - 108

3 —1

Bi> % Einstein coefficient for absorption, Equation (16) 1.95-10" 1.87—1021

By 7‘"3“;‘_‘1' s Einstein coefficient for stimulated emission, Equation (15) 9.73.10'® 9.36—10%°

w12 rads™! Resonant angular frequency 5.77-10"° 8.79-10"

N3 — Number of MAr excited molecules after laser pulse 12-10° 1.7-10°
(t = 10ns) first excitation, Equation (18)

Second-step excitation in OODR process (transition |3) <—|2))

A3y ) 57! 1 Einstein coefficient for spontaneous emission [15] 242 .10° 1.35.10°0

By m‘;‘% Einstein coefficient for absorption, Equation (16) 1.59-10"8 1.29-10%

B3y % Einstein coefficient for stimulated emission, Equation (15) 7.95.10" 1.29 . 10%

w3 rads™! Resonance angular frequency 3.75-10" 2.98-10"

N3 — Number of MAr excited molecules after laser pulse 40-108 1.1-108
(t = 10ns) second excitation, Equation (18)

Nohot — Number of photons collected by lens per one laser pulse 6.5-10° 80-10°

(transition |3)—|2)), Equation (20)

6. Conclusions

Basic characteristics of a free-jet supersonic expansion
along with its central axis such as: Mach number M(X),
terminal Mach number My, number density n(X) of
molecules, average flow velocity vgyer(X) and tempera-
ture T(X) were analysed along with an estimation of N3,
the number of expanding CdAr and ZnAr molecules that
are excited in the free-jet in OODR process. The esti-
mation was demonstrated for laser excitation from the
ground, via intermediate, to the E*1(6%S;) or '1(4!D,)
Rydberg state for CdAr or ZnAr, respectively. A number
of subsequently collected photons, Ny, in the detection
system was also evaluated.

Table 1 collects parameters of the experiment with
OODR excitation process of CdAr and ZnAr molecules
from the ground to the E*1 and ! 1 Rydberg states, respec-
tively. It encloses initial parameters of the free-jet super-
sonic expansion, parameters describing the geometry of
the experiment, laser beams and molecular electronic
ground-state. Table 2 collects calculated parameters of
free-jet supersonic expansion, two steps of excitation in
OODR process and subsequent emission from the E*1
and 1 Rydberg states in both molecules.

It was shown that for both CdAr and ZnAr, the num-
ber of Rydberg-state excited molecules N¥ (1.27-10%
and 5.31 - 107, respectively) as well as subsequently emit-
ted photons Npjo (2.08 - 10° and 3.8-10°, respectively)
may ensure detection of ZnAr in the free-jet supersonic

expansion after excitation of the 11 Rydberg state. This
is because LIF emission from the E*1 state in CdAr has
been readily detected not only in our laboratory [26,27]
while Nppo; in the case of ZnAr is only approx. 5.4 times
smaller than that of CdAr.
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Spectroscopic rotational characterization of two v’ =0 and v’ =1 vibrational components of the
E*31(5s6s S;) Rydberg state of CdNe van der Waals (vdW) complex has been performed using specially
designed approach. In optical-optical double resonance (OODR) process, a selective J-excitation has been
realized using the E>X7 — A’Il, (5s5p >P,) transition, with v = 0 level of the A’IT,- state as an interme-
diate in the excitation from v = 0 of the X' X (55> 'Sp) state. As a result, B,_, and B,_, rotational constants
have been determined as well as the R, equilibrium internuclear separation in the E? ¥, - state potential

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Studies of lower-lying Rydberg electronic energy states of 12-
group metal (M = Zn,Cd,Hg) and rare gas (Rg = Ne,Ar,Kr) MRg van
der Waals (vdW) complexes have been conducted employing laser
spectroscopy in supersonic beams. To excite the Rydberg states,
one of the two techniques has been explored: a selective optical-
optical double resonance (OODR) process where the Rydberg state
is reached from the ground state by applying two consecutive laser
pulses via an intermediate state, or less-selective vaporization-
optical (VO) process that utilizes a vaporization laser pulse in the

* Corresponding author.
E-mail address: tomek.urbanczyk@uj.edu.pl (T. Urbaficzyk).

https://doi.org/10.1016/j.saa.2021.120248
1386-1425/© 2021 Elsevier B.V. All rights reserved.

first-step excitation and produces a number of atoms in metastable
states that form complexes in the intermediate electronic states for
the second-step excitation.

The OODR process has been employed for HgRg in an investiga-
tion of the lowest-lying triplet E2X*(6sns 35, n =7 — 10) [1,2] and
singlet '=*(6sns 'So, n = 7 — 9) Rydberg states [3] in HgNe, and the
E*X"(6s7s 3S1) [4] and E*Z" (6s8s 3S;) states in HgAr [2]. In case of
CdRg, the E>%; (5s6s 3S;) state in CdNe [5], CdAr [6] and CdKr [7]
have been studied. In turn, the VO process has been applied in
studies of the e3X"(5s6s 3S;) state in CdAr [8] and E*Z* (4s5s 35;)
state in ZnAr [9].

The lower-lying Rydberg state E321+ in CdNe has been investi-
gated spectroscopically only once [5] and with vibrational resolu-
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tion only. In that study, two intermediate energy states, the
A’Tl,: (555p >P;) and B*Z{ (5s5p 3P;) have been used to indepen-
dently probe the E*Y; state potential in a widest possible range
of R internucelar separations. As a result, v’ =0,1,2 —v" =0,1
bound — bound excitation spectra of the E*X{ — A’Il,: transition
were recorded. From that study, spectroscopical parameters of the
E®Y; - state potential well were determined. In the excitation spec-
trum of the E*Z; — B*Z transition, a nodal structure of free —
bound transitions was observed and described as a projection of
the B’X] - state vibrational wave-function onto the E*Y] - state
potential barrier, in accordance with the prediction of ab initio cal-
culations [10,11]. Studies with rotational resolution have never
been performed. Here, we propose to fill this gap in a specially
designed experimental approach that in its nature overcomes lim-
itation associated with spectral resolution imposed by our lasers.

2. Experimental set-up

The experimental set-up is similar to that employed in our pre-
vious studies of CdRg molecules using OODR method [12,13] so
here, we limit the description only to necessary details. The source
of supersonic beam with CdNe complexes was filled with cadmium
pellets (purity 99.95%, natural abundance). The high purity neon
(99.999%) carrier gas was delivered to the source at the pressure
of 8-9 bars. The frequency-doubled pulsed dye laser (TDL90, Quan-
tel, with a dye mixture of LDS and DCM in methanol) pumped with
a 2nd harmonic of Nd:YAG laser (YG981C, Quantel) was used to
first-step excitation of CdNe from the ground X'Z,. (v =0,)) to
the specified ro-vibrational level in the intermediate
A’TIy (v = 0,J") state. Second-step excitation from the AITy: to
the E*X (1',J') state was realized using the second-step dye laser
(TDL90, Quantel, with Coumarin 102 in methanol) pumped with
a 3rd harmonic of Nd:YAG laser (Powerlite 7010, Continuum).
With the help of a wavemeter (WSU30, High Finesse), the spectral
bandwidth of both dye lasers was estimated to be 0.1 cm™ (-
FWHM). The pulses of two Nd:YAG lasers were synchronized with
the pulsed molecular beam source with the help of the digital
delay generator (DG645, Stanford Research Systems). Both
counter-propagating laser beams intersected the molecular beam
at the distance of 19 mm from the source nozzle. During the exper-
iment, the wavenumber of the first-step excitation laser was fixed,
whereas the second-step excitation laser was tuned with a 0.05-
0.15 cm~! step. The laser induced fluorescence (LIF) signals associ-
ated with both OODR transitions were registered by two photo-
multipliers (PMT) oriented perpendicularly to the direction of
molecular beam. Details of the detection procedure as well as the
integration and data accumulation processes can be found in [14].

3. Results
3.1. Determination of rotational constants B,_, and B,_,

Fig. 1a) presents the profile of vibrational component in LIF
excitation spectrum recorded using the ATy (v =0,]") —
X'Zy (0 =0,]) transition in which the rotational structure was
partly resolved. The spectrum was reported, e.g. by Kvaran et al.
[15] and Funk et al. [16]. The characteristics of the X'Z, and
A’Tl,: - state potentials, as well as of the E*X; - state, are collected
in Table 1.

Due to the narrow spectral bandwidth of the first-step excita-
tion laser (compare with blue vertical bars in Fig. 1), for each cho-
sen laser wavenumber, CdNe complexes were excited to one J’
rotational level in the A*II, (v” = 0) component (compare with
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Table 2). Fig. 2 presents LIF excitation spectra recorded using the
E’Xi (v =0,1) — A’y (" = 0) transitions in CdNe for second-
step excitations starting from different J” selectively excited in
the first step of OODR process (see Fig. 1). Each spectrum contains
two distinctive lines with increasing distance between them as J”
increases. The lines in the spectra can be identified as belonging
to two rotational P- and R- branches which correspond to the exci-
tation associated with the change the initial J by —1 and +1,
respectively. Due to the selection rules, the spectra should contain
three rotational P-,Q- and R- branches. However, Okunishi et. al. [1]
showed, that in case of analogous HgNe complex the intensity of Q-
branch can be significantly lower than, e.g. P- branch (compare the
intensities of bandheads in Fig. 4 of Ref. [1]). In fact, in few cases of
spectra registered in our experiment, there exists an additional line
with low intensity located between two more intense lines
assigned to P- and R- branches (compare with Fig. 2(b)).
Measuring separations between P- and R- branch lines shown in
Fig. 2 allows for determination of the E*%; - state rotational con-
stant B, for a particular vibrational level v'. Limiting the reasoning
to the first order of approximation in the expression for the E,,
rotational energy component in the total energy, we define

E,.=BJ(J +1). (M

During the excitation from J” rotational level, J; =J"+1 and
Jp =J" —1 for R- and P- branches, respectively. Consequently, we
obtain

E,rotR = B:1U/l + 1)(]// + 2)7
E,rotlJ = B;JH(JH -1,
which leads to A defined as the difference between energies of two

rotational lines originating from the same J* and associated with P-
and R- branches. It can be expressed as

(2)

A= E/rotR - E/ra[l’ = 4B;> '.]// + 281) (3)

According to Eq. (3), the separation A increases linearly with J*,
which here, due to the first-step selective excitation, is Jz. The rota-
tional constants B, can be determined from the slope (4B,) of the
linear regression of A(J;) dependency as well as from its intersec-
tion with the vertical axis (2B)). Fig. 3 shows the linear regression
of A(Jp) plotted for v = 0 and v’ = 1 according to the experimental
data presented in Figs. 2(a) and 2(b), respectively. The determined
B, , and B, , rotational constants for the E>~} Rydberg state are
collected in Table 3.

It should be noticed that the isotopic structure of CdNe has not
been resolved in the experiment due to small v’ in the recorded
transitions. Consequently, we assumed the obtained vibrational
constants as these corresponding to the most abundant CdNe iso-
topologue, i.e. 1'4Cd?°Ne. Simulation shows that for CdNe isotopo-
logues with abundances larger than 3% the isotopic shifts between
the most separated isotopologues (i.e. ''1°Cd?°Ne and ''®Cd?°Ne)
are equal 0.042 cm™' for the intermediate A’TI,: (v” = 0), and
0.096 cm™! (v'=0) or 0.181 cm™! (v'= 1) for the final E*X states.
For the same isotopologues, isotopic shifts simulated for the
observed transitions E*X] (') «— A’Il,: (0" = 0) are even smaller:
0.054 cm~! and 0.14 cm™! for v’ = 0 and v’ = 1, respectively.

3.2. Simulation of profile of the v' = 1 « v" = 0 vibrational
component

To verify the correctness of the obtained E*Z; - state rotational
constants, we recorded the profile of the v =1 « v” =0 vibra-

tional component of the E°Z] «— A®Il,: transition with the first-
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Fig. 1. Profile of the vibrational component of LIF excitation spectrum of the A’TI,: (V" = 0,]}) — X'Z¢+ (v = 0,]) transition in CdNe complex (a) recorded in experiment and
(b) simulated. The simulation was made using Level [18] and Pgopher [19] programs assuming: T, = 5 K rotational temperature, Acauss = Arorenz=0.1 cm ~! Gaussian
(responsible for a residual Doppler broadening associated with the transversal divergence of the molecular beam) and Lorentzian (responsible for a bandwidth of the laser
beam) broadenings, and a Morse - function representations of the X'S,. and A’I1,. states with characteristics from Table 1. The assignment of J; quantum numbers in the
resolved rotational structure of the R-branch is shown above the spectra. Rotational levels used as intermediate in OODR process (blue tics, compare with Fig. 2) and and three

vertical bars representing the laser bandwidth (+0.1 cm™!) are also depicted.

Table 1
Spectroscopic characteristics of the E*X{(6%S;), A*T1y: (5°P;) and X'Z,: (5'So) states in
CdNe. All parameters are expressed in (cm '), except the R, which is expressed in (A).

Bxi AT, X'Zp
We 56.6 + 3.0° 22.6° 13.2¢
WeXe 8.8 + 0.4° 1.6" 1.15¢
Re 3.21 + 0.05° 3.62° 4.26°
3.04 + 0.07°
2.86 + 0.07"
3.00 + 0.07%
2.98 + 0.06"
D 91.0 + 4.0° 79.8° 37.9¢
2 Ref. [5].
b Ref. [15].
¢ D ~ 4;/fxe'
4 Ref. [16].

¢ Ref. [11], ab initio result, the R, uncertainty determined as a half of difference
between R of neighbouring points.

T Ref. [10], ab initio result, the R, uncertainty determined as in ©.

& Ref. [17], ab initio result, the R, uncertainty determined as in °.

" This work, determined from B),_, and B,_; (recommended value).

Table 2

The excited rotational levels of the A’ITy- (v = 0) vibrational component in CdNe for
different laser wavenumbers in (cm ') used in the A*TIy: (V" = 0,Jf) — X'Zg: (v = 0,])
transition.

Laser wavenumber Excited J}
30623.9 5
30624.2 6
30624.6 7
30625.1 8
30625.5 9
30626.0 10
30626.6 11
30627.2 12

step excitation laser set at the band-head of the ATy (v = 0) —
X'Z,+ (v = 0) transition (v= 30622.6 cm™!). The recorded profile
along with its simulation is shown in Fig. 4. In this case, not a single

but several lower-lying rotational levels J” are excited in the A>T,
- state v = 0 level. The simulation performed using Level [18] and
Pgopher [19] programs, employing potential parameters (Table 1)
and and rotational constants obtained here (Table 3), shows a very
good agreement with the experimental profile confirming reliabil-
ity of results obtained in this study.

3.3. Determination of the R, for the EX! state

The rotational constants B, can be expressed as

1
Bz):Be_fxe<U+§>~,

where B, is a rotational constant at the equilibrium internuclear
distance (R =R.) and o, is a constant. Having determined the B,_o
and B,_;, one can express rotational constant B, as

_ 3Bz>:0 - Bu:l
= 5

The constant B, is related with the R, using formula:

h
Re = V 8m2cuB,’

where h,c and p are Planck constant, the speed of light and CdNe
reduced mass, respectively. Using the B,_, and B,_, determined in
this work, we calculated B,=0.112+0.002 cm~' which lead to
R, =2.98+0.06 A for the ] Rydberg state of CdNe. As one can
see in Table 1, R, obtained in this work agrees more with results
of ab initio calculation of [11,10,17] than with previous result [5]
obtained from the analysis of intensities of vibrational components.

(4)

B.

(6)

3.4. Conclusions

We presented a direct experimental rotational characterization
of two v’ = 0 and v’ = 1 vibrational components of the E*X] (63S;)
Rydberg state of CdNe vdW complex. It relied on a selective J-level
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Fig. 2. The experimental LIF excitation spectra recorded using the E32]* — A%M,. transition in CdNe for (a) (' =0.]') — (V" = 0,Jz) and (b) (v =1,J') < (v" = 0,J}). For
(v =0,Jz = 8) and (' = 1,J; = 8), assignment of J' belonging to rotational branches is shown. (c) Rotational energy structure of the vibrational components involved in the

analyzed selective J' excitation. Details in text.
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Fig. 3. Experimental separations A(J;) between energies of rotational transitions
belonging to P(J; — 1) and R(J + 1) branches (compare with Fig. 2 and Eq. 3).
Results for ¥ =0« v” =0 and v’ =1 « v” = 0 vibrational components of the
E3} — A’l,- transition are shown. Rotational constants B, , and B,_, obtained
from the linear regression of the plot are collected in Table 3. Details in text.

Table 3
Rotational characteristics of the E3Z,*(6351) Rydberg state in CdNe determined in this

study. B, and B, are expressed in (cm™").

B:):U B:}:] Be
0.106-:0.001° 0.095- 0.001° 0.112+0.002¢
0.092° 0.080°

¢ From a slope of the linear regression of A(J) plot, recommended value.

b Obtained using Level program [18] from characteristics of the E321+ - state
potential (see Table 1).

¢ This work (see Eq. 5).

excitation realized using the E*Z] — A*II,: (5°P;) transition, with
v” = 0 level of the A’II,. state as an intermediate in the excitation
from v =0 of the X'Z,-(5'S,) state in OODR process. The study
resulted in B,_, and B, _, rotational constants as well as the R, equi-
librium internuclear separation for the E*Z!- state potential well.
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Fig. 4. (a) LIF excitation spectrum recorded using the E3):1*(v’ =1) — AT, (v” = 0) transition in CdNe with first-step excitation of lower-lying J” levels in the A*IT,: (v” = 0).
(b) Simulation of rotational P-, Q- and R- branches for CdNe isotopologues with abundances larger than 3%, performed using Pgopher [19] program, with potential parameters
from Table 1 and rotational constant from Table 3, for J;,,, = 6, rotational temperature T,=5 K, and Agauss = Arorenz=0.15 cm~! Gaussian and Lorentzian broadenings. (c), (d)
and (e) Contributions from P-,Q- and R- branches, respectively. Intensity of the Q-branch was adjusted according to these of P- and R- branches as observed in the experiment
(see Fig. 2b). All simulations take into account an isotopic shift between considered CdNe isotopologues as approximately one order of magnitude smaller than their

rotational structure.
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e Shape of the shallow outer well and
potential barrier of the double-well
B33 6%S; state in CdAr molecule T [ ‘
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transitions corrected and new values of
vibrational constants for the outer well
determined.
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ARTICLE INFO ABSTRACT

Keywords:

Optical-optical double resonance (OODR)
van der Waals CdAr complex

Rydberg electronic state

Potential barrier

Previous characterization of the double-well E*Z{ (63S;) - Rydberg state outer potential well (E* ) in CdAr
van der Waals (vdW) complex has been based on detection of the E*~] < B*x; (5°P;) (v”=0-2) transitions only.
In this study, the gap in the limited characterization of the E?’Z‘.{r out shallow well and the neighbouring potential
barrier has been filled by recording bound (v') < bound (v”"=1-4) and free < bound (v”=0-4) excitation spectra.

Vibrational characterization
Free - bound transitions

The result, spectroscopic description of the E3%
from simulations of the recorded spectra. The results were compared with those published previously.

+

1 out Well along with the potential barrier have been concluded

1. Introduction

In different branches of atomic and molecular physics there is rapidly
growing interest in long-range forces acting between atoms interacting
in variety of traps, in experiments of matter-wave interferometry and
photo-association of cold molecules [1]. The recent advances in laser
cooling and optical trapping techniques as well as two- and three-step
photo-association processes of cold molecules have been largely

* Corresponding author.
E-mail address: joanna.b.dudek@doctoral.uj.edu.pl (J. Sobczuk).

https://doi.org/10.1016/j.saa.2022.121655

responsible for the renewed interest in the studies of the long-range
region of internuclear separations R [2,3]. Knowledge of the complex
shape of the interatomic potentials facilitates an optimum design of the
photo-association schemes. Among the various available techniques,
diatomic molecular spectroscopy has proved to be the most effective and
precise way to obtain information about the interaction between the two
entities e.g., M and M in My, or M and Ng in MNg complexes (M and Ng
are metal and noble gas atoms, respectively) [1] in the experimentally
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available range of R.

A double-well structure of the lowest-lying Rydberg
Ez) (63S1)-state interatomic potential of CdAr has been predicted by
Czuchaj and Stoll and Czuchaj and co-workers in their ab initio calcu-
lations of potential energy curves (PECs) of the CdRg complexes (Rg-rare
gas atom) [4,5]. However, the early laser spectroscopy experiments
[6,7] have not supported this prediction as they were focused on the
characterization of the inner (deeper) E*X-state potential well only.
That picture had been maintained until Koperski and Czajkowski
concluded in their experimental study [8] that the E3Zf—state potential
does indeed possess a double-well structure. According to their work,
the inner (E®%L;,) and the outer (E®%{ ), 1309.5-cm™' and 24.2-
cm ! deep potential wells, respectively, have been separated by a po-
tential barrier 48.0 ecm ! in height with respect to the 63S; atomic
asymptote. They have also found that the deeper and shallower wells,
and the barrier were located at R estimated as 2.85 [o\, 5.60 A and 4.70 10\,
respectively. After that, there has been a series of investigations that

1 [9-10] and
E3'21+ out [9,12] potential wells, and those studies were reasonably ac-
curate with respect to the former [8], however, they left considerable

focused at more detailed characterization of the E3X}

uncertainty concerning characterization of the E®X} . as well as
determination of the position R, and height of the potential barrier Ep.

1 out IS concerned, it
has been based on detection and simulation of the E3%{ < B*Z{ (5°P;)
bound(v’) < bound(v”=0-2) transitions or not-simulated free < bound
(v"=0-2) transitions only. The characterization has not exhausted other
intermediate v” vibrational levels sufficiently populated in the B3Z] «

Till now, as far as the characterization of the E3%

X'Zo+ (5'So) first-step transition in optical-optical double resonance
(OODR) process applied in the studies. From those studies, new values
for Ry oue (7.63 A [9], 6.90 A [12]) and Doyt (19.14 cm™! [9], 19.10
cm ! [12]) have been obtained. Moreover, new estimation of the height
of the potential barrier Ej, between 21.1 em ! and 39.4 em™! resulted
from the recorded v'«v"=6 progression using the E*< ; «A%Tlo+ (5°P;)
transition [11], but more accurate description of the shape of the outer-
well has not been performed.

From the theoretical point of view, previous [5,13] and new [14] ab
initio calculations performed by Czuchaj et al., Strojecki et al., and
Krosnicki et al., respectively, provided values of 7.94 A [5], 7.67 A [13]
and 7.36 A [14] for the R¢ out, 15.5 em™! [51,17 em ! [13] and 16 cm™!
[14] for the D, oy, as well as 4.96 A and 46 cm ! [14] for the Rp and Ep,
respectively.

In this article, we have taken on filling the gap in the limited char-
acterization of the E3Z-state outer potential well and the potential
barrier, and have also used more available bound (v") « bound (v"=1-4)
and free < bound (v”=0-4) LIF excitation spectra recorded using the
E3xf

T ou<B®Z; transition. As a result, more reliable and consistent
description of the E3s . along with the potential barrier has been
derived from simulations of the recorded spectra. Together with our
previous determination of the E*/, [11], a consistent PEC of the
whole E3%; state has been derived experimentally.

2. Experimental set-up

An experimental set-up is similar to that used in OODR studies of
CdRg (Rg = Ne, Ar, Kr) complexes previously reported from our labo-
ratory [10-12,15]. Here, we limit the description to necessary details.

The CdAr complexes were produced using a high-temperature, high-
pressure pulsed source for the supersonic molecular beam [16]. The
source was filled with cadmium pellets (purity 99.95 %, natural abun-
dance) and a carrier gas of high purity argon (99.999 %) at a pressure of
2-5 bar. Operation of the source was synchronized with two pulsed laser
systems that were used to excite CdAr molecules to the E°S state from
the X', state via intermediate B3Z; state. Synchronization between
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the pulsed source and the laser systems was realized using a digital delay
generator.

The first-step excitation laser system consisted of a frequency-
doubled Nd:YAG laser (YG981C, Quantel)-pumped-dye laser (TDL9O,
Quantel) which used a dye mixture of LDS (33 %) and DCM (67 %) in
ethanol. It was used to excite CdAr from the ground X120+(v =0) to the
specified v” vibrational level in the B®X] state. The frequency of the
second-step excitation from the B3X; (v") was swept over a profile of the
v’ vibrational components in the E*%; final state or over an undulated
structure of the free « v” transitions. The second laser system consisted
of a Nd:YAG laser (Powerlite 7010, Continuum)-pumped-dye laser
(TDL90, Quantel) which used Coumarin 102 in methanol to cover the
range of studied spectra. The dye laser output was tuned over the range
from 20800 cm™! to 21000 cm ™! (approx. 476-480 nm) in 0.04-0.3-
cm ™! steps. According to the measurement with a wavemeter (WSU30,
HighFinesse), linewidths of fundamental frequencies of both TDL9O0 la-
sers were about 0.07 cm ™! and 0.1 cm™! for the first- and second-step
lasers, respectively.

The two dye-laser outputs were directed in opposite directions into a
vacuum chamber where they intersected the molecular beam at a dis-
tance of 18 mm from the source nozzle (0.2 mm orifice diameter).
During the experiment, LIF signal from the B3ZI' ") « X120+(u =0)
transitions was monitored using first photomultiplier (PM) tube
(9893QB/350, Electron Tubes) whereas LIF signal from the E321+<—
B3%{ (v") transitions was recorded using second PM tube (R585,
Hamamatsu). The PM tubes were oriented at 45- and 90-degree angles to
the direction of the laser beams and perpendicular to the molecular
beam. The second PM tube was screened using a UV-absorbing filter to
remove strong emission induced by the first excitation process. For each
second-dye-laser tuning step, LIF signals that corresponded to 64 dye-
laser shots were averaged using a digital oscilloscope (TDS 2024B,
Tektronix). The resulting average waveforms were saved in a computer
memory along with parameters describing the corresponding tuning
step including the dye-laser frequency and its bandwidth measured with
the wavemeter.

3. Results and discussion
3.1. Bound < bound LIF excitation spectra

3.1.1. New v'-assignment and correction to vibrational characteristics
The bound « bound part of LIF excitation spectra of the
E3% . (0)<B3Z) (¥ =1,2,3,4) transitions are presented (see
Fig. 1a) with respect to the position of the X' So+ ground-state asymptote.
Detection of the v'«<v” transitions originating from higher vibrational
states (v”=3,4) led to a significant change (as compared to the earlier
studies [12]) in the description of the E*S} _ . For v”=3 and 4, a distinct
additional component, that previously had not been taken into consid-
eration, has been observed (see green vertical arrow in Fig. 1a). The
component has been assigned to v'=0 « v” transition since its position
follows the linearity of Birge-Sponer (B-S) plot presented in Fig. 2. Using
the B-S plot and new v’ - assignment, new vibrational characteristics of
the E3%; . have been determined and collected in Table 1. It was
assumed that due to the shallow character of the E3%{ ., a formula D, ~
®.2/4wex., which results from linearity of B-S plot will accurately
approximate the outer-well depth, and a Morse function in the form:

E(R) = Do{1 = "R Y D, 4 By &)
will give a good representation of the E®3] . potential.

3.1.2. New estimate for the R, o equilibrium distance of the ESZf—state
outer well

Determination of the E3X}

T out - Well equilibrium distance R,/ oy was
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Fig. 1. (a) Experimental LIF excitation spectra of
the E®2} ,, (v)<B®Z (v”) bound < bound tran-
sitions in CdAr recorded for v”"=1,2,3,4 (red lines),
and their simulations [18,19] (black lines). Hori-
zontal axis wavenumbers are given with respect to
the X'y ground-state asymptote. Position of the
v'=0 « v" component that has not been previously
recorded [12] is depicted with green arrow. The
E3%) . (v =17)<B%%] (v") vibrational component
is located at approx. 51460 cm ™. (b) The agreement
coefficient C (see Eq. (2)) plotted as a function of
R¢ out- It describes agreement between experimental
and simulated intensities of the vibrational compo-
nents in the E3%] , (v')«B®Z{ (v") transitions.
Position of the determined equilibrium distance and
"=3 its uncertainty R,/ oy = 7.235 + 0.121 Ais depicted
by red line and grey margin, respectively. See text

for details.

(a)

1.2

0.6

o
o

LIF [arb. units]
C [arb. units]

-
»

f_AA_, : 0.0

51 "‘60 51470 51 "180' 6.0 6.5 7.0 7.5 8.0 8.5

laser wavenumber [cm™] " out [A]

based on analysis a Franck-Condon (F-C) envelope of v'«v” vibrational values of R¢ oy within the range 6.0 A-8.5 A with 0.025-A step. So-called

components observed in the E°S{  «B°%] transition, ie. on their agreement coefficient C was calculated according to the formula:
recorded relative intensities. The respective procedure that was applied ) 1

in the current study had been described in detail in Ref. [12]. For v" = C(R, ) = : 5 (2)
1,2,3 and 4, intensities of the vibrational components recorded in the > [I e~ Lsim (Re out)}

experiment were compared with the simulated ones. Similarly to the ) o

analysis performed in Ref. [12], the simulation was iterated through where I, and I;, (R, ) are normalized experimental and simulated
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Fig. 2. Birge - Sponer plot for v’ «<v"=4 vibrational progression recorded in the
E3%] . (0')«<B%Z} (v") transition in CdAr. Linear fit (red solid line) determines
vibrational constants w,’ = 4.36 + 0.05 cm ! and w/x,’ = 0.207 + 0.005 cm™ .
Uncertainty of AG originates mainly from the laser bandwidth as well as rota-

tional and isotopologue structure of the line, and is estimated to be + 0.14 cm ™.

intensities of the i th vibrational component.

To increase the accuracy of the simulated intensities, parameters of
the simulation have to be carefully chosen. The intensity of each simu-
lated vibrational component depends mainly on several effects: F-C
factor calculated using LEVEL program [18], corresponding rotational
structure calculated using PGOPHER program [19] (unresolved in this
experiment), transition dipole moment function, adopted here from
Ref. [14], and CdAr isotopologue structure.

The last effect results in increasing of the intensity of lower v’
vibrational components as compared to the higher ones. It is due to the
increasing of the isotopologue separation with v'. Simulations were
performed assuming natural CdAr isotopologue abundances with 3 %
threshold. Both, the B3Z{ - state potential well and the E3% . are
represented with Morse functions, the former using parameters from
Ref. [12] and the latter with newly-determined vibrational constants of
this study. Simulations were performed applying a 0.1-cm ™} (FWHM)
Gaussian and Lorentzian convolutions for each rotational component
within every simulated vibrational profile, and rotational temperature
Tyot = 2 K. Moreover, since the E’Y} | «+B3>%] transition is the second-
step excitation of OODR process, only several rotational transitions,
selected in the B3T]«X!Z,. first-step excitation, were taken into
consideration, here J” = 0-7. This is illustrated in Fig. 3a where partly-
rotationally-resolved profile of the B*Z; (v = 2)<X'Z¢: (v = 0) vibra-
tional band recorded (red line) and simulated (black line) are shown.
The rotational structure of the band is shown in Fig. 3b in which P-, Q-
and R-branches are represented with black, red and blue vertical bars,
respectively. From Fig. 3 it is obvious that with the first-step excitation
laser, which frequency was set at that corresponding to the vicinity of
the vibrational band-head (see grey vertical bar), only J’ < 8 rotational
levels can be effectively excited. Only those J” participated in the
second-step excitation.

The agreement coefficient C(R¢ oy) for each v” employed in the
second-step excitation is presented in Fig. 1b. The meaning of the C
coefficient can be understood in such a way that the higher C value, the
better agreement between simulation and experiment. Values of the
R oyt for which the best agreement (highest C) were obtained are pre-
sented in Table 2. As one can see, the value of the R, oy slightly increases
with v”. This surprising observation can be attributed to the fact that
relative intensity of vibrational components in LIF excitation spectrum
depends on the transition dipole moment function which was calculated
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Table 1
Spectroscopic characteristics of the B (5°P;)- and E3Sf

1 out (6%S1)-state po-
tentials of CdAr complex.

Bx (5°P1)’ E'S 5 (6%51)

w, (cm™) 11.1 + 0.1 4.36 + 0.05"
4.4 +0.2°
4.15 + 0.05'
415 + 0.10°
0.207 + 0.005"
0.20 + 0.01°
0.225 + 0.005'
0.225 =+ 0.010°
22.96 + 0.76°
24.2 + 1.0°
19.14 + 0.63"
19.10 + 1.30¢
15.5!
17
16\\
7.235 + 0.121°
5.60 + 0.05°
7.63 + 0.05'
6.90 + 0.15°
7.94!
7.67
7.36"
0.603 + 0.015°
0.628 + 0.014
0.628 + 0.028°
Ry (A) 5.15°

4.70°

4.89

4.96"
Ep (cm™ )¢ 27¢
48°
21.1-39.4"
70’
46‘\
51483.980 =+ 0.002

weXe (cm™ ") 0.56 + 0.01

D (em™)

55.0 £ 2.0

R. (A) 5.01 + 0.05

A 0.991 + 0.018

Eqsympe (cm™)! 30656.087 £ 0.002

# This work, from linear Birge — Sponer plot and Morse-function representa-
tion (recommended value).

Y This work, from intensity distribution in bound « bound excitation spectra
(recommended value).

¢ This work, from simulation of free « bound excitation spectra (recom-
mended value).

4 With respect to the 6%, atomic asymptote.

¢ Ref. [8].

f Ref. [9].

8 Ref. [12].

" Ref. [11], from analysis of the E°2; «A%Tly- (5°P; ) transition.

! Ref. [5], ab initio calculations.

J Ref. [13], ab initio calculations; also: iftia9.univ.gda.pl/~kroch/potentials.
html.

kK Ref. [14], ab initio calculations.

! Ref. [17].

using ab initio method [14] and may differ from the real one.

The final estimation of the R, oy Was calculated as an average of the
R¢/out Values collected in Table 2, with uncertainty as a sample standard
deviation. Thus, R, oyt = 7.235 + 0.121 A. The simulated spectra are
presented in Fig. 1a (black lines) and compared with the experimental
results (red lines). Table 3 collects registered and simulated transition
frequencies, vexp: and vsim, respectively. As one can see, the simulated
spectra are in good agreement in relation to positions, relative in-
tensities and line shapes, particularly for transitions to lower-lying v'.
For the highest observed v'=7 the intensity of bound « bound transi-
tions is affected by proximity of free < bound spectra. Due to the sig-
nificant laser bandwidth (approximately 0.1 cm™!), for the laser
frequency close to the dissociation energy, both free « bound and
bound < bound transitions can be excited.


http://iftia9.univ.gda.pl/%7ekroch/potentials.html
http://iftia9.univ.gda.pl/%7ekroch/potentials.html
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Fig. 3. (a) Partly-rotationally-resolved profile of the B3] (v = 2)«<X'Z- (v =
0) vibrational band recorded (red line) and simulated [19] (black line). (b)
Rotational structure of the band showing P-, Q- and R-branches represented
with black, red and blue vertical bars, respectively. First-step laser excitation of
the J“<8 levels at the band-head (+0.15 cm ™) is illustrated with grey verti-
cal bar).

Table 2
Values of the R,/ oy equilibrium distance of the E?’Zl+ - state outer well that were
(v')<B3Zf (v") transitions in CdAr (Fig. 1a).

used in simulation of the E°X}

v’ 1 2 3 4

R/ our (R) 7.10 7.20 7.25 7.39

3.2. Free < bound LIF excitation spectra

Location of the E3S] - state potential along with its potential barrier
with respect to the B3Z] - state potential allowed to excite free « bound
transitions that originated from a chosen »” and terminated on both: the
repulsive part of the potential barrier above the dissociation limit and
the E3S] - state repulsive branch above the barrier. As it can be seen in
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Table 3

Transition frequencies ve in [em '] recorded in OODR process upon the
E’2} . (0)<B2Zf (v” =3) excitation in CdAr. To obtain values shown in
Fig. 1, energy of the first-step excitation with respect to the ground-state
asymptote must be added (i.e. 30632.8 cm™h).

v U expt Usim Vexpt — Vsim
0 20830.0 20830.0 0.0
1 20833.9 20833.9 0.0
2 20837.4 20837.5 -0.1
3 20840.6 20840.6 0.0
4 20843.3 20843.3 0.0
5 20845.6 20845.6 0.0
6 20847.4 20847.4 0.1
7 20848.9 20848.9 0.1
8 20850.0 20849.9 0.1
9 - 20850.5 -

Fig. 4, the recorded free < bound spectra of the E*2] «B33 (v = 0,1,
2, 3,4) transitions (red lines) do not correspond strictly to the rule of the
reflection structure described by Tellinghuisen [20] according to which
it conserves the peak and node count of the initial v” - level wave-
function. We interpreted the fact similarly to the explanation by Duval
et al. [21] who reported analogous transitions recorded for HgAr com-
plex. They argued that the extraneous oscillations in the spectra might
be a product of an interference structure resulting from occurrence of a
barrier in the E%; - state potential.

To simulate the recorded free « bound spectra shown in Fig. 4, a
pointwise model potential of the E3Z; state was constructed; it consisted
of three parts that corresponded to different regions of the E3Z;r - state
potential (solid blue curve in Fig. 5).

The shape of the E°S; ; deeper well (for R up to 4.56 A) was adopted
being a result obtained from inverted perturbation approach (IPA)
method [11]. The potential barrier (four points within the range from R
=4.82 A to R = 5.91 A) was constructed by modification of ab-initio-
calculated potential without basis set superposition error (BSSE)
correction [14] (solid light green points and curve in Fig. 5). Finally, for
R > 6.38 A, the E°s} _ shallower well was represented by a Morse
function with newly-obtained vibrational characteristics and R,/ oy of
this study (the analytical potential was converted to the pointwise form).
To unify the whole E3S] - state representation, the three curves were
combined using a cubic spline method. To obtain smoother spline line
(especially in the regions where the potential barrier is joined with
respective parts representing the inner and outer wells) as well as for
better agreement of BCONT simulation with free < bound experimental
spectrum (compare with Fig. 4), a modification of the potential was
introduced. It consisted of the 0.01-A shift along the R axis of all ab-initio
points used to construct the barrier, as well as the 0.16-A shift in R of the
IPA-based E®X] - state potential.

It is worth commenting on the existence of a shelf feature that occurs
on either side of the barrier (there exist inflection points of the potential
function near the barrier). The similar structure on the left-hand side of
the barrier occurred also as a result of IPA method presented in [11]. In
this work, we tried to eliminate this structure by broadening the po-
tential barrier (the part of potential above the atomic asymptote). Un-
fortunately, such modification led to significant increase in discrepancy
between experiment and simulation for the free « bound spectra and
has been rejected. However, this shelf structure is quite unusual and
requires further verification. In this context, an observation of bound —
free fluorescence spectra originating from the E®X] | - state vibrational
levels above the dissociation limit (v' = 18,19) can be particularly
valuable as they can reveal additional information about the shape of
the v’ wave function in the region of interest.

Results of the simulation, performed using BCONT [22] program, are
presented in Fig. 4 (black lines) and compared with experimental
spectra showing an overall agreement. As can be seen, the undulating
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Fig. 4. Experimental LIF excitation spectra of the E3:f B33 (v") free «
bound transitions in CdAr recorded for v”=0,1,2,3,4 (red lines), and their
simulations [22] (black lines). Horizontal axis wavenumbers are given with
respect to the X'Sq. ground-state asymptote. Positions of the E3f, (v')«
B3z} (v”) and E3% , (v')«<B%%Z; (v”) bound « bound transitions are marked
on the top with grey and black lines, respectively. The energy of the 6°S; atomic
asymptote is depicted with blue dashed line.

structure of the spectra corresponding to free « bound transitions
overlap with bound « bound transitions from v” of the B3S state to two
v' =18 and 19 supported by the E3%; ;  well above the dissociation limit.
Their positions were marked on the top of Fig. 4.

Simulating free « bound spectra, we attempted a direct determina-

tion of Ep height of the energy barrier and R; internuclear distance at
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/
0 5150
-60 -
-120 . : . ; :
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Fig. 5. Interatomic potentials of the X'y, B%x} and E®3; electronic energy
states of CdAr involved in OODR process. First-step B3Z) (v")«X!Z¢: (v = 0)
transition is illustrated with dashed black arrow. Three possible ways to realize
the E*X] <B®%] (v”) transitions: (a) bound < bound to the E*Y]; inner well,
(b) free « bound terminating at the potential barrier and at the repulsive
branch of the E32]1+ -state potential above the potential barrier, and (c) bound
« bound to the E*%] . outer well are shown with black solid arrows. Position
of the A®Mo- - state potential (dashed blue line) is also shown.

which the barrier occurs. The values of E, and Ry, in Table 1 are quoted
without their uncertainties. The reason is that the position and shape of
the simulated free « bound profiles strongly depend not only on the Ej
and Ry but also on the R,'i, and R,/ oy whose values are determined with
relatively significant uncertainties ie., £0.005 A and + 0.121 A,
respectively.

4. Conclusions

In this article, a long-time undetermined shape of outer well and
potential barrier of the E*< (6%S;) double-well state in CdAr molecule
was proposed based on experimental evidence and simulations. We
presented analysis of both bound < bound and free < bound parts of LIF
excitation spectra recorded using the E®x; | «B®2X} (v") transitions in
CdAr. Concerning bound « bound part, a new v’-assignment was pro-
posed and, consequently, new vibrational constants characterizing the
outer well of the E3El+ state potential were determined (see Table 1).
Furthermore, comparison of experimental intensities of bound « bound
transitions and their simulated counterparts enabled to make a correc-
tion to the R/ oy equilibrium distance in the E321+ out- The newly-
estimated value of the R, oyt = 7.235 Ais by 0.395 A smaller and by
0.335 A larger than those obtained previously in Refs. [9] and [12],
respectively. Moreover, the value of R oy obtained here is very close to
the newest ab initio value (7.36 f\) obtained by Krosnicki et al. [14]. It
must be strongly emphasized that intensities of vibrational components
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depend not only on corresponding F-C factors, but also on the transition
dipole moment which is function of R. Thus, to determine the R, oy with
better accuracy, it is necessary to resolve rotational structure which
requires the use of lasers with narrower spectral bandwidth. If the value
of R, oyt is obtained with this method, determination of a shape of
transition dipole moment function based on the presented bound «
bound spectra will be possible allowing its confrontation with result of
ab-initio calculation [14]. Here, in conjunction with our previous
determination of the shape of the E°S/, using IPA method [11], a
consistent and reliable PEC of the whole E*S{ (63S1) state in CdAr
complex was first-time derived experimentally (compare with Fig. 5).
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