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ABSTRACT

The aim of the present Ph.D. dissertation, which constitutes a collection of six
scientific publications, was to determine the fluorescence channels, the A and B hyperfine
structure constants and also Landé g, factors for the known energy levels in terbium and
europium atoms. These quantities are the characteristic parameters, describing the
particular energy levels; they are important for the existing and potential applications,
based on the fluorescent and the magnetic properties of the investigated atoms.

The investigations of the hyperfine structure and its splitting due to the Zeeman effect
were carried out with the use of the laser induced fluorescence method in the hollow
cathode discharge lamp, with phase-sensitive signal detection.

In four of the presented publications, concerning the terbium atom:

* the hyperfine structure constants A and B for 69 odd-parity energy levels, and
Landé g, factors for 37 energy levels, 17 of which belonged to the odd-parity
configurations and 20 to the even-parity configurations, were determined,

* the values of the A and B constants were corrected for 6 even-parity energy
levels, and the literature values of the g; factors for 32 energy levels — 15 even-
parity and 17 odd-parity ones, were verified.

In two publications, concerning the europium atom:

* the hyperfine structure constants A and B, and the isotope shifts for 26 even-
parity energy levels, as well as Landé gy factors for 23 energy levels, 7 of
which belonged to the even-parity configurations and 16 to the odd-parity
configurations, were determined,

* the hitherto available literature values of the A and B constants for 3 even-
parity energy levels were slightly adjusted.

The results obtained within this work constitute a valuable extension of the available
databases, concerning the structure of both investigated elements. They also increase the

possibility of the use of these materials in commercial and research applications.



STRESZCZENIE

Celem niniejszej rozprawy, bedacej zbiorem szes$ciu publikacji byto poszukiwanie
kanaléw fluorescencji oraz wyznaczanie statych struktury nadsubtelnej A 1 B, a takze
czynnikéw Landégo g, dla znanych pozioméw energetycznych w atomie terbu i europu.
Wielkosci te stanowig charakterystyczne parametry opisujgce dany poziom energetyczny,
i sg istotne z punktu widzenia istniejagcych oraz potencjalnych zastosowan obu badanych
materiatéw, wykorzystujacych ich wtasnosci fluorescencyjne, a takze magnetyczne.

Badania struktury nadsubtelnej oraz jej rozszczepienia pod wptywem efektu Zeemana
prowadzono wykorzystujac metode laserowo indukowanej fluorescencji w lampie
wytadowczej z katoda wnekowa, z fazoczulg detekcjg sygnatu.

W ramach czterech z przedtozonych publikacji, dotyczacych atomu terbu:

* wyznaczono stale struktury nadsubtelnej A 1 B dla 69 poziomdéw, nalezacych
do konfiguracji nieparzystych, oraz czynniki Landégo g; dla 37 poziomdw,
z ktérych 17 nalezy do konfiguracji parzystych, a 20 do nieparzystych,

* skorygowano state A i B dla 6 pozioméw parzystych, oraz zweryfikowano
dostgpne w literaturze wartosci czynnikéw g; dla 32 pozioméw -
15 parzystych i 17 nieparzystych.

W dwéch pracach dotyczacych atomu europu:

* wyznaczono state struktury nadsubtelnej A i B oraz przesunigcia izotopowe
dla 26 pozioméw energetycznych, nalezacych do konfiguracji parzystych,
oraz czynniki Landégo g;dla 23 poziomo6w, z ktdrych 7 nalezy do konfiguracji
parzystych, a 16 do nieparzystych,

* w niewielkim stopniu skorygowano state A i B dla 3 pozioméw parzystych.

Uzyskane wyniki stanowig cenne rozszerzenie dostepnych baz danych struktury

obu pierwiastkow, a takze zwigckszaja mozliwosci wykorzystania obu materiatow

w zastosowaniach komercyjnych oraz badawczych.
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1. WSTEP

Materialami badanymi w niniejszej pracy sg terb i europ — pierwiastki z grupy
lantanowcow. Sa one zaliczane do metali ziem rzadkich, ktére coraz bardziej zyskuja na
znaczeniu jako surowce o charakterze strategicznym w gospodarce opartej na wiedzy [1].

Terb jest pierwiastkiem, znajdujacym si¢ nieco powyzej srodka grupy lantanowcéw,

wystepujacym jako srebrzystobialy, migkki metal. Posiada tylko jeden stabilny izotop
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Tb oraz wzglednie niski spin jadrowy I = 3/2. Warto$ci magnetycznego momentu
dipolowego oraz elektrycznego momentu kwadrupolowego jadra europu wynoszg
odpowiednio: p = +2,014(4) nmiQ = +1,432(8) b [2].

Ze wzgledu na swoje wtasciwosci fluorescencyjne terb jest wykorzystywany przede
wszystkim do produkcji zielonych luminoforéw do lamp i wyswietlaczy [1]. Natomiast
wlasciwosci magnetyczne terbu umozliwiaja jego zastosowanie w elementach
wykonawczych (aktuatorach), sonarach czy réznego rodzaju czujnikach. Oprécz
zastosowan komercyjnych, terb moze by¢ wykorzystany takze w nauce i medycynie —
w formie biochemicznych sond fluorescencyjnych [3] lub radioizotopéw w celach
diagnostycznych 1 terapeutycznych [4]. Obecnie trwaja badania nad mozliwoscig
zastosowania terbu w komputerach kwantowych. W roku 2020 ukazata si¢ praca
autorstwa R. L. Smitha et al. [5], w ktérej zaproponowano mozliwo$¢ wplywania na spin
jadra domieszki terbu w pojedynczej molekule poprzez wykorzystanie dynamicznego
efektu Starka na strukturze nadsubtelnej. W zakresie inzynierii kwantowej terb moze by¢
potencjalnym kandydatem do realizowania chtodzenia laserowego i1 putapkowania
w pulapkach magnetooptycznych (MOT), oraz badania dryfu czasowego statej a.

Zaréwno terb jak i europ mogg by¢ wykorzystywane jako domieszki fluorescencyjne
w banknotach, chronigce je przed fatszerstwem. Domieszki europu sg juz z powodzeniem
uzywane jako zabezpieczenie banknotéw euro, gdzie pod wptywem promieniowania UV
emituja Swiatlo czerwone. Rozwinigciem tego pomystlu mogtoby by¢ wzbudzanie
charakterystycznych linii widmowych danego pierwiastka za pomocga specjalnie do nich
dostrojonych wigzek laserowych. Tym samym osoba kontrolujgca dany banknot miataby
pewnos¢, ze jest on domieszkowany konkretnym pierwiastkiem, co jeszcze bardziej
utrudnitoby préby fatszerstwa.

Poczatki badan nad strukturg nadsubtelng atomu terbu mozna datowac¢ na lata 60te
XX wieku. Pierwsza istotng praca byta publikacja S. P. Davisa, w ktérej zbadano

rozszczepienie nadsubtelne 232 linii widmowych [6]. Nastgpnie ukazato si¢ opracowanie
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C. Arnoult i S. Gerstenkorna, gdzie wyznaczono stale struktury nadsubtelnej dla
3 pozioméw energetycznych, nalezacych do konfiguracji 4f °6s® [7]. Bardzo istotne
okazaly si¢ trzy prace autorstwa W. J. Childsa [8-10], z ktérych pierwsza wydana zostata
w roku 1970. Zawieraly one wyznaczone eksperymentalnie state struktury nadsubtelnej
dla kilkunastu najnizej lezacych pozioméw energetycznych. W tym samym roku ukazata
si¢ rOwniez praca, w ktdrej skorygowany zostat btednie dotychczas wyznaczony poziom
podstawowy [11]. Powyzsze pozycje stanowity dobrg baze do dalszych badan struktury
nadsubtelnej atomu terbu, jednak dostgpna wiedza nie zostata w zaden istotny sposdb
poszerzona az do roku 2015, w ktérym temat zostal podjety przez zespot badawczy,
ktoérego autor niniejszej rozprawy jest obecnie czgscig.

Pierwsze proby wyznaczania czynnikow Landégo g; na podstawie analizy efektu
Zeemana przypadajag mniej wigcej na ten sam okres, co pierwsze pomiary statych
struktury nadsubtelnej. W pracach I. Bendera et al. oraz C. Arnoulta, opublikowanych
w latach odpowiednio 1963 1 1966 [7, 12], przedstawione zostaty wartosci czynnikéw gy
dla 17 pozioméw energetycznych z doktadno$cig do trzeciego miejsca po przecinku.
Precyzja wyznaczenia tych warto$ci zostata nastgpnie zwickszona do pigtego miejsca po
przecinku w dwéch publikacjach W. J. Childsa, wydanych kilka lat p6zniej [8, 13].
Istotna byta réwniez seria szesciu prac P. F. Klinkenberga 1 E. Meinders, gdzie
wyznaczono czynniki Landégo dla 46 pozioméw energetycznych [14-19].

Europ, podobnie jak terb, réwniez nalezy do pierwiastkow z szeregu lantanowcéw
1 znajduje si¢ w srodku szeregu. Europ ma forme srebrzystobialego metalu. Posiada dwa
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121Eu oraz 123Eu, ktérych naturalne wystgpowanie jest réwne

stabilne izotopy:
odpowiednio 47,8% i 52,2%. Spin jadrowy obu izotopéw wynosi I = 5/2. Magnetyczny
moment dipolowy jadra izotopu *'Eu ma warto$¢ 3,4717(6) nm, natomiast jadra
izotopu 3Eu  1,5324(3)nm [2]. W przypadku elektrycznych momentéw
kwadrupolowych, rozrzut tych warto$ci jest znaczny, w zaleznosci od sposobu ich
wyznaczenia. Zakltada sie jednak, ze stosunek wartosci Q(**3Eu)/Q(**Eu) wynosi
2,5516(12).

Do popularnych zastosowan europu naleza wyswietlacze cieklokrystaliczne,
oswietlenie fluorescencyjne oraz diagnostyka medyczna [1] — gdzie wykorzystywany jest
w scyntylatorach. Jak wspomniano wczes$niej, domieszki europu stanowig réwniez
zabezpieczenia banknotéw euro. Ze wzgledu na duzy przekrdj czynny na pochtanianie

neutrondéw, europ uzywany jest w pretach kontrolnych w reaktorach jadrowych. Mozliwe



jest takze pulapkowanie atoméw europu we wspomnianych juz putapkach
magnetooptycznych, ktérego realizacja opisana jest w pracach [20, 21]. Ponadto,
w ubiegltym roku ukazata si¢ praca [22], w ktérej przedstawiono krysztaty molekularne
europu jako obiecujacy material do uzyskania interfejsu foton-spin do zastosowania
w komputerach kwantowych.

Na przestrzeni ostatniego wieku ukazalo si¢ ponad 100 prac dotyczacych badan
struktury atomu europu. Pierwsze prace eksperymentalne, w ktérych wyznaczono
wartosci statych struktury nadsubtelnej ukazaty si¢ na poczatku lat 70-tych. Przyktadem
moze by¢ praca J. Kuhla [23] z roku 1971, gdzie wyznaczone zostaty wartos$ci statych
A 1 B dla jednego poziomu energetycznego w obu stabilnych izotopach wykorzystujac
absorpcje w strumieniu atomowym w sferycznym interferometrze Fabry-Perot.

Duza czg¢$¢ prac zorientowana byta na wyznaczanie warto$ci przesuni¢¢ izotopowych.
Wazna okazata si¢ publikacja J. Bauche i R. J. Champeau [24], w ktérej zaproponowano
parametryzacj¢ przesuni¢¢ 1 badania efektow drugiego rzedu (CSO — Crossed Second-
Order) wykorzystujac wspotczynniki katowe, otrzymane na podstawie analizy struktury
subtelnej. W przypadku pozioméw, gdzie nie dochodzi do mieszania konfiguracji,
wartos$ci przesunie¢ izotopowych 1 parametrow CSO wyznaczone w ten sposob
wykazywaly duzg zgodno$¢ z wartosciami obliczonymi metoda ab initio.

Do przypisania poziomu energetycznego do danej konfiguracji zazwyczaj
wykorzystuje si¢ wartosci czynnikéw Landégo g, i state struktury nadsubtelnej, jednak
niekiedy bywa to niewystarczajace, szczegélnie w przypadku pozioméw, dla ktérych
dane wartosci sg do siebie zblizone. W pierwiastkach posiadajacych kilka izotopéw
parzystych, a nie posiadajacych izotopéw nieparzystych, lub w ktérych rozszczepienie
nadsubtelne byto zaniedbywalnie male, wykorzystywano w tym celu przesuni¢cie
izotopowe. Takie rozwigzanie zostato zaproponowane w pracy D. Skroka i R. Winklera
do proby klasyfikacji pozioméw nalezacych do konfiguracji parzystych w europie [25],
jednak ze wzgledu na ograniczenia metody eksperymentalnej oraz wynikajace z braku
danych empirycznych w 6éwczesnym czasie nie dawalo ono w petni wiarygodnych
rezultatow. Metoda ta zostala w poOzniejszym czasie rozwini¢ta o analiz¢ semi-
empiryczng w pracy [26].

W przeciwienstwie do badan struktury nadsubtelnej i przesuni¢¢ izotopowych
w atomie europu, prac dotyczacych wyznaczania czynnikéw Landégo g, jest stosunkowo

niewiele. Zdecydowana wickszo§¢ wartosci wyznaczonych eksperymentalnie znajduje



si¢ w opracowaniu G. Smitha i F. S. Tomkinsa [27], zawierajacym dane dla ponad
200 parzystych pozioméw energetycznych oraz poziomu podstawowego.

Obserwowany w ostatnich latach niezwykle dynamiczny rozwéj metod laserowego
chtodzenia i putapkowania jonéw oraz atoméw umozliwia potraktowanie schtodzonej
1 uwigzionej w putapce chmury atoméw lub jonéw jako nowej klasy materiatu
kwantowego. Taki materiat moze zosta¢ wykorzystany na przyktad jako ,,wahadio”
w zegarach atomowych. Podobnie jak o doktadnosci klasycznego zegara z wahadtem
decyduje mata rozszerzalno$¢ termiczna materiatu, z ktérego wykonane jest wahadto,
na doktadno$¢ zegara atomowego zasadniczy wptyw bedg miec: czgstotliwos¢ przejscia
wykorzystywanego jako wzorzec, szerokos¢ naturalna linii, stopien schtodzenia atoméw
(jonéw). Wszystkie te parametry wynikajag z pomiaréw podstawowych witasciwosci
poziomoéw elektronowych takich jak energia poziomu, czynnik Landégo g,, stale
struktury nadsubtelnej A 1 B, przesunigcie izotopowe jezeli pierwiastek ma wigcej niz
jeden izotop oraz czas zycia. Poszukiwanie optymalnych ,,przejs¢ zegarowych” jest
zatem zagadnieniem bardzo zitozonym 1 wymaga jak najpetniejszej informacji
o strukturze pozioméw elektronowych.

Schtodzona chmura jonéw jest tez jednym z typowych materiatéw do budowy
komputera kwantowego. Réwniez w tym wypadku jakos$¢ obliczen kwantowych zalezy
w duzej mierze od parametrow pozioméw elektronowych uzytych do chtodzenia
i adresowania kubitow (bitéw kwantowych). Podobna jest rola atoméw w pamigciach
kwantowych realizowanych w oparciu o zjawisko optycznie wymuszonej
przezroczystosci, w wytwarzaniu kondensatu Bosego-Einsteina czy konstrukcji
koherentnego zrédta fal atomowych (atomowego odpowiednika lasera).

Celem niniejszej pracy byto poszukiwanie kanatéw fluorescencji i eksperymentalne
wyznaczanie stalych struktury nadsubtelnej A i B oraz dodatkowo czynnikéw Landégo g,
znanych pozioméw energetycznych atomow obu pierwiastkow poprzez badania tejze
struktury oraz jej rozszczepienia pod wptywem efektu Zeemana. Oba pierwiastki
posiadajg bardzo bogata struktur¢ nadsubtelng, a uzyskane dane sg niezbedne do
wytwarzania materiatéw kwantowych na bazie badanych atoméw. Sg one takze istotne
z punktu widzenia istniejgcych, oraz potencjalnych mozliwosci wykorzystania badanych
materiatéw, w szczegdlnosci w oparciu o ich wlasciwosci fluorescencyjne, jak
i magnetyczne. Ponadto, stanowig one znaczgce poszerzenie dostgpnej wiedzy
o strukturze atomowej obu pierwiastkéw, ktéra pomimo zauwazalnego postepu

w badaniach nadal pozostaje daleka od kompletnej. Stale struktury nadsubtelnej
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1 czynniki Landégo, a takze warto$ci przesuni¢¢ izotopowych sg charakterystycznymi
parametrami opisujagcymi dany poziom energetyczny. Dodatkowo znaczaco ulatwiajg
poprawne przypisanie poziomu do okreslonej konfiguracji. Powigkszanie istniejacych
baz danych ma duze znaczenie dla dalszego rozwoju prac badawczych, prowadzonych
w zakresie inzynierii i metrologii kwantowej — zaréwno doswiadczalnych, ktérych
przyktady podano powyzej, jak 1 teoretycznych, takich jak semi-empiryczny opis
struktury atomowej. Do tego typu analiz niezbg¢dna jest jak najwigksza ilos¢ danych
eksperymentalnych, zwlaszcza w przypadku pierwiastkow takich jak lantanowce,
w ktérych na skutek kolapsu funkcji falowej orbitalu 4f wiele pozioméw w réznych
konfiguracjach ma zblizone wartosci energii. Ponadto, gdy dochodzi do mieszania
konfiguracji, wykorzystanie obliczen semi-empirycznych do parametryzacji przesuniec¢
izotopowych i1 parametrow CSO pozwala na uzyskanie duzo bardziej precyzyjnych
wynikOéw niz metoda ab initio. Szczegétowa wiedza na temat struktury atomu danego
pierwiastka jest takze istotna z punktu widzenia astrofizyki, gdzie wykorzystywana jest
np. do okreslania sktadu gwiazd. Jezeli pierwiastek posiada strukture¢ nadsubtelna, jest to
widoczne w liniach widma absorpcyjnego danej gwiazdy.

W ramach sze$ciu publikacji przediozonych jako niniejsza rozprawa prowadzono
badania struktury nadsubtelnej terbu i1 europu wykorzystujac metode laserowo
indukowanej fluorescencji w lampie wytadowczej z katoda wngkowa. Bardziej
szczegblowe opisy stosowanej techniki i uzywanej aparatury pomiarowej znajdujg si¢
w kolejnych rozdziatach pracy. W rezultacie na podstawie analizy zarejestrowanych linii
widmowych wyznaczono wartosci staltych nadsubtelnych A 1 B oraz czynnikéw Landégo
gy dla kilkudziesigciu poziomow energetycznych obu parzystosci, z czego dla wigkszosci
po raz pierwszy. Ponadto, dla europu wyznaczono takze wartosci przesuni¢c¢
izotopowych. Szczegétowe informacje przedstawione sg w rozdziale dotyczacym opisu

zawartosci prac wchodzacych w sktad rozprawy.
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2. METODOLOGIA

2.1. Laserowo indukowana fluorescencja

Zjawiskiem fizycznym wykorzystywanym do detekcji zmian absorpcji probki
w ramach prowadzonych badan byta laserowo indukowana fluorescencja (Laser Induced
Fluorescence — LIF). Jest to metoda polegajagca na wzbudzaniu za pomocg lasera
wybranych przej$¢ elektronowych w atomie, a nast¢pnie obserwacji zachodzacej
spontanicznie fluorescencji. Schematyczne przedstawienie powyzszego procesu ukazane

jest na rysunku 1.

Fluorescencja

Laser

Rys. 1. Schematyczne przedstawienie metody laserowo indukowanej fluorescencji.

W ramach badanego przejscia, elektrony z nizej lezagcego poziomu energetycznego,
okreslanego jako dolny, s3 wzbudzane przez wigzke laserowa i obsadzaja wyzej lezacy
poziom (gbérny). Dlugos¢ fali lasera musi by¢ réwna rdéznicy pomiedzy wartosciami
energii poziomu gérnego i dolnego. Nastepnie, na skutek procesu relaksacji dochodzi do
depopulacji poziomu goérnego, czyli obsadzenia nizej lezacych pozioméw
energetycznych poprzez dozwolone przez reguly wyboru przejscia promieniste,
tzw. kanaly fluorescencji. Sygnal fluorescencji jest nastgpnie rejestrowany przez
fotopowielacz lub matryce CCD, natomiast selekcja wybranego kanatu fluorescencji
realizowana jest przy uzyciu przyrzadéw dyspersyjnych, np. monochromatora.

Metoda ta pozwala na analize struktury nadsubtelnej wybranych poziomdéw
energetycznych danego pierwiastka poprzez rejestracj¢ linii widmowej stanowigcej

przejscie, w ktorym dany poziom bierze udziat. Na podstawie zmian nat¢zenia sygnatu
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fluorescencji, proporcjonalnego do absorpcji przez lini¢ wzbudzajagca mozliwe jest
wyznaczenie polozenia 1 wzglednych natezen sktadowych struktury nadsubtelne;.
Przykiad linii widmowej, zarejestrowanej podczas badan atomu terbu pokazany jest na

rysunku 2.
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Ilo$¢ punktéw pomiarowych

Rys. 2. Zarejestrowana linia widmowa 18145,16 cm™ (A=550,958 nm) wraz z sygnatem znacznika
czestosci. Przejscie pomiedzy poziomami 462,08 cm™! J=15/2 oraz 18607, 24 cm™! J=13/2 w atomie terbu.
Szerokos¢ struktur w przypadku linii widmowych, rejestrowanych w prowadzonych
badaniach zawierata si¢ w granicach od kilku do kilkudziesieciu gigahercéw w skali
czestotliwosci. Do obserwacji calej struktury niezbedne bylo wykorzystanie laserow
przestrajalnych, czyli takich, ktére umozliwiaja plynna zmiang czestotliwosci
generowanej wigzki. Do wzbudzania mozliwych przej$¢ zastosowano trzy jednomodowe
przestrajalne lasery barwnikowe o pracy ciagtej z rezonatorem pierscieniowym. Schemat
rezonatora, wraz z zaznaczonymi elementami lasera znajduje si¢ na rysunku 3. W dwéch
przypadkach byly to zmodyfikowane wersje modelu Coherent CR 699-21, natomiast
rezonator trzeciego lasera byt projektowany na wzoér wspomnianego modelu, jednak
w oparciu o szkielet mechaniczny lasera liniowego Coherent CR 599. Jako osrodki
czynne wykorzystywane byty roztwory czterech ré6znych barwnikéw, tj.
* kumaryna 498, umozliwiajaca generacje wigzki o dlugosci fali w zakresie 481
— 540 nm,
* mieszanina kumaryny 498 i1 Pyrromethene 556, umozliwiajaca generacje

w zakresie dlugosci fali 535 — 565 nm,
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* rodamina 6G, umozliwiajaca generacj¢ w zakresie dlugosci fali 565 — 620 nm,
*  DCM, umozliwiajacy generacje w zakresie dlugos$ci fali 615 — 679 nm.

W poczatkowej fazie prac dostepne byty roztwory jedynie trzech z nich — kumaryna
498, rodamina 6G i DCM. Do pompowania optycznego roztworéw barwnikéw rodaminy
6G 1 DCM uzywano lasera Nd:YVOq4 firmy Coherent (model Verdi V10) o dtugosci fali
532 nm i nominalnej mocy wyjsciowej 10 W. Roztwér kumaryny 498 oraz mieszanina
kumaryny 498 i Pyrromethene 556 byly pompowane za pomocg lasera diodowego.
Poczatkowo byt to model Lasever Inc. LSR445SD-4W (445 nm, 4 W), nast¢pnie po jego
awarii Lasertack GmbH LDM-445-5000-C (445 nm, 5,5 W). Warto wspomnie¢, ze byto
to pierwsze na $wiecie opublikowane wykorzystanie lasera diodowego do pompowania
lasera barwnikowego, stosowanego w spektroskopii o duzej zdolnos$ci rozdzielczej [28],

w ktoérego realizacji autor niniejszej pracy brat czynny udzial.

M,
cienki

etalon
/’1

dioda
kompensator \_ optyczna
astygmatyzmu gruby .
etalon ‘
MZ ) N___/ v x
plytki filtr
\ brewsterowskie dwdéjlomny M, (OQC)
M,
Wiazka pompujaca
lasera diodowego
A=445 nm

Rys. 3. Schemat rezonatora zmodyfikowanego lasera barwnikowego Coherent CR 699-21 [29].
Literg M 7 odpowiedniq cyfrq w indeksie oznaczone sq poszczegolne zwierciadta rezonatora.

W pézniejszych etapach badan podjeto probe poszerzenia mozliwego do uzyskania
zakresu spektralnego o obszar pomiedzy dlugofalowg granica generacji kumaryny 498
i krétkofalowa granicg generacji rodaminy 6G, tj. w przyblizeniu 540 — 565 nm. Nalezy
zaznaczy¢, ze jest to niezwykle trudny do uzyskania zakres widmowy, gdyz jest on
niemozliwy do osiggnig¢cia za pomoca pojedynczego, komercyjnie dost¢pnego lasera.
W tym celu wykorzystano efekt transferu energii wzbudzenia w laserach barwnikowych
(Energy transfer dye lasers). Opiera si¢ ono na rezonansie Forstera, czyli
bezpromienistym przekazie energii wzbudzenia w roztworze mieszaniny dwoch lub
wiecej barwnikéw (uktad donor — akceptor). Innymi stowy, polega to na wzbudzeniu
laserem pompujacym jednego z barwnikéw w mieszaninie (donora), ktéry nastepnie
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przekazuje energi¢ do drugiego barwnika (akceptora), w ktorym zachodzi emisja
wymuszona. Generacja wigzki laserowej moze nastgpi¢ czesciowo za posrednictwem
donora i akceptora lub wytacznie za posrednictwem akceptora. Przy doborze barwnikow
wazne jest, by widmo emisji donora jak najbardziej przekrywato si¢ z widmem absorpcji
akceptora, tj. by catka przekrywania byla jak najwicksza. Badania zrealizowano we
wspolpracy z Zakladem Mikro- 1 Nanostruktur Instytutu Badan Materialowych
i Inzynierii Kwantowej na Wydziale Inzynierii Materiatlowej i Fizyki Technicznej,
w ktérych autor niniejszej rozprawy rowniez miat znaczny udziat. Ich efektem byto
uzyskanie generacji w zakresie 535 — 565 nm przez zastosowanie mieszaniny kumaryny
498 1 Pyrromethene 556 i pompowanie tej mieszaniny za pomocg lasera diodowego [30].
Umozliwilo to wykorzystanie petnego zakresu spektralnego od 481 nm do 679 nm do

wzbudzania przej$¢ badanych w ramach realizowanych prac.

Rys. 4. Zmodyfikowany przestrajalny laser barwnikowy z rezonatorem pierscieniowym Coherent
CR 699-21. Autor: dr Andrzej Jarosz.

2.2. Badania struktury nadsubtelnej atomow

Struktura nadsubtelna atomu (hyperfine structure — oznaczona skrétowo Afs) jest
efektem oddzialywania jadra atomowego z powlokami elektronowymi. Na skutek
oddziatywan magnetycznych dipolowych i elektrycznych kwadrupolowych dochodzi do
rozszczepienia poziomOw energetycznych o okre$lonej wartosci catkowitego
elektronowego momentu pgdu J na szereg podpozioméw o calkowitym atomowym

momencie p¢du F, mogacym przybiera¢ wartosci [31, 32]:
F=]+L]+1—-1,...]] -1, (1)

gdzie [ to spin jadra. Mozliwa ilo$¢ podpoziomdéw, na ktére moze rozszczepi¢ si¢ dany
poziom energetyczny uzalezniona jest od liczb kwantowych I oraz J, i przybiera ona

warto$§¢ 21+ 1, gdy J =1 lub 2]+ 1, jezeli ] <I [31]. Zjawisko to zostalo
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schematycznie zobrazowane na rysunku 5. Energia danego podpoziomu opisana jest

réwnaniem [31]:

s (1 3/4K(K +1) —I(I + 1J(J + 1)
i (2 KA+ 2121 - 1)J(2] = 1) B) )
= h(ad + BB),

gdzie h jest statg Plancka, A i B to stale struktury nadsubtelnej (odpowiednio magnetyczna
dipolowa i elektryczna kwadrupolowa) natomiast K = F(F + 1) —J(J+ 1) — I(I + 1),
[ = I| < F <|] + 1|. Znajac wartosci statych A i B, mozliwe jest wyznaczenie potozenia

sktadowych struktury nadsubtelnej. Przedstawia to rownanie:
v = ch + agAg + ﬁng - adAd - ﬁdBd’ (3)

gdzie v¢4 to Srodek cigzkos$ci linii, natomiast indeksy dolne g i d opisujg poziom gérny
i dolny, bioragce udziat w danym przejsciu. Wykorzystujac powyzszg relacje¢, mozliwe jest
zatem wyznaczenie wartosci statych A 1 B na podstawie eksperymentalnie okreslonych

polozen sktadowych struktury nadsubtelne;.

I=1/2

F=2
J=3/2 E
. F=1 <
(%)
ﬁLL
S F=1
J=1/2 ¢
< W
. F=0 <

Rys. 5. Schematyczne przedstawienie powstawania struktury nadsubtelnej. AJps obrazuje rozszczepienie
subtelne, AFyps nadsubtelne.

W przypadku pierwiastkow posiadajacych wigcej niz jeden stabilny izotop, takich jak
europ, pojawia si¢ zjawisko przesunigcia izotopowego. Objawia si¢ ono przesuni¢ciem
pomiedzy $rodkami cig¢zkosci linii danych izotopéw, obserwowanych przy przejsciach
pomiegdzy tymi samymi poziomami energetycznymi. Na przesunigcie izotopowe skiadaja
si¢ dwa efekty: efekt masy oraz efekt pola. Efekt masy zalezy od masy jadra (normalny
efekt masy) oraz od oddziatywan pomigdzy funkcjami falowymi elektronéw (specyficzny

efekt masy), natomiast efekt pola uzalezniony jest od struktury jadra. W przypadku
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pierwiastkéw ciezkich o duzej liczbie atomowej Z dominujacy jest efekt pola, za$
w przypadku lekkich — efekt masy [33].

Badania struktury nadsubtelnej opierajg si¢ na rejestrowaniu i pdzniejszej analizie
sygnatu fluorescencji, uzyskanego metoda LIF, opisang w rozdziale 2.1. Zrédiem
swobodnych atoméw byta lampa wytadowcza z katodg wngkowg. Gtoéwng czgs¢ lampy
stanowi szklano-metalowa obudowa. Szklane ramiona przytwierdzone sg do metalowego
korpusu, polaczonego ze zbiornikiem na ciekty azot. Przy ramionach znajduja si¢ zawory
prézniowe, umozliwiajace odpompowanie powietrza z uktadu i wpuszczenie gazu
buforowego, oraz kontakty pozwalajagce na doprowadzenie zasilania do wywotania
wytadowania w gazie. Okienka na koncach ramion, utrzymywane na miejscu przez
podcis$nienie, zamykaja szczelnie caly uktad. W §rodku lampy znajduje si¢ wkrecona
w metalowy korpus katoda wnekowa, stanowigca niewielki miedziany cylinder, na
ktérego wewngtrznych $ciankach osadzony jest badany materiat w formie statej.
W niewielkiej odleglosci od katody (ok. 0,5 — 1 mm) umieszczone sg anody aluminiowe,
polaczone z kontaktami elektrycznymi, osadzone w izolujagcych obudowach

ceramicznych. Wewnatrz katody oraz anod musi znajdowac si¢ otwér przepuszczajacy

«— Zbiornik na ciekly azot

| — Zawor —

wigzke laserowa.

// Obudowa\\ @ Okienko
Katoda wnekowa
= ey
&J \ \Anoda - Al I / ILJ
Doproﬁzenie \ / Uszczelka

zasilania Uchwyt ceramiczny

Rys. 6. Schemat lampy wytadowczej z katodg wnekowq.

Poczatkowo lampa wyladowcza jest odpompowywana za pomocg pompy rotacyjnej
do ci$nienia rzedu 10 mbar. Nastepnie do $rodka wttaczany jest argon, pelnigcy funkcje
gazu buforowego, podwyzszajac ci$nienie w uktadzie do 10! mbar. Przytozony do

potaczonych z anodami kontaktéw prad o natezeniu rzedu kilkudziesigciu miliamperéw
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powoduje pojawienie si¢ wytadowania i zjonizowanie gazu buforowego. Czasteczki
powstalej plazmy argonowej powoduja wybijanie atoméw badanego pierwiastka
z wnetrza katody wnekowej, tworzgc chmure atomowa. Dodatkowo, wybite z katody
atomy, na skutek zderzen z jonami argonu, s3 wzbudzane na wyzsze poziomy
energetyczne. Aby zapobiec przegrzaniu, catos¢ uktadu chtodzona byta ciektym azotem.
Doktadne wartosci ci$nienia gazu buforowego oraz nat¢zenia pradu wytadowania podane

sg w poszczegdlnych pracach, stanowigcych niniejszg rozprawe.

Zasilacz
Uktad stabilizac;ji
|
ki Modulator
wigzki
Laser Laser - . | Lampa wytadowcza —
pompujgcy > barwnikowy > > / > z katoda wnekowa >
Zwierciadto
zawracajgce
Fotopowielacz
Fotodioda _ ‘ /
Oscyloskop . An;lcl)zdaLtlor - ./ ]
Monochromator-_ Wzmacniacz
Lock-in
Fotodioda ; N Y
. < Znacznik czestosci |
(marker)

‘ Komputer

Miernik dtugosci ¢ )/
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Rys. 7. Schemat uktadu do badan struktury nadsubtelnej.

Do wzbudzania konkretnych przejs¢ pomiedzy wybranymi poziomami
energetycznymi wykorzystywane byly lasery, omOwione szerzej w podrozdziale 2.1.
Wzbudzenie nastgpuje podczas przejscia wigzki laserowej przez chmure atomowg
wewnatrz katody wnekowej. Wstepna dtugos¢ fali ustawiana byta na $rodek szerokosci
potencjalnej linii widmowej, na podstawie odczytu z miernika dtugosci fali Burleigh
WA-1500. Podczas rejestrowania sygnatu fluorescencji, czestotliwos¢ (dtugos¢ fali)
lasera byta przestrajana w zakresie kilkudziesigciu gigahercéw, tak by na widmie
widoczna byta cata struktura nadsubtelna. Kazdy z laseréw posiadal uktad stabilizacji
czestotliwosci, zapewniajacy plynne przestrajanie bez przeskokéw mi¢edzymodowych.
Dodatkowo, jednomodowa praca lasera kontrolowana byla za pomoca analizatora

modow. Do uzyskania skali czestotliwosci dla rejestrowanych skanéw wykorzystywano
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stabilizowany interferometr Fabry-Perot o warto$ci FSR=1500 MHz, petniacy funkcje
znacznika czestosci (markera). Jego sygnal byt rejestrowany réwnolegle z sygnatem
fluorescencji.

Uktad detekcji sygnatu LIF oparty jest o wykorzystanie metody fazoczutej. Po
wyborze kanatu fluorescencji za pomocg monochromatora Carl Zeiss Jena SPM-2, sygnat
trafial do fotopowielacza Hamamatsu R-375, a nastgpnie byl wzmacniany przez
wzmacniacz fazoczuty. Umozliwia on poprawe stosunku sygnalu do szumu poprzez
modulacje  sygnalu  fluorescencji  referencyjnym  sygnalem  sinusoidalnym
o okreslonej czgstotliwosci, a nastgpnie wyodrebnienie go i odfiltrowanie szuméw,
niezawierajacych sktadowych modulowanych. Do modulacji wigzki laserowej uzyto
tzw. choppera, polagczonego ze wzmacniaczem Lock — in. Jest to modulator mechaniczny,
ktérego kluczowym elementem jest obrotowa tarcza z otworami, przerywajaca wigzke
z okreslong czestotliwoscig. Niekiedy, podczas obserwacji stabych linii o matym
nat¢zeniu wykorzystywano zwierciadlo zawracajace, ustawione za lampg wytadowcza.
Umozliwialo ono powtérne przej$cie wigzki laserowej przez katode wnekowa, a tym
samym zwi¢kszenie natezenia sygnatu fluorescenciji.

Kazda badana linia widmowa byta rejestrowana ok. 10 — 20 razy, w zaleznosci od sity
sygnatu, a poszczegélne skany byly nast¢gpnie usredniane. Do dalszej analizy
1 wyznaczania statych struktury nadsubtelnej wykorzystywano program ,,Fitter”, ktérego

dziatanie opisano w rozdziale 3.3.

Rys. 8. Fragment uktadu eksperymentalnego — lasery i uktad kontrolny.
Zrédto: archiwum Zaktadu Inzynierii i Metrologii Kwantowej.
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2.3. Badania rozszczepienia zeemanowskiego struktury nadsubtelnej

Pod wplywem dziatania zewnetrznego pola magnetycznego poziomy struktury
nadsubtelnej moga ulec rozszczepieniu na kolejne mozliwe podpoziomy. Jezeli wartos¢
indukcji pola magnetycznego jest niewielka, tj. gdy warto$¢ energii oddzialywania
pomiedzy momentami magnetycznymi jadra i elektronéw jest mniejsza niz warto$¢
sprzezenia zeemanowskiego pomiedzy spinowym momentem elektronowym
a zewnetrznym polem magnetycznym, dochodzi do rozszczepienia poziomu
o catkowitym momencie pedu F = 1 na trzy podpoziomy, opisane liczbg kwantowg
mg = 0, £1. Jest to tzw. anomalny efekt Zeemana [34]. Na widmie jest to obserwowane
jako rozszczepienie i rozsunigcie sktadowych struktury nadsubtelnej, ktérych wielkos¢
zalezy od natgzenia zewngtrznego pola magnetycznego oraz czynnikow Landégo g
poziomow, bioracych udzial w danym przejsciu. Przyktadowe widmo, zarejestrowane
w atomie europu znajduje si¢ na rysunku 10.

Przejscia promieniste pomigdzy poziomami zeemanowskimi, dozwolone przez reguly
wyboru, sg zalezne takze od ustawienia plaszczyzny polaryzacji wigzki laserowe;j
w stosunku do linii pola magnetycznego. Jezeli ptaszczyzna liniowo spolaryzowane;j
wigzki jest réwnolegta do linii pola, jest to tzw. polaryzacja 7 i przej$cia zachodzg
pomigdzy poziomami o Amp = 0. W odwrotnym przypadku, tj. gdy ptaszczyzna
polaryzacji wigzki jest prostopadta do linii pola, przej$cia zachodzg pomi¢dzy poziomami
0 Amg = %1, 1 jest to tzw. polaryzacja ¢. Zostalo to schematycznie zobrazowane na

ponizszym rysunku:

a) Mg b) mg
— 1 — 1

F=1_ 0 F=1_ .. 0
-1 -1

AEHFS AEHFS
1 1
oy 0O  —x 0
F=1 F=1
— -1 — 1
B=0 B+0 B=0 B+0

Rys. 9. Schematyczne przedstawienie rozszczepienia Zeemana struktury nadsubtelnej:
a) polaryzacja m, b) polaryzacja o.
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Rys. 10. Rozszczepienie zeemanowskie linii widmowej 15288,63 cm™ (A=653,900 nm). Przejscie pomiedzy
poziomami 19273,24 cm™ J=9/2 i 34561,87 cm™' J=7/2 w atomie europu: a) struktura nadsubtelna,
b) polaryzacja w, c) polaryzacja o.
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Uktad do badania rozszczepienia struktury nadsubtelnej pod wplywem efektu
Zeemana nie rézni si¢ znaczgco od wykorzystywanego do badania samej struktury.
W okolicy katody wnekowej umieszczono par¢ magneséw neodymowych, natomiast

w bieg wigzki laserowej wstawiono rotator polaryzacji oraz polaryzator.

Zasilacz
Uktad stabilizacji
lasera Modulator Rotator
wigzki polaryzacji
Laser Laser | Lampa wytadowcza
pompujgcy > barwnikowy - - 4 ks / - z katodg wnekowa -
Zwierciadto
Polaryzator zawracajace

. Fotopowielacz
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Oscyloskop . Analizator < Y /
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| Monochromator zmacniacz
Lock-in

Fotodioda > I e v
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Rys. 11. Schemat uktadu do badania rozszczepienia struktury nadsubtelnej pod wptywem efektu Zeemana.

Rotator polaryzacji umozliwial zmiang¢ ptaszczyzny polaryzacji wigzki laserowej tak,
by mozliwa byta obserwacja przej$¢ 7 oraz . Wigzka generowana przez wykorzystywane
lasery byta spolaryzowana liniowo w okoto 99 %. Zastosowanie polaryzatora pozwolito
na odfiltrowanie niepozadanej domieszki polaryzacji, a tym samym zminimalizowanie
efektu szczatkowego przenikania polaryzacji 7 do polaryzacji ¢ i na odwrét.
Rozszczepienie zeemanowskie uzyskano za pomoca pary trwalych magnesow
neodymowych, umieszczonych w bliskiej odleglosci korpusu z katoda wngkowa.
Stosowane byty uktady w dwoch konfiguracjach, widocznych na rysunku 12.

W pierwszym uktadzie oba magnesy znajdowaty si¢ jeden nad drugim w uchwycie
aluminiowym, zamocowanym bezposrednio nad katodg wngkowa. Zmierzona wartos¢
indukcji pola magnetycznego to okoto 50 — 60 mT (500 — 600 Gs). W drugiej konfiguracji
uchwyt umozliwiat umocowanie po jednym magnesie po obu stronach katody. W tym
przypadku wartos¢ indukcji wynosita ok. 190 — 200 mT (1900 — 2000 Gs). Wartosci te

zmierzono za pomoca czujnika Halla, dzigki pomocy dr. inz. Semira El-Ahmara
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z Zaktadu Fizyki Powierzchni 1 Nanotechnologii Instytutu Fizyki na Wydziale Inzynierii

Materiatowej 1 Fizyki Technicznej Politechniki Poznanskiej.

a) Uchwyt aluminiowy b) Uchwyt aluminiowy

>Para magnesow  Korpus

neodymowych ~ /wﬁaetlggv?/a
Zbiornik na Zbiornik na
ciekty azot ciekly azot

/
Korpus \
Katoda
wnekowa \ /

Para magneséw neodymowych

Rys. 12. Mozliwe konfiguracje ustawienia pary magnesow w poblizu katody wnekowe;j.
W uktadzie a) indukcja pola wynosita 50 — 60 mT, w uktadzie b) 190 — 200 mT.

Do pomiaréw efektu Zeemana struktury nadsubtelnej w atomie europu wykorzystano
konfiguracje pierwszg. Mogtoby si¢ wydawac, ze lepiej sprawdzi si¢ uktad drugi, gdyz
ustawienie magnesu po obu stronach katody zapewnia znacznie bardziej jednorodne pole
magnetyczne wewnatrz obszaru, w ktérym znajduje si¢ chmura atomowa, natomiast
wieksza warto$¢ indukcji spowoduje mocniejsze rozszczepienie sktadowych widma i ich
wyrazniejsze rozsuni¢cie. Problemem okazat si¢ jednak wptyw pola magnetycznego na
samg chmure atoméw. Ze wzgledu na zbyt silne pole, chmura ulegata odchyleniu,
powodujac osadzanie si¢ atoméw badanego pierwiastka na uchwytach ceramicznych,
izolujacych anody aluminiowe od katody. W efekcie dochodzito do zwarcia, co z kolei
wymagato czasochtonnego rozbierania i czyszczenia uktadu. Zastosowanie uktadu
z dwoma magnesami umieszczonymi nad katodg wngkowg, pomimo mniej jednorodnego
pola, umozliwito prowadzenie prac przez wymagany czas, natomiast uzyskane wyniki
wartos$ci czynnikow Landégo g; nie réznity si¢ zauwazalnie od tych, uzyskanych przy
uzyciu konfiguracji drugiej. Zostalo to potwierdzone w publikacji dotyczacej
wyznaczania czynnikéw gy w atomie holmu [35], gdzie wykorzystywany byl ten sam
uktad pomiarowy.

W przypadku badan prowadzonych w atomie terbu uzywano naprzemiennie obu

konfiguracji magneséw. Spowodowane to bylo zjawiskiem ekranowania pola
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magnetycznego na skutek przejs¢ fazowych w terbie. Ponizej temperatury 218 K terb jest
ferromagnetykiem. Powyzej tej wartosci przechodzi on do fazy antyferromagnetycznej,
ktoéra utrzymuje si¢ do temperatury Néela, wynoszacej 230 K, natomiast punkt Curie
terbu to 237 K. W efekcie, skrajne cz¢séci katody wnekowej, chtodzone ciektym azotem
znajdowaly si¢ w fazie ferromagnetycznej, natomiast cz¢$¢ srodkowa, ogrzewana przez
prad wytadowania pozostawata w fazie paramagnetycznej. Skutkiem byla znaczaco
obnizona warto$¢ indukcji pola magnetycznego w obszarze chmury atomowe;.
W przypadku wielu badanych przej$¢ aby zaobserwowac rozszczepienie zeemanowskie,
niezbedne bylo uzycie konfiguracji magneséw zapewniajace wigksza warto$¢ pola
magnetycznego. Ponadto, zaobserwowano, ze efekt ekranowania jest scisle zwigzany
z wartos$cig natezenia pragdu wytadowania. Podczas obserwacji tej samej linii widmowe;j
otrzymywano rézny stopien rozszczepienia dla r6znych wartosci natgzenia pradu. Zatem,
by jak najbardziej zminimalizowa¢ ten efekt, starano si¢ utrzymywac stalg wartos¢
nat¢zenia pradu wytadowania w trakcie prowadzenia prac pomiarowych.

Rzeczywiste wartosci indukcji pola magnetycznego wewnatrz katody wnekowe;j
wyznaczono na podstawie pomiaréw rozszczepienia zeemanowskiego linii argonu
o znanych z duza doktadnos$cig wartosciach czynnikéw g, dla obu pozioméw, biorgcych
udzial w przejSciu. W tym celu wykorzystano program do wyznaczania czynnikéw
Landégo, opisany w rozdziale 3.4. Do zarejestrowanych eksperymentalnie linii argonu
dopasowywane byly funkcje, dla ktérych znane warto$ci czynnikéw g; przyjeto jako
state, natomiast wartoscig szukang byta indukcja pola magnetycznego. Linie argonu byly
rejestrowane wielokrotnie w ciggu kazdego dnia pomiaréw.

Podobnie jak w przypadku badan struktury nadsubtelnej, widma danej linii byly
rejestrowane wielokrotnie, osobno dla kazdej z obu polaryzacji, a nastepnie usredniane.
W celu wyznaczania wartosci czynnikéw Landégo g; na podstawie zarejestrowanych

widm wykorzystano wspomniany program, opisany w rozdziale 3.4.
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3. OPROGRAMOWANIE
3.1. Program do symulacji mozliwych przejs¢

Program do symulacji mozliwych przej$¢ w badanych atomach zostal napisany przez
dr. hab. Bogustawa Furmanna, prof. PP., bedacego promotorem niniejszej rozprawy. Jako
dane wejsciowe wprowadzane sa zestawienia znanych poziomOw energetycznych,
nalezagcych do konfiguracji parzystych 1 nieparzystych oraz zestawienie
sklasyfikowanych linii widmowych. Na ich podstawie program generuje list¢ mozliwych
przejs¢, dozwolonych przez reguty wyboru. Dla kazdego poziomu gérnego podawane sg
wartosci energii poziomow dolnych, z ktérych mozliwe sa przejscia, oraz wartosci liczb
falowych linii widmowych. Ponadto, na podstawie zaimplementowanej krzywej
kalibracyjnej, program wyznacza ustawienia szczeliny monochromatora, dla ktérych
powinien si¢ pojawi¢ sygnat fluorescencji. Aby umozliwi¢ szybkie znalezienie tych
kanaléw fluorescencji, ktére sa najsilniejsze, program przeszukuje tez zestawienie
sklasyfikowanych linii widmowych, wybiera te linie dla ktérych dlugos¢ fali jest zbiezna
z dlugoscig fali danego kanatu fluorescencji i wypisuje je obok danych kanatu tacznie
z wartoscig nat¢zenia linii

W oparciu o tak przygotowang liste wybierane sg poziomy energetyczne, dla ktérych
istnieje mozliwo$¢ wzbudzenia przejs¢ w zakresie spektralnym, uzyskiwanym przez
posiadane lasery. Nastepnie wszystkie potencjalne przejscia sg weryfikowane w ramach

prowadzonego eksperymentu i rejestrowane z zastosowaniem detekcji metodg LIF.
3.2. Program do rejestracji widm

Rejestracje badanych linii widmowych oraz sygnatlu znacznika czestosci (markera)
umozliwit program napisany przez mgr. inz. Patryka Gatczyka w ramach realizowane;j
pracy magisterskiej, ktérej promotorem byt dr hab. Bogustaw Furmann, prof. PP.

Program wykorzystuje dedykowany uktad elektroniczny, sktadajacy sie
z przetwornikéw: analogowo — cyfrowego i cyfrowo — analogowego, sterowanych przez
mikrokontroler ATMEGA32U4 o architekturze AVR. Na podstawie warto$ci napi¢cia na
fotodiodzie ustawionej za markerem 1 nat¢zenia fotopradu fotopowielacza
wzmocnionego za pomocg przedwzmacniacza i wzmacniacza fazoczulego, program
generuje jednocze$nie widmo fluorescencji i sygnat interferencji markera w postaci
graficznej w trakcie skanu lasera. Po zarejestrowaniu widma mozliwy jest jego zapis do

pliku w formacie obstugiwanym przez pozostate wykorzystywane programy.
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W programie mozliwe jest takze ustawienie szybkosci przestrajania lasera (skanu).
Jest to realizowane poprzez trzy parametry: akumulacje¢, czas przestoju i rozdzielczos¢
skanu. Akumulacja odpowiada za ilo$¢ prébek na dany krok pomiarowy, ktéra jest
nastepnie usredniana. Czas przestoju to czas pomiedzy podaniem napigcia wyjsciowego
a wykonaniem kroku pomiaru, natomiast rozdzielczo$¢ skanu odpowiada za ilo$¢ krokow
pomiarowych. Na ich podstawie generowany jest analogowy sygnal napigciowy,
przesytany do skrzyni kontrolnej lasera, okreslajacy szybkos$¢ obrotu elementéw
selektywnych. Dla wygody zostaty przygotowane 3 profile, w ktérych mozliwa jest

zmiana warto$ci parametrow skanu, nazwane: szybki, sredni i wolny.

Rys. 13. Interfejs programu do rejestracji widm.

3.3. Program ,,Fitter”

Do wyznaczania stalych struktury nadsubtelnej A i B wykorzystywano program
,WFitter”, opracowany przez grupe prof. G. H. Guthohrleina w Hamburgu. Umozliwia on
wyznaczenie warto$ci statych na podstawie dopasowania funkcji do eksperymentalnie
zarejestrowanego widma.

Opracowanie danych w programie ,,Fitter” sktada si¢ z dwéch etapéw. Pierwszym
jest tzw. linearyzacja widma. Program nanosi odpowiednig skal¢ czestotliwosci na
podstawie sygnatlu znacznika czgstosci (markera), rejestrowanego réwnolegle z widmem,

oraz wartosci parametru FSR tegoz znacznika. Kolejnym krokiem jest dopasowanie
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funkcji do linii widmowej. Wstepnie dopasowana krzywa teoretyczna generowana jest na
podstawie zadanych parametréw opisujacych oba poziomy energetyczne, biorace udziat
w analizowanym przejsciu, takich jak: wartosci liczb kwantowych J, state struktury
nadsubtelnej A i B jednego z poziomdw, szerokosci profili Gaussa i Lorentza. Nastepnie
program dopasowuje krzywg teoretyczng do widma poprzez iteracyjng zmian¢ wartosci
zadanych parametréw. Po osiggni¢ciu najlepszego dopasowania mozliwe jest jego
wyswietlenie w formie graficznej, oraz tworzony jest plik, zawierajagcy wartosci
wyznaczonych statych struktury nadsubtelnej. Mozliwe jest jednoczesne dopasowywanie
stalych A 1 B dla obu pozioméw, bioracych udziat w przejsciu, jednak uzyskane wyniki
moga okazaé si¢ nieprecyzyjne. Dlatego zalecane jest, by stale przynajmniej jednego
poziomu byly znane z duzg doktadno$cig i podstawione w programie jako wartosci

niezmienne.
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Rys. 14. Przedstawienie procedury dopasowywania w programie ,, Fitter” na przyktadzie linii widmowej
18145,16 cm™ (2=550,958 nm) pomiedzy poziomami 462,08 cm™ J=15/2 oraz 18607, 24 cm™ J=13/2
w atomie terbu: a) zarejestrowane widmo, b) linearyzacja widma, c) wstgpne dopasowanie krzywej
teoretycznej, d) ostateczne dopasowanie krzywej teoretycznej.
Linie widmowe, zarejestrowane w trakcie badan eksperymentalnych wykazuja
poszerzenie naturalne oraz Dopplerowskie, opisane odpowiednio profilem Lorentza oraz

Gaussa. ,Fitter” pozwala na wybodr profili dopasowywanych w ramach krzywe;j
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teoretycznej: Gaussa, Lorentza oraz Voigta, bedacego ztozeniem obu profili. Poszerzenie
Dopplera jest zdecydowanie wigksze niz poszerzenie naturalne, dlatego najczesciej
korzystano z dopasowania profili Gaussa, a nast¢pnie Voigta jezeli nastgpowalo
zauwazalne polepszenie jakosci dopasowania.

Ponadto, ,Fitter” pozwala takze na uwzglednienie oraz zminimalizowanie wplywu
efektu nasycenia, objawiajacego si¢ zmniejszeniem nat¢zenia niektérych sktadowych
w stosunku do pozostatych na rejestrowanym widmie. Odbywa si¢ to poprzez sprze¢ganie
ze sobg odpowiednich grup sktadowych. Dodatkowo, mozliwe jest takze dopasowywanie
osobnych krzywych do kilku izotopéw danego pierwiastka jednoczesnie. Byto to
szczegllnie wazne przy wyznaczaniu statych struktury nadsubtelnej i1 przesuniec¢

izotopowych w atomie europu.
3.4. Program do wyznaczania czynnikéow Landégo g,

Program do wyznaczania wartosci czynnikéw Landégo g; na podstawie badan efektu
Zeemana struktury nadsubtelnej zostat napisany przez dr. hab. Bogustawa Furmanna,
prof. PP oraz dr. hab. Jarostawa Ruczkowskiego z wydzialu Automatyki, Robotyki
1 Elektrotechniki Politechniki Poznanskie;j.

Program, podobnie jak ,Fitter’, dopasowuje funkcj¢ do eksperymentalnie
zarejestrowanego widma polaryzacji 7 lub ¢ 1 na jej podstawie wyznacza wartosci
czynnikéw g;. Poczatkowo nalezy nanie$¢ skalg czestotliwosci na widmo w programie
,Fitter”, nastepnie generowana jest funkcja opisujaca krzywa teoretyczng (osobno dla
kazdej polaryzacji). W tym celu program dokonuje diagonalizacji hamiltonianu,
opisujgcego energi¢ atomu w zewngetrznym polu magnetycznym. Wyznaczane s3
wzgledne energie podpoziomdéw zeemanowskich obu pozioméw, bioracych udziat
w danym przejsSciu. Na podstawie otrzymanych wartosci 1 wektorOw wtasnych, okreslane
sa wzgledne potozenia na skali czestotliwo$ci oraz natezenia poszczegdlnych
sktadowych. Wygenerowana w ten sposéb funkcja jest dopasowywana do widma
wykorzystujac algorytm Marquardt’a. Metoda ta zostala opracowana w oparciu o te,
przedstawiong w pracy [36]. Do parametréw, niezbednych przy tworzeniu funkcji
zaliczaja si¢ warto$ci, charakteryzujace oba poziomy energetyczne, takie jak: liczba
kwantowa J, state struktury nadsubtelnej A i B, oraz czynniki Landégo g, a takze warto$¢
indukcji pola magnetycznego oraz wstepnie dobrane szerokos$ci profili Gaussa i Lorentza.
Nastgpnie podczas dopasowywania krzywej program dobiera odpowiednie wartosci

zadanych parametréw i wyznacza szukang warto$¢ czynnika g, Przy generowaniu
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funkcji program wykorzystuje zaleznos¢, ze jezeli analizowane s3 zmiany wartosci
funkcji w niewielkim przedziale, to kazda funkcja zmienia si¢ w przyblizeniu liniowo.
Dlatego wartosci czynnikow g;, uzyskane z dopasowania bedg poprawne, gdy réznica
migdzy warto$cig poczatkowag a koncowa nie bedzie duza. W innym wypadku nalezy
ponownie wygenerowa¢ funkcje, podstawiajac odpowiednio zblizong wartos¢
poczatkowa czynnika gj, a nastepnie powtdrzy¢ dopasowanie. Podobnie jak podczas
wyznaczania statych A 1 B za pomocg programu ,Fitter’, mozliwe jest jednoczesne
wyznaczanie czynnikow Landégo obu poziomoéw, biorgcych udzial w przejsciu, lecz
doktadno$¢ otrzymanych wartosci jest duzo nizsza niz w przypadku, gdy parametr g; dla
jednego z pozioméw jest znany z duzg doktadnoscig. Wartosci czynnikéw Landégo,
wyznaczone osobno dla polaryzacji 7 oraz ¢ sg nastepnie odpowiednio usredniane, dajac
ostateczng wartos¢ czynnika dla konkretnego poziomu w badanym przejsciu.

Program umozliwia rowniez uwzgl¢dnienie wspomnianego juz efektu nasycenia. Jest
on opisany parametrami, ktérych zmiana powoduje zmniejszenie jego wplywu na
otrzymane wartosci wyznaczanych czynnikéw. W podobny sposéb uwzgledniono takze

efekt szczatkowego przenikania jednej polaryzacji do drugie;j.

4000 T T T T

15660sigma
a) X ()

3500 \ e
o 3000
[=
&
E., 2500
=
@ 2000
f=
N
o 1500
T
©
=z

1000

500

0 . . . . .
0 5000 10000 15000 20000 25000 30000
Czestotliwosé (MHz)
4000 . . . .
15660p ——
(X)) e

3500 b)
@ 3000
f=
g
° 2500
H
o 2000
[=
8
‘@ 1500
T
o
4

1000

500

0 1 1 1 1 L

0 5000 10000 15000 20000 25000 30000
Czestotliwosé (MHz)

Rys. 15. Zarejestrowana w atomie europu linia widmowa 15660,34 cm™ (A=638,379 nm) pomiedzy
poziomami 15137,72 cm! J=3/2 oraz 30798,06 cm™ J=3/2, wraz z dopasowang w programie krzywq
teoretyczng: a) polaryzacja =, b) polaryzacja o.
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4. OPIS PRAC WCHODZACYCH W SKEAD ROZPRAWY

4.1. Prace dotyczace atomu terbu

4.1.1.

4.1.2.

Hyperfine structure studies of the odd-parity electronic levels of the terbium

atom

B. Furmann, D. Stefanska, M. Chomski, M. Suski, S. Wilman
Journal of Quantitative Spectroscopy & Radiative Transfer 237, 106613, 2019

W niniejszej pracy poddano analizie 43 poziomy energetyczne w atomie terbu,
nalezace do konfiguracji nieparzystych. Na podstawie 73 zarejestrowanych linii
widmowych wyznaczono state struktury nadsubtelnej A i B dla tychze poziomoéw.

Dla 41 pozioméw energetycznych stale zostaly wyznaczone eksperymentalnie
po raz pierwszy, natomiast dla pozostatych 2 zostaty skorygowane w stosunku do
wartos$ci wczesniej dostepnych w literaturze.

Ponadto, w ramach badan skorygowano takze state struktury nadsubtelnej dla
dwoéch pozioméw energetycznych, nalezacych do konfiguracji parzystych.

Pomiary przeprowadzono wykorzystujac metod¢ laserowo indukowane;j
fluorescencji w lampie wytadowczej z katoda wnegkowg. Linie zarejestrowano
w zakresie ok. 535 — 616 nm. Do ich wzbudzenia uzyto dwoéch laserow
barwnikowych, pracujacych na roztworach mieszaniny kumaryny 498

i Pyrromethene 556, oraz rodaminy 6G.

Hyperfine structure investigations of the odd-parity electronic levels of the

terbium atom

M. Suski, B. Furmann, M. Chomski, S. Mieloch, P. Glowacki, D. Stefanska
Journal of Quantitative Spectroscopy & Radiative Transfer 298, 108492, 2023

Praca ta jest kontynuacja badan nieparzystych pozioméw energetycznych
w atomie terbu. W jej ramach wyznaczono stale struktury nadsubtelnej A i B dla
26 poziomOw na podstawie analizy 62 zarejestrowanych linii widmowych.

Dla wszystkich badanych pozioméw energetycznych state zostaly
eksperymentalnie wyznaczone po raz pierwszy.

Dodatkowo, skorygowane zostaty wartosci stalych struktury nadsubtelnej dla
4 parzystych poziomdéw energetycznych, opublikowanych we wczesniejszych
pracach.
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4.1.3.

Podobnie jak w poprzedniej publikacji, wykorzystywang metodg byta laserowo
indukowana fluorescencja w lampie wytadowczej z katodag wngkowa. Badania
wykonano w zakresie widmowym ok. 483 — 538 nm, wykorzystujac laser

barwnikowy, pracujacy na roztworze kumaryny 498.

Landé g; factors of the even-parity electronic levels of the terbium atom

M. Suski, M. Chomski, B. Furmann, J. Ruczkowski, D. Stefanska
Journal of Quantitative Spectroscopy & Radiative Transfer 288, 108270, 2022

Na podstawie badan efektu Zeemana struktury nadsubtelnej w atomie terbu
wyznaczono warto$ci czynnikow Landégo g; dla 17 pozioméw energetycznych,
nalezacych do konfiguracji parzystych. Wyniki uzyskano na podstawie analizy
47 linii widmowych.

Warto$ci czynnikow Landégo, uzyskane dla 17 poziomdéw parzystych zostaty
wyznaczone eksperymentalnie po raz pierwszy. Wykazaly one zgodnos¢
w granicach niepewno$ci 2z wartoSciami wyznaczonymi teoretycznie,
w oparciu o analiz¢ semi-empiryczng.

Przeprowadzono takze weryfikacje dostegpnych w literaturze wartosci
czynnikéw gy dla 17 nieparzystych pozioméw energetycznych, wystepujacych jako
poziomy dolne w badanych przejsciach. Rezultaty uzyskane dla 15 pozioméw byty
zgodne w granicach niepewnosci z warto$ciami literaturowymi, wyznaczonymi na
podstawie analizy widma Fouriera. W przypadku pozostatych dwéch pozioméw
wartosci literaturowe czynnikéw Landégo uniemozliwiaty poprawne dopasowanie
funkcji do eksperymentalnie zarejestrowanych widm. Istnieje podejrzenie, ze
wartosci czynnikéw gy dla tych pozioméw zostaly wyznaczone btednie, w zwigzku
Z CZym WyZnaczono nowe wartosci.

W badaniach zastosowano metod¢ laserowo indukowanej fluorescencji
w lampie wytadowczej z katoda wngkowa w staltym polu magnetycznym.
Analizowane linie widmowe zostaty zarejestrowane w zakresie ok. 490 — 609. Dla
kazdej linii polaryzacje 7 i o rejestrowano osobno, a ich selekcje umozliwito
wykorzystanie rotatora polaryzacji. Do wzbudzenia uzyto dwoéch laserow
barwnikowych, wykorzystujacych jako osrodek czynny roztwory kumaryny 490

i rodaminy 6G.
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4.1.4. Landé g; factors of the odd-parity electronic levels of the terbium atom

determined by laser spectroscopy

M. Suski, B. Furmann, M. Chomski, J. Ruczkowski, D. Stefanska, S. Mieloch
Journal of Quantitative Spectroscopy & Radiative Transfer 291, 108342, 2022

Niniejsza praca stanowi bezposrednia kontynuacj¢ publikacji przedstawione]
w poprzednim punkcie. Wyznaczono w niej wartosci czynnikow Landégo g, dla
20 nieparzystych pozioméw energetycznych w atomie terbu na podstawie analizy
efektu Zeemana struktury nadsubtelnej dla 32 linii widmowych.

Wszystkie uzyskane wartosci czynnikow gy zostaly wyznaczone
eksperymentalnie po raz pierwszy. W niektorych z badanych przejs¢, jako poziomy
dolne braty udziat poziomy, ktérych wartosci czynnikéw Landégo zostaly
opublikowane w pracy opisanej w punkcie 5.1.3. W zwigzku z tym, wykorzystano
te wartosci do procedury dopasowywania funkcji do widm eksperymentalnych,

Ponadto, dokonano weryfikacji literaturowych wartosci czynnikéw Landégo g,
dla 15 pozioméw z konfiguracji parzystych, biorgcych udziat w badanych
przejsciach jako poziomy dolne. Wszystkie uzyskane warto$ci byty zgodne
z literaturowymi w granicach niepewnosci.

Pomiary zostaly wykonane stosujac metod¢ laserowo indukowanej
fluorescencji w lampie wytadowczej z katoda wnekowa w statym zewngtrznym
polu magnetycznym. Ponownie wykorzystano dwa lasery barwnikowe, pracujace
na roztworach kumaryny 498 i rodaminy 6G, wzbudzajac przejscia w zakresie
widmowym ok. 492 — 609 nm. Widma polaryzacji 7 i o dla kazdej linii rejestrowano

osobno.

4.2. Prace dotyczace atomu europu

4.2.1. Investigations of the hyperfine structure and isotope shifts in the even-parity
level system of atomic europium

B. Furmann, M. Chomski, M. Suski, S. Wilman, D. Stefanska
Journal of Quantitative Spectroscopy & Radiative Transfer 251, 107070, 2020

W tej pracy przedstawiono wyznaczone w atomie europu wartosci stalych
struktury nadsubtelnej A i B oraz przesuni¢¢ izotopowych dla 26 pozioméw

energetycznych, nalezacych do konfiguracji parzystych, lezacych w zakresie
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4.2.2.

energii 28000-40000 cm!. Obliczenia byly prowadzone dla obu stabilnych
izotopow europu jednoczesnie. W tym celu przeanalizowano 73 linie widmowe,
znajdujace si¢ w dwdch zakresach widmowych: 480 — 560 nm oraz 625 — 680 nm.

Wartosci statych A i B oraz przesunig¢¢ izotopowych dla 10 sposréd badanych
poziomOw zostaly eksperymentalnie wyznaczone po raz pierwszy. Dodatkowo, dla
3 z pozostalych pozioméw wartosci wspomnianych parametréw zostaty
wyznaczone z wigkszg precyzjag w stosunku do tych, opublikowanych w jednej
z wczesniejszych pracach.

Podobnie jak w przypadku pozostatych badan struktury nadsubtelnej,
zastosowano metode laserowo indukowanej fluorescencji w lampie wytadowcze;j
z katodg wngkowa. Do wzbudzania wybranych przejs¢ wykorzystano dwa lasery
barwnikowe, pracujgce na roztworach mieszaniny kumaryny 498 i Pyrromethene
556, oraz DCM.

W pracy zamieszczono takze zestawienie 110 pozioméw parzystych, dla
ktérych znane sg warto$ci statych struktury nadsubtelnej oraz przesunigé
izotopowych. Tam, gdzie to mozliwe przedstawiono takze wartosci czynnikéw

Landégo g.

Landé g; factors of the electronic levels of the europium atom

B. Furmann, J. Ruczkowski, M. Chomski, M. Suski, S. Wilman, D. Stefanska
Journal of Quantitative Spectroscopy & Radiative Transfer 255, 107258, 2020

W pracy przedstawiono wyniki badan efektu Zeemana struktury nadsubtelne;j
w atomie europu. Wyznaczono wartosci czynnikow Landégo gs dla 23 poziomoéw
energetycznych na podstawie analizy 54 linii widmowych. 16 z badanych
poziomow nalezato do konfiguracji nieparzystych, pozostate 7 za§ do parzystych.

Wartosci czynnikéw g; dla wszystkich badanych pozioméw nieparzystych
1 4 pozioméw parzystych zostaty wyznaczone eksperymentalnie po raz pierwszy,
oraz poréwnane z dostepnymi w literaturze warto§ciami wyznaczonymi semi-
empirycznie. Uzyskane eksperymentalnie warto$ci sg zgodne z przewidywaniami
teoretycznymi, jednak w wielu przypadkach réznice przekraczajg niepewnosci
pomiarowe.

Dla pozostatych 3 pozioméw parzystych wartosci czynnikéw Landégo zostaty

nieco skorygowane. Wartosci czynnikéw g; dla dwoch z tych poziomow,

32



zaprezentowane w niniejszej pracy mieszcza si¢ w granicach niepewnosci
pomiarowych tych, dostgpnych w literaturze. W przypadku wartosci literaturowej
czynnika Landégo dla ostatniego poziomu mozliwe jest, ze doszto do pomytki
w druku, gdyz warto$¢ opublikowana wcze$niej bylaby zgodna z nowo
wyznaczong, gdyby zamieni¢ miejscami dwie ostatnie cyfry.

Pomiary wykonano wykorzystujac metode laserowo indukowanej fluorescencji
w lampie wytadowcze] z katoda wngkowg w stalym zewnegtrznym polu
magnetycznym. Badania prowadzone byly w zakresie widmowym 511 — 662 nm,
w zwigzku z czym w laserach barwnikowych stosowano wszystkie cztery dost¢pne
roztwory barwnikow, tj. kumaryny 498, mieszaniny kumaryny 498 i Pyrromethene
556, rodaminy 6G, oraz DCM. Dla 67 z tych pozioméw, stale A i B zostaly
wyznaczone po raz pierwszy, natomiast dla pozostatych dwdéch zostaly one

skorygowane w stosunku do wcze$niej opublikowanych.
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5. PODSUMOWANIE

W niniejszej pracy, bedacej zbiorem szesciu spdjnych tematycznie publikacji zawarto
rezultaty badan struktury nadsubtelnej oraz jej rozszczepienia pod wptywem efektu
Zeemana w atomie terbu i europu. Na ich podstawie dla wielu pozioméw energetycznych
obu pierwiastkéw wyznaczono wartosci statych struktury nadsubtelnej: magnetyczne;j
dipolowej A oraz elektrycznej kwadrupolowej B, a takze wartoSci czynnikéw Landégo
gJ, opisujacych liczbowo rozszczepienie zeemanowskie. Badania prowadzone bytly
z wykorzystaniem metody laserowo indukowanej fluorescencji w lampie wyltadowcze;j
z katodg wnekowa, ktora stanowita zrédto wolnych atoméw.

Dla atomu terbu, state struktury nadsubtelnej zostaty wyznaczone dla 69 pozioméw
energetycznych, nalezacych do konfiguracji nieparzystych. W tym celu zarejestrowano
i przeanalizowano w sumie 135 linii widmowych, znajdujacych si¢ w zakresie
spektralnym pomigdzy 483 a 616 nm. Ponadto, skorygowane zostaty takze state dla
6 poziomow, nalezacych do konfiguracji parzystych.

Czynniki Landégo g; wyznaczono dla 37 poziomdéw energetycznych, z ktérych
17 nalezy do konfiguracji parzystych, a pozostale 20 do nieparzystych. Dla wszystkich
poziomOw wartosci czynnikéw gy zostaty wyznaczone eksperymentalnie po raz pierwszy.
Zbadanych zostato 79 linii widmowych w zakresie 490 — 609 nm. Zweryfikowane zostaty
takze wartosci czynnikow Landégo dla kolejnych 32 pozioméw (17 nieparzystych
i 15 parzystych). Dla dwoch pozioméw nieparzystych zaproponowano nowe wartosci,
natomiast w przypadku pozostalych byly one zgodne z literaturowymi w granicach
btedéw pomiarowych.

W ramach badan atomu europu, na podstawie 73 zarejestrowanych linii widmowych
wyznaczono wartosci statych nadsubtelnych A i1 B oraz warto$ci przesuni¢¢ izotopowych
dla 26 poziomdéw energetycznych, nalezacych do konfiguracji parzystych. Wartosci te dla
10 sposréd badanych pozioméw zostaly wyznaczone po raz pierwszy, dla 3 kolejnych —
nieco bardziej precyzyjnie niz w przypadku opublikowanych we wcze$niejszej pracy,
bedacej w dorobku niniejszej grupy badawczej.

Wyznaczono takze warto$ci czynnikow Landégo g; dla 23 pozioméw
energetycznych, w oparciu o analiz¢ 54 linii widmowych. Dla 16 pozioméw
nieparzystych 1 7 parzystych wartosci te zostaly wyznaczone po raz pierwszy.
W niewielkim stopniu korygowano takze wartosci dla kolejnych 3 pozioméw, nalezacych

do konfiguracji parzystych.
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Celem prowadzonych badan bylo poszukiwanie kanatéw fluorescencji oraz
eksperymentalne wyznaczanie wymienionych parametrow pod katem poszerzania
wiedzy o strukturze atomu obu materiatéw. Jest to bezposrednio zwigzane ze
zwiekszeniem potencjalnych mozliwosci wykorzystania terbu i europu w oparciu o ich
wlasciwosci fluorescencyjne, a takze magnetyczne. Zaréwno terb i europ sg materiatami
szeroko wykorzystywanymi w zastosowaniach konwencjonalnych, takich jak
luminofory, lampy, ekrany telewizoréw, itd. ale sg takze potencjalnymi kandydatami na
materiaty kwantowe, wykorzystywane np. w komputerach i pamigciach kwantowych. Jak
przytoczono we wstepie, badania na tym polu wcigz trwaja. Poszerzanie baz danych
struktury pierwiastkéw jest niezwykle istotne dla realizacji eksperymentéw z zakresu
inzynierii kwantowej, wymagajacych putapkowania czy chlodzenia atoméw. Do
osiggnigcia takiego stanu wykorzystuje si¢ okreslone przejscia pomigdzy poziomami
energetycznymi, spetniajagcymi niezbedne kryteria. Zaréwno state struktury nadsubtelne;j
A 1 B, jak 1 czynniki Landégo g; stanowig swego rodzaju ,,odcisk palca” — sg to
charakterystyczne parametry, opisujace dany poziom energetyczny. Na ich podstawie
mozliwe byto jednoznaczne sklasyfikowanie badanych linii widmowych. Wzbogacanie
dostgpnych baz danych o nowe wartosci eksperymentalne tych parametréw oraz
klasyfikacja obserwowanych linii widmowych stwarza zatem dodatkowe mozliwosci
w poszukiwaniu pozadanych przej$s¢. Wyznaczanie statych A 1 B oraz czynnikéw gy
umozliwia petniejszy opis funkcji falowych sprzgzenia posredniego. To z kolei pozwala
na lepsze oszacowanie prawdopodobienstw przejs¢ migdzy poziomami, czyli nat¢zenia
kanaléw fluorescencji, ktére sg proporcjonalne do tych prawdopodobienstw. Ponadto,
wspiera to takze teoretyczny opis struktury danego pierwiastka. Dla pierwiastkdw,
w ktorych dochodzi do mieszania konfiguracji, takich jak terb i europ, a takze pozostate
lantanowce, opis semi-empiryczny pozwala na uzyskanie lepszych rezultatéw niz
obliczenia ab initio. Jednak aby opis byt jak najbardziej dokladny, niezbedne jest
mozliwie jak najwiecej danych eksperymentalnych. W przypadku terbu, w dalszym ciaggu
nie udato si¢ przeprowadzi¢ takiego opisu dla konfiguracji nieparzystych, ze wzgledu na
duzy stopien ztozonosci tego uktadu.

Wyniki badan, opublikowane w przedlozonych pracach stanowia znaczace
rozwini¢cie dostepnych baz danych struktury atoméw terbu i europu. Moga one
przyczyni¢ si¢ do rozwinigcia istniejacych oraz potencjalnych zastosowan obu
materiatow, zaréwno konwencjonalnych, jak i kwantowych, a takze dalsza analizg

teoretyczng ich struktury.
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In this work the hyperfine structure of 43 odd-parity levels of the terbium atom was investigated with the
method of laser induced fluorescence in a hollow cathode discharge. Altogether 73 spectral lines were ex-
amined, with the odd-parity levels involved as the upper levels. For 41 levels the constants A and B were
determined for the first time, and for the remaining two levels improved values could be obtained due to
the supplementary measurements performed. As a by-product, also the hyperfine structure constants for
two lower even-parity levels could be corrected. The obtained results concerning the odd-parity levels
contributed to considerable extension of the available database of the hyperfine structure constants for
the atomic terbium; they would be included in the semi-empirical analysis of the fine and the hyperfine
structure for the odd-parity configurations system, planned in our research group.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Terbium is a lanthanide element located close to the middle
of the series. Until recently it belonged to the elements with very
scarcely investigated electronic levels’ structure. A series of exper-
imental works were published already in 1960-ies [1-4]; however,
due to the unusually low energy of the first even-parity level it
was first mistakenly interpreted as the terbium atom ground state,
and the actual odd-parity ground state was correctly identified
only in 1970 [5].

With its only stable isotope [29Tb, characterized with a low nu-
clear spin value I = 3/2, terbium exhibits relatively simple hyper-
fine structure of its electronic levels, but until recently the hfs con-
stants were determined only for a limited number of the lowest-
lying levels of both parities [6-8]. In our earlier works the hfs con-
stants A and B were determined for numerous higher-lying levels:
61 even-parity [9-11] and 223 odd-parity ones [12]. The present
work is a continuation of investigations concerning the hyperfine
structure of the odd-parity electronic levels of atomic terbium, per-
formed within the last work cited.

Despite the essential progress achieved, atomic terbium still
belongs to the elements, for which the knowledge of the elec-
tronic levels’ structure is far from being complete. Extension of this
knowledge would certainly be important from the point of view of
the theory of complex atoms. In one of our earlier works [11] a

* Corresponding author.
E-mail address: boguslaw.furmann@put.poznan.pl (B. Furmann).

https://doi.org/10.1016/j.jqsrt.2019.106613
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successful semi-empirical analysis of the fine- and the hyperfine
structure for the even-parity configuration system was performed -
the known A and B constants were reproduced to within a few per
cent, thus confirmimg the correctness of the intermediate-coupling
eigenvectors assumed. A similar analysis is also planned for the
odd-parity configuration system. However, this system is much
more complex, due to the particularly strong overlap of various
configurations on the energy scale, and the resulting strong con-
figuration mixing; this issue was pointed out in our earlier work
concerning the hfs of the odd-parity levels [12]. Nevertheless sys-
tematic extension of the experimental database available may help
to solve this nontrivial problem.

More complete description of the electronic levels’ structure
of the terbium atom is also desired because of the possible ap-
plications, among them in quantum engineering and metrology,
such as e.g. the measurements of the temporal drift of the fine
structure constant « (according to the proposal [13], but possi-
bly with a more suitable pair of levels), or perhaps laser cooling
in a magneto-optical trap (with the use of a method developed
for lanthanide elements elements [14], hitherto successfully ap-
plied for erbium, thulium, dysprosium and holmium) - if a suit-
able levels’ scheme can be found. Since the only terbium isotope
is bosonic, the further perspective of achieving condensation may
perhaps also be considered.

2. Experimental details

As in our earlier works concerning the hyperfine structure of
electronic levels in the terbium atom, investigations within this
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work were performed with the method of laser induced fluores-
cence (LIF) in a hollow cathode discharge. The important feature
of the applied variant of the method is the spectral selection of
various decay channels from the excited electronic levels - this is
particularly important in investigations of the lanthanides’ spectra,
where various excitation transitions, involving often very different
pairs of electronic levels, overlap in frequency domain.

The experimental setup used in this work was described in
more detail in the earlier works concerning this element; in the
most recent work on devoted to the odd-parity electronic lev-
els [12] the setup scheme was also presented. Thus the fundamen-
tal features of the setup are only briefly reviewed in the follow-
ing, and only the modifications introduced are described in more
detail.

The hollow cathode lamp was the same device as used in our
earlier experiments on terbium; the buffer gas used was argon at a
pressure of 3.0 — 5.5 - 10~! mbar, typical discharge currents of sev-
eral tens of mA were applied. Further details were described in our
earlier work [11].

As the source of light for excitation of the transitions stud-
ied, single-mode tunable dye lasers were applied (Coherent model
CR 699-21 with modified frequency selection system). Most of
the lines were excited with the laser operated on the dye Rho-
damine 6G, optically pumped at A =532 nm by a frequency-
doubled Nd3+:YVO, laser (Coherent model Verdi V-10). The re-
maining transitions, positioned in more short-wavelength regions,
were excited by a recently set up energy-transfer dye laser oper-
ated on the mixture of Coumarin 498 (donor) and Pyrromethene
556 (acceptor), optically pumped at A =445 nm by a diode laser
(Lasever Inc., China, model LSR445SD-4W) [15].

As mentioned, in detection various fluorescence transitions
(commonly referred to as the fluorescence channels) were
recorded separately; these were selected by a grating monochro-
mator (Carl Zeiss Jena, model SPM-2), occasionally additionally
supported by the use of color glass filters.

The transitions’ wavenumbers were controlled by a wavemeter
(Burleigh, model WA-1500). The exciting laser beam was intensity-
modulated by a mechanical chopper and phase-sensitive (lock-in)
detection of induced fluorescence was applied; thus the signal-to-
noise ratio could be improved. Moreover, the beam exiting the dis-
charge lamp was retroreflected in order to increase the effective
interaction path; for a few lines this allowed observation of satura-
tion effects - the resulting Lamb dips on top of the strong compo-
nents (with AF = A]J) facilitated determination of the components’
positions.

Typically at least 10 (up to several tens) frequency scans were
performed, the particular number dependent on the observed
quality of the spectra.

3. Results
3.1. General remarks

Altogether 73 spectral lines were investigated, all of them in-
volving even-parity lower levels with hfs constants A and B deter-
mined in earlier studies (performed in our research group [11] or
by other authors [6-8,16]) and odd-parity upper levels with hith-
erto unknown hfs constants (in two cases - earlier determined
constants requiring verification). Altogether 43 odd-parity levels
were involved, 41 investigated for the first time. Two spectral lines,
investigated earlier under less favorable experimental conditions,
were remeasured.

Three examples of the hfs patterns of the spectral lines recorded
are presented in Fig. 1. For the first line depicted the Lamb dips on
top of the AF = AJ components can be noticed.

3.2. Values of the hfs constants

The spectra were fitted with the use of the program “Fitter”
(developed in the research group of Prof. Guthéhrlein in Hamburg).
In order to estimate the constants’ values, first the patterns aver-
aged over all recorded scans of a particular transition were fitted;
further, the A and B constants were determined from either sin-
gle scans or groups of a few subsequent scans, and the resulting
values were averaged. The final values obtained from analysis of
individual spectral lines are compiled in Table 1.

In the majority of cases the known (reliable) hfs constants of
the lower levels were fixed in the least-squares fitting procedure
and only the interesting upper levels’ constants were fitted as ad-
justable parameters. In a few cases, however, lower levels inves-
tigated in our earlier work [9] in single lines only were involved.
We found that the hfs constants for two of such levels need to be
reevaluated; the details are discussed in Section 4.

Table 1 is arranged as follows: in columns 2 and 3 the rele-
vant information on the transitions investigated is provided (wave-
lengths and wavenumbers, respectively); columns 4-7 contain the
information on the transitions’ lower (even-parity) levels (energies,
J quantum numbers, the known hfs constants A and B), the respec-
tive references being listed in column 8, while the analogous data
concerning the upper (odd-parity) levels are included in columns
9-12; the reference information concerning the constants of the
upper levels (see above) is included in column 13.

The final values of the A and B constants for the odd-parity lev-
els are compiled in Table 2. For 25 levels, for which the hfs con-
stants were determined from the analysis of single spectral lines,
these were adopted directly from Table 1. For the remaining 18
levels, examined in multiple spectral lines, the final values were
calculated as means from the values obtained for individual tran-
sitions.

3.3. Uncertainties of the hfs constants

The uncertainties quoted in Table 1 are of statistical nature only
- these are single mean standard deviations. Of course, since the
hfs A and B constants of one of the levels involved in a particu-
lar line were fixed (this mostly concerned the lower even-parity
levels), the respective uncertainties were taken into account when
calculating the uncertainties for the hfs constants of the other level,
evaluated in by the program “Fitter”. The standard formula for er-
ror propagation (o = ,/012 + 022, where the subscripts refer to the
statistical uncertainties concerning the fixed constant and the rel-
evant fitted constant) was used in these cases.

For the levels investigated in multiple spectral lines the final
uncertainties reflect the scattering of the results obtained for indi-
vidual lines (these were calculated as simple mean standard devia-
tions). Such uncertainties are believed to account also for some of
the possible systematic uncertainties, which may shift somewhat
the values obtained from a particular line with respect to those
obtained from another one, although certainly not all the effects
could be revealed in this way.

For the hfs constants evaluated from the analysis of single lines
the uncertainties were recalculated to account also for the evident
systematic factors; this procedure was adopted in our earlier works
concerning the holmium atom and described in the first work in
that series [17], but it perhaps requires some more detailed de-
scription in the case of investigations reported in the present work.
There are certainly several conceivable sources of systematic uncer-
tainties in this kind of experiment - the most important of them
are discussed below.

No significant scan nonlinearities at the accuracy level of a few
MHz was observed - no scattering of the intervals between the
marker maxima, used as a kind of “ruler” to generate the relative
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Fig. 1. Examples of the recorded hfs patterns of spectral lines involving odd-parity levels in the terbium atom as the upper levels, along with the components fitted by
program “Fitter” (marked with vertical lines): a) A = 552.412 nm (line 10 in Table 1: 509.85 cm~!, J = 11/2 — 18607.24 cm~', J = 13/2 - Lamb dips on top of AF = AJ are
observed), b) A =578.759 nm (line 32 in Table 1: 5829.86 cm~', J=9/2 — 23103.41 cm™', J = 11/2), ¢) A = 596.790 nm (line 58 in Table 1: 6351.75 cm™!, ] =13/2 —
23103.41 cm™!, J = 11/2). The lower traces, representing the deviations of the experimental data from the respective theoretical curves (scaling factors: 0.5500, 1.5315 and
1.3721, respectively), show the quality of the fit. The horizontal lines at the value of relative intensity close to 0 represent the fitted background.



Table 1

Spectral lines of the terbium atom, investigated in order to determine the hyperfine structure constants for the upper odd-parity levels, along with the A and B values obtained. In most cases the hfs constants of the lower
even-parity levels involved in the spectral lines were fixed at the available values in the least-squares fit procedure; the respective citations are given in a separate column. For some spectral lines, involving two particular
lower even-parity levels (10680.17 cm~! and 10997.85 cm~'), the hfs constants of these levels were determined instead (for details see text, Section 4.2). The energies of both the lower and the upper levels were taken from
the NIST Atomic Spectra Database [18]).

Line Lower level Upper level
No Aair Kuae E J A B Ref. E J A B Ref.
(nm) (ecm™1) (cm™1) (MHz) (MHz) (cm™1) (MHz) (MHz)
1 2 3 4 5 6 7 8 9 10 1 12 13

1 535.488 18669.37 462.08 15/2 472.643 (0.002) 1154.239 (0.017) [6] 19131.45 17/2 906.1 (0.8) 1411.7 (6.0)
2 541.424 18464.69 5425.06 15/2 459.627 (0.001) 1724.243 (0.010) [7] 23889.75 15/2 775.4 (0.5) 1209.2 (5.2)
3 542.815 18417.37 6351.75 13/2 4385 (2.2 1122 (29) [11] 24769.12 13/2 659.0 (2.3) 694 (30)
4 542.845 18416.36 7824.19 9/2 6215  (2.1) 7901  (3.5) [11] 26240.55 112 397.1 (0.5) 404 (10)
5 545.648 18321.74 285.50 13)2 532204  (0.002) 928861  (0.030) 6] 18607.24 13)2 843.1 (0.1) 855.3 2.1)
6 547.014 18275.98 7767.02 15/2 509.0  (0.9) 2048  (15) [11] 26043.00 13/2 692.8 (1.0) 1059 (16)
7 547.265 18267.60 7824.19 9/2 6215  (2.1) 7901  (3.5) [11] 26091.79 112 684.5 (0.5) 560.0 (9.0)
8 550.713 18153.22 3719.71 13)2 354454  (0.003) 72183 (0.015) (6] 21872.93 112 765.5 0.7) ~263 (6.0)
9 550.958 18145.16 462.08 15/2 472.643 (0.002) 1154.239 (0.017) [6] 18607.24 13/2 842.9 (0.1) 867.3 (1.0)
10 552.412 18097.40 509.85 112 577.465  (0.002) 989.917  (0.030) (6] 18607.24 13/2 843.3 (0.1) 869.8 (0.4)
11 553.612 18058.18 285.50 13/2 532.204 (0.002) 928.861 (0.030) [6] 18343.68 11/2 681.8 (1.2) 368 (17)
12 559.989 17852.54 8190.46 15/2 9485  (1.1) 699  (31) [11] 26043.00 13/2 690.2 (1.1) 1015 (32)
13 565.488 17678.93 8994.66 712 710991  (0.003) 966.85  (0.003) 18] 26673.59 9/2 —749 (0.3) 1272.0 (4.1)
14 565.753 17670.66 12906.60 13/2 8310  (1.1) 820  (17) [11] 30577.26 15/2 572.2 (1.2) 1275 (18)
15 565.914 17665.64 535337 11/2 2672 (1.0) —4487  (9.8) [11] 23019.01 92 3082 (1.1) 266 (10)
16 566.588 17644.60 12932.66 15/2 2942  (1.8) 406 (24) [11] 30577.26 15/2 570.9 (1.9) 1299 (25)
17 567.639 17611.93 914523 9/2 1069.3  (03) 10888  (7.5) [10] 26757.16 9/2 1113.9 (0.4) 593.7 (9.0)
18 568.199 17594.59 9897.73 9/2 1109.4 (0.2) 537.3 (3.7) [10] 27492.32 11/2 395.6 (0.3) 558.7 (4.3)
19 569.552 17552.79 9897.73 9/2 11094  (02) 5373 (3.7) [10] 27450.52 9/2 564.0 (0.3) 214 (4.0)
20 570.032 17538.00 6351.75 13/2 4385 (2.2 1122 (29) [11] 23889.75 15/2 778.8 (2.3) 1193 (30)
21 570.186 17533.27 10920.18 32 10018 (32) 133 (19) (1] 28453.45 12 2133 (3.3)

22 570.574 1752135 11260.41 11/2 9199  (2.3) 309 (13) [11] 28781.76 9/2 473.9 (2.4) 117 (14)
23 571.088 17505.59 9986.73 9/2 636719  (0.003) 367.994  (0.003) 18] 2749232 112 4024 (0.1) 45438 (0.4)
24 571.217 17501.64 10030.35 5/2 7835  (0.1) 5154 (9.7) [9] 27531.99 7/2 677.7 (0.4) _433 (13)
25 571.408 17495.79 6351.75 13)2 4385  (22) 1122 (29) [11] 23847.54 13)2 691.7 (2.3) 675 (30)
26 574.213 17410.31 2840.17 9/2 441771 (0.005) 158750  (0.040) (6] 20250.48 112 4741 (0.3) 393.5 (4.2)
27 575.040 17385.27 10680.17 9/2 3326 (0.1) 3423 (1.1) 28065.44 112 578.6 (0.1) 680.0 (0.8) -
28 575.055 17384.83 5483.98 312 1778 (7.6) 504 (23) [11] 22868.81 312 291.7 (8.0) ~367 (24)
29 576.530 17340.35 2419.48 7/2 591.564 (0.007) 733.233 (0.070) [6] 19759.83 52 708.1 (0.5) —204.1 (3.8)
30 576.732 17334.26 7441.03 9/2 509.843  (0.003) 547.483  (0.003) 18] 24775.29 9/2 518.2 (0.4) 264.2 (2.2)
31 578.169 17291.18 5353.37 11/2 2672 (1.0) _4487  (9.8) (1] 22644.55 13/2 755.1 (1.1) 324 (11)
32 578.759 17273.55 5829.86 9/2 2712 (0.7) 3498  (6.8) [11] 23103.41 11/2 653.4 (0.8) 40.7 (7.0)
33 579.988 17236.95 6488.28 712 1149  (03) 4987  (0.7) [9] 2372523 9/2 300.0 (0.5) 109.6 (3.2)
34 580.004 17236.48 8994.66 712 710991  (0.003) 966.85  (0.003) 8] 26231.14 5/2 416.7 (0.2) ~302.3 (1.6)
35 580.576 17219.49 5425.06 15/2 459626  (0.001) 1724249  (0.010) 7] 22644.55 13)2 754.9 (0.1) 268.8 (2.0)
36 581.058 17205.21 9897.73 9/2 11094  (02) 5373 (3.7) [10] 27102.94 112 433.8 (0.3) 159.0 (4.0)
37 581.601 17189.15 5829.86 9/2 2712 (0.7) 3498  (6.8) [11] 23019.01 9/2 314.7 (0.8) 304.7 (9.1)

(continued on next page)
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Table 1 (continued)

Line Lower level Upper level
No Aair Kyae E J A B Ref. E ] A B Ref.
(nm) (cm™1) (em™1) (MHz) (MHz) (cm™1) (MHz) (MHz)
1 2 3 4 5 6 7 8 9 10 1 12 13
38 582.135 17173.38 6674.15 112 5276 (1.2) 5284  (1.4) [11] 23847.54 13/2 687.7 (1.3) 697.2 (2.0)
39 582.600 17159.67 8932.12 112 4561  (3.1) 589.1  (3.4) [10] 26091.79 112 684.8 (3.2) 586.4 (4.0)
40 583.741 17126.15 1371.05 9/2 602.219 (0.003) 1267.267 (0.030) [6] 18497.20 9/2 560.0 (0.2) 2249 (1.4)
41 584.080 17116.21 9986.73 92 636.719  (0.003) 367.994  (0.003) (8] 27102.94 112 440.2 (0.1) 123.0 (0.4)
42 585.743 17067.59 10997.85 112 4982  (0.1) 1059.5  (1.1) 28065.44 112 578.6 (0.1) 680.0 (0.8) .
43 586.311 17051.08 6674.15 11/2 5276  (12) 5284  (1.4) [11] 2372523 9/2 298.0 (1.3) 30.2 (3.4)
44 587.226 17024.49 9763.02 13/2 4694  (0.8) 1480  (11) [11] 26787.51 13/2 948.9 (0.9) 803 (12)
45 589.021 16972.63 1371.05 92 602.219  (0.003) 1267.267  (0.030) [6] 18343.68 112 686.4 (0.3) 487.0 1.1)
46 589.654 16954.41 10997.85 112 4989  (0.7) 1124 (38) - 27952.26 9/2 387.1 (0.8) ~185 (39)
47 589.971 16945.30 9763.02 13/2 4694  (0.8) 1480  (11) [11] 26708.32 15/2 673.3 (0.9) 1745 (12)
48 591.302 16907.16 509.85 112 577465  (0.002) 989.917  (0.030) [6] 17417.01 92 1004.1 (0.1) 334.2 (2.2)
49 591.925 16889.34 1371.05 9/2 602.219 (0.003) 1267.267 (0.030) [6] 18260.38 7[2 655.2 (0.4) —-173.9 (3.1)
50 592.976 16859.43 9897.73 9/2 1109.4 (0.2) 537.3 (3.7) [10] 26757.16 9/2 11154 (1.7) 517 (24)
51 593.287 16850.57 10997.85 112 5001  (0.8) 11246  (6.4) 27848.42 13/2 328.7 0.7) 399.0 (6.0) »
52 593.899 16833.21 5829.86 92 2712 (0.7) 3498  (6.8) [11] 22663.07 92 550.9 (0.8) 89.7 (8.2)
53 594.018 16829.85 7059.90 13/2 5195  (0.7) 11797 (2.7) [11] 23889.75 15/2 776.1 (0.8) 1196.6 (3.2)
54 594.643 16812.15 10680.17 9/2 329.3 (3.6) —264 (54) 27492.32 11/2 399.1 (3.5) 506 (53) *
55 594.651 16811.94 1371.05 92 602.219  (0.003) 1267.267  (0.030) [6] 18182.98 112 503.1 1.7) 646 (32)
56 595.761 16780.61 5483.98 3/2 1778  (7.6) 504 (23) [11] 22264.59 12 -8295 (8.0)
57 596.123 16770.43 9986.73 9/2 636.719 (0.003) 367.994 (0.003) [8] 26757.16 9/2 1114.6 (0.2) 577.8 (1.5)
58 596.790 16751.66 6351.75 13/2 4385  (2.2) 1122 (29) [11] 23103.41 112 656.9 (2.3) 37 (30)
59 596.860 16749.72 1371.05 92 602.219  (0.003) 1267.267  (0.030) (6] 18120.77 7)2 709.2 (0.9) 1123 (5.8)
60 600.341 16652.60 8932.12 11/2 456.1 (3.1) 589.1 (3.4) [10] 25584.72 9/2 696.6 (3.2) 524.2 (4.0)
61 600.813 16639.50 11425.94 13/2 6725  (0.4) 754 (9.9) [11] 28065.44 112 578.6 (0.5) 680 (10)
62 601.890 16609.72 6259.09 12 -17625  (8.9) [11] 22868.81 32 298.2 (9.1) ~366.5 (6.3)
63 602.604 16590.06 8994.66 712 710991  (0.003) 966.85  (0.003) 8] 25584.72 9/2 700.1 (0.2) 508.5 (3.0)
64 602.678 16588.01 11260.41 11/2 9199  (2.3) 309 (13) [11] 27848.42 13/2 328.0 (2.4) 393 (14)
65 603.685 16560.35 14016.91 172 6489  (2.3) 669.5  (3.5) [11] 30577.26 15/2 573.4 (2.4) 1222.8 (4.0)
66 605.175 16519.56 5353.37 11/2 2672 (1.0) —4487  (9.8) [11] 21872.93 11/2 767.1 (1.1) -33 (11)
67 606.096 16494.47 10997.85 11/2 498.3 (3.6) 1188 (54) 27492.32 11/2 399.1 (3.5) 506 (53) *
68 608.742 16422.77 10680.17 92 3289  (2.3) 262 (30) 27102.94 112 438.1 (2.2) 115 (28) *
69 608.753 16422.48 11425.94 13)2 6725  (0.4) 754 (9.9) [11] 27848.42 13)2 329.4 (0.5) 404 (11)
70 610.476 16376.13 6351.75 13/2 438.5 (2.2) 1122 (29) [11] 22727.88 13/2 817.2 (2.3) —359 (30)
71 613.434 16297.15 2310.09 112 405106  (0.003) ~92.638  (0.050) [6] 18607.24 13/2 846.1 (0.2) 861.1 (5.0)
72 613.598 16292.80 6351.75 13/2 4385  (2.2) 1122 (29) [11] 22644.55 13/2 757.2 (2.3) 247 (30)
73 615.292 16247.94 5483.98 3/2 -1778  (76) 504 (23) [11] 21731.92 3/2 ~2384 (8.0) ~563 (24)

* A and B constants of the upper levels fixed at the values determined from the analysis of the hitherto investigated lines involving them, except for the lines with the lower levels 10680.17 cm~' or 10997.85 cm~' (for
detailed description see text, 4.2); the following lines were taken into account in obtaining the constants’ values for the particular upper levels: 27102.94 cm~': lines No 36 and 41, 27492.32 cm~!: lines No 18 and 23,
27848.42 cm~!: lines No 64 and 69, 28065.44 cm~!: line No 61 ** A and B constants of the lower level fixed at the averages calculated from the values obtained for the remaining lines investigated in this work.
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Table 2

Compilation of the hyperfine structure constants A and B for the odd-parity levels in the terbium atom investigated
in this work. For two levels, examined before in our earlier works under inferior experimental conditions, supplemen-
tary data were obtained in the present work; the earlier results mentioned are presented for comparison (no other
experimental literature data are available). In parentheses the full uncertainties (in MHz) are quoted.

Level hfs constants (this work) hfs constants (earlier works)
J E (cm™1) A (MHz) B (MHz) A (MHz) B (MHz) Ref.
1 2 3 4 5 6 7
1/2
22264.59 —830 (10)°
28453.45 —213.3(6.3)"
3/2
21731.92 -238 (11)° —563 (30)°
22868.81 295.1(3.1)° —366.8(0.3)*
52
19759.83 708.1(2.1)° —204 (17)°
26231.14 416.7(1.8) —302 (15)°
7/2
18120.77 709.2(1.8)° —112 (17)°
18260.38 655.2(1.3)° —174 (15)°
27531.99 677.7(2.7)° —433 (31)°
9/2
17417.01 1004.1(0.8)" 334 (13)°
18497.20 560.0(1.5)" 225 (15)°
22663.07 550.9(2.1)" 90 (21)°
23019.01 311.5(3.3)° 287 (18)°
2372523 299.0(1.0) 0 (40)°
24775.29 518.2(1.7)" 264 (15)°
25584.72 698.3(1.8)? 516.5(7.5)
26673.59 —74.9(2.0)° 1272 (24)
26757.16 1114.6(0.5) 563 (24)*
27450.52 564.0(2.6)" 421 (28)b
27952.26 387.1(1.7)° —185 (52)°
28781.76 473.9(3.7)" 117 (34)°
11/2
18182.98 503.1(2.5)" 646 (45)°
18343.68 684.1(2.3)° 428 (60)°
20250.48 474.1(1.0)° 394 (16)°
21872.93 766.3(0.8)? —29.5(3.5)*
23103.41 655.2(1.8)? 40.5(0.5)*
26091.79 684.7(0.2) 573 (13)?
26240.55 397.1(1.5)° 400 (24)°
27102.94 437.0(2.0)° 134 (13)? 440.4(1.5) 64.2(5.5) [9]
27492.32 399.1(1.4)° 506 (22)?
28065.44 578.6(1.2)" 680 (25)°
13/2
18607.24 843.9(0.8)? 863.3(3.3)°
22644.55 755.7(0.8)° 281 (23)°
22727.88 817.2(3.9)° —360 (55)°
23847.54 689.7(2.0)° 688.5(8.5)°
24769.12 659.0(3.5)" 694 (50)°
26043.00 691.5(1.3)* 1037 (22)?
26787.51 948.9(2.4) 803 (36)°
27848.42 328.7(0.4)° 398.5(3.2)°
15/2
23889.75 776.7(1.1) 1198.6(5.7)*
26708.32 673.3(1.5)° 1745 (27)°
30577.26 572.2(0.8)° 1266 (23)? 574.5(1.2) 1243(30) [11]
17/2
19131.45 906.1(1.6)° 1412 (25)°

2 A and B constants determined as the averages from all investigated lines involving the level considered (exclud-
ing the lines involving the lower even-parity levels: 10680.17 cm~' and 10997.85 cm~!); the uncertainties are single

standard mean deviations, reflecting the scattering of the results between the lines.

b A and B constants determined from single lines (for the level 28065.44 cm~! only the line No 61 from Table 1 was
applied); the uncertainties were evaluated taking into account the systematic factors (as described in Section 3.3).

frequency scale, was detected by the program “Fitter”. The FSR of
the frequency marker, approximately 1500 MHz, was calibrated in
our earlier experiments with the use of transitions with precisely
known hyperfine structure; the respective wavelength-corrected
precise FSR values were used, as mentioned in Section 2. The possi-
ble overlap of the signal from other transitions located in the same
wavenumber region and with similar fluorescence detection wave-
length could not be absolutely excluded, although in the cases ex-
amined no evidence of such an effect was found; nevertheless, es-

timation of its possible influence on the results obtained was not
considered feasible under our experimental circumstances.

Thus we considered only one possible systematic effect, which
was evident and relatively easy to model; this was concerned with
the spectral resolution of the data acquisition system used. The to-
tal frequency scan was divided into 4096 steps (12-bit DAC was
applied); thus the frequency increment value (the frequency step)
was dependent on the scan width and amounted up to ca. 10 MHz.
The uncertainty of determination of the frequency intervals
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between the individual hfs components was found not to exceed
one frequency step, and this value was taken as the uncertainty of
the parts related with the hfs constants A and B in each interval.
In order to estimate the influence of such an uncertainty on the
constants A or B, the assumed interval frequency uncertainty (fre-
quency step width) was divided by the relevant differences of the
Casimir coefficients for A or B constants. The latter are considerably
more affected, since the Casimir coefficients for the constants B
(and thus also their differences) are mush smaller than those con-
cerning the constants A. The intervals corresponding to the change
of the F values for the level under study were only considered -
their values depend only on the hfs constants of this level; the val-
ues obtained for various intervals were then averaged. Of course
taking into account that the model assumed is very simple, only
a rough estimate of this kind of systematic uncertainty can be ex-
pected.

Finally, after the systematic uncertainties mentioned were es-
timated, their values were added to the statistical uncertainties
given in Table 1 to yield the uncertainty values presented in
Table 2.

4. Discussion
4.1. Hyperfine structure constants for the odd-parity levels

Among 43 odd-parity levels investigated in this work, 41 were
examined for the first time.

Out of this number, 24 levels could be investigated in single
lines only, but 10 of them were the lines involving the lower lev-
els with very precisely known hfs constants, determined by Childs
et al. by ABMR or ABMR-LIRF techniques [6-8]. In the remain-
ing 14 lines the lower levels had their hfs constants determined
in our studies, but from the analysis of multiple spectral lines,
which makes them also reliable (although obviously less precise). If
any further possibilities of experimental investigation of such lev-
els arise (e.g. through the extension of the available spectral range
of the exciting laser radiation), attempts of confirmation of the hfs
constants will be undertaken.

17 remaining odd-parity levels, which were hitherto not in-
vestigated, were now examined in at least two (in some cases
three or four) transitions; the hfs constants obtained from individ-
ual transitions proved mutually consistent, except for the lines in-
volving two particular lower levels: 10680.17 cm~! (J = 9/2) and
10997.85 cm~! (J = 11/2). This issue deserves separate discussion,
presented below, in Section 4.2.

Since some of the currently investigated lines were used to
evaluate the constants for the lower levels mentioned rather than
the respective upper levels involved, for one of such upper odd-
parity levels, 28065.44 cm~! (J = 11/2), only one line could be ap-
plied for determination of its constants A and B. Thus the number
of the odd-parity levels, whose hfs were based on the investigation
of single lines in this work, amounts to 25, and for altogether 18
levels (16 studied for the first time) the hfs constants were evalu-
ated on the basis of multiple lines.

For two odd-parity levels: 27102.94 cm~!, J=11/2, and
3057726 cm~!, J=15/2, investigated in our earlier works
[9,11] under less favorable experimental conditions in single spec-
tral lines only, new results were obtained. Apart from new spec-
tral lines, also the previously examined lines A =584.080 nm
(17116.21 c¢cm~!, line No 41 in Table 1) and A =565.753 nm
(17670.66 cm~!, line No 14 in Table 1) were recorded with im-
proved signal-to-noise ratio. The hfs constants A and B obtained
in the present work can be compared with the earlier values,
also quoted in Table 2 (and in compilation in [12]). For the first
level, 27102.94 cm~!, the former and the current value of the con-
stant A agree quite well, while the current (certainly more reliable)

value of the constant B is by ca. 70 MHz higher than the previ-
ous one. Nevertheless, this apparently large difference falls within
the maximum statistical uncertainty limits. For the second level,
3057726 cm™!, both the constants A and B are fully consistent
with the earlier results.

4.2. Corrected hyperfine structure constants for the selected
even-parity levels

The constants A and B for the mentioned levels 10680.17 cm~!
and 10997.85 cm~!, and also for some other levels, could be de-
termined in our earlier works from single spectral lines only. Since
at that time only very scarce data on the hfs of the electronic lev-
els of the terbium atom were available, indirect verification of the
results, through the values concerning the other levels involved in
the spectral lines considered, was not always possible - these were
often also determined exclusively from the same lines. Neverthe-
less, usually such hfs constants could be confirmed in further stud-
ies. It should be stressed that in our early works on terbium no
estimates of any systematic uncertainties were made, and the er-
ror values quoted are single mean standard deviations, also for the
levels examined in single lines.

However, for the levels 10680.17 cm~! and 10997.85 cm~! the
earlier constants A and B proved somewhat doubtful: in the lines
involving the lower level 10680.17 cm~! the constants A of the up-
per levels were somewhat higher (by ca. 10-15 MHz) than in other
lines; the same applied to the constants B in the lines involving the
lower level 10997.85 cm~! (the difference of ca. 100-150 MHz was
noted in this case). Thus it was decided to verify the hfs constants
for both the lower levels in question.

In order to obtain improved hfs constants, the following proce-
dure was applied. First we checked the upper levels of the transi-
tions involving the considered lower levels (lines No 27, 54 and 68
for the level 10680.17 cm~!, and the lines No 42, 46, 51 and 67
for the level 10997.85 cm~1). In all the cases, except for the level
27952.26 cm~! (J = 9/2), involved in line No 46, the A and B con-
stants of the upper levels could be independently determined in a
standard way, from the lines involving other lower levels. Then the
averages of the resulting constants for the upper levels (marked
with single asterisks in Table 1) were fixed in the fitting proce-
dure in order to evaluate the new constants’ values for the lower
levels 10680.17 cm~! and 10997.85 cm~!. For the latter level the
average constants’ values (marked with double asterisk in Table 1)
were fixed in the analysis of line No 46 in order to determine the
constants of the level 27952.26 cm~!.

The new corrected hfs constants for the lower even-parity lev-
els discussed are presented below, compared to the former values
based on examination of single lines:

10680.17 cm~! (J = 9/2):

A =330.2(1.2) MHz, B = —289(27) MHz (this work),

A =351.9(1.2) MHz, B= —-229.5(7.8) MHz [9];

10997.85 cm~! (J = 11/2):

A =498.9(0.7) MHz, B = 1124(38) MHz (this work),

A =500.3(2.0) MHz, B = 1262.5(2.5) MHz [9].

Although the present uncertainties are somewhat higher than
the earlier purely statistical errors reflecting the scattering of the
results for one line only in each case, the present values of the hfs
are certainly more reliable, since generally good consistency of the
values obtained from various lines was found.

For the first level the corrected constant A differs from the pre-
viously reported one by ca. 20 MHz, which is more than the total
statistical error limit, while the values of the constants B can be
considered mutually consistent. For the second level the constants
A agree very well, while for the constants B the difference of al-
most 140 MHz is observed, which slightly exceeds the total statis-
tical error limit. It has to emphasized, that the earlier values could
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not be verified at the time of their publication, since the available
data on the hyperfine structure for the terbium atom were insuf-
ficient. In contradiction to the former unfavorable situation, cur-
rently a much extended experimental database for both the even-
and odd-parity levels can be exploited, which makes indirect veri-
fication of results based on investigation od single lines possible.

It should also be mentioned that taking into account system-
atic effects for the previous results in the same way as for our
current investigations would considerably reduce the discrepancies
observed. As already mentioned, the two levels considered should
be regarded as exceptional - for most levels investigated in our ear-
lier works the supplementary results for the hfs constants A and B
proved reasonably consistent with the initial values, and were only
used to obtain their insignificant correction.

4.3. Remarks on the accuracy of the hfs constants determined

It should be stressed that the main factor influencing the ac-
curacy of the hfs constants determined was the possibility to fix
the respective constants for the other levels involved in the investi-
gated transitions. For any hfs patterns encountered (except for very
poorly resolved ones, which were not considered in this work),
such constraints assure reasonable reproducibility and relatively
low scattering of the results obtained, regardless of the starting pa-
rameters assumed in the least-squares fitting procedure. The qual-
ity of the previously known hfs, which are fixed, is decisive; in the
cases where very precise constants A and B from ABMR or ABMR-
LIRF studies are available for the lower levels [6-8], usually small
absolute scattering of the respective constants determined for the
upper levels from various spectral lines is observed (although not
always within the total statistical uncertainty limits).

It was found, by testing various model curve profiles in the
least-squares fitting procedure, that the dominating line broad-
ening mechanism was Doppler broadening reflecting the effective
discharge temperature, dependent on the discharge current (typ-
ically 90 — 95% Gaussian contribution in the Voigt profiles). Thus,
for some relatively poorly resolved lines, where the fitting proce-
dure could possibly partially “compensate” for the frequency shifts
resulting from the hyperfine splitting with changes of the fitted
linewidth of the hfs components, the latter parameter was carefully
controlled and its consistency with the linewidths obtained for
other lines recorded with the same discharge current (taking into
account the relevant wavelength correction) was always checked.
Moreover, the relative intensities of the hfs components were cou-
pled according to the theoretical ratios within the groups with the
same AF; this assured protection against the possible compensa-
tion by uncontrolled variation of the intensities.

5. Conclusions

In this work the hyperfine structure of 43 odd-parity levels of
the terbium atom was investigated by laser induced fluorescence
in a hollow cathode discharge; for 41 levels the hfs constants A and
B were determined for the first time; in the case of two levels, in-
vestigated in our earlier works in single lines only, additional data
were currently obtained and improved values of the hfs constants
could be evaluated.

For the odd-parity levels investigated in multiple lines, gener-
ally mutual consistency of the hfs constants’ values obtained in in-
dividual cases was observed. For the remaining levels the A and B
values obtained can also be considered reliable (within the quoted
uncertainty limits), since the constants of the lower levels involved

in the transitions, fixed in the fitting procedure, were either very
precisely known from ABMR or ABMR-LIRF studies by other au-
thors, or determined in our studies from multiple lines.

For two previously investigated even-parity levels the hfs con-
stants were slightly corrected.

The results obtained in this work considerably enriched the
available experimental database concerning the hfs constants of the
odd-parity levels of the terbium atom (hitherto including ca. 230
levels, mostly investigated in our earlier works for the first time).
They can be included in semi-empirical analysis of the fine- and
the hyperfine structure of the odd-parity configuration system of
the atomic terbium, considered in our research group.

Acknowledgements

The research within this work was financially supported by
the Ministry of Science and Higher Education within the Project
06/65/SBAD/1953, realized at Faculty of Technical Physics, Poznan
University of Technology.

The authors would like to express their gratitude to Prof.
Guthohrlein for making the program “Fitter” accessible.

Many thanks are due to Dr. Magdalena Elantkowska, as well
as Dr. Jarostaw Ruczkowski from Institute of Control, Robotics and
Information Engineering, Faculty of Electrical Engineering, Poznan
University of Technology, for numerous fruitful discussions.

References

[1] Klinkenberg PFA. Structure of the spectrum of neutral terbium, tb i. Physica
(Utrecht) 1966;32:1113-47.

[2] Klinkenberg PFA, Meinders E. Structure of the spectrum of neutral terbium,
tb I. Part II. Physica (Utrecht) 1966;32:1617-32.

[3] Klinkenberg PFA. Structure of the spectrum of neutral terbium, tb I. Part III:
levels having extreme values of j. Physica (Utrecht) 1967;37:197-214.

[4] Klinkenberg PFA, Meinders E. Structure of the spectrum of neutral terbium,
tb i. part v: the configuration 4f85d%6s. Physica (Utrecht) 1969;42:213-41.

[5] Klinkenberg PFA, Van Kleef TAM. The ground state of the terbium atom. Phys-
ica (Utrecht) 1970;50:625-8.

[6] Childs W]. Hyperfine structure of many atomic levels of Tb™® and the Tb'>®
nuclear electric-quadrupole moment. Phys Rev A 1970;2:316-36.

[7] Childs W], Goodman LS. Assignment of unclassified lines in tb I through high-
-resolution laser-fluorescence measurements of hyperfine structure. J Opt Soc
Am 1979;69:815-19.

[8] Childs W]J. Use of atomic-beam laser radio-frequency double resonance for
interpretation of complex spectra: tb I as a test case. ] Opt Soc Am B
1992;9:191-6.

[9] Furmann B, Stefanska D, Krzykowski A. Hyperfine structure of the 4f5d6s?
configuration of the tb atom. Spectrochim Acta, Part B 2015;111:38-45.

[10] Furmann B, Stefanska D, Krzykowski A. Hyperfine structure of the 4f35d%6s
configuration in the tb atom. | Phys B 2016;49:025001.

[11] Stefanska D, Elantkowska M, Ruczkowski ], Furmann B. Fine- and hyperfine
structure investigations of even configuration system of atomic terbium,. ]
Quant Spectrosc Radiat Transf 2017;189:441-56.

[12] Stefanska D, Furmann B. Hyperfine structure of the odd parity level system in
the terbium atom. J Phys B 2017;50:175002.

[13] Angstmann EJ, Dzuba VA, Flambaum VV, Nevsky AY, Karshenboim SG. Narrow
atomic transitions with enhanced sensitivity to variation of the fine structure
constant. ] Phys B 2006;39(8):1937.

[14] McClelland JJ, Hanssen JL. Laser cooling without repumping: a magneto-optical
trap for erbium atoms. Phys Rev Lett 2006;96:143005.

[15] Stefafiska D, Suski M, Zygmunt A, Stachera ], Furmann B. Tunable single-mode
cw energy-transfer dye laser directly optically pumped by a diode laser. Opt
Laser Technol 2019;120:105673.

[16] Childs WJ, Crosswhite H, Goodman LS, Pfeufer V. Hyperfine structure of 4f"6s?
configurations in >°Tb, 6M163Dy, and '%*Tm. ] Opt Soc Am B 1984;1(1):22-9.

[17] Stefanska D, Furmann B. Hyperfine structure investigations for the odd-par-
ity configuration system in atomic holmium. ] Quant Spectros RadiatTransf
2018;206:286-95.

[18] Kramida A, Ralchenko Y, Reader ], and NIST ASD Team. NIST atomic spectra
database (ver. 5.3), [Online]. Available: http://physics.nist.gov/asd [2015]. Na-
tional institute of standards and technology, Gaithersburg, MD.; 2015.


https://doi.org/10.13039/501100004569
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0001
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0001
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0002
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0002
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0002
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0003
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0003
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0004
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0004
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0004
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0005
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0005
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0005
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0006
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0006
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0007
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0007
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0007
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0008
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0008
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0009
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0009
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0009
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0009
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0010
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0010
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0010
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0010
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0011
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0011
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0011
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0011
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0011
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0012
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0012
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0012
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0013
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0014
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0014
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0014
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0015
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0016
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0016
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0016
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0016
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0016
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0017
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0017
http://refhub.elsevier.com/S0022-4073(19)30490-X/sbref0017
http://physics.nist.gov/asd

Journal of Quantitative Spectroscopy & Radiative Transfer 298 (2023) 108492

journal homepage: www.elsevier.com/locate/jqsrt

Contents lists available at ScienceDirect

Journal of Quantitative Spectroscopy & Radiative Transfer |

ournal of
uantitative

pectroscopy &
adiative

Hyperfine structure investigations of the odd-parity electronic levels n

of the terbium atom

Check for
updates

M. Suski*, B. Furmann, M. Chomski, S. Mieloch, P. Glowacki, D. Stefanska

Institute of Materials Research and Quantum Engineering, Faculty of Materials Engineering and Technical Physics, Poznan University of Technology, Piotrowo

3A, Poznan 60-965, Poland

ARTICLE INFO ABSTRACT

Article history:

Received 9 December 2022
Revised 15 January 2023
Accepted 16 January 2023
Available online 20 January 2023

Keywords:

Atomic structure
Laser spectroscopy
Hyperfine structure
Terbium

In the present work the hyperfine structure constants A and B were determined for 26 odd-parity energy
levels of the terbium atom. Altogether 62 spectral lines in the spectral range between 483 - 538 nm
were examined, using the method of laser induced fluorescence in a hollow cathode discharge lamp. All
the results are presented for the first time. Additionally, the constants for 4 even-parity energy levels,
previously reported by our research group, were reevaluated and slightly corrected.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Terbium is an element possessing only one single isotope 129Tb.
It belongs to lanthanides and is positioned slightly above the mid-
dle of the series. Due to the low nuclear spin value [=3/2, the
number of the hyperfine sublevels is restricted to a maximum of
4, which in consequence limits the number of occurring hyperfine
components in the spectral lines to 9 - 10. Although the structure
of the spectral lines of terbium is less complex than in many other
lanthanides, the density of electronic levels, related to its place-
ment in the series, is extremely high, and the mean energies of
different configurations are nearly the same due to wavefunction
collapse of the 4f orbital, which results in the overlap of elec-
tronic configurations in the energy scale. These issues cause sig-
nificant difficulties in experimental investigations, as well as the-
oretical calculations of the atomic structure. Due to these reasons,
more thoroughly described in our recent works concerning deter-
mination of Landé gj factors in terbium [1,2], the knowledge of the
hyperfine structure (hfs) constants for the terbium atom is still far
from complete.

The first significant work, concerning the determination of hfs
constants in atomic terbium, is dated to 1970 [3]. This work, along
with two subsequent works [4,5], provided the hfs constants for a
limited number of the lowest-lying energy levels of both parities.
It is also worth mentioning, that the actual ground state of the ter-
bium atom was not correctly identified until 1970 [6]. Apart from
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the mentioned works, no further data on hfs constants was re-
ported until 2015, when the topic was undertaken by our research
group. Within the series of 5 works [7-11] the values of the hfs
constants were determined for 61 even-parity and 264 odd-parity
energy levels.

This research is a continuation of those investigations, con-
cerning the hyperfine structure of terbium. Within the present
work, the hfs constants’ values for 26 odd-parity energy levels
were experimentally determined, based on the investigations of 62
recorded spectral lines. All of the values were determined for the
first time. Moreover, the values for 4 even-parity levels, previously
reported in our works [8,10], were reevaluated and slightly cor-
rected.

As stated in our previous works, hfs constants are one of the
most characteristic parameters of the electronic levels. Comprehen-
sive knowledge on that matter can greatly facilitate the studies of
the structure of the terbium atom. It provides the data required
for the semi-empirical calculations. For atoms which possess elec-
tronic configurations with several open shells, ab initio calcula-
tions of various parameters, regarding the energy-levels, are highly
imprecise and usually differ from experimental values. Therefore,
in such cases semi-empirical calculations are the only feasible
method of theoretical analysis. Moreover, the hfs constants greatly
improve the proper assignment of the electronic levels to the par-
ticular configurations.

The more thorough description of the terbium structure en-
hances its application potential. In quantum engineering and
metrology it may be a possible candidate for e.g. quantum comput-
ing [12], laser cooling and confinement in magneto-optical traps
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(MOT), or investigations of the temporal variation of the fine struc-
ture constant «. There are also various applications, based on its
fluorescence properties, such as green phosphores in fluorescent
lamps, or biochemical probes, screens, or even in banknotes as a
safeguard to help protect against counterfeiting.

2. Experimental details

The experimental method and setup, applied in this research, is
generally the same as in our previous works, concerning the hyper-
fine structure investigations of the terbium atom [7-11], where a
detailed description can be found. Therefore, only a brief overview
is presented below.

The measurements were carried out by laser induced fluores-
cence (LIF) in a hollow cathode discharge lamp. The experimen-
tal conditions for the discharge lamp remained nearly unchanged,
compared to the previously reported in the mentioned works. The
pressure of argon, used as the buffer gas, was kept at approxi-
mately 0.4 mbar, and the discharge current of 50-60 mA was ap-
plied.

The laser light, used to optically excite the investigated tran-
sitions, was generated by a single-mode tunable ring dye laser
- a modified Coherent CR 699-21 model. The laser was operated
on Coumarin 498 dye solution, optically pumped by a diode laser
at A=445 nm [13] (the diode laser is currently Lasertack GmbH,
model LDM-445-5000-C). The available spectral range was approx.
481-540 nm, which corresponds to the blue-green region of the
spectrum. The precise value of the exciting wavelength was deter-
mined based on the readings from Burleigh WA-1500 wavemeter,
whereas a mode analyzer was applied to ensure the single mode
operation. The frequency of the laser radiation was scanned over
the range up to 35 GHz, dependent on the spectral width of the hfs
pattern, around the center of gravity of the spectral line. The rela-
tive frequency scale was based on the signal from a temperature-
stabilized Fabry-Perot interferometer (FSR=1500 MHz), recorded
along with the LIF signal during the frequency scan.

The fluorescence signal was directed to a SPM-2 grating
monochromator, which enables the spectral selection of the de-
cay transitions from the excited levels (referred to as fluorescence
channels). This method is particularly helpful in investigations of
the atoms with quasi-continuous spectrum, such as terbium. The
fluorescence light emitted in the selected channel was recorded
by a Hamamatsu R-375 photomultiplier (operated in photocur-
rent mode) with preamplifier. The recorded signal was further en-
hanced by a phase sensitive amplifier, with a mechanical chopper
used for the modulation of the exciting beam.

Dependent on the signal-to-noise ratio, 10-15 frequency scans
were recorded for each investigated transition.

3. Results

In this work altogether 62 spectral lines were investigated, for
which the hfs constants A and B for the upper odd-parity energy
levels were determined. The results are presented in Table 1.

In order to calculate the values of the hfs constants the program
"Fitter”, developed in the group of Prof. Guthohrlein in Hamburg,
was applied. For the recorded spectral lines, two types of broaden-
ing occur - Doppler broadening and natural broadening resulting
from the lifetimes of the lower and the upper energy level, in-
volved in the transition. The former is described by the Gaussian
profile, whereas the latter - by the Lorentzian profile. Therefore, to
properly fit the spectra, in most cases Voigt function was applied,
which is the convolution of both aforementioned profiles. In some
cases, when the individual components of the hfs spectrum are
not separated, simultaneous determination of the widths of Gaus-
sian and Lorentzian profiles, as well as the intervals between the
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components, might be somewhat problematic. For that reason, the
same width for each component of the spectral lines was applied
by the "Fitter” program. Additionally, within this work the assump-
tion was adopted that for the scans recorded at the same values of
the discharge current and the pressure of the buffer gas, and at
similar wavelengths, the Doppler broadening is the same.

Furthermore, the saturation effects may interfere with calcula-
tions of the intervals between not properly separated components.
In the case of the hyperfine structure, the saturation effects man-
ifest in the fact that firstly: intensity ratios between the groups of
components with different AF values differ from the ratios pre-
dicted by the selection rules, and secondly: the intensities of the
strongest components in the strongest group (AF= AJ) are de-
creased. To minimize the negative influence of the saturation ef-
fects on the obtained results, mutual coupling of the components,
available in "Fitter” program, was applied. The intensities of the
components with the same AF value were fitted together, while
the intensity ratios between the groups of components with differ-
ent AF values were fitted freely by the program. Additionally, the
intensities of the strongest components were fitted freely as well.

These fitting procedures were previously tested in our labo-
ratory for different elements, based on comparison of the ex-
perimental results with Doppler broadening and limited Doppler
broadening (obtained with LIF method on an atomic beam), and
were found to provide the most consistent outcome of the calcula-
tions.

The values for the lower even-parity energy levels, involved in
the investigated transitions, were taken from earlier studies of our
research group [7,10] or the works of other autors [3,5]. For each
line the groups containing several averaged recorded scans were
fitted separately, and the results were then averaged. Some exam-
ples of the recorded scans with the fitted hfs patterns are pre-
sented in Figs. 1, 2, 3 and 4.

At first, in all cases the hfs constants for the lower energy-levels
were fixed, and only the constants of the upper levels were fitted
as adjustable parameters. The results, obtained for individual spec-
tral lines, were further averaged for each particular even-parity en-
ergy level. For some levels the hfs constants could be determined
only from a single spectral line in each case. The A and B con-
stants’ values, obtained for 26 odd-parity energy levels are listed
in Table 2.

For several lines, involving the lower levels 7839.85 cm~! J=7/2,
8097.88 cm~! J=9/2, 9145.23 cm~! J=9/2 and 9897.73 cm~! J=9/2,
it was noticed, that the results obtained for the upper levels no-
ticeably differ from other values, concerning the same upper lev-
els, obtained from the remaining lines - in the case of the A con-
stant up to 10 MHz. For that matter, the previously reported hfs
constants for the mentioned even-parity levels were believed to be
somewhat doubtful; in Section 4 the possible reasons of systematic
shifts of the values evaluated before are discussed in more detail.
Thus it was decided that the constants for these four levels need
to be reevaluated.

In this case, the procedure described in the previous step, was
reversed. In the transitions from the investigated even-parity lev-
els, the mean values of the A and B constants, obtained from the
remaining lines for the involved upper energy levels were fixed,
and the values for the lower levels were fitted. The results were
further averaged for each particular level. The recalculated values
for the four mentioned levels are presented in the second part of
Table 2. Finally, the reevaluated constants were used to calculate
the hfs constants of the involved odd-parity levels once again.

Table 1 is arranged as follows: columns 2 and 3 contain the
information concerning the investigated transition, i. e. its wave-
length and wavenumber respectively. In columns 4-7, information
about the lower even-parity energy levels is provided, namely their
energy values, ] quantum numbers and hfs constants A and B. The



Table 1

Spectral lines of the terbium atom, investigated in order to determine the hyperfine structure constants for the upper odd-parity levels, along with the A and B values obtained. In most cases the hfs constants of the lower
even-parity levels involved in the spectral lines were fixed at the available values in the least-squares fit procedure; the respective citations are given in a separate column. For some spectral lines, involving four particular lower
even-parity levels (7839.85 cm~!, 8097.88 cm~!, 9145.23 cm~! and 9897.73 cm™1), the hfs constants of these levels were determined independently (for details see text, Section 3 and 4). The energies of both the lower and the
upper levels were taken from NIST Atomic Spectra Database [15])

Upper Level
No Aair Kyac E ] ref. E ]
(nm) (ecm™1) (ecm1) (MHz) (MHz) (ecm1) (MHz) (MHz)

1 2 3 4 5 8 9 10

1 537.594 18596.24 285.50 13/2 532.204 928.861 [3] 18881.74 15/2 653.74 (0.05 547.9 (2.3)

2 536.964 18618.05 462.08 15/2 472.643 1154.239 [31] 19080.13 15/2 1087.21 (0.03 1590.3 (0.5)

3 531.919 18794.63 285.50 13/2 532.204 928.861 [3] 19080.13 15/2 1086.70 (0.07 1600.5 (0.9)
4 530.820 18833.55 2840.17 9/2 441.771 158.750 [3] 21673.72 11/2 955.50 (0.03 716.1 (0.4)

5 492.408 20302.68 1371.05 9/2 602.219 1267.267 [3] 21673.72 11/2 955.35 (0.08 7343 (0.6)
6 512.831 19494.16 3719.71 13/2 354.454 72.183 3] 23213.87 15/2 826.7 (0.3) 3434 (4.4)

7 523.984 19079.25 6674.15 11/2 527.6 528.4 [10] 25753.40 11/2 465.4 (1.3) 350.4 (7.1)
8 501.779 19923.54 5829.86 9/2 271.2 -349.8 [10] 25753.40 11/2 468.9 (0.8) 145.5 (7.3)
9 490.059 20400.03 5353.37 112 267.2 -448.7 [10] 25753.40 112 467.8 (1.1) 222.7 (9.9)
10 514.781 19420.31 6488.28 7/2 114.9 -498.7 [7] 25908.59 7/2 491.2 (0.8) 251.8 (7.1)
11 497.901 20078.73 5829.86 9/2 271.2 -349.8 [10] 25908.59 7/2 490.7 (0.8) 79.6 (8.6)
12 514.572 19428.20 7059.90 13/2 519.5 1179.7 [10] 26488.10 13/2 667.6 (0.8) 656.4 (3.4)
13 512.697 19499.28 6988.82 11/2 446.7 739 [10] 26488.10 13/2 668.2 (0.4) 686 (16)
14 504.554 19813.95 6674.15 11/2 527.6 528.4 [10] 26488.10 13/2 669.1 (1.3) 725.2 (4.1)
15 496.476 20136.35 6351.75 13/2 438.5 1122 [10] 26488.10 13/2 671.8 (2.3) 664 (30)
16 521.966 19153.02 7441.03 9/2 509.843 547.483 [5] 26594.05 7/2 583.5 (0.5) 2343 (4.0)
17 505.092 19792.86 6801.19 52 -123.7 -286 [10] 26594.05 7/2 581.9 (2.9) 163 (16)
18 497.231 20105.77 6488.28 7/2 1149 -498.7 [7] 26594.05 7/2 585.2 (0.4) 290.8 (1.6)
19 506.228 19748.43 7059.90 13/2 519.5 1179.7 [10] 26808.33 11/2 702.5 (1.0) 499 (70)
20 504.413 19819.51 6988.82 11/2 446.7 739 [10] 26808.33 11/2 704.3 (0.4) 335 (16)
21 496.529 20134.18 6674.15 11/2 527.6 528.4 [10] 26808.33 11/2 706.4 (1.3) 465.3 (4.0)
22 488.704 20456.58 6351.75 13/2 438.5 1122 [10] 26808.33 11/2 706.4 (2.3) 377 (30)
23 522713 19125.64 8277.04 13)2 981.2 820 [10] 27402.68 11/2 341.0 2.7) 259 (25)
24 510.622 19578.49 7824.19 9/2 621.5 790.1 [10] 27402.68 11/2 3383 (2.2) 281.8 (4.4)
25 500.821 19961.65 7441.03 9/2 509.843 547.483 [5] 27402.68 11/2 342.4 (0.2) 299.2 (4.4)
26 489.727 20413.86 6988.82 11/2 446.7 739 [10] 27402.68 11/2 340.1 (0.4) 276 (16)
27 496.365 20140.84 7441.03 9/2 509.843 547.483 [5] 27581.87 9/2 533.7 (0.4) -283.0 (8.6)
28 485.465 20593.05 6988.82 11/2 446.7 739 [10] 27581.87 9/2 535.4 (2.7) -311 (44)
29 513.354 19474.30 8190.46 15/2 948.5 699 [10] 27664.77 13/2 593.3 (1.2) 1089 (32)
30 485.187 20604.87 7059.90 13/2 519.5 1179.7 [10] 27664.77 13/2 592.9 (0.8) 1002.7 3.7)
31 483.519 20675.95 6988.82 11/2 446.7 739 [10] 27664.77 13/2 592.2 (0.4) 951 (16)

(continued on next page)
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Table 1 (continued)
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Line Lower Level Upper Level
No Dair Kvae E J A B ref. E J A B
(nm) (cm™1) (cm™1) (MHz) (MHz) (cm™1) (MHz) (MHz)

1 2 3 4 5 6 7 8 9 10 11 12

32 498.006 20074.48 7839.85 712 609.7 (0.2) 429.8 (3.4) 27914.33 72 8214 (0.7) 219 (12)
33 488.305 20473.30 7441.03 92 509.843 (0.003) 547.483 (0.003) [5] 27914.33 72 821.7 (0.6) 225.0 (5.3)
34 518.289 19288.88 8646.21 11/2 984.255 (0.003) 925.956 (0.003) [5] 27935.09 13/2 621.4 (0.2) 501.3 (1.9)
35 508.556 19658.05 8277.04 13/2 981.2 (2.6) 820 (24) [10] 27935.09 13/2 619.0 (2.7) 527 (25)
36 506.326 19744.63 8190.46 15/2 948.5 (1.1) 699 (31) [10] 27935.09 13/2 619.0 (1.2) 533 (32)
37 524.100 19075.01 9145.23 9/2 1067.5 (0.6) 1086 (17) 28220.24 7/2 467.0 (1.0) 122.2 (8.0)
38 490.531 20380.39 7839.85 7/2 610.2 (0.6) 404 17) 28220.24 7/2 468.2 (0.7) 155 (12)
39 521.752 19160.85 9145.23 92 1066.2 (0.8) 1079.6 (5.3) 28306.08 72 885.4 (1.0) 118.1 (7.8)
40 495.515 20175.40 8130.68 5/2 874.4 (4.8) 411 (25) [10] 28306.08 7/2 886.7 (4.9) 110 (26)
41 494,710 20208.21 8097.88 9/2 230.6 (0.8) -397.5 (4.9) 28306.08 7/2 885.4 (1.2) 126.9 (2.9)
42 488.473 20466.23 7839.85 712 611.5 (0.8) 436.5 (5.0) 28306.08 72 882.4 (0.7) 117 (12)
43 488.100 20481.89 7824.19 9/2 621.5 (2.1) 790.1 (3.5) [10] 28306.08 7/2 885.6 (2.2) 138.2 (5.1)
44 506.805 19725.97 8646.21 11/2 984.255 (0.003) 925.956 (0.003) [5] 28372.18 13/2 998.52 (0.08) 346.7 (3.5)
45 497.494 20095.14 8277.04 13/2 981.2 (2.6) 820 (24) [10] 28372.18 13/2 998.1 (2.8) 278 (29)
46 495.360 20181.71 8190.46 15/2 948.5 (1.1) 699 (31) [10] 28372.18 13/2 996.7 (1.2) 358 (32)
47 518.618 19276.66 9145.23 9/2 1065.4 (2.1) 1049.8 (4.6) 28421.89 7/2 658.0 (1.0) 774.9 (8.4)
48 491.891 20324.02 8097.88 9/2 232.7 (2.0) -392.0 (3.3) 28421.89 7/2 654.0 (1.2) 769.8 (3.2)
49 504.162 19829.36 9897.73 9/2 1112.4 (2.3) 416 (87) 29727.09 11/2 593.0 (1.6) 223 (49)
50 485.729 20581.86 9145.23 9/2 1067.7 (2.3) 1079 (87) 29727.09 11/2 597.5 (1.1) 397 (12)
51 503.342 19861.68 9867.65 72 903.5 (2.5) 533 (23) [10] 29729.33 72 417.3 (2.6) -60 (25)
52 485.676 20584.10 9145.23 92 1070.4 (2.1) 1053 (18) 29729.33 72 413.4 (1.1) -54 (15)
53 528.623 18911.81 10920.18 3/2 1001.8 (3.2) -133 (19) [10] 29831.99 3/2 861.5 (3.3) 194 (20)
54 515.977 19375.32 10456.67 5/2 912.9 (6.9) 149 (35) [10] 29831.99 3/2 855.3 (7.0) 250 (36)
55 513.641 19463.43 10456.67 52 912.9 (6.9) 149 (35) [10] 29920.10 5/2 538.4 (7.0) -1121 (37)
56 491.246 20350.70 9897.73 9/2 1113.9 (0.8) 516 (16) 30248.43 9/2 478.1 (1.5) 260 (48)
57 525.420 19027.08 11331.14 19/2 876.3 (3.8) 1460 (20) [10] 30358.22 19/2 888.7 (3.9) -1240 (22)
58 500.351 19980.39 10456.67 52 912.9 (6.9) 149 (35) [10] 30437.06 72 778.8 (7.0) 117 (36)
59 486.735 20539.33 9897.73 9/2 1109.5 (1.2) 572 (50) 30437.06 72 780.4 (1.8) 19 (47)
60 518.820 19269.13 11425.94 13/2 672.5 (0.4) 75.4 (9.9) [10] 30695.07 11/2 756.3 (0.8) 836 (18)
61 514.401 19434.66 11260.41 11/2 919.9 (2.3) 309 (13) [10] 30695.07 11/2 758.1 (2.4) 734 (14)
62 507.544 19697.22 10997.85 11/2 500.3 (2.0 1262.5 (2.5) 17] 30695.07 11/2 755.7 (2.1) 770.7 (7.1
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Fig. 1. Recorded hfs pattern of spectral line A =506.326 nm (k=19744.63 cm~', transition between the levels 8190.46 cm~!, J=15/2 and 27935.09 cm~!, J=13/2) in the
terbium atom (Table 1, No. 36), along with the components fitted with the program "Fitter” (vertical lines). The lower trace represents deviations of the experimental data

from the fitted theoretical curve.
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Fig. 2. Recorded hfs pattern of spectral line A =521.752 nm (k=19160.85 cm~', transition between the levels 9145.23 cm~', J=9/2 and 28306.08 cm~', J=7/2) in the terbium
atom (Table 1, No. 39), along with the components fitted with the program "Fitter” (vertical lines). The lower trace represents deviations of the experimental data from the

fitted theoretical curve.

source of the hfs constants for the particular lower level is indi-
cated in column 8. For the reevaluated levels, no reference is given.
In columns 9-12 the analogous information concerning the upper
energy levels is presented.

In Table 2 the final results for 26 odd-parity and 4 reevaluated
even-parity levels are presented. In columns 1 and 2, J] quantum
numbers and energy values of the investigated levels are given.
The number of spectral lines recorded, used for averaging, is pre-
sented in column 3. Columns 4 and 5 contain the hfs constants
determined within this work. Additionally, the previously reported
constants’ values for the reevaluated even-parity levels, along with
the reference, are indicated in columns 6-8 for comparison.

The uncertainties, presented in parentheses next to each par-
ticular A and B constant, were estimated according to the method
adopted in the first work, concerning investigation of the holmium
atom [14]. Some further description is provided in our latest re-
search on hfs structure of atomic terbium [11]. For each individual
spectral line, the uncertainty is the combination of mean standard
deviation of the averaged value for the investigated upper energy
level and the uncertainty of the fixed value for the lower energy
level, and is calculated according to the formula: o = ,/012 +022.
The final uncertainties for the levels, where the constants were
evaluated from more than one line, are mean standard deviations
of the values averaged from the respective spectral lines, whereas
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Fig. 3. Recorded hfs pattern of spectral line A =515.977 nm (k=19375.32 cm~, transition between the levels 10456.67 cm~, J=5/2 and 29831.99 cm™', J=3/2) in the terbium
atom (Table 1, No. 54), along with the components fitted with the program "Fitter” (vertical lines). The lower trace represents deviations of the experimental data from the

fitted theoretical curve.
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Fig. 4. Recorded hfs pattern of spectral line A =498.006 nm (k=20074.48 cm™!, transition between the levels 7839.85 cm~!, J=7/2 and 27914.33 cm~!, J=7/2) in the terbium
atom (Table 1, No. 32), along with the components fitted with the program "Fitter” (vertical lines). The lower trace represents deviations of the experimental data from the

fitted theoretical curve.

in case of the levels, where the hfs constants were determined
from single lines, both statistical and systematic errors are in-
volved.

4. Discussion

All of the hfs A and B constants, determined for 26 odd-parity
energy levels, are presented for the first time.

Among this number, 5 energy levels were investigated in single
spectral lines each. For two of these levels, namely 18881.74 cm~!
J=15/2 and 23213.87 cm~! J=15/2, investigated transitions involved
the lower levels, for which the hfs constants were determined
with high precision by Childs [3] using ABMR technique. Therefore,

the values obtained for these levels are considered to be precise.
The results for the remaining 3 levels, i.e. 29920.10 cm~! J=7/2,
30248.43 cm~! J=9/2 and 30358.22 cm~! J=19/2, may be some-
what less accurate. In all cases, further research may be beneficial.

For all of the presented 26 odd-parity energy levels the results
obtained from different transitions are consistent - in majority of
the cases the uncertainty of the A constant remains below 1 MHz.
Only for one level, 29831.99 cm~! J=3/2, the uncertainty slightly
exceeds 3 MHz. The constants’ values for this level were deter-
mined from two spectral lines: 18911.81 cm~! and 19375.32 cm™!
(No. 53 and 54 in Table 1). It can be noticed, that the results
differ between these lines, although within the uncertainty limit.
However, one can see that the uncertainties are relatively high,
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Compilation of the hyperfine structure constants A and B for the odd-parity levels in the terbium atom investigated in this work.
Reevaluated values for four previously reported even-parity levels are also provided; the earlier results are presented for comparison.
In parentheses the uncertainties (in MHz), calculated as described in Section 3, are quoted

Level hfs constants (this work) hfs constants (earlier works)
J E (cm™1) No. of lines A (MHz) B (MHz) A (MHz) B (MHz) ref.
1 2 3 4 5 6 7 8
odd-parity  levels
3/2
29831.99 2 858.4(3.1) 222 (29)
7/2
25908.59 2 491.0(0.3) 166 (87)
26594.05 3 583.5(1.0) 229 (37)
27914.33 2 821.5(0.2) 221.8(3.3)
28220.24 2 467.6(0.6) 139 (17)
28306.08 5 885.1(0.8) 122.0(4.9)
28421.89 2 656.0(2.0) 772.4(2.6)
29729.33 2 415.4(2.0) -57.0(2.6)
29920.10 1 538.4(1.9) -1121 (17)
30437.06 2 779.6(0.8) 68 (50)
9/2
27581.87 2 534.6(0.9) -297 (14)
30248.43 1 478.2(2.1) 260 (23)
11/2
21673.72 2 955.42(0.09) 725.2(9.1)
25753.40 3 467.4(1.1) 240 (60)
26808.33 4 704.9(1.0) 419 (39)
27402.68 4 340.5(0.9) 279.0(8.3)
29727.09 2 595.3(2.3) 310 (87)
30695.07 3 756.7(0.8) 780 (30)
13/2
26488.10 4 669.2(1.0) 683 (16)
27664.77 3 592.8(0.4) 1014 (41)
27935.09 3 619.8(0.9) 520.4(9.7)
28372.18 3 997.8(0.6) 327 (26)
15/2
18881.74 1 653.7(0.6) 548 (12)
19080.13 2 1087.0(0.3) 1595.4(5.2)
23213.87 1 826.7(1.3) 343 (27)
19/2
30358.22 1 888.7(0.6) -1240 (16)
even-parity  levels
7/2
7839.85 3 610.5(0.6) 423 (11) 606.2(0.7) 428.7(0.4) [7]
9/2
8097.88 2 231.7(1.1) -394.8(2.8) 229.1(1.7) -398.8(6.4) [10]
9145.23 5 1067.4(0.9) 1069.5(7.6) 1069.3(0.3) 1088.8(7.5) [8]
9897.73 3 1111.9(1.4) 501 (46) 1109.4(0.2) 537.3(3.7) [8]

compared to other spectral lines. In this case, they are dominated
mostly by the high uncertainties of the lower energy levels, in-
volved in these transitions, which is one of the possible reasons of
such discrepancies. Some further investigations may be favourable,
when other spectral regions become available for the exciting laser
radiation.

As stated in Section 3, the hfs constants for the aforementioned
4 even-parity levels (7839.85 cm~! J=7/2, 8097.88 cm~! J=9/2,
914523 cm~! J=9/2 and 9897.73 cm~! J=9/2), presented in our
previous works, were considered inaccurate. The results obtained
for spectral lines, in which these levels were involved as the lower
levels, were inconsistent with those from other lines for particular
upper levels. The corrected constants, reevaluated according to the
procedure described also in Section 3, and further fixed in the fit-
ting procedure significantly reduced the inconsistency of the con-
stants for the upper levels, and only typical discrepancies, charac-
teristic for our investigations, were observed. Differences between
the values obtained within this work and those previously reported
are noticeably higher than the estimated uncertainties, as can be
seen in Table 2. The main cause is the already mentioned scarcity
of knowledge of the hfs structure of terbium. The very precise val-
ues of the hfs constants (to the third decimal place), determined by
Childs et al. using ABMR or ABMR-LIRF techniques [3-5], are avail-

able only for a limited number of the lowest lying energy levels. In
many cases these levels cannot be exploited, even if the possible
transitions exist, as it is highly limited by the spectral range cov-
ered by the lasers available in our laboratory. The hfs constants for
the discussed even-parity levels, presented in [8,10], were obtained
by performing the fitting procedure simultaneously for both lev-
els, involved in the investigated transitions time, as no experimen-
tal data was available for the respective odd-parity energy levels.
Simultaneous calculations of the hfs constants for both levels are
possible, however such an approach decreases the accuracy, as one
may notice in this particular case.

5. Conclusions

Within this work, hfs constants were determined for 26 odd-
parity energy levels on the basis of investigations of 62 spectral
lines with the method of laser induced fluorescence in a hollow
cathode discharge lamp. All of the results are presented for the
first time.

Additionally, hfs constants for 4 energy levels, belonging to
even-parity configurations, previously reported in our older works
[8,10], were reevaluated. The constants’ values obtained for the
spectral lines, where the levels with reevaluated constants were
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involved as the lower levels, are now consistent with the results
from other lines associated with a given upper odd-parity level.

The results presented in this work constitute a further ex-
tension of the available experimental database of the hyperfine
structure of the terbium atom. It may greatly facilitate the semi-
empirical analysis of the fine- and hyperfine structure of the odd-
parity configuration system, which is still difficult due to the com-
plexity of this system, resulting from strong configuration mixing.
Additionally, the data provided within this work, along with our
previous works, concerning both hfs constants and Landé g fac-
tors, may be valuable from the point of view of possible applica-
tions of terbium. Even though the investigated unclassified spectral
lines are rather weak, they can be successfully excited with pre-
cisely tuned laser beam, which is favourable for some exemplary
applications, mentioned in Section 1, such as the safeguard in the
banknotes.
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In the present work Landé g factors for 17 even-parity electronic levels of the terbium atom are pre-
sented. The spectra of the Zeeman splitting of the hyperfine structure were recorded with the method of
laser spectroscopy in a hollow cathode discharge lamp in a constant magnetic field, with laser induced
fluorescence detection. The analysis of 47 spectral lines of terbium in the spectral range between 490
and 609 nm enabled the determination of the g; factors for the presented even-parity levels for the first
time. Moreover, verification of the g; factor values for 17 odd-parity levels, previously reported by other
authors from the analysis of Fourier transform spectra.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Terbium is a rare-earth element, located roughly in the mid-
dle of the lanthanides series. It possesses a single stable isotope
129Tb with relatively low nuclear spin value of I=3/2, and its val-
ues of magnetic dipole and electric quadrupole moments amount
to u=+2.014(4) nm and Q=+1.432(8) b, respectively [1]. Due to its
fluorescent properties, terbium is widely used in green phosphores,
which are applicable in commercial devices, such as fluorescent
lamps, as well as in fundamental research, e.g. biochemical probes.
The magnetic properties of terbium make it a favorable candidate
to be used in production of electronic and magnetomechanical de-
vices, such as actuators, sonar systems, etc.

Until recently the knowledge of the electronic levels’ structure
of terbium was vastly limited. One of the main reasons is the
extremely high density of electronic levels, even in comparison
with other lanthanides, which is the cause of certain difficulties
in both experimental investigations and theoretical interpretation.
This feature is related to the placement of terbium in the mid-
dle of the lanthanides series and its electronic configurations with
several open shells. For such configurations, the results of ab initio
calculations, concerning the values of energy levels, Landé g; fac-

* Corresponding author. Tel.: +48 616653229.
E-mail address: marcin.j.suski@doctorate.put.poznan.pl (M. Suski).

https://doi.org/10.1016/j.jqsrt.2022.108270
0022-4073/© 2022 Elsevier Ltd. All rights reserved.

tors, A and B hyperfine structure (hfs) constants and other param-
eters, are highly imprecise and often differ significantly from the
experimental values. Moreover, due to the wavefunction collapse
of the 4f orbital, the mean energies of different configurations are
nearly the same, hence the spectrum of the terbium atom is quasi-
continuous. For the analysis of such atoms, semi-empirical meth-
ods are favorable, although they require a significant amount of ex-
perimental data. Additionally, for semi-empirical calculations to be
considered to be reliable, it is necessary to properly determine the
wavefunctions of the intermediate coupling. This can be greatly fa-
cilitated by the proper assignment of electronic levels with charac-
teristic values of parameters. In most elements, to properly assign
a certain level to a particular configuration, either hfs constants or
Landé g; factors were used. For the terbium atom, due to its afore-
mentioned low nuclear spin, the number of the hfs components is
limited to at most 10. Moreover, the differences between A and B
hfs constants of various levels are also relatively small. Therefore,
reliable identification of the energy levels involved in the unclassi-
fied spectral lines requires the determination of both Landé g; fac-
tors and hfs constants.

The first significant works concerning the determination of
Landé g; factors were published in 1960-ies, where values for 17
energy levels were reported with precision of the third decimal
place [2,3]. It was followed by two works by Childs in 1969 and
1970, where the precision of the values for the previously deter-
mined levels was improved to the fifth decimal place [4,5]. Be-


https://doi.org/10.1016/j.jqsrt.2022.108270
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2022.108270&domain=pdf
mailto:marcin.j.suski@doctorate.put.poznan.pl
https://doi.org/10.1016/j.jqsrt.2022.108270

M. Suski, M. Chomski, B. Furmann et al.

tween 1966 and 1972 a series of six works was published by
Klinkenberg and Meinders, where the values of Landé factors for
46 even energy levels were reported with accuracy to the third
decimal place [6-11]. Currently, there are 106 even-parity and 493
odd-parity energy levels known according to Martin, Zalubas and
Hagan [12], and NIST Atomic Spectra Database [13], for which 65
and 380 g; factors are reported, respectively.

The begin of investigations of the hfs constants of terbium lev-
els are dated roughly to the same time as for Landé factors. The al-
ready mentioned work by Childs, published in 1970, provided data
concerning A and B constants of 17 energy levels [5]. No further
data concerning hfs was reported until, after more than twenty
years later, the topic was undertaken by our research group. This
resulted in a series of five published works, providing experimental
data for numerous electronic levels of both even- and odd-parity
[14-18].

Apart from experimental investigations, also attempts of inter-
pretation of the energy levels’ structure of the terbium atom were
undertaken. An extensive analysis of some even-parity configura-
tions was reported in the following works [5,14,19,20]. As stated
before, to further improve such interpretations, new experimental
data are required.

Despite the progress achieved, the knowledge of the electronic
levels’ structure is far from being complete - especially consider-
ing the scarcity of data on Landé g; factors, which are one of the
most characteristic parameters of electronic levels. More extensive
experimental data on the g; factors would certainly provide the es-
sential knowledge important from the point of view of the the-
ory of complex atoms, but also required for the potential applica-
tions, such as laser cooling in magneto-optical traps (MOT), quan-
tum computers and memories.

The aim of this research is firstly to enrich the available knowl-
edge necessary for the semi-empirical interpretation of the elec-
tronic levels’ system of the terbium atom. Secondly, it provides the
experimental data which can possibly facilitate the aforementioned
quantum engineering applications and quantum optics. Within this
work the experimental values of Landé g; factors for 17 even-parity
electronic levels in the atomic terbium are presented for the first
time. Moreover, the g factors values of 17 odd-parity electronic
levels published earlier by other authors [12], are verified. The in-
vestigations were performed by observation of laser-induced fluo-
rescence (LIF) in a hollow cathode discharge lamp, which was pre-
viously used in determination of Landé g; factors in holmium and
europium atoms [21-23].

2. Experimental details

In order to properly determine the Landé g factors, Zeeman
splitting of the hyperfine structure was employed. This method
was successfully adapted from the group from University of
Gdansk, in cooperation with Graz University of Technology [24-
29]. Both the method and the experimental setup are thoroughly
described in our previous works, concerning the investigations of
Landé factors in other elements [21-23,30]. In general, it requires
recording of the hyperfine structure of the spectral lines split in
a magnetic field. The spectra are recorded for two different linear
polarization directions of the exciting laser beam in relation to the
magnetic field direction - the o component is observed for per-
pendicular orientation, and the w component for the parallel one.

The method applied was laser spectroscopy with laser induced
fluorescence detection in a hollow cathode discharge lamp, which
was the source of free atoms. The external magnetic field was pro-
vided by neodymium magnets, placed in close vicinity of the ter-
bium cathode. The desired transitions were excited by single-mode
tunable dye lasers. For the selection of the mentioned polarization
components, a polarization rotator was used.

Journal of Quantitative Spectroscopy & Radiative Transfer 288 (2022) 108270

The experimental conditions were similar to those presented in
our already mentioned previous works. The lamp was cooled with
liquid nitrogen and the discharge occurred in the presence of ar-
gon as buffer gas. The pressure in the discharge lamp was kept at
approximately 0.4 mbar. The discharge current value was relatively
stable during a single experimental run at ca. 40 mA. For the weak-
est spectral lines, the value of the current was increased to 50 mA.

The appropriate magnetic field inside the hollow cathode was
ensured by one of two sets of magnets - in the first configuration
two magnets were located above the cathode, and in the second
one other two magnets were placed on both sides of the cathode.
The estimated magnetic field value for the former configuration is
approximately 500-600 G, and 1900-2000 G for the latter. How-
ever, the actual field in the cathode was found to be significantly
different from the given values, and it occurred to be correlated to
the value of the electric current required for the discharge. For dif-
ferent values of the current, different Zeeman splittings were ob-
served for any investigated spectral line, which implies that there
were changes in the magnetic field. It was attributed to the se-
ries of magnetic phase transitions of solid terbium. Below the tem-
perature of 218 K terbium is in ferromagnetic phase. Above this
point it reaches the antiferromagnetic state, which persists to the
Néel temperature of 230 K, whereas its paramagnetic Curie point
is 237 K [31]. The most external parts of the hollow cathode,
cooled by the liquid nitrogen, remained in the ferromagnetic state,
whereas the internal part, heated by the discharge current, be-
haved paramagnetic. Such situation resulted in a screening effect
that affected the magnetic field, depended on the value of the elec-
tric current. Hence, to minimize the magnetic field drift, a value of
discharge current as constant as possible was kept during a single
measurement run, as already mentioned.

The actual value of the magnetic field was determined by
recording spectral lines of argon, namely transitions between
electronic levels, for which the g factors values are known
with high precision. The recorded lines were 17059.2145 cm™!,
Agir=586.031 nm (104102.0990 cm~!, J=1, g=1985 —
121161.3135 cm!, J=1, g=1271) for the long wavelength region,
and 19365.8743 cm™!, A,;;=516.228 nm (104102.0990 cm~!, J=1,
g=1985 — 123467.9733 cm~!, J=1, g=1.22) for the short wave-
length region. However, due to the mentioned screening effect,
the splitting of the m components of the argon spectral lines was
too low for reliable determination of the magnetic field strength,
therefore spectral lines of terbium, for which the Landé factors for
both lower and upper level were known, were used as well. For the
same reason as for the argon lines, only the o components were
taken for evaluation of the magnetic field value. The uncertainties
of the magnetic field values estimated for the m components were
relatively high, in some cases exceeding the difference between
the magnetic field strength for 7 and o polarizations. Therefore,
for calculating the weighted mean values of the g factors for the
upper energy levels of the investigated transitions, the weights for
the results, obtained from the recorded o polarization scans, were
higher than those obtained for 7 components. For example, for the
long wavelength region the line 17191.09 cm~!, A,=581.535 nm
(4646.83 cm~!, J=17/2, g=140626 — 2183792 cm~!, J=17/2,
g=143) was used [5,12], and for the short wavelength region
the line 20224.03 cm~!, A,;,=494.323 nm (6801.190 cm~!, J=5/2,
g=180 — 27025.22 cm~!, J=5/2, g/=1.45) was exploited [12].
Such lines were recorded several times during each session
day. An exemplary spectrum of the o polarization of the line
17191.09 cm~! is presented in Fig. 1.

To optically excite the terbium atoms, two modified frequency-
stabilized Coherent CR 699-21 ring dye lasers were used, both op-
erating in continuous wave regime. The first laser operated on
the solution of Coumarin 498 dye, covering the blue-green re-
gion of the spectrum (approx. 490-525 nm), optically pumped
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Fig. 1. Recorded Zeeman-hfs patterns of the o polarization of the spectral line A = 581.535 nm (k=17191.09 cm~!, transition between the levels 4646.83 cm~!, J=17/2 and
21837.92 cm~', J=17/2) in the terbium atom, used for determination of the magnetic field value. The obtained field strength value is 444.3(19.3) G.

by a diode laser emitting at 445 nm (Lasever Inc., China, model
LSR445SD-4W) [32]. The second dye laser covered the yellow-
orange region of the spectrum (approx. 570-610 nm), exploiting
Rhodamine 6G dye solution as a lasing medium. A frequency dou-
bled Nd:YVO, laser (Coherent Verdi V-10) was used as a pump
source. The precise value of the laser wavelength was controlled
with the wavemeter readings (Burleigh WA-1500), while the single
mode operation was ensured by a mode analyzer.

The fluorescence light from decay transitions was directed to
a SPM-2 grating monochromator and, after spectral selection, to
a Hamamatsu R-375 photomultiplier with preamplifier, where the
photocurrent signal was generated. The signal-to-noise ratio was
enhanced by a phase-sensitive amplifier, with a mechanical chop-
per used for the periodic interruption of the laser beam. The signal
was further directed to the computer for scan recording. The fre-
quency scale for the scans was obtained by recording the transmis-
sion signal of a temperature-stabilized Fabry-Perot interferometer
(FSR=1500 MHz) simultaneously with the measured spectrum.

To apply the frequency scale based on the marker signal, the
"Fitter” program was used, which has been exploited in our calcu-
lations of both hfs and Landé factors for many years.

3. Determination of g; values
3.1. Hyperfine structure and Zeeman splitting

When an atom is placed in an external magnetic field Hyqg, its
eigenstates constitute linear combinations of the form:

[WMp) = 3 Cupr | VJIFM;). (1)
F

The eigenvector amplitudes Cy,r can be derived by means of
diagonalization of the Hamiltonian matrix:

3cC+1) -1 +1 1
HFMFvF/MF:(SFF’<AC+B4 C+D 10+ DJJ+ ))

2 202I-1)J(2[ - 1)
+ g Hmag (1) M JQF L 1) 2F + 1))+ 1) (2] + 1)
F 1 F’ F 1 F
X(—MF 0 MF>{j I j}’ (2

where C=F(F+1)—J(J+1) —I(I+1), up is the Bohr magneton
and g is the Landé factor.

The intensity of an individual radiative transition between two
Zeeman sublevels My and My is proportional to the related tran-
sition probability. The line shape observed experimentally is the
envelope of all individual Zeeman components, each having a line
profile determined by Doppler- and other broadening mechanisms
and by instrumental effects.

3.2. Computational procedures

As the first step of our computational procedures, the Zeeman
sublevels energies, relative to the fine structure energy E(J), for
both the upper and the lower level of the studied transition, are
determined by means of diagonalization of the Hamiltonian ex-
pressed by Eq. (2). The required input data, concerning values of
the magnetic field Hpqg, nuclear spin I and electronic shell angular
momentum J quantum numbers, the hyperfine structure A and B
constants, as well as the initial values of Landé g factors for two
energy levels involved, are loaded from an appropriate input file.
The obtained eigenvalues and eigenvectors are adopted for deter-
mination of the relative positions of the Zeeman components on
the frequency scale, and their intensities, separately for o and ©
transitions.

Afterwards, the intensity distribution function is derived as a
sum of intensities for each abscissa value of the final pattern, with
the use of evaluated splitting constants and line profile parame-
ters. In an iterative procedure, this function is fitted to the exper-
imentally observed line profile stored in the digital form, where
values of Landé g; factors for the upper and the lower levels are
adjustable parameters. In the calculations the Marquardt’s algo-
rithm [33] is applied. There is also a possibility to fine-tune the
values of hfs constants, which is important in particular when
these constants are determined earlier with considerable experi-
mental uncertainties.

In order to include saturation effects, an additional parameter
As (saturation rate) was introduced in the fitting procedure. The
calculated decay rate of each Zeeman component (A,) of frequency
v was modified according to the following expression [34]:

sat __ AV

v _1+AV/AS (3)

4. Results

In this work altogether 49 spectral lines of the terbium atom
were investigated for determination of Landé g; factors. All of the
lines are presented in Table 1.

In order to properly calculate the g; factor of the lower or the
upper energy level of a transition, the value of the magnetic field
has to be known. Also, the knowledge of the g factor of one of
the energy levels, participating in this transition, is favourable, as
it significantly increases the precision of the calculations. However,
calculations of g; factors for both energy levels simultaneously are
also possible, though the accuracy of the obtained results might be
decreased.
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Fig. 2. Recorded Zeeman-hfs patterns of the spectral line A =596.490 nm (k=16760.11 cm~!, transition between the levels 12628.67 cm~', J=15/2 and 29388.78 cm™!,
J=15/2) in the terbium atom (Table 1, No 24), along with the least-squares fitted curves for a) polarization o, and b) polarization 7 at the magnetic field strength 240.8 G.

Determination of the magnetic field strength exploits record-
ing of transitions between energy levels with precisely known g;
values in argon, as presented in our previous works. In that case,
the standard calculation procedure had to be reversed. However,
as mentioned in Section 2, due to the magnetic field screening ef-
fect, resulting from phase transition in terbium, the data obtained
from recorded argon lines were insufficient because the splitting of
the = components was too small. Therefore, additionally o com-
ponents of the spectral lines between energy levels in terbium, for
which Landé factors are already known, were exploited.

First iteration of the calculations concerned the determination
of the g factors for the lower even-parity energy levels, with the
g factors of the upper odd-parity levels fixed at the available liter-
ature values. The obtained results were further averaged for each
particular even-parity energy level. Secondly, the g; factors of the
upper energy levels were recalculated by reversing the procedure
and using the averaged values for the lower levels, obtained in
the previous step. Finally, the g; factors of the lower levels were
calculated once again, with improved average values for the up-
per levels. Such an approach enabled the reduction of the uncer-
tainties for the lower even-parity levels and the verification of
the g; values of the odd-parity levels, which were obtained by
other authors from a Fourier spectrum. The values, obtained for
individual spectral lines, are summarized in Table 1. The first set
of columns (2 and 3) provide the information on the transition,
namely the wavelengths and wavenumbers. In columns 4-6 data
concerning the lower energy levels is presented - energies, | quan-
tum numbers, the experimental values of the g; factors, calculated
as weighted means of the values obtained for w and o compo-
nents. The last group of columns contains similar information for

the upper energy levels. Examples of the recorded spectra with the
fitted Zeeman-hfs patterns are presented in Figs. 2 - 4.

The final g factors for particular energy levels were obtained
by averaging the partial values concerning those levels. Hence,
the values for 17 even-parity (lower) energy levels were deter-
mined, and the values for 17 odd-parity (upper) energy levels
were re-evaluated and compared with the values from the liter-
ature. The results, arranged by the parity of the energy levels, are
presented in Table 2. For even-parity levels the semi-empirically
predicted values of the g factors are presented, whereas for
odd-parity levels available experimental literature g factors are
also provided. The number of lines recorded, used for averag-
ing, is given for each energy level. In case of 5 even-parity lev-
els and 4 odd-parity levels, the Landé g factors were obtained
from only one line in each case. These are the even-parity lev-
els 11956.25 cm~! (J=9/2), 12296.45 cm~! (J=5/2), 12932.66 cm!
(J=15/2), 1327723 cm~! (J=7/2), 13666.46 cm~! (J=11/2) and the
odd-parity levels 29210.56 cm~! (J=9/2), 32015.99 cm~! (J=15/2),
32163.47 cm~! (J=9/2), 33638.32 cm~! (J=9/2), respectively.

The experimental uncertainties of the calculated Landé g; fac-
tors consist of separate mean standard deviations for the fitted g
factors of both energy levels involved in a transition and the uncer-
tainty concerning the fluctuations of the magnetic field. Concern-
ing the latter, the mean standard deviation for the average mag-
netic field value, was estimated from the investigation of transi-
tions between levels with known g; factors, for 7 and o compo-
nents, separately. The actual contribution was determined to be
the difference of the g factors calculated for the underestimated
and the overestimated values of the magnetic field, divided by 2.
Hence, the total uncertainty for single energy levels is calculated
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Fig. 3. Recorded Zeeman-hfs patterns of the spectral line A =573.446 nm (k=17433.59 cm™!, transition between the levels 13116.48 cm~', J=13/2 and 30550.07 cm™!,
J=13/2) in the terbium atom (Table 1, No 45), along with the least-squares fitted curves for a) polarization ¢, and b) polarization 7 at the magnetic field strength 444.3 G.
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Fig. 4. Recorded Zeeman-hfs patterns of the spectral line A =592.126 nm (k=16883.61 cm~!, transition between the levels 13666.46 cm~!, J=11/2 and 30550.07 cm~!,
J=13/2) in the terbium atom (Table 1, No 47), along with the least-squares fitted curves for a) polarization o, and b) polarization 7 at the magnetic field strength 444.3 G.
Pictures c) and d) present an attempt to match the literature value of the g factor [7] for the upper energy level for o and 7 polarization, respectively. The thin solid line
is the recorded pattern, while the bold solid line is the least-squares fitted curve. The experimental literature value of the Landé g; factor doesn’t fit to the recorded spectra.
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Table 1
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Spectral lines of the terbium atom experimentally investigated in this work for the purpose of determination of the Landé
g factors. For all lines the g factors for the upper odd-parity levels and the lower even-parity levels were determined

independently.

Line Lower level Upper level
No )‘uir kvac E J 8j.av E ] 8J.av
(nm) (em™) (em™) (em™)
1 2 3 4 5 6 7 8 9

1 585920  17062.46 1142594  13/2  1.566(56) 2848840 15/2  1.331(62)
2 572438  17464.30 1142594 132 1.572(62) 28890.24  13[2  1.453(47)
3 571492 1749320 1142594  13/2  1.548(45) 28919.14  11/2  1.529(58)
4 591282  16907.72 11580.68 152  1.517(36) 2848840  15/2  1.331(33)
5 577.555  17309.56 11580.68 152  1.484(42) 28890.24  13/2  1.509(41)
6 572.030 17476.75 1195625 92 1.071(31) 29433.01 92 1.412(43)
7 598964  16690.86 1222828 92 1.756(42) 28919.14  11/2  1.471(33)
8 581.074  17204.73 1222828  9/2  1.745(34) 29433.01 9/2  1.401(32)
9 501.600  19930.65 1222828  9/2  1.709(39) 32158.93 7/2  1.633(36)
10 592414  16875.42 1225099  7/2  1.917(33) 29126.41 92 1.412(43)
11 502172 19907.94 1225099  7/2  1.925(37) 32158.93 7/2  1.593(51)
12 503.321  19862.48 1229645 52 1.562(56) 32158.93 7/2  1.584(65)
13 608211  16437.10 1245314 112 1.550(51) 28890.24  13/2  1.434(51)
14 599596  16673.27 12453.14  11/2  1.502(34) 29126.41 92  1.439(43)
15 578394  17284.47 12453.14  11/2  1.479(46) 29737.61  11/2  1.545(53)
16 574.088  17414.10 1245314 112 1.500(15) 29867.24  13[2  1.362(41)
17 607978  16443.40 1247574  13/2  1.520(42) 28919.14  11/2  1.467(31)
18 591.096  16913.04 1247574  13/2  1.489(48) 29388.78  15/2  1.383(33)
19 585754  17067.27 1247574  13/2  1.500(15) 29543.01  13/2  1.402(17)
20 579.151  17261.87 1247574 132 1.491(32) 29737.61  11/2  1.519(28)
21 574834  17391.50 1247574  13/2  1.500(19) 29867.24  13[2  1.345(20)
22 568724 1757833 1247574 132 1.506(26) 30054.07 112 1.370(27)
23 568263  17592.61 1247574 132 1.502(17) 30068.35 15/2  1.418(19)
24 596490  16760.11 1262867 152 1.430(82) 29388.78  15/2  1.367(60)
25 591.050 1691434 1262867 152 1.454(15) 29543.01  13/2  1.406(27)
26 579.934 1723857 1262867 152 1.446(17) 29867.24  13/2  1.360(28)
27 515657  19387.32 1262867 152  1.458(46) 3201599  15/2  1.372(31)
28 606.021  16496.51 1271405  7/2  1.428(63) 2921056  9/2  1.466(62)
29 514131  19444.88 1271405  7/2  1.439(51) 32158.93 7/2  1.587(61)
30 589414  16961.30 12776.31 92  1.484(37) 29737.61  11/2  1.471(33)
31 578618  17277.76 12776.31 9/2  1.418(23) 30054.07 11/2  1.389(31)
32 515782  19382.62 12776.31 9/2  1.451(35) 32158.93 7)2  1.584(41)
33 515662 19387.16 12776.31 92  1.439(68) 3216347  9/2  1.348(58)
34 606548  16482.18 12906.60  13/2  1.563(58) 29388.78  15/2  1.354(47)
35 593977  16831.01 12906.60  13/2  1.563(43) 29737.61  11/2  1.499(49)
36  583.015 1714747 12906.60 13/2  1.556(28) 30054.07 11/2  1.371(33)
37 582530 17161.75 12906.60  13/2  1.529(16) 30068.35  15/2  1.447(24)
38 583416  17135.69 12932.66 152  1.440(26) 30068.35 15/2  1.419(63)
39 599.847  16666.31 13071.30  11/2  1.535(42) 29737.61  11/2  1.496(25)
40 595217  16795.94 1307130  11/2  1.553(15) 29867.24  13/2  1.340(21)
41  588.669  16982.77 1307130  11/2  1.555(25) 30054.07 11/2  1.362(26)
42 596.823  16750.76 1311648  13/2  1.536(19) 29867.24  13[2  1.344(23)
43 590.239  16937.59 1311648  13/2  1.515(27) 30054.07 11/2  1.396(28)
44  589.742  16951.87 1311648  13/2  1.531(21) 3006835 15/2  1.428(22)
45  573.446  17433.59 1311648  13/2  1.544(15) 30550.07  13/2  1.332(24)
46 490996  20361.09 1327723 72 1.527(52) 3363832 9/2  1.518(45)
47 592126  16883.61 13666.46  11/2  1.518(14) 30550.07  13/2  1.340(43)

as follows: Concerning the verification of the g; factors of the 17 odd-parity

levels, the values of the g factors for 15 investigated levels agree

Agy=/(SD1)? + (SD)? + (Agyp)? (4)  with the already published values [12] within the uncertainty

where SD; , are the mean standard deviations for g; of the upper
and the lower energy level and the last term is the contribution of
the magnetic field fluctuation to the total error.

5. Discussion

The Landé g factors determined for the even-parity levels
within this work are presented for the first time, hence they can-
not be compared to any earlier experimental works. In compari-
son with the predicted values, one can learn that the results are
consistent within the limits of the measurement uncertainties. The
highest difference, which exceeds 5%, is observed for the level
12714.05 cm~! (J=7/2), based on two lines.

limits. For the remaining two levels, i.e. 30550.07 cm~! (J=13/2)
and 32015.99 cm~! (J=15/2), the least-squares fitted curves didn’t
match the recorded spectra for the reference g factors of these
levels. It is possible that these values were previously determined
incorrectly. The new experimental values are included in Table 2.
The attempt to fit the least-squares curve using the reference
g factor for the line 16883.61 cm~! (13666.46 cm™!, J=11/2 —
30550.07 cm~1, J=13/2) is presented in Fig. 4.

Some differences between the results are observable for 7 and
o components of the particular spectral lines, as well as between
average values of g factors of various lines with the same lower
or upper level, contributing to the increase of the calculated uncer-
tainties. The main factor is the magnetic field screening by terbium
in the ferromagnetic phase, which negatively affects the precision
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Table 2
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Values of the Landé g; factors of the electronic levels of the terbium atom, determined in
this work from the measurements of the Zeeman effect in the hyperfine structure; avail-
able literature data and theoretically predicted values are presented for comparison.

No E(cm™") J No of lines  glmean &prea [17] e
1 2 3 4 5 6 7
even-parity  levels
1 11425.94 13/2 3 1.562(37)  1.570
2 11580.68 15/2 2 1.501(39) 1.519
3 11956.25 9/2 1 1.071(31)  1.104
4 12228.28 9/2 3 1.737(27)  1.729
5 12250.99 7/2 2 1.921(20) 1.931
6  12296.45 5/2 1 1.562(62) 1.524
7 12453.14 11/2 4 1.508(27)  1.475
8  12475.74 13/2 7 1.501(15)  1.510
9  12628.67 15/2 4 1.447(25)  1.459
10  12714.05 7/2 2 1.433(48) 1.519
11 12776.31 9/2 4 1.448(24)  1.465
12 12906.60 13/2 4 1.553(19) 1.543
13 12932.66 15/2 1 1.440(35)  1.468
14 13071.30 11/2 3 1.548(17)  1.571
15 13116.48 13/2 4 1.532(14) 1.516
16 13277.23 7/2 1 1.526(52)  1.525
17  13666.46 11/2 1 1.518(19)  1.533
odd-parity levels
1  28488.40 15/2 2 1.331(23) 1.34(2) [12]
2 28890.24 13/2 3 1.465(36) 1.500(5) [6]
3 28919.14 11/2 3 1.489(36) 1.48(2) [12]
4 2912641 9/2 2 1.426(30) 1.400(5) [6]
5  29210.56 9/2 1 1.466(63) 1.46(2) [12]
6  29388.78 15/2 3 1.368(33) 1.385(5) [8]
7 29433.01 9/2 2 1.407(24) 1.41(2) [6]
8  29543.01 13/2 2 1.404(11) 1.40(2) [12]
9  29737.61 11/2 5 1.506(25) 1.50(2) [12]
10  29867.24 13/2 5 1.350(11) 1.36(2) [6]
11 30054.07 11/2 5 1.378(17) 1.35(2) [12]
12 30068.35 15/2 4 1.428(14) 1.43(2) [12]
13 30550.07 13/2 2 1.336(10) 1.66(2) [7]
14 32015.99 15/2 1 1.372(42) 1.91(2) [12]
15  32158.93 7/2 5 1.596(29) 1.59(2) [6]
16 32163.47 9/2 1 1.348(64) 1.37(2) [7]
17  33638.32 9/2 1 1.518(45) 1.53(2) [11]

of the magnetic field determination. Moreover, the screening effect
decreases the value of the magnetic field itself, hence the Zeeman
splitting of the hfs components is smaller. Due to that fact, the pre-
cision of determination of intervals between split components is
reduced. This is especially noticeable for 7t polarization, where the
Zeeman splitting is significantly smaller than for o polarization.

6. Conclusions

In this work experimental results of Landé g; factors for 17
even-parity electronic levels are presented, which were obtained
for the first time. The values are close to those predicted theo-
retically within the experimental uncertainties. The estimated un-
certainties are dominated by the contribution of the high uncer-
tainties of the magnetic field, resulting from the screening effect,
mentioned in Section 2, as well as the high uncertainties for the
literature values of g; factors of the upper odd-parity energy lev-
els, used for initial calculations. The deviations from the predicted
values are estimated on average at 1.5% for nominal values. There-
fore, the consistency of the results may be considered very good.

Moreover, the values of g; factors for 17 levels belonging to the
odd-parity configurations, already available in the literature [12],
were verified. The results for most of the investigated levels are
consistent with the reference values within the uncertainty lim-
its, dominated mostly by the same aspects, as the g factors of the
even-parity levels. For two of the odd-parity levels significantly dif-
ferent g; values are introduced, as the previously reported values
don't fit to the spectra recorded within the present work.

The new results obtained within this work constitute a signifi-
cant extension of the available database of Landé g; factors’ values
of atomic terbium and may contribute to notable improvement of
the semi-empirical analysis of the fine structure of this element.
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In the present work the experimentally determined values of Landé g; factors for 20 odd-parity electronic
levels of atomic terbium are presented. The Zeeman splitting of the hyperfine structure was investigated
using the method of laser induced fluorescence in a hollow cathode discharge lamp in a constant mag-
netic field. All of the values were determined for the first time, by the analysis of 32 spectral lines,
recorded in the spectral range between 492 and 609 nm. Moreover, the g; factors for 15 even-parity
energy levels, reported in the available literature, were verified.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Terbium is an element belonging to the lanthanides, possessing
one stable isotope [2°Tb. It is characterized by nuclear spin I = 3/2
and the magnetic dipole and electric quadrupole moments’ values
of 4 =+2.014(4) nm and Q = +1.432(8) b, respectively [1]. Ter-
bium exhibits distinctive fluorescent and magnetic features, appli-
cable in various fields, both scientific and commercial. It is used in
green phosphores, implemented in fluorescent lamps or biochemi-
cal probes, as well as in production of electronic and magnetome-
chanical devices, such as actuators and sonar systems, to name
only a few.

Landé g; factors belong to the most characteristic parameters of
the electronic levels; this work, being a continuation of recently
published research on g; factors for the even-parity levels of ter-
bium [2], focuses on determination of g; factors for the odd-parity
levels. Some of the even-parity energy levels, for which the ex-
perimentally determined values of the g; factors were presented in
the previous work for the first time, are involved in the transitions
investigated within this study, and the respective g; values could
be fixed in the fitting procedure. Although the g factors of both
energy levels of the particular transition can be calculated simul-
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taneously, the knowledge of the g; factor of one of these levels sig-
nificantly increases the precision of the calculations for the other
level.

Along with the hyperfine structure (hfs) constants, the g; fac-
tors can significantly facilitate the proper assignment of the elec-
tronic levels to the particular configurations, as well as provide
the essential data for the semi-empirical calculations, which is
favourable from the point of view of the theory of complex atoms.
Semi-empirical methods are vital for atoms such as terbium, as
its placement in the middle of the lanthanides series, along with
several open shells electronic configurations, results in difficulties
in both experimental investigations and theoretical interpretation.
This manifests in high number of levels with very similar energy
values, as the mean energies of different configurations are close to
each other due to the wavefunction collapse of the 4f orbital. For
such cases, the results of ab-initio calculations, concerning the pa-
rameters of the energy levels, are highly imprecise and differ from
the experimental values. Last but not least, the obtained experi-
mental data may contribute to the development of potential ap-
plications, such as laser cooling in magneto-optical traps (MOT) or
quantum computers and memories. The comprehensive knowledge
of the g; factors and the hfs constants is substantial for the deter-
mination of the usefulness of terbium in the mentioned applica-
tions, as well as any other application as a quantum material.

Despite its significance, the knowledge of the Landé g; factors
for the terbium atom is relatively scarce, which may be the result
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of the complexity of its structure due to the aforementioned rea-
sons. Investigations of the odd-parity configurations are even more
problematic, in terms of determination of both the hfs A and B con-
stants and the g; factors; for this level system the semi-empirical
description is still difficult, despite the data available. The odd-
parity system is much more complex than the even-parity system,
because of the particularly strong overlap of various configurations
on the energy scale, and the resulting strong configuration mixing.

A brief review of the current state of knowledge on both the
hfs A and B constants and the Landé g; factors was presented in
our previous work [2].

Within this work the experimental values of Landé g; factors for
20 odd-parity energy levels are presented for the first time, deter-
mined from 32 spectral lines. For any of the investigated levels,
no semi-empirical g factor value was predicted. Moreover, the g;
factors’ values for 15 even-parity energy levels, reported in other
works [2-5], were verified. The investigations were carried out
by observation of the laser induced fluorescence (LIF) in a hollow
cathode discharge lamp, as in our previous works, concerning de-
termination of the Landé factors [2,6-8].

2. Experimental details

The experimental procedure was the same as applied in our
previous work concerning determination of the Landé g; factors of
terbium [2], where the detailed description was provided, and no
modifications were introduced. The measurements were performed
with the method of laser induced fluorescence in a hollow cathode
discharge lamp as the source of free atoms. To ensure the proper
Zeeman splitting, the cathode was placed in an external magnetic
field, produced by one of the two different sets of neodymium
magnets. The transitions between the investigated levels were ex-
cited by single-mode tunable dye lasers, and the laser induced flu-
orescence was recorded for 7 and o polarization, individually. To
select the desired polarization, a polarization rotator was applied.
The employed method is similar to the one frequently applied by
the cooperating group of University of Gdansk and Graz University
of Technology [9-14].

The magnetic field, actually observed during the measurements,
differs from the values estimated for each set of magnets out-
side the discharge lamp. This screening effect was attributed to
the series of magnetic phase transitions in terbium, resulting from
the temperature gradient, caused by the non-uniform heating and
cooling of the terbium cathode. To determine the actual value of
the magnetic field inside the hollow cathode, supplementary spec-
tral lines of argon and terbium were recorded, where the g; factors
of the energy levels, involved in the transitions, are known with
high precision.

Two modified frequency-stabilized Coherent CR 699-21 contin-
uous wave ring dye lasers were used to optically excite the in-
vestigated transitions, one covering the blue-green region of the
spectrum (approx. 490-525 nm) and the another one - the yellow-
orange region (approx. 570-610 nm). The wavelength of the ex-
citing beam was precisely controlled by the Burleigh WA-1500
wavemeter, and a mode analyzer was used to verify the single
mode operation.

The detection system consisted of an SPM-2 grating monochro-
mator, used for the spectral selection of the fluorescence channels,
and a Hamamatsu R-375 photomultiplier with preamplifier, where
the photocurrent signal was generated. To ensure the highest pos-
sible signal-to-noise ratio, the laser beam was modulated by a me-
chanical chopper, and a phase-sensitive amplifier was exploited.

The frequency scale, based on the signal from a temperature-
stabilized Fabry-Perot interferometer (FSR = 1500 MHz), was ob-
tained by using the “Fitter” program, which has been exploited in
our calculations of hfs for many years.
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3. Determination of g; values

At the initial stage of our computational procedures, the ener-
gies of Zeeman sublevels, relative to the fine structure energy E(J),
for both the upper and the lower level of the studied transition, are
determined by means of diagonalization of the Hamiltonian ma-
trix:

iIcC+n-I1d+1 1
HFMF,F/MFZSFF,(AQBL; C+1)-10+ 1) + ))

2 2121 D)j(2] - 1)
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where C=F(F+1)—-J(J+1)—I(I+1), ug is the Bohr magneton
and g is the Landé factor. The mandatory input data, including
the values of the magnetic field Hngqg, nuclear spin I and electronic
shell angular momentum J quantum numbers, the hyperfine struc-
ture A and B constants, as well as the initial values of Landé g; fac-
tors for two energy levels involved, are loaded from an appropriate
input file. The obtained eigenvalues and eigenvectors are used for
determination of the relative positions of the Zeeman components
on the frequency scale, and their intensities, separately for o and
7T transitions.

The intensity of an individual radiative transition between two
Zeeman sublevels My and My is proportional to the related tran-
sition probability. The line shape observed experimentally is the
envelope of all individual Zeeman components, each with a line
profile determined by Doppler- and other broadening mechanisms,
as well as by instrumental effects. Therefore, in the next stage, the
intensity distribution function is derived as a sum of intensities for
each abscissa value of the final pattern, with the use of evaluated
splitting constants and line profile parameters. In an iterative pro-
cedure, this function is fitted to the experimentally observed line
profile stored in the digital form, where the values of Landé g; fac-
tors for the upper and the lower levels are adjustable parameters.
In the calculations the Marquardt’s algorithm [15] is applied. There
is also a possibility to fine-tune the values of hfs constants, which
is important in particular when these constants were determined
earlier with considerable experimental uncertainties.

In order to take into account the saturation effects, an addi-
tional parameter As (saturation rate) was introduced in the fitting
procedure. The calculated decay rate of each Zeeman component
(A)) of frequency v was modified according to the following ex-
pression [16]:

A
sat __ v
VT 1+ Ay /A (2)

4. Results

Altogether 32 spetral lines were investigated for determination
of the Landé g; factors. The results are presented in Table 1.

The calculations, carried out within the scope of this work, con-
cerned the determination of the gj factors’ values of the odd-parity
upper energy levels. In such a case, the knowledge of the applied
magnetic field value is required. It is also desirable to know the
values of the g; factors for the even-parity lower energy levels, in-
volved in the investigated transitions, as it notably improves the
precision of the obtained results.

The method of estimating the value of the magnetic field was
described in more detail in the previous work [2]. It required
recording of the transitions between the energy levels with pre-
cisely known g; factors in argon and additionally in terbium. For
such transitions, the standard procedure had to be reversed, that
is the g; factors were fixed at the given values and the magnetic
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Fig. 1. Recorded Zeeman-hfs patterns of the spectral line A =514.605 nm (k=
19426.97 cm™!, transition between the levels 15189.26 c¢m~', J=17/2 and
34616.23 cm™!, ] = 19/2) in the terbium atom (Table 1, No 30), along with the least-
squares fitted curves for (a) polarization o, and (b) polarization 7z at the magnetic
field strength 296.7 G.

field value was calculated. For the reasons discussed in Suski et al.
[2], only the o components were taken in the evaluation.

To verify the values of the Landé g; factors of the even-parity
lower energy levels, the mean values of the g; factors of the up-
per energy levels, obtained from more than one spectral line, were
used. The values of the g; factors for the upper levels were fixed,
and the factors of the lower levels were calculated. The calcula-
tions enabled the verification of the Landé factors of 15 even-parity
energy levels. The values, obtained in such an approach, are not
independent of the used literature values; however, they are pro-
vided with a higher precision.

The values of the Landé g factors, calculated for the individ-
ual lines, are summarized in Table 1. In columns 2 and 3, the
wavelengths and wavenumbers, of the investigated transitions
are presented. Columns 4-6 provide the data on the even-parity
lower levels, that is energies, ] quantum numbers and the values
of the g factors. The values of the Landé factors were taken from
the literature, some of them from our previous work [2]. For the
levels, where no experimental data was available, semi-empirical
predictions were provided. For each value, the literature source
is indicated in column 7. Column 8 contains the recalculated g
factors, obtained for the individual spectral lines, in those cases,
where the g; factors for the respective upper odd-parity levels de-
termined from multiple spectral lines were available, as explained
in previous paragraph. The last set of columns contains analogous
information, regarding the odd-parity upper levels. The values of
the g; factors, presented in column 11, are the weighted means of
the results obtained for the m and o polarizations. The examples
of the spectra with the fitted Zeeman-hfs patterns are depicted in
Figs. 1-3.

The values of the g factors for each of the investigated lev-
els were obtained by averaging the partial values from individual
spectral lines involving those levels, wherever possible. The Landé
g factors for 20 odd-parity levels were calculated, though, for 11
of which from single lines. The results are presented in Table 2.
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Fig. 2. Recorded Zeeman-hfs patterns of the spectral line A =506.580 nm
(k =19734.70 cm™!, transition between the levels 11879.20 cm~!, J=17/2 and
31613.90 cm~', J = 19/2) in the terbium atom (Table 1, No 25), along with the least-
squares fitted curves for (a) polarization o, and (b) polarization 7 at the magnetic
field strength 296.7 G.
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Fig. 3. Recorded Zeeman-hfs patterns of the spectral line A =578.438 nm
(k=17283.16 cm~!, transition between the levels 9763.02 cm~!, J=13/2 and
27046.18 cm~!, ] = 13/2) in the terbium atom (Table 1, No 7), along with the least-
squares fitted curves for (a) polarization o, and (b) polarization 7 at the magnetic
field strength 251.9 G.

For any of the investigated levels, no semi-empirically calculated
g factors are available, since no such description is available due
to difficulties mentioned in Section 1. Additionally, for each of the
investigated level, the hfs constants A and B values are provided,
along with the reference sources. Similarly, the recalculated values
of the Landé g; factors for 15 even-parity energy levels, compared
with previous literature values, are presented in Table 3.
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Table 1

Journal of Quantitative Spectroscopy & Radiative Transfer 291 (2022) 108342

Spectral lines of the terbium atom experimentally investigated in this work for the purpose of determination of the Landé g; factors.
For all lines the g; factors for the upper odd-parity levels were determined independently.

Line Lower level Upper level
No  Agr (nm)  Kyge (cm~1) E (cm™) J it Ref. & recalc E (cm™1) J &lav
1 2 3 4 5 6 7 8 9 10 11
1 595.161 16797.52 542506  15/2  1.370(5) [3] 1.364(21) 2222258  13/2  1.318(15)
2 592.632 16869.21 5353.37 11/2 1.545(5) [3] 1.555(20) 22222.58 13/2 1.303(10)
3 574100  17413.73 5425.06  15/2  1.370(5) (3] 2283879  15/2  1.463(16)
4 603530  16564.59 864621  11/2  1.60(2) [3]  1.590(23) 25210.80 13/2  1.343(23)
5 590373  16933.76 8277.04 132 1.57(2) 3]  1.579(22) 2521080 132 1.325(23)
6 589.971 16945.30 9763.02 13/2 1.30(2) [3] 26708.32 15/2 1.437(24)
7 578438  17283.16 9763.02 13/2  1.30(2) (3] 27046.18  13/2  1.367(26)
8 579.882  17240.11 1126041 112 1.68(2) (4]  1.678(15) 28500.52 112 1.485(22)
9 571.183 17502.67 10997.85 11/2 1.21(2) [4] 1.211(20) 28500.52 11/2 1.482(33)
10 566219  17656.12 1126041  11/2  1.68(2) (4] 28916.53 9/2  1.381(45)
11 504.348 17108.36 12283.30 21/2 1.425 [5] 1.423(22) 29391.66 19/2 1.429(16)
12 570.864 17512.46 11879.20 17/2 1.43(2) [4] 1.440(26) 29391.66 19/2 1.412(26)
13 503404  19859.21 9867.65 72 1.68(2) (4] 29726.86 92  1.678(38)
14 580.186  17231.06 12628.67 15/2  1.447(25) [2] 29859.73  15/2  1.450(34)
15 578255  17288.60 1311648  13/2  1.532(14) [2]  1.531(17) 3040508 13/2  1.391(16)
16 572172 17472.42 12932.66 15/2 1.440(35) [2] 1.437(14) 30405.08 13/2 1.396(38)
17 566.588  17644.60 12932.66  15/2  1.440(35) [2]  1.446(28) 30577.26  15/2  1.397(40)
18  565.753 17670.66 12906.60  13/2  1.553(19) [2] 1.548(23) 30577.26  15/2  1.407(21)
19 578.958 17267.61 13398.40 19/2 1.421 [5] 1.422(31) 30666.01 17/2 1.481(7)
20 517.057  19334.86 11331.14 192 1.46(2) [4]  1.457(13) 30666.01 17/2  1.484(24)
21 515.922 19377.39 11580.68 15/2 1.501(39) [2] 30958.07 15/2 1.516(51)
22 608.673 16424.64 15189.26 17/2 1.409(5) [4] 1.391(20) 31613.90 19/2 1.401(12)
23 591.700  16895.79 1471811 172 1.400(5) [4]  1.386(19) 3161390 19/2  1.395(9)
24 517.171 19330.60 12283.30 21/2 1.425 [5] 1.436(21) 31613.90 19/2 1.372(13)
25 506.580  19734.70 1187920 17/2  1.43(2) (4]  1.454(25) 31613.90 19/2  1.360(29)
26 492.892 20282.76 11331.14 19/2 1.46(2) [4] 1.458(17) 31613.90 19/2 1.383(32)
27  498.998  20034.58 13116.48  13/2  1.532(14) [2] 33151.06 11/2  1.336(30)
28  502.145 19909.02 1339840 19/2 1.421 [5] 3330742 19/2  1.453(27)
29 493.180 20270.92 13398.40 19/2 1.421 [5] 33669.32 21/2 1.387(12)
30 514.605  19426.97 1518926  17/2  1.409(5) (4] 3461623  19/2  1.385(12)
31 504638  19810.66 15189.26  17/2  1.409(5) (4]  1.414(44) 34999.92  19/2  1.424(25)
32 492915 20281.81 14718.11 17/2 1.400(5) [4] 1.378(34) 34999.92 19/2 1.453(15)
Table 2

Values of the Landé g; factors of the odd-parity electronic levels of the terbium atom, deter-
mined in this work from the measurements of the Zeeman effect in the hyperfine structure.

No E(cm™1) J A(MHz) B(MHz) Ref. No of lines &jmean
1 2 3 4 5 6 7 8
1 28916.53 9/2  993.3(3.3) 401(32) [17] 1 1.381(47)
2 29726.86 9/2  441.4(2.2) 210(17) [17] 1 1.678(44)
3 2850052 11/2  680.0(2.5) 290.4(9.6) [17] 2 1.484(10)
4 33151.06 11/2  522.2(2.0) 603(24) [17] 1 1.336(32)
5 2222258 13/2  662.6(1.1) 437(12) [17] 2 1.311(18)
6 25210.80 13/2  572.3(2.7) 448(26) [17] 2 1.334(20)
7 27046.18 13/2  576.7(1.3) 1084(14) [17] 1 1.367(26)
8 30405.08 13/2  762.3(1.0) 557(21) [17] 2 1.394(10)
9 22838.79 15/2 616.6(0.2) 953.6(9.8) [17] 1 1.463(28)
10 2670832 15/2  673.3(1.5) 1745(27) [18] 1 1.437(26)
11 29859.73 15/2  395.3(0.3) 1185.0(3.0) [17] 1 1.450(34)
12 30577.26  15/2  572.2(0.8)  1266(23) [18] 2 1.402(17)
13 30958.07 15/2  273.7(0.5) 474.8(8.6) [17] 1 1.516(62)
14 30666.01 17/2  218.5(3.8) 395.8(6.8) [17] 2 1.482(10)
15 29391.66 19/2  269.8(0.9) 1128.5(9.5) [17] 2 1.421(18)
16  31613.90 19/2  331.6(0.7) 1314.0(6.4) [17] 5 1.382(15)
17 3330742 19/2  314.2(2.3) 1014(48) [17] 1 1.453(47)
18 34616.23 19/2  310.9(0.6)  1683(50) [17] 1 1.385(16)
19  34999.92 19/2  282.1(0.8) 1132(27) [17] 2 1.438(30)
20 33669.32  21/2  283.6(1.0) 1718(18) [17] 1 1.387(14)

The experimental uncertainties of the calculated Landé g fac-
tors of the odd-parity levels consist of mean standard deviation
for the g; factor of the upper level involved in a transition, the un-
certainty of the g factor of the lower level, and the uncertainty
related to the fluctuations of the magnetic field. The mean stan-
dard deviation for the average magnetic field value was obtained
from the investigation of transitions between levels with known g
factors, for ¥ and o components, separately. The total contribu-
tion, regarding the fluctuations, was determined to be the differ-

ence between the g factors calculated for the underestimated and
the overestimated values of the magnetic field, divided by 2. Thus,
the total uncertainty for individual levels is calculated as follows:

Ag =/ (Ag)? + (Ag)? + (Agip)? 3)

where Agjy is the mean standard deviation for g; factor of the up-
per energy level, Ag;; is the uncertainty of the g factor of the
lower energy level, and the last term is the contribution of the
magnetic field fluctuation to the total error.
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Table 3
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Values of the Landé g; factors of the even-parity electronic levels of the terbium atom, verified in this work, compared

to the previous literature values.

No E(cm~1) ] A(MHz) [5] B(MHz) [5] No of lines g recatc,mean git Ref.
1 2 3 4 5 6 7 8 9
1 5353.37 11/2 267.2(1.0) —448.7(9.8) 1 1.555(20) 1.545(5) [3]
2 8646.21 11/2 984.255(0.003) 925.956(0.003) 1 1.590(24) 1.60(2) [3]
3 10997.85 11/2 500.3(2.0) 1262.5(2.5) 1 1.211(20) 1.21(2) (4]
4 11260.41 11/2 919.9(2.3) 309(13) 1 1.678(15) 1.68(2) [4]
5 8277.04 13/2 981.2(2.6) 820(24) 1 1.579(22) 1.57(2) [3]
6 12906.60 13/2 831.0(1.1) 820(17) 1 1.548(24) 1.553(19) [2]
7 13116.48 13/2 836.6(0.8) 704(15) 1 1.531(17) 1.532(14) [2]
8 5425.06 15/2 459.627(0.001) 1724.243(0.010) 1 1.364(21) 1.370(5) [3]
9 12932.66 15/2 294.2(1.8) 406(24) 2 1.441(18) 1.440(35) [2]
10 11879.20 17/2 757.6(0.4) 1167(24) 2 1.447(16) 1.43(2) [4]
11 14718.11 17/2 781.5(4.9) 1020(18) 2 1.382(15) 1.400(5) [4]
12 15189.26 17/2 1025.6(0.7) 682(29) 2 1.403(24) 1.409(5) [4]
13 11331.14 19/2 876.3(3.8) 1460(20) 2 1.457(7) 1.46(2) (4]
14 1339840 19/2  690.6(0.6) 1023(16) 1 1.422(31) 1421 5]
15 12283.30 21/2 845.9(0.1) 1906(11) 2 1.430(15) 1.425 [5]
T T T T
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Fig. 4. Recorded Zeeman-hfs patterns of the spectral line A =574.100 nm (k = 17413.73 cm~!, transition between the levels 5425.06 cm~', J = 15/2 and 22838.79 cm™!,
J=15/2) in the terbium atom (Table 1, No 3), along with the least-squares fitted curves for (a) polarization o, and (b) polarization 7 at the magnetic field strength 241.1 G.
Pictures (c) and (d) present an attempt to match the value of the g; factor of 1.295 for the upper energy level for o and 7 polarization, respectively. The fit quality is

considerably worse than for the correct g value of 1.463(16).

5. Discussion

All of the presented Landé g; factors for the odd-parity levels
are determined for the first time, and cannot be compared to any
earlier experimental values. Moreover, no semi-empirically calcu-
lated values are available for the investigated levels, therefore the
consistency of the obtained results cannot be compared.

For 9 levels, where the g; factors were calculated from more
than one line, the values for each line involved (calculated by av-
eraging the results obtained from the 7 and o polarizations), are
consistent within the uncertainty limits.

For the remaining 11 levels, the average g; factors’ values were
calculated from the 7 and o components of a single spectral line
in each case. Thus, the obtained results may be less accurate.

The recalculated values of the g factors for 15 even-parity
lower levels are consistent with the previously reported values
within uncertainty limits, and no significant deviations were ob-

served. For 9 levels, the g; factors were obtained from a single
spectral line in each case.

For each of the investigated spectral lines, some deviations be-
tween the results obtained for 7 and o polarizations are observ-
able. This also applies to the average values of the g; factors of
various lines with the same upper level. It is mostly due to the
aforementioned screening effect, which decreases the precision of
the magnetic field determination, as well as its value itself. This
contributes to the reduction of the accuracy of the evaluation of
intervals between the split hfs components, as the observed Zee-
man effect is weaker. This is particularly true for the m polariza-
tion, where the splitting is smaller, compared to o polarization,
resulting in noticeably higher uncertainties.

For the results, where no referential values of g; factors are
available, it is somewhat harder to check whether the obtained
value is correct, in particular considering the fact, that the spec-
trum may be similar for different g; factor values, within the un-
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certainty limits. Therefore, different values of g; factors can be sat-
isfactorily fitted to the same recorded spectra. For example, for the
spectral line 17413.73 cm~!, A, = 574.100 nm (transition between
the levels 5425.06 cm™!, ] = 15/2, g =137, and 22838.79 cm !,
J=15/2, gy = 1.462(31)), for the upper level, the value 1.295 may
be fitted for o polarization of the experimental spectrum. In such
a case, the m component can be used as the determinant. Although
the g factor value, obtained for 7 polarization is considered less
accurate, as stated in Section 2, the properly fitted spectra for
both 7 and o polarizations provide an information, that the
obtained g; factor is reliable. The examples of the spectra of the
line 17413.73 cm™!, fitted using both of the mentioned g factors’
values, are presented in Fig. 4. It can be seen, that the fit quality
is considerably worse than for the correct g; value of 1.463(16).

As stated in Section 1, both the Landé g factors and the hfs A
and B constants are vital for the proper assignment of the elec-
tronic levels to the particular configurations. In many cases, it may
be done based on only one of those, although, the available in-
formation on both is favourable. The g; factors and the energies
of the levels are used to determine the wavefunctions, whereas
the hfs constants are calculated on the basis of these wavefunc-
tions. The comparison between the calculated and the experimen-
tally obtained values provides an information, whether the deter-
mination is valid. It is significant for the levels, for which the hfs
constants’ values are very similar with noticeably different values
of the gj factors, and vice versa.

6. Conclusions

Within this work, the experimentally determined values of
Landé g; factors for 20 energy levels, belonging to the odd-parity
configurations, are presented. All of the results are obtained for the
first time, and neither experimental nor semi-empirically calcu-
lated values are available for the comparison. The orders of magni-
tude of the total uncertainties, dominated by the contribution from
the fluctuations of the magnetic field, are similar to those evalu-
ated in our previous work [2], concerning this topic. In any case,
the uncertainty does not exceed 5% of the average value of the g
factor.

Moreover, the Landé g; factors for 15 even-parity energy levels
were verified. The obtained values are consistent with the refer-
ence values within uncertainty limits.

The results presented in this work are the extension of the
topic, undertaken in the previous work, and may contribute to the
extension of the database of the structure of the terbium atom,
as well as facilitate its semi-empirical analysis. The comprehensive
data, concerning the possible transitions in terbium, may be valu-
able from the point of view of the further development of the ap-
plications, based on both fluorescent and magnetic properties.
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This work presents the measurements of the hyperfine structure constants A and B, as well as the isotope
shifts, for 26 electronic levels belonging to the even-parity configurations at the energy range 28000-
40000 cm~! in the europium atom. The measurements were performed with the use of laser spec-
troscopy with a hollow cathode discharge lamp as the source of the atoms and the detection of laser
induced fluorescence. Among the results obtained, 10 levels were measured for the first time, in the case
of another 3 levels results somewhat more precise than the earlier published ones were obtained. The
A and B hyperfine structure constants’ values were determined on the basis of the measurements on
73 spectral lines located in two wavelength ranges: 480-560 nm and 625-680 nm.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Europium belongs to the lanthanide series. The presence of 7
4f-electrons situates the europium atom approximately in the mid-
dle of this series. Like for other lanthanides, the 4f-electron wave-
function collapse causes that the electronic level structure of eu-
ropium includes many levels belonging to various configurations
with close energy values.

Europium possesses two stable isotopes, 'Eu and !>3Eu. The
natural abundance of ®'Eu amounts to 47.8 %, and this of 133Eu
- 52.2 %. Both are odd isotopes and possess equal values of the
nuclear spin I =5/2. According to the latest measurements, the
magnetic dipole nuclear moment for the isotope >'Eu amounts to
3.4717(6) wy, while for the other isotope >3Eu it is 1.5324(3) uy.
The respective reported values of the electric quadrupole mo-
ments exhibit a significant scattering, dependent on the measure-
ment method, while it is consistently assumed, that the ratio
Q(153Eu)/Q(1>'Eu) amounts to 2.5516(12). The physical properties,
which can be determined on the basis of precise spectroscopic
measurements of the spectral lines of europium, are the hyper-
fine structure (hfs) constants of magnetic dipole interaction - A,
and electric quadrupole interaction - B, for both the lower and the
upper levels involved in the transitions studied, as well as the shift
between the lines’ centers of gravity - the isotope shifts (IS).

* Corresponding author.
E-mail address: boguslaw.furmann@put.poznan.pl (B. Furmann).

https://doi.org/10.1016/j.jqsrt.2020.107070
0022-4073/© 2020 Elsevier Ltd. All rights reserved.

In the years 1950-2018 over 100 research works concerned
with the spectroscopy of the spectral lines of the europium atom
were published. These works can be divided into several topic
groups.

The first group covers high-precision measurements of the hy-
perfine structure on a very limited number of lines (in the ex-
treme case a single line only), with the level-crossing method [1-
3], LIF spectroscopy on an atomic beam [4-6], Doppler-free inter-
modulation spectroscopy (IMOGS) [7] or laser-microwave double
resonance on an atomic beam (ABMRLIRF) [8]. These investigations
were aimed mainly at determination of the europium nuclear mo-
ments and the hyperfine anomaly.

The second group of works was inspired by the publica-
tion of Bauche and Champeau [9], where the authors proposed
parametrization of the isotope shifts and investigation of the II or-
der (CSO) effects with the use of the angular coefficients known
from the analysis of the fine structure, in particular of those associ-
ated with the exchange integral and the spin-orbit interaction inte-
gral. A semi-empirical parametrization of the isotope shifts, based
on these assumptions, yielded good results for the levels, which
are assigned to a single configuration. In the europium atom this
assumption is valid to a good approximation for the levels be-
longing to the configurations 4f75d6s, 4f’6s6p, 4f75d6p, 4f76s6d,
relatively low-lying in the energy scale. Indeed, for the levels be-
longing to the aforementioned configurations, single-configuration
CSO parameters obtained were well-determined and consistent
with the parameters evaluated for the neighboring elements in
the lanthanide series. In the case of the levels, for which a multi-
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Fig. 1. Layout in the energy scale for the levels belonging to the particular electronic configurations of the europium atom.

configuration description is appropriate, the values of the isotope
shifts are influenced to a larger degree by the "abundance” of
the particular configurations than by the CSO parameters. In the
work [10] we performed an analysis of this influence.

The third group of works concerned with the spectroscopy of
the europium atom is related to the investigations of the Rydberg
(autoionization) levels [11-13].

Apart from that, also a few works devoted to the particular
properties of europium were published. This group involves inves-
tigations of the transitions with the change of F quantum number
larger than 1 [14-16], as well as the measurements with the use
of the unstable europium isotopes [17,18]. The issues of laser cool-
ing and trapping of the europium atoms in magneto-optical traps
(MOT) were addressed in the works [19,20].

In many of the works mentioned the hyperfine structure con-
stants were determined in various ways, and with various preci-
sion. On this basis Stachowska et al. [21] published the work con-
taining a semi-empirical analysis of the fine- and hyperfine struc-
ture of the levels belonging to the odd-parity configurations in
atomic europium. The main objective of the present work was an
extension of the experimental results database necessary for per-
forming a similar interpretation for the even-parity level system.

The layout of the particular even-parity and odd-parity config-
urations of the europium atom in the energy scale was depicted
in Fig. 1. In the case of the levels belonging to the even-parity
configurations, the measurement results of the constants A and
B known from the literature include many precise values for the
levels assigned to the configuration 4f76s6p [1-4,22-26]. In the
works [10,27-29] there are several tens of results for the levels as-
signed to the configuration 4f75d6p, while the works [6,29] con-
tain the results for the levels of the configuration 4f5d6s%. The
levels including larger contributions from the remaining config-
urations appear in the literature much less often, mainly in the
works [10,29]. In order to take into account the influence of the
configurations 4f65d26s, 4f76s7p, 4f76s8p and 4f76s5f in the semi-
empirical calculations, it is necessary - as clearly visible in Fig. 1 -
to measure the hyperfine structure of the levels with energy values
in the range ca. 30000-40000 cm~'. Moreover, in the course of the
investigations reported in the works [10,29] we stated that in the
energy range 20000-30000 cm~! discrepancies between the wave-

functions determined from the semi-empirical interpretation of the
hfs constants and the isotope shifts are observed. This inspired us
to measure also some levels from this energy range.

2. Experimental details

The method applied in experimental investigations performed
in this work was laser induced fluorescence (LIF) in a hollow cath-
ode discharge lamp. The specific feature of the used variant of the
method was the spectral resolution of the observed fluorescence.
Although this is a Doppler-limited method, with a typical Doppler-
broadened linewidth of a few hundreds of MHz, it proved adequate
for investigation of the hyperfine structure of europium [10,29];
the achieved degree of precision of the hfs constants A and B was
as usually obtained for the elements with single stable isotopes.

As the sources of the exciting radiation tunable single-mode
ring dye lasers (modified Coherent CR 699-21) where applied. The
spectral lines studied were distributed over two spectral regions:

e ca. 480-560 nm, covered by two dye solutions: Coumarin
498 and binary energy transfer dye mixture (Coumarin 498 +
Pyrromethene 556), both optically pumped at A = 445 nm by a
multimode diode laser (Lasever Inc. LSR445SD-4W) - 38 lines,

e ca. 625-680 nm, covered by DCM, optically pumped at A =
532 nm by a frequency-doubled Nd:YVO, laser (Coherent Verdi
V-10) - 35 lines.

All the lasers were already used in our earlier works concerning
other lanthanide atoms.

Individual decay transitions from the excited upper levels (com-
monly referred to as the fluorescence channels) were selected
by a grating monochromator (SPM-2, Carl Zeiss Jena), in some
cases supported by adequate color glass filters. The exciting light
was amplitude-modulated by a mechanical chopper and phase-
sensitive detection of the resulting LIF signal was applied.

The absolute wavenumbers of the transitions investigated were
determined with the use of a wavemeter (Burleigh WA-1500),
while the relative frequency scale for the spectra was calculated
on the basis of the frequency marker signal (transmission of a
stable FP interferometer, FSR = 1500 MHz, wavelength corrected),
recorded along with the LIF signal.
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As in our earlier works on atomic europium [10,29,30], the hol-
low cathode with a 4 mm diameter axial bore was used. As a
buffer gas argon was applied at a typical pressure of 0.25-0.5 mbar.
The applied current values ranged between 10 mA and 50 mA, de-
pendent on the strengths of the excitation and fluorescence transi-
tions; the resultant linewidths, mainly resulting from the Doppler
broadening, amounted to 400-650 MHz. It has to be stressed, that
because of the overlap of the hfs patterns for both stable europium
isotopes of comparable abundances we tried to keep the spectral
resolution as high as possible.

3. Results

In this work altogether 73 spectral lines in atomic europium
were investigated, involving altogether 26 upper even-parity lev-
els (most of them occurring in multiple lines). The spectra were
evaluated with the program "Fitter” (developed in the former re-
search group of Prof. Guthohrlein at the Bundeswehr University of
Hamburg), with the option dedicated for multiple isotopes.

The hfs constants for both stable isotopes of the europium atom
(>1Eu and >3Eu), as well as the isotope shifts, were fairly precisely
known for all the involved odd-parity lower levels from earlier
investigations by other authors [7], with Doppler-reduced inter-
modutated optogalvanic saturation spectroscopy (IMOGS). Thus the
respective A and B values were fixed in the fitting procedure, and
only the constants for the upper even-parity levels were deter-
mined. In most cases the constants A for both isotopes could be
fitted independently, but in three instances it proved necessary to
ignore the possible minor contribution from the hyperfine anomaly
and apply the relation A(153Eu) = 0.44157 A('>'Eu), resulting from
the ratio of the nuclear magnetic dipole moments of both iso-
topes. On the contrary, for the constants B in all cases the con-
straint B(>3Eu) = 2.5516 B(!5!Eu), i.e. the ratio of the nuclear elec-
tric quadrupole moments, was applied in the fit procedure.

In most cases the spectra were fitted with a Gauss profile,
since the Doppler broadening proved to dominate over the natu-
ral linewidth. In a few cases a Voigt profile (with a minor Lorentz
profile contribution) proved more adequate; however, the differ-
ences between the hfs constants values obtained in these cases
with Gauss and Voigt profiles proved not to exceed the uncertain-
ties limits determined.

In the fitting procedure specific constraints were posed on the
relative intensities of the hfs components fixed ratios of the inten-
sities of the components within the groups with the same value of
AF were maintained, while the absolute intensity of the strongest
component is fitted independently. This method is aimed to ac-
count for the saturation effect, and numerous studies proved that
it was sufficient in the case of the hyperfine structure analysis.
In the cases of transitions, which were particularly strong and
relatively well resolved, the intensities of the components within
the main group AF = AJ could be fitted independently, thus the
(slight) decrease in intensity for the strongest component was di-
rectly taken into account.

In Table 1 the results concerning the hyperfine structure and
the isotope shifts in the individual spectral lines are collected. The
layout of the table is described in what follows. First the infor-
mation on the transitions studied is provided - the wavenumbers
(column 2) and wavelengths (column 3). The data concerning the
lower odd-parity levels are limited to their energies (column 4)
and J quantum numbers (column 5); the literature values of the
hfs constants A and B were omitted. Then the data related to the
upper even-parity levels, obtained in this work, follow: the ener-
gies (column 6), J values (column 7), and the A and B constants for
both isotopes (columns 8-11). The last three columns are devoted
to the isotope shifts IS1>1153 observed in the spectral lines: the to-

tal IS values, the normal mass shifts (NMS), and finally the residual
IS (columns 12-14, respectively).

All the uncertainties are purely statistical - these are single
mean standard deviations directly obtained by averaging the val-
ues calculated for the groups of scans of the same line in the cases
of the independently fitted constants, or the properly scaled mean
standard deviations for the constants related by a fixed ratio.

The literature hfs constants for the lower odd-parity levels, fixed
in the fitting procedure, could not be incorporated in Table 1; these
were compiled separately in Table 2. The layout of the table is as
follows: the first two columns include the levels’ energies (in in-
creasing order) and their ] quantum numbers, further the hfs con-
stants A and B for both the isotopes ('>'Eu and >3Eu) are compiled,
and in the last column the residual isotope shifts are listed.

In the initial approach the hfs constants for all the lower
odd-parity levels, fixed in the fitting procedure, were taken from
Seifert’s work [7], since they were the most precise, and consis-
tent with the results obtained by other authors. However, one ex-
ception was found i the level 19273.24 cm~!, J=9/2. For this
level more precise constants A and B could be found in Klemz’s
work [31]; moreover, the difference between the values from both
sources exceeds the experimental uncertainties limits, in particular
the Klemz’s constant A is higher by more than 3 MHz. Indeed, we
found that the hfs constants of the upper even-parity levels, de-
termined in the present work from the lines involving the lower
level in question, with the Seifert’s hfs constants values [7], devi-
ated from those obtained from the analysis of other spectral lines.
Thus, in the second approach, we decided to adopt the A and B val-
ues for the lower level 19273.24 cm~! from Klemz’s work [31] in
all the lines where it was involved, and obtained improved A and
B values for the respective upper levels.

In Table 2 both hfs constants values sets for the Ilevel
19273.24 cm™!, i.e. from [7] and [31], are included; as mentioned,
the final results for the upper even-parity levels were obtained
with the latter option.

Table 3 constitutes a compilation of the relevant features of the
upper even-parity levels of atomic europium, determined in this
work. The levels are grouped according to their /] quantum num-
ber values (column 1), and ordered with increasing energies (col-
umn 2). Further the final hfs constants A and B for both isotopes
determined in the described experiment and known from the lit-
erature are listed (columns 3-10). The last two columns (11-12)
include the final residual isotope shifts for the levels (the upper-
level RIS for the individual lines were calculated by addition of the
determined line RIS from Table 1 to the literature RIS values of the
respective lower levels from Table 2).

For the majority of the levels, which were investigated in multi-
ple lines, the uncertainties were evaluated as single mean standard
deviations reflecting the scattering between the results obtained
from the individual lines. For a few remaining levels, which could
be observed in single lines only (this concerns mainly the levels
with the highest J value, 13/2), also an estimate of the possible sys-
tematic uncertainties was made, and the final values include both
the statistical and systematic contributions.

In Figs. 2, 3, 4, 5, 6 some examples of the recorded spectra are
depicted. The selection represents the cases with isotope shifts of
various signs and magnitudes.

4. Discussion

In columns 4, 6, 8 and 10 of Table 3 the values of A and B
constants known from the literature were listed for those among
the levels investigated within this work, for which any data of this
kind were available. In the last column of Table 3 the values of iso-
tope shifts known from the literature were listed. As can be seen,
in the case of these levels the differences with respect to the liter-
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Table 1

Spectral lines of the europium atom experimentally investigated in this work for the purpose of determination of the hfs constants for the upper even-parity levels involved,
for both stable isotopes: 'Eu and '>3Eu. The respective constants for the lower odd-parity levels were fixed at the literature values [7]. Also the directly observed (and
residual) isotope shifts for the spectral lines are listed.

Line Lower level Upper level Line I5151153

No Kvac Xair E J E J A(151Eu) B(151Eu) A(153Eu) B(153Eu) total IS NMS RIS

1 2 3 4 5 6 7 8 9 10 1 12 13 14

1 2068673 483267  13222.04 9/2  33908.77 7/2  1298.0(1.0) 69(13) 576.6(1.7) 175(32) 1944.7(82) 293 1915.4(8.2)
2 2053829 486760  13778.68 132 3431697 112 913.5(0.4) 130(10) 403.9(0.3) 331(25) 1356.0(0.7)  29.0 1327.0(0.7)
3 1961615  509.642 1944719 112 3906329  13/2 602.5(0.8)  -1630(14) 267.5(0.7)  -4146(36) * 3259(7.7) 277 298.2(7.7)
4 19579.21 510604  19273.24 9/2 3885245 112 977.7(2.3) -366(13) 434.5(1.4) -937(52) 4886.0(14) 277 4858.3(1.4)
5 19405.26 515181 1944719 112 3885245  11/2 978.8(0.5) -346(7) 433.5(0.6) -881(16) 52929(33) 274 5265.5(3.3)
6 1937428  516.004  19364.50 7/2  38738.78 52 128.7(6.1) -50(41) 571(2.8)  -128(103) * 41613(61) 274 4133.9(6.1)
7 19313.11 517639  15248.76 5/2 3456187 7/2 835.0(0.4) -116(5) 374.6(2.5) -295(11) 1672.2(0.9) 273 1644.9(0.9)
8 19304.56 517.868 1542125 7/2  34725.81 92 -1.4(0.4) 51(5) -3.1(0.6) 129(13) 857.8(0.7) 273 830.5(0.7)
9 19221.19 520114 1963126 9/2 3885245 112 978.3(0.4) -373(3) 433.7(0.2) -948(7) 5201.2(0.3) 272 5174.0(0.3)
10 1914062 522304 1542125 7/2 3456187 7/2 836.8(0.4) -113(6) 374.8(0.7) -287(14) 1640.9(0.9) 271 1613.8(0.9)
11 1913859 522359  19273.24 9/2 3841183 72 356.2(0.4) -192(16) 157.9(1.2) -488(42) 1023.8(4.7) 271 996.7(4.7)
12 1913854  522.360 1944719  11/2 3858573 132 783.3(1.0) 717(16) 377.0(0.8) 1825(41)  2980.0(13.3) 271 2952.9(13.3)
13 1908698  523.771 1944719 112 3853417  13[2 789.9(0.5) 524(6) 350.0(0.6) 1333(15) 24743(5.4) 270 24473(5.4)
14 1904733  524.862  19364.50 7/2 3841183 7/2 354.2(6.2) -155(46) 147.5(3.2) -393(116) 915.0(18.8) 269 888.1(18.8)
15 1904553 524912  15680.28 9/2 34725381 92 0.5(0.2) 21(5) -2.4(0.3) 54(13) 818.7(0.4) 269 791.8(0.4)
16 1897500  526.863  19763.78 52  38738.78 52 131.1(1.6) 20(3) 54.4(0.9) 50(8) 44518(14)  26.8 4425.0(1.4)
17 18949.78 527564  19462.05 5/2 3841183 7/2 355.8(9.2) -227(43) 160.3(4.5) -578(109) 915.5(263)  26.8 888.7(26.3)
18 1894457 527709  19794.21 3/2  38738.78 5/2 134.5(1.8) -39(9) 55.1(0.5) -99(22) 4505.1(13) 268 4478.3(1.3)
19 1888159 529469  15680.28 9/2 3456187 7/2 837.0(0.3) -92(5) 371.5(0.3) -235(13) 1623.5(1.0)  26.7 1596.8(1.0)
20  18853.02 530271  15248.76 5/2 3410178 7/2 -56.7(0.5) -114(5) -21.7(2.5) -290(13) 879(11)  26.7 61.2(1.1)
21 18844.98  530.498 1944719 112 3829217  13[2 746.0(0.5) 235(7) 335.0(0.6) 598(16) 5095.7(41)  26.7 5069.0(4.1)
22 18699.68  534.620 19712.15 7/2 3841183 7/2 353.6(1.6) -165(10) 157.2(1.1) -420(25) 1325.7(3.0)  26.4 1299.3(3.0)
23 1868053 535168 1542125 7/2 3410178 7/2 -53.0(0.5) -89(6) -21.0(0.6) -225(13) 87.3(11) 264 60.9(1.1)
24 18660.01 535756  15248.76 5/2  33908.77 7/2  1296.2(0.9) -28(6) 582.7(2.5) -70(15) 2306.8(3.8) 264 2280.4(3.8)
25 1864883  536.078 15137.72 32 33786.55 52 -418.8(2.7) -6(9)  -181.4(0.4) -15(22) -895.6(1.6) 264 -922.0(1.6)
26 1863669 536427 1568028 9/2 3431697 112 915.7(0.7) 93(7) 405.9(0.5) 235(18) 1883.3(5.0) 264 1856.9(5.0)
27 1853779 539289  15248.76 5/2  33786.55 5/2  -422.4(0.4) 36(4)  -180.8(2.5) 92(11) -8819(0.7) 262 -908.1(0.7)
28 18503.89 540277  13222.04 9/2 3172593 112 -29.1(0.3) 95(4) -13.0(0.2) 243(8)  -3203.9(0.5) 262  -3230.1(0.5)
29 1846630 541377  16079.76 112  34546.06 92 816.9(1.3) -53(14) 368.3(0.9) -136(35) 3690.1(3.7) 261 3364.0(3.7)
30 1842150  542.693  15680.28 9/2 3410178 72 -54.6(0.3) -91(6) -24.4(0.3) -231(14) 76.7(2.5) 261 50.6(2.5)
31 1836530 544354 1542125 7/2  33786.55 5/2  -419.0(0.5) 28(6)  -189.6(0.6) 72(13) -896.2(19)  26.0 -922.2(1.9)
32 1833842 545152 1377868  13/2 3211710 132 12.2(0.5) 57(10) 4.8(0.4) 145(25)  -3466.2(17) 259  -3492.1(1.7)
33 1833371 545292  13048.90 7/2  31382.61 92 -471(0.9) 46(9) -21.5(0.3) 118(22)  -3060.0(0.9) 259  -3085.9(0.9)
34 1826872 547232 1345721 112 3172593  11)2 -271(0.6) 76(16) -14.8(0.3) 194(39)  -32532(06) 258  -3279.0(0.6)
35 1821439 548864  12923.72 52 3113811 72 -9.6(0.7) 37(5) -2.0(0.3) 94(12) 893.0(0.7)  25.8 867.2(0.7)
36 18192.66  549.520  12923.72 52 31116.40 7/2 151.4(0.7) 39(5) 67.2(0.3) 98(12) * 5134.8(0.5)  25.7 5109.1(0.5)
37 1802135  554.743  12923.72 5/2  30945.07 5/2  -234.5(0.8) -54(5)  -100.9(0.5) -138(13)  -2763.0(1.6) 255  -2788.5(1.6)
38 1792540 557713 1345721 112 3138261 92 -44.1(0.6) 40(16) -20.6(0.3) 102(39)  -3085.0(1.0)  25.4 -3110.4(1.0)
39 1599445 625044  12923.72 5/2 28918.17 7/2 -18.9(0.7) -28(5) -7.6(0.3) -71(12) 1903.0(05)  22.6 1880.4(0.5)
40 1596136 626.340 1542125 72 3138261 92 -49.8(0.4) 53(6) -21.7(0.6) 134(14)  -2648.3(15) 226  -2670.9(15)
41 1588935 629178  15248.76 52 31138.11 7/2 -10.5(0.4) 40(4) -1.8(2.5) 101(10) 1313.0(05)  22.6 1290.4(0.5)
42 1586927  629.975  13048.90 72 28918.17 7/2 -17.3(0.9) -7(9) -9.1(0.3) -18(22) 1901.7(02) 224 1879.3(0.2)
43 15807.35  632.442 15137.72 3/2  30945.07 52 -233.7(2.7) -34(9)  -105.0(0.4) -86(22)  -2318.7(0.7) 224 -2341.1(0.7)
44 15743.67 635000  12923.72 52  28667.39 52 -196.1(0.7) -239(5) -88.7(0.3) -609(12)  -3204.6(0.3) 223  -3226.9(0.3)
45 15716.86  636.084 1542125 72 31138.11 7/2 -11.0(0.4) 47(6) -3.5(0.6) 119(13) 1281.0(06) 222 1258.8(0.6)
46 1570233 636.672  15680.28 9/2 3138261 92 -46.7(0.3) 51(5) -20.7(0.3) 131(13)  -2650.1(0.9) 222  -2672.3(0.9)
47 1569613 636924  13222.04 92 28918.17 7/2 -18.8(0.3) -37(4) -9.1(0.2) -94(8) 1875.0(02) 222 1852.8(0.2)
48  15662.99 638271 15137.72 3/2  30800.71 32 -652.4(2.7) -30(9)  -290.5(0.6) -76(22)  -30741(0.8) 222  -3096.3(0.8)
49  15660.34  638.379 15137.72 32 30798.06 52 -303.2(2.7) 103(9)  -131.7(0.4) 263(22)  -28885(09) 222  -2910.7(0.9)
50 1561849  640.090  13048.90 7/2  28667.39 5/2  -194.0(0.9) -252(9) -84.1(0.3) -641(22)  -3219.7(0.6) 221 -3241.8(0.6)
51 1555195  642.828  15248.76 5/2  30800.71 32 -648.8(0.5) -33(4)  -288.4(2.5) -83(10)  -3064.6(0.7) 220  -3086.6(0.7)
52 1554930 642938  15248.76 5/2  30798.06 52  -307.4(0.4) 89(4)  -144.8(2.5) 226(10)  -2931.7(0.6) 220  -2953.7(0.6)
53 15523.82 643993 1542125 7/2  30945.07 52 -237.6(0.4) -23(5)  -109.6(0.7) -59(13)  -23452(2.5) 220  -2367.2(2.5)
54 15457.83  646.743  15680.28 92 31138.11 72 -9.8(0.2) 34(5) -4.2(0.3) 86(12) 12451(04) 219 1223.1(0.4)
55 15376.81 650.150 1542125 7/2  30798.06 5/2  -300.6(0.4) 62(5)  -141.2(0.6) 158(13) -28676(1.0) 217  -2889.3(1.0)
56 1536131  650.806  19364.50 7/2  34725.81 92 -1.2(6.1) -4(41) -2.2(2.8) -11(102) 4481(13) 217 426.4(13)
57 15302.85  653.293  16079.76  11/2  31382.61 92 -45.5(1.3) 50(14) -21.6(0.8) 126(34)  -2713.4(08) 216  -2735.0(0.8)
58 1528863  653.900  19273.24 9/2 3456187 7/2 837.5(0.7) -103(6) 374.4(0.6) -263(14) 12409(12) 216 1219.3(1.2)
59  15278.62 654329 1944719 112 3472581 92 -0.7(0.5) 42(6) -21(0.6) 106(15) 804.0(05) 216 782.4(0.5)
60 15272.82 654577 1927324 9/2  34546.06 92 816.3(0.8) -44(13) 363.3(1.3) -111(32) 3137.8(0.6)  21.6 3116.2(0.6)
61 15197.37  657.827  19364.50 7/2 3456187 7/2 837.2(6.1) -147(41) 373.6(2.8) -375(102) 1233.0(12) 215 1211.5(1.2)
62 1513886  660.369  15680.28 9/2 3081914  11/2 243.3(0.3) -135(5) 107.5(0.3) -344(13) 7866.6(1.4) 214 7845.2(1.4)
63  15099.82  662.077  19462.05 5/2 3456187 72 837.8(9.1) -114(40) 373.2(4.1) -289(100) 1212.6(0.8) 214 1191.2(0.8)
64  15098.87 662.118 1944719 112 34546.06 92 812.5(0.5) -32(6) 370.8(0.6) -82(15) 3490.1(04) 214 3468.7(0.4)
65 1509289 662381  19273.24 9/2  34366.13 92 916.4(1.4) 55(19) 407.6(1.4) 140(47) 2520.5(2.0) 213 2499.2(2.0)
66 15001.63  666.410  19364.50 7/2  34366.13 92 917.8(6.1) -33(41) 410.9(2.8) -83(103) 24916(5.7) 212 2470.4(5.7)
67 1493061  669.580  19631.26 9/2 3456187 7/2 836.6(0.4) -95(3) 371.9(0.3) -240(8) 1554.9(2.0) 211 1533.8(2.0)
68 1491894  670.104 1944719  11/2  34366.13 9/2 916.5(0.5) 38(6) 408.4(0.6) 98(15) 2860.4(0.6) 211 2839.3(0.6)
69 1491480 670290 1963126 9/2  34546.06 92 811.7(0.4) -103(4) 364.8(0.4) -262(9) 3388.9(5.2) 211 3367.8(5.2)
70 1484972 673227 1971215 7/2 3456187 7/2 836.7(1.6) -97(10) 372.9(0.9) -246(24) 1525.5(0.8)  21.0 1504.5(0.8)
71 1482854 674189  19273.24 9/2 3410178 7/2 -53.4(2.9) -55(21) -22.2(14) -141(53) -302.0(1.9) 210 -281.0(1.9)
72 1473938 678267  16079.76  11/2 3081914  11/2 243.6(1.3) -133(14) 106.8(0.8) -339(34) 7834.0(04) 208 7813.2(0.4)
73 1473728 678364  19364.50 72 3410178 72 -54.6(6.1) -110(41) -25.1(2.8) -280(102) -3249(23) 208 -345.7(2.3)

* A constants for both isotopes determined jointly with the fixed ratio: A(*>3Eu)/A(">'Eu) = 0.44157
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Fig. 2. Recorded hfs pattern of the spectral line A = 520.114 nm in the europium atom (line 9 in Table 1: 19631.26 cm~', J =9/2 — 38852.45 cm™!, J = 11/2). The compo-
nents for both isotopes fitted by program "Fitter” are marked with vertical lines topped by different symbols: crosses for >'Eu and triangles for '>3Eu; the respective symbols
marked at the abscissa denote the line centers of gravity for both the isotopes. The lower traces, representing the deviations of the experimental data from the respective
theoretical curves, show the quality of the fit, and the horizontal lines at the value of relative intensity close to 0 represent the fitted background.

Table 2

Compilation of the literature values of the hyperfine structure constants A and B and the residual isotope shifts
of the lower odd-parity levels involved in the examined transitions, for both europium isotopes. The values
were obtained in Seifert’s [7] and Klemz's [31] studies and are quoted after the original works. In the present
work, these values where fixed in the fitting procedure aimed at calculation of the respective parameters of
the upper even-parity levels. Values from Klemz's work [31] are marked with asterisks; the remaining values
were taken from Seifert’s work [7]. In the cases where the fixed ratios of the constants for both isotopes were
applied in the original works, no uncertainties were quoted for the values concerning the isotope >3Eu.

E (cm™') ] A(™'Eu) (MHz)  B(**'Eu) (MHz A("3Eu) (MHz)  B('53Eu) (MHz) RIS (MHz)
1513772 3/2  -1825.6(2.6) 65.4(8.4 -810.80(32) 166.84  -4795(30)
1979421  3/2 654.8(1.7) 22.7(8.4 291.82(39) 57.91  -4663(18)
1292372 5)2 1201.93(68) 109.5(4.5 534.54(25) 27933 -4375(16)
1524876  5[2 -959.29(34) -197.6(3.8 -424.8(2,4) -504.08  -4780(27)
19462.05 5/2 323.8(9.0) -103(39 142.8 -262.75 -4323(15)
1976378  5)2 18.0(1.5) -144.5(2.5 7.97(78) 36862  -4623(32)
1304890  7)2 906.10(80) -190.4(8.5 402.70(20) 48571  -4359(19)
15421.25 7/2 -671.34(37) -157.0(4.9 -298.03(51) -400.51 -4764(22)
19364.50 7/2 242.8(6.0) -42(40 107.07 -107.14 -4339(10)
1971215 72 -41.4(1.5) -97.5(9.3 -18.25(86) 24872 -4651(15)
1322204 92 770.22(25) -185.8(3.0 342.27(15) 47398 -4338(24)
1568028 92 -538.10(19) 28.0(4.7 -239.69(20) 7143 -4728(23)
19273.24 9/2 76.8(3.0) 198(24 33.87 505.10 -4355(20)
1927324 92 80.0(1.0)* 186.9(2.4) 36.7(2.3) 505.10*

1963126 92 40.58(32) 63.5(2.7 17.98(17) 161.99  -4651(18)
1345721 11)2 696.99(50) 1.0(15 308.76(21) 255  -4308(24)
16079.76  11/2 -454.2(1.2) 296(13 -202.43(76) 755.10  -4668(28)
19447.19 11/2 691.17(44) 292.5(5.5 306.81(54) 746.17 -4713(24)
1377868  13)2 644.21(35) 286.0(9.6 286.23(26) 72959  -4274(24)

ature values usually fall within the experimental uncertainties lim-
its.

As already mentioned, even though europium possesses two
stable isotopes exhibiting the hyperfine structure, the hfs constants
could be determined with the same degree of precision as for
the elements with single isotopes. Of course Doppler-limited or
Doppler-free methods, e.g. LIF on an atomic beam or saturation
spectroscopy in a hollow cathode discharge, could yield more pre-
cise results. However, applicability of such methods is much more
limited - they require a relatively high population of the lower lev-
els, as well as relatively strong excitation and fluorescence transi-

tions. It is not accidental, that many of the levels reported in the
present work were reported for the first time. These levels could
not be investigated before by any high-resolution methods, since
the spectral lines involving these levels are relatively weak; more-
over the thermal population of the lower levels positioned at more
than 10000cm~! is negligible, and remains not very high even
with special measures (e.g. an auxiliary discharge in an atomic
beam). Nevertheless, for some of the levels investigated obtaining
more precise results with high-resolution spectroscopic methods
could perhaps be considered, provided other spectral regions be-
come available for excitation.



Table 3
Compilation of the properties (hfs constants A and B for both stable isotopes: '*'Eu and '3Eu, and the residual isotope shifts) of the even-parity levels of the europium atom, investigated in this work and known from the
references.

Level hfs constants and IS'51153
] E (cm™') A(P'Eu) Aref("1Eu) B(*'Eu) Bref(5'Eu) A(3Eu) Aref("*3Eu) B('>3Eu) Bref(153Eu) RIS RISyef
1 2 3 4 5 6 7 8 9 10 1 12
312
30800.71° -650.6(1.8) -654.63(89)[31] 31(2) -16.16(30)[31] -289.4(1.1) -290.07(15)[31] -80(4) -7879(18) -7898(20)[31]
5/2
28667.39¢ -195.1(1.1) -194.44(42)[31] -246(7) -243.3(2.5)[31] -86.4(2.3) -86.84(28)[31] -625(17) -7601(1) -7583(24)[31]
30798.06 -303.8(2.0) -304.85(16)[31] 85(13) 80.74(50)[31] -139.2(4.0) -136.04(2)[31] 215(31) -7698(41) 7714(24)[31]
30945.07¢ -235.3(1.2) -235.64(28)[31] -37(10) -39.6(2.7)[31] -105.2(2.5) -103.95(13)[31] -94(24) -7144(18) -7155(24)[31]
33786.55¢ 420.1(1.2) -419.86(6)[32] 20(13) 22.6(8)[32] -183.9(2.9) -186.17(8)[32] 50(33) 52.6(1.2)[32] -5697(18) -5660.7(0.6)[32]
38738.78¢ 131.4(1.7) 131.4(5.5)[29] -23(22) -81(30)[29] 55.5(0.9) -59(56) -196(11) -186(100)[29]
124.6(3.2)[10] 9(28)[10] -152(60)[10]
72
28918.17¢ -18.3(0.6) -19.24(26)[31] -24(9) 41.8[31] -8.6(0.6) -61(23) -2487(8) -2494(24)[31]
-14.7(3.4)[10] ~48(9)[10] -2521(28)[10]
31116.38" 151.4(3.0) 153.2(1)[6] 38(37) 36(2)[6] 67.2(1.3) 66.23(0.7)[6] 98(94) 107.5(1.1)[6] 734(1) 762(28)[31]
31138.11° -10.2(0.4) -18(9)[33] -39(3) -45(45)[33] -2.9(0.6) 100(7) -3502(9) -3519(15)[33]
4.4(5.5)[10] -25(20)[10] -3462(37)[10]
33908.77¢ 1297.1(1.0) 1294.47(10)[32] 21(49) 14.0(9)[32] 579.7(3.1) 575.58(5)[32] 52(123) 55.3(3)[32] 2461(54) -2411(0.4)[32]
34101.78¢ -54.5(1.0) -89(22) -23.9(1.0) -227(33) -4687(10)
34561.87¢ 836.8(0.8) -110(17) 373.5(1.4) 277(42) -3135(9)
38411.83¢ 356.0(2.4) -154(78) 158.0(1.0) -390(45) -3400(50)
9/2
31382.61¢ -46.7(1.0) -48.14(11)[31] 48(3) 48.2(1.1)[31] -21.2(0.3) -21.46(23)[31] 122(6) -7420(20) 7417(24)[31]
34366.13¢ 917.2(1.0) 916.53(22)[31] 22(33) 50.7(5.4)[31] 407.5(0.4) 407.71(26)[31] 57(72) -1856(7) -1869(25)[31]
34546.06° 815.8(3.8) -46(12) 362.5(1.9) -116(30) -1252(20)
34725.81¢ -0.7(0.5) 27(13) -2.5(0.3) 69(32) -3928(11)
112
30819.14¢ 243.5(0.2) 242.3(6)[6] -134(2) -81(2)[6] 107.1(0.4) 107.18(58)[6] -341(3) -326.3(2.0)[6] 3131(20) 3128(25)[31]
242.3(1.7))[29] -81(11)[29] 3123(24)[29]
242.1(0.5)[10] -82(50)[10] 3092(57)[10]
31725.93¢ -28.1(1.0) -30.3(6)[29] 86(10) 92(30)[29] -13.9(0.9) 218(25) -7578(14) -7555(24)[29]
-28.00(57)[31] 104.1(4.1)[31] -7584(24)[31]
34316.97° 914.6(1.2) 111(19) 404.9(1.0) 283(48) -2909(54)
38852.45¢ 978.0(0.3) -366(13) 434.4(0.1) 937(52) 521(18)
13/2
32117.10° 12.2(1.7) 13.04(11)[31] 57(38) 81.7(4.6)[31] 4.8(1.5) 5.56(17)[31] 145(96) -7766(24) -7738(24)[31]
12.3(2.5)[29] 72(20)[29] 7760(24)[29]
38292.17" 746.0(1.5) 747.7(3.5)[29] 235(44) 251(25)[29] 335.0(1.7) 598(110) 356(15) 302(24)[29]
38534.17" 789.9(2.0) 524(57) 350.0(2.1) 1333(145) -2266(6)
38585.73 783.3(2.5) 718(67) 377.0(2.2) 1825(171) -1760(14)
39063.29 602.5(1.6) -1630(41) 267.5(1.0) -4146(102) -4415(8)

@ hfs constants A and B, as well as the residual isotope shifts, determined as the averages from all lines involving this level investigated in the present study ? hfs constants A and B, as well as the residual isotope shifts,
determined from single lines
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Fig. 3. Recorded hfs pattern of the spectral line A =545.292 nm in the europium atom (line 33 in Table 1: 13048.90 cm™', J=7/2 — 31382.61 cm™', J = 9/2). The
components for both isotopes fitted by program "Fitter” are marked with vertical lines topped by different symbols: crosses for ''Eu and triangles for >3Eu; the respective
symbols marked at the abscissa denote the line centers of gravity for both the isotopes. The lower traces, representing the deviations of the experimental data from the
respective theoretical curves, show the quality of the fit, and the horizontal lines at the value of relative intensity close to 0 represent the fitted background.
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Fig. 4. Recorded hfs pattern of the spectral line A = 636.924 nm in the europium atom (line 47 in Table 1: 13222.04 cm~', J=9/2 — 28918.17 cm™', J = 7/2). The
components for both isotopes fitted by program "Fitter” are marked with vertical lines topped by different symbols: crosses for 'Eu and triangles for '53Eu; the respective
symbols marked at the abscissa denote the line centers of gravity for both the isotopes. The lower traces, representing the deviations of the experimental data from the
respective theoretical curves, show the quality of the fit, and the horizontal lines at the value of relative intensity close to O represent the fitted background.

Perhaps some comment on the mutual relations of the hfs con-
stants for both isotopes would be desired. The constants A were
fitted independently in all the cases where it was possible. The
exceptions concerned only the cases where the hfs for the lower
levels were previously unknown and had to be determined from
our current investigations. The analysis of the final results indi-
cates that the ratio A('>3Eu)/A('>'Eu) is in most cases very close

to the ratio of the respective nuclear magnetic dipole moments;
for three levels (31138.11 cm~!J = 7/2, 31725.93 cm~!J = 11/2 and
3211710 cm~1J = 13/2), for which the A values are of the order of
some tens of MHz, the difference between both ratios slightly ex-
ceeds 10 %. Only for one level - 34725.81 cm~'J = 9/2, for which
both A constants are very close to 0, their ratio differs substan-
tially from the ratio of the magnetic dipole moments. For neither
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Fig. 5. Recorded hfs pattern of the spectral line A =653.293 nm in the europium atom (line 57 in Table 1: 16079.76 cm~', J=11/2 — 31382.61 cm™!, J =9/2). The
components for both isotopes fitted by program "Fitter” are marked with vertical lines topped by different symbols: crosses for >'Eu and triangles for '>3Eu; the respective
symbols marked at the abscissa denote the line centers of gravity for both the isotopes. The lower traces, representing the deviations of the experimental data from the
respective theoretical curves, show the quality of the fit, and the horizontal lines at the value of relative intensity close to 0 represent the fitted background.
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Fig. 6. Recorded hfs pattern of the spectral line A =653.900 nm in the europium atom (line 58 in Table 1: 19273.24 cm~', J=9/2 — 34561.87 cm™', ] =7/2). The
components for both isotopes fitted by program "Fitter” are marked with vertical lines topped by different symbols: crosses for 'Eu and triangles for '33Eu; the respective
symbols marked at the abscissa denote the line centers of gravity for both the isotopes. The lower traces, representing the deviations of the experimental data from the
respective theoretical curves, show the quality of the fit, and the horizontal lines at the value of relative intensity close to O represent the fitted background.

of the exceptional cases, where we fixed the ratio between the
A constants, their absolute values for A('>3Eu) were smaller than
50 MHz; thus we did not expect any substantial deviation from
the ratio assumed.

On the other hand, for the constants B, even if the relation be-
tween the values for both isotopes, resulting from the ratio of the
respective nuclear electric quadrupole moments, is only approxi-

mate, it is not possible to detect any significant differences at the
level of precision involved. It has to be emphasized that even in
earlier the studies performed by other authors with the use of an
atomic beam or saturation spectroscopy the constants B for both
europium isotopes were fitted independently only very rarely.
Because of the interference effects occurring for the hfs con-
stants for the electronic levels characterized with strong configu-



B. Furmann, M. Chomski and M. Suski et al./Journal of Quantitative Spectroscopy & Radiative Transfer 251 (2020) 107070 9

ration mixing, it is difficult to conclude on the particular configu-
rations related to the levels investigated on the basis of the values
of A and B constants obtained from the experiment.

More can be deduced on the basis of the isotope shifts,
which constitute the sums of the shifts for the particular con-
figurations, if the second order effects are neglected. As it re-
sults from the work [29], the isotope shifts for the pure lev-
els of the configuration 4f’5d6p should approximately amount
to -7800 MHz, for the pure levels of configuration 4f55d6s2:
6400 MHz, for the levels of configuration 4f®5d26s: 700 MHz,
and for the levels of configuration 4f’6s7p: -2500 MHz. On
this basis it can be stated, that seven among the measured
levels, ie. the levels 30800.71 cm~!' ] = 3/2, 28667.39 cm™!,
30798.06 cm~!, 30945.07 cm~! J=5/2, 31382.61 cm~! J=9/2,
3172593 cm~!J=11/2 and 3211710 cm~! J=13/2 belong to
the configuration 4f75d6p. Indeed, the contributions from vari-
ous configurations, presented in [29] predict in these cases more
than 90 % contribution of the configuration 4f75d6p. Another
three levels: 31116.38 cm~! J = 7/2, 38852.00 cm~! J=11/2 and
38292.17 cm~! J=13/2 can be the levels belonging to the con-
figuration 4f65d26s, although the small isotope shifts values can
also result from the mixing of the configurations with positive
and negative shifts. On the other hand, the large contribution
of the configuration 4f55d6s2 for the levels 28918.17 cm~! =
7/2, 31116.38 cm~! J = 7/2 and 30819.14 cm~! J = 11,2, predicted
in [29], was not confirmed. These levels have the RIS values smaller
than 6400 MHz. A large number among the measured isotope
shifts is of the order of -2500 MHz. It may indicate, that the re-
spective levels belong to the configuration 4f76s7p or 4f76s5f, but
it can also be related to the mixing of a larger number of configu-
rations.

5. Conclusions

In the present work we presented the results of the measure-
ments of the hyperfine structure constants and the isotope shifts
for 26 electronic levels belonging to the even-parity configurations
in the europium atom. These data should considerably extend the
experimental results database, and thus facilitate a semi-empirical
interpretation of the fine and hyperfine structure. Because of the
location of the measured levels in the energy scale, in the region
where strong configuration mixing is present, interpretation of the
results may be difficult, but this is the only way of determination
of the one-configuration parameters for the higher-lying configura-
tions.

Including the results of the present work, the total number
of the even-parity levels of the atomic europium, for which the
experimental results concerning the A and B constants and the
isotope shifts are available, exceeds 110. Since these results are
distributed over several tens of publications, we summarized in
Table 4 the values known from the experiment of the levels’ en-
ergies, Landé g; factors, hfs constants A and B for the isotope >!Eu,
and the isotope shifts. We decided not to quote the A and B val-
ues for the isotope 3Eu, since in the cases of determination of
the hfs constants from weak spectral lines it was not always possi-
ble to determine these values independently. The hfs constants for
this other isotope were evaluated in such a situation on the basis
of the relations resulting from the nuclear moments ratios. In the
case of this work this concerns all the determined constants B. In
the situation, where for a given electronic level in the literature
more than one value of the hyperfine structure constants and the
isotope shift could be found, we selected for Table 4 those values
for which the authors provided the smallest measurement uncer-
tainty for the constant A.

We hope that Table 4 will prove helpful in semiempirical cal-
culations of the fine and hyperfine structure, also in other ap-

Table 4

Compilation of the relevant parameters for the levels belonging to the even-parity
configurations of the atomic europium: the values of energies, Landé g; factors and
the literature values of the hfs constants A and B for the isotope '5'Eu, and the
isotope shifts between the isotopes 5'Eu and '>3Eu. The results obtained in this
work were marked with [*].

E (cm™!) g A (MHz) B! (MHz) RIS (MHz)
J=1J2

31735.760 -1274.3(2.8)[27] -7754(30)[27]
J=3/2

17945.490 -2293.8(3.0)[22] 71(6)[22]  -3722.1(9.2)[22]
28519.970 -735.91(18)[31]  117.90(86)[31] -7489(16)[31]
30800710  2.800  -654.63(89)[31]  -16.16(30)[31]  -7898(20) [31]
31787.710 -194.96(30)[27]  -236.0(1.4)[27] -7782(20)[27]
35799.090 -1328(7)[29] 52(5)[29] -362(42)[29]
35941.510 928.3(4.0)[29] 41(10)[29] 311(12)[29]
36334.520 701.9(1.5)[10] 136(11)[10] -1104(70)[10]
36501.650 456.4(1.0)[31]  -24.7(3.6)[31] -4944(30)[31]
36586.350  2.430 120.85(88)[7] 9.7(2.5)[7] -6747(24)[7]
J=5/2

15890.530  2.227 -606.8(4)[4] 65(4)[4] -3604(2)[4]
17707.420  1.932 -590.7(5)[4] -354( 4] -3683(2)[4]
21444580  2.272 -157.2(3)[4] 78(3)[4] -2834(2)[4]
27852.900  2.009 -196.2(1)[6] 244(4)[6] 5892(22)[6]
28667.390 2194  -194.44(42)[31] -243.3(2.5)[31] -7583(22)[31]
29982.500  2.060 -146.5(1)[6] -17(1)[6] 5182(24)[6]
30798.060 2140  -304.85(16)[31]  80.74(50)[31] -7714(24)[31]
30945070 2490  -235.64(28)[31] -39.59(2.7)[31] -7155(24)[31]
31107.280  1.954 -69.9(1)[6] 231(1)[6] 5155(26)[6]
31876.090 1720  -44.91(22)[34] -254.0(3.2)[34] -7806(10)[31]
33786.550 2276  -419.86(6)[32] 22.6(8)[32]  -5660.7(0.6)[32]
35703.650 1.890  -1451.4(7.9)[29] -127(12)[29] -3059(13)[29]
36052710 2.202 454.4(3.8)[29] -176(38)[29] -134(26)[29]
36284.820 1.420 31.73(49)[31]  -15.4(6.3)[31] -7341(18)[29]
36411.020 1.624 29.3(1.5)[10] 7.5(3.5)[10] 535(36)[10]
36441770 2224 -340.6(2.1)[29] -34(22)[29] -357(23)[29]
36584310 1.971 9.35(21)[7] 2(1)[7] -6097(24)[7]
36736260 1.103 303.6(3.6)[29] 141(39)[29] 1547(43)[29]
37001.690  1.297 749.0(2.1)[29] -288(45)[29] 2511(27)[29]
37093.810  1.990 997.0(1.1)[29] -139(24)[29] 1061(6)[29]
37266440 2.380  1097.9(1.0)[29] 228(15)[29] 31(32)[29]
38738.780 131.4(1.7)["] -23(22)[*] -196(11)[*]
=72

14067.860 2.198 969.15(54)[22] 159.3(3.6)[22] -3446.5(6.0)[22]
15952.310 1.875 -236.4(2)[4] -203(3)[4] -3624(2)[4]
17340.650 1.787 -6.2(1)[3] 132(3)[3] 3640(1)[35]
21605.170 1.929 -219.1(2)[4] -295(3)[4] 3007(2)[4]
28827.830 1.811 -8.1(1)[6] 165(2)[6] 843(28)[6]
28918.170 1.841 -19.24(26)[31] -41.8(2.7)[31] -2494(24)[31])
30783.640 1.551 495.3(5)[6] -425(1)[6] 5593(27)[6]
30841.990 1.824 -141.20(11)[27] 17.3(1.2)[27] -7452(24)[27]
31116.380 1.928 153.2(1)[6] 36(2)[6] 762(28)[31]
31138.110 2.006 -10.2(0.4)[*] 39(3)[*] -3502(9)[*]
32003.240 1.628 -1.45(77)[34] -191.0(7.2)[34] -7808(20)[29]
32398.250 2.195 146.15(96)(34] 99(19)[34] -6422(24)[34]
32681.130 1.729 349.7(2)[6] 27(2)[6] 5527(26)[6]
33245.000 1.483 694.3(7)[29] 306(42)[29] 1060(24)[29]
33908.770 2.180 1294.47(10)[32] 14.0(9)[32] -2411(0.4)(32]
34101.780 -54.5(1.0)[*] -89(22)[*] -4687(10)[*]
34561.870 836.8(0.8)[*] -110(17)[*] -3135(9)[*]
35612.470 1.716 -1171.3(0.4)[29] -131(30)[29] -3105(120)[29]
36005.730 2.150 656.3(1.5)[10] 150(30)[10] -531(34)[10]
36081.010 1.426 24.77(81)[31] 108.3(3.0)[31] -7503(25)[31]
36381.590 1.841 -211.9(2.0)[29] 53(17)[29] 4165(12)[29]
36600.900 1.910 561.9(3)[7] 46(5)[7] -763(24)[7]
36700.390 1.830 -326.46(45)[31] -67.3(2.7)[31] -5798(21)[31]
37301.640 1.311 253.3(7)[29] 48(20)[29] 2288(24)[29]
37812.870 1.820 930.0(3.1)[29] -241(13)[29] 1157(42)[29]
37851.880 1.650 674.4(8.2)[29] -293(4)[29] 1356(34)[29]
38411.820 1.598 356.0(2.4)[*] -154(78)[*] -3400(50)[*]
38569.480 1091.8(8.0)[29] 18(49)[29] -1184(27)[29]
38677.340 1.760 676.6(1.5)[29] 59(32)[29] 552(40)[29]
38917.740 1.796 516.9(2.2)[29] 141(42)[29] -5399(48)[29]
39126.900 804.5(3.2)[29] 24(17)[29] -4316(90)[29]
39328.300 1.800 384.7(4.5)[10] -34(15)[10] 124(48)[10]
41335.670 1.775 145(7)[29] 57(5)[29] -1456(24)[29]
42087.020 1.860 672.3(4.3)[29] -120(50)[29] -2782(40)[29]
42147.420 1.642 206.9(3.5)[10] 125(20)[10] -944(25)[10]

(continued on next page)
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E (cm™") g A5! (MHz) B! (MHz) RIS (MHz)
42787.000 541[29] 209[29] -3228(44)[29]
J=9/2

14563570  1.936  1024.14(24)[23]  -503.7(3.0)[23]  -3466.1(7.5)[22]
16611.790  1.797 664.9(5)[4] 296(7)[4] -3575(2)[4]
21761260 1.772 -228.9(2)[4] 226(4)[4] -3142(2)[4]
29186320  1.700 48.75(4)[27]  -237.5(0.9)[27] -7610(24)[27]
29838590  1.676 140.7(1)[6] 361(1)[6] 5892(22)[6]
30901.840  1.706 83.76(9)[27]  -15.3(5.7)[27] -7722(24)[27]
31382.610 1.860  -48.14(11)[31] 48.2(1.1)[31] -7417(24)[31]
32130250  1.747 420.9(9)[6] -153(12)[6] 1356(20)[33]
32184.650 1.615 98.12(37)[34]  -42.1(8.0)[34] -5731(20)[35]
32596310 1930  167.18(24)[31]  -225.0(2.1)[31] -6008(15)[31]
34366130 1.803  916.53(22)[31] 50.7(5.4)[31] -1869(25)[31]
34546.060  1.960 815.8(3.8)[*] -46(12)[*] -1252(20)[*]
34725810 1.719 -0.7(0.5)[*] 27(13)[*] -3928(11)[*]
35731.620  1.458 107.2(0.3)[29] 289(13)[29] -5040(7)[29]
36071710 1447  232.1(1.4)[29] 294(14)[29] 2980(23)[29]
36504.630  1.793 314.81(29)[7] 40(4)[7] -3609(24)[7]
36548.940 1.810 242.85(7)[7] 32(4)[7] -2633(24)[7]
36889.620 1729  -310.34(69)7] -95.2(9.6)[7] -5690(24)[7]
37126.160  1.795 875.6(1.0)[29] 72(22)[29] 555(17)[29]
37591310  1.580 290.4(2.5)[29] -321(30)[29] -6016(24)[29]
38167160  1.491 286.4(9)[29] -237(30)[29] -2725(24)[29]
38262.980  1.699 930.4(9)[29] 40(10)[29] 685(24)[29]
38360.760 1.804  1064.3(3.2)[10] -431(60)[10] -122(32)[10]
39051.760 679.1(2.1)[29] 78(43)[29] -4236(12)[29]
39192.100  1.700 539.2(9)[29] 235(80)[29] 693(24)[29]
42010340 1.771 452.2(3.5)[10] 93(25)[10] -2145(4)[10]
J=11/2

15581.580 936.0(1.2)[22] 381(12)[22]  -3535(9.1)[22]
29612.690 66.32(49)[31]  -60.2(1.2)[31] -7716(18)[31]
30819.440 242.3(6)[6] -81(2)[6] 3128(25)[6]
31014.480 450(15)[27]  -25.4(3.2)[27] -4989(24)[27]
31725.930 28.00(57)[31]  104.1(4.1)[31] -7584(24)[31]
32326.730 474.4(5)[6] -822(13)[6] 4340(24)[6]
32418.380 73.89(25)[27] 40.3(6.1)[27] -6070(23)[27]
32948.410 180.46(54)[31] 95.6(2.9)[31] -6601(25)[31]
34316.970 914.6(1.2)[*] 111(19)[*] -2909(54)[*]
35453.230 113.35(70)[31]  517.9(2.0)[31] -7762(30)[31]
36867.040  1.662 276.3(2)[7] 16(11)[7] -5478(24)[7]
37034.830 486.33(27)[31]  220.1(2.4)[31] -2285(26)[31]
37800.420 425.6(9)[29] 10(20)[29] -5557(24)[29]
38852.450 978.0(0.3)[*] -366(13)["] 521(18)["]
39040310 643.5(2.5)[10] 36(20)[10] -3302(38)[10]
J=13/2

30211.090 4597(9)[27]  235.9(4.0)[27] -7766(24)[27]
32117.100 13.04(11)[31] 81.7(4.6)[31] 7738(24)[31]
32598.000 346.1(7)[29] 95(20)[29] 5958(24)[29]
32761.740 2.0028)[31]  486.3(3.3)[31] -7583(25)[31]
38292.170 746.0(1.5)[*] 235(44)[*] 356(15)[*]
38534.170 789.9(2.0)[*] 524(57)[*] -2266(6)[*]
38585.730 783.3(2.5)[*] 718(67)[*] -1760(14)[*]
39063.290 602.5(1.6)[*] -1630(41)[*] -4415(8)["]
J=15/2

30923.710 19.88(4)[27]  610.4(2.6)[27] -7844(24)[27]

plications, as a comprehensive database on the properties of the
electronic levels of the even-parity configurations of the europium

atom.
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In the present work measurements of Landé g; factors for some electronic levels of the europium atom
are presented. The measurements were performed with the use of the Zeeman effect of the hyperfine
structure, observed with the method of laser spectroscopy in a hollow cathode discharge lamp placed
in constant magnetic field, with laser induced fluorescence detection. Investigation of 54 spectral lines
of europium in the spectral range 511-662 nm enabled for the first time the determination of g factors
for 16 levels belonging to the odd-parity configurations of Eu and 4 levels belonging to the even-parity
configurations. Moreover, 3 g values for levels belonging to the even-parity configurations, previously
known from the literature, were corrected.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The element europium possesses two stable isotopes: 1*!Eu and
153Ey, The natural abundances of these isotopes amount to 47.8%
and 52.2%, respectively. The nuclear spin values for both isotopes
amount to 5/2, thus the spectral lines of europium atom exhibit
hyperfine structure. In our recent work [1] a short outline of the
history of research on the hyperfine structure and the isotope
shifts in the europium atom was presented, which includes over
50 published articles. On the contrary, there are only a few works
concerning investigations of the Zeeman effect and the g; factors
of the europium atom. Practically all the known experimental val-
ues of the Landé factors in the europium atom were determined by
Smith and Tomkins [2] from the investigations of the Zeeman ef-
fect in the absorption spectrum. Since the ground state of the eu-
ropium atom 4f76s2 8S possesses the quantum number | = 7/2, g
factors for levels belonging to the even-parity configurations with
J=5/2, 7/2 and 9/2 could be determined with this method. As a
result, g values for over 200 levels belonging to the even-parity
configurations were evaluated, as well as for the ground level,
which has been so far the only level belonging to the odd-parity
configuration system with experimentally determined g; value. The
accuracy of the gj factor for the ground state was improved several
times; finally an experimental uncertainty of 0.00007 was reached.
All the g; values known from experiment for the europium atom

* Corresponding author.
E-mail address: boguslaw.furmann@put.poznan.pl (B. Furmann).

https://doi.org/10.1016/j.jqsrt.2020.107258
0022-4073/© 2020 Elsevier Ltd. All rights reserved.

are presented in the data collection of Martin et al. [3] and in the
web database created by NIST [4].

Somewhat more frequently the effects related to the interaction
of the europium atoms with very weak magnetic field were in-
vestigated. Among these effects e.g. observation of transitions with
the change of the quantum number AF =2, 3,4 [5] can be named.
Such transitions are forbidden by the selections rules without mag-
netic field. The presence of a field with a magnetic flux as low as
ca. 20 G makes it possible to observe such transitions. This re-
sults from the fact that the matrix representing the Hamiltonian
describing the hyperfine structure is not longer diagonal when the
interaction with the external magnetic field is included. Diagonal-
ization modifies the components’ intensities in an essential way.
Studies of this kind of transitions, apart from [5], were also de-
scribed in the works [6,7].

In the history of atomic physics Landé factors were routinely
applied in interpretation of the physical properties of the electronic
levels, obtained as a result of parametrization of the fine struc-
ture interactions in an atom, e.g. according to Slater’s-Condon the-
ory. Assignment of a level to the specific term and configuration
implies a specific g value, which can be compared to the value
known from the experiment; thus the correctness of the assign-
ment can be tested. A similar test can be performed by compari-
son of the Landé factors obtained from ab initio calculations with
the experimental results.

The first results of parametrization for the electronic levels
of the europium atom were published by Smith and Wybourne
in 1965 [8]. Calculations were performed for the levels belong-
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Fig. 1. Recorded Zeeman patterns of the spectral line A = 638.4717 nm in the argon atom, along with the least-squares fitted curves for the a) polarization o at the magnetic
field strength 606.1(8)G and b) polarization 7 at the magnetic field strength 608.7(9)G. The Zeeman splitting of this line was used to measure the magnetic field.
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Fig. 2. Recorded hfs and Zeeman-hfs patterns of the spectral line A = 638.379 nm in the europium atom (Table 1, No 43), along with the least-squares fitted curves for the
a) polarization o at the magnetic field strength 608.2(7)G and b) polarization 7z at the magnetic field strength 609.2(9)G.;.
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Fig. 3. Recorded hfs and Zeeman-hfs patterns of the spectral line A = 628.594 nm in the europium atom (Table 1, No 36), along with the least-squares fitted curves for the
a) polarization o at the magnetic field strength 605.8(7)G and b) polarization 7 at the magnetic field strength 607.5(9)G.

ing to 3 even-parity configurations: 4f7(3S)6s6p, 4f7(35)6s5d and
4f7(85)5d6p, as well as 6 odd-parity configurations: 4f7(8S)6s7s,
4f7(85)6s8s, 417 (8S)6s7p, 4f7(8S)6s5f, 4f7(8S)5d? and 4f7(8S)6s6d. In
the calculations the electrostatic and spin-orbit interactions were
included, as well as the influence of the interconfiguration interac-
tions. In the cases of relatively low-lying levels the evaluated en-
ergy values were in general consistent with the experimental ones.
For the higher-lying configurations dicrepancies were observed, re-
sulting from the fact that in the calculations no interactions with
other levels than those with 8S core, or configurations with 6 f-
electrons, were included. A somewhat better fit of the energies for
the levels belonging to the odd-parity configurations was achieved
in the works of Wyart [9] and Stachowska [10], where interactions
also with the levels originating from other cores and belonging to
a larger number of configurations were taken into account. In the
works of Smith and Wybourne [8] and Wyart [9] predicted values
of g; factors are presented.

One of the objectives of the present work was obtaining ex-
perimental results, which inclusion may improve the fit quality
in the semi-empirical method of interpretation of the fine- and
the hyperfine structure of the europium atom. The knowledge of
Landé factors for metastable levels should also facilitate interpreta-
tion and selection of spectral lines for the experimental investiga-
tions of the transitions with change of quantum F number greater
than 1.

Another objective was to obtain experimental results which
might be useful for quantum optics experiments on the europium
atom. In 2018 a realization of laser cooling of europium atoms was
accomplished [11]. Cooling was achieved with the use of optical

pumping to the metastable levels in a magneto-optical trap. The
knowledge of Landé factors of these levels, taking into account
the specificity of MOT operation, may facilitate the optimization
of the cooling process. One of the perspective applications of the
cooled europium atoms is the conversion to molecules. Cooled eu-
ropium atoms easily form dimers, based on Feshbach resonances.
The knowledge of g; factors may also be advantageous in this con-
text.

2. Experimental details

In the measurements of g factors of the electronic levels of the
europium atom the method employing the Zeeman effect of the
hyperfine structure was used, recently frequently applied by the
group from the University of Gdansk in collaboration with the Uni-
versity of Technology Graz [12-16]. This method consists in regis-
tration of the hyperfine structure pattern of a spectral line of the
atoms in an external magnetic field for two orientations of the po-
larisation plane of the exciting laser light with respect to the mag-
netic field direction - perpendicular and parallel. Thus one obtains
the scans with only o or m components present in the Zeeman-
hyperfine spectrum.

Recording of the hyperfine structure of the spectral lines of
the atoms placed in the magnetic field was performed with the
method of laser induced fluorescence with the use of the discharge
in the hollow cathode lamp as the source of free atoms.

Because of the wide wavelength range of the spectral lines in-
vestigated it was necessary to apply four separate dye lasers as the
light sources. In the range 619-662 nm a ring laser constructed on
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Fig. 4. Recorded hfs and Zeeman-hfs patterns of the spectral line A = 625.044 nm in the europium atom (Table 1, No 34), along with the least-squares fitted curves for the
a) polarization ¢ at the magnetic field strength 605.7(8)G and b) polarization 7 at the magnetic field strength 607.9(9)G.

the basis of a linear tunable stabilised laser CR 599-21 was ap-
plied. This laser was operated on the DCM dye solution and was
optically pumped by a frequency-doubled Nd:YVO, laser (Coher-
ent, Verdi V-10). In the range 568-612 nm the light source was
a modified ring laser CR 699-21 operated on Rhodamine 6G, with
the same pump laser. The range 545-559 nm was achieved with
a modified CR 699-21 laser with the use of two dyes: Coumarin
498 and Pyrromethane 556, which constituted an energy transfer
system, with the former dye as the donor and the latter as the ac-
ceptor [17]. The pump laser was a semiconductor laser emitting a
wavelength 445 nm (Lasever Inc., China, model LSR445SD-4W). Fi-
nally, in the wavelength range 511-530 nm a modified CR 699-21
laser operated on the dye Coumarin 498 was used [18], optically
pumped by the same semiconductor laser. Tuning of the laser to
the wavelength of the spectral line investigated was accomplished
on the basis of the wavemeter readings (Burleigh, WA-1500), while
for the monitoring of the single mode operation a mode analyzer
was used. In order to create a frequency scale for the scans, along
with the laser induced fluorescence signal also the transmission
signal of a temperature stabilized FP interferometer with FSR =
1499 MHz was recorded.

Precise resolution of the Zeeman o and m components requires
an ideally linear light polarization. Since the elements steering the
laser beam towards the hollow cathode lamp introduce some el-
liptical polarization, even though the original polarization at the
laser exit is linear, in front of the lamp a polarizer was inserted,
which restored the linear polarization, and further a polarization
rotator was placed, which enabled a smooth regulation of the an-

gle between the polarization plane and the direction of the mag-
netic flux.

For the purpose of obtaining of free europium atoms the same
hollow cathode lamp was applied as in our earlier works concern-
ing investigations of the hyperfine structure of europium and other
lanthanides with the method of laser induced fluorescence [1,19-
21]. The only essential difference consisted in an additional place-
ment of neodymium magnets, serving for magnetic field creation,
in the container for liquid nitrogen (used as coolant for the dis-
charge). The magnets were positioned above the hollow cathode
in closest to the discharge center. Preliminary measurements with
a Hall probe indicated that the magnetic flux in the discharge cen-
ter amounts ca. 600 G, which was later confirmed by the Zeeman
effect measurements.

Part of the measurement system dedicated to recording of the
laser induced fluorescence signal was also very similar to the
one used earlier. The fluorescence light was directed to the en-
trance slit of a grating monochromator SPM-2 through a system
of mirrors, lenses and filters. The monochromator was set to the
specific (in most cases the strongest) fluorescence channel from
the upper level of the transition under study. Behind the exit
slit of the monochromator a photomultiplier (Hamamatsu R-375)
with preamplifier was placed; its signal was directed to a phase-
sensitive amplifier (an amplitude modulation of the exciting beam
was applied). The scan recording was accomplished by a com-
puter code, which controlled the scanning of laser frequency and
stored the signals from an A/D converter. The code allows record-
ing of over 16,000 measurement points per channel. However, due
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Fig. 5. Recorded hfs and Zeeman-hfs patterns of the spectral line A = 629.975 nm in the europium atom (Table 1, No 37), along with the least-squares fitted curves for the
a) polarization o at the magnetic field strength 607.5(8)G and b) polarization 7 at the magnetic field strength 609.8(1.2)G.

to severe limitation of the data evaluation speed because of the
very large number of Zeeman components, it proved reasonable to
record only up to 4096 points.

A fundamental issue in calculation of the Landé factors is the
determination and monitoring of the magnetic flux. The influence
of the magnetic field on the relative positions of the Zeeman com-
ponents is strictly correlated with the g values, thus these quan-
tities should not be fitted simultaneously. It is also hard to as-
sume that the magnetic field remains constant during the course of
measurements. Since the field is nonuniform, even an incremental
change of the direction of the beam path through the hollow cath-
ode, e.g. due to the realignment of the laser beam, may cause a
change of the magnetic field. For the same reason the field for the
vertical and horizontal polarization of the beam may not be the
same, due to the change of the beam direction under rotation of
the polarization rotator. Preliminary measurements indicated that
the changes of the magnetic field related with the above men-
tioned factors can reach ca. 1%. Much larger changes, up to 7-8%,
are observed when the magnets creating the field are removed and
re-inserted, or when the beam from another laser is applied. Be-
cause of these changes some standard for magnetic field measure-
ment is indispensable. In the case of this work the spectral lines of
argon (the buffer gas used in the discharge), with g; values for both
the lower and the upper level known from the literature, served as
such standard, see Fig. 1.

The first step in preparation of the recorded scans for the cal-
culations of g factors was averaging of groups of 3-4 subsequent
scans. This procedure, due to the noise reduction, reduced the
calculation time in the least-squares fitting procedure when fit-

ting the theoretical patterns to the spectra recorded. The next step
was supplementation of the frequency scale on the basis of the
recorded frequency marker (FP interferometer) signal. For this pur-
pose the program “Fitter” [22], routinely used for calculation of hy-
perfine structure constants, was applied. As a result the files were
obtained, where the abscissa consists of points equally spaced in
frequency, while the ordinates were normalized laser induced fluo-
rescence intensities. In further evaluation two programs developed
in our research group, dedicated for calculations of g; factors, were
applied. The first program, written in FORTRAN, serves for gener-
ation of the parametrized function describing the hyperfine struc-
ture of a spectral line, split in the magnetic field. The second pro-
gram, constituting a macro of the program GNUPLOT, is dedicated
to the fit of the parameters’ values with the Marquardt method
[23].

3. Determination of g; values
3.1. Hyperfine structure and Zeeman splitting

The hyperfine structure (hfs) atomic states |y JIF) are obtained
by diagonalization of Hp; Hamiltonian [24]:
C _3CC+1)-Id+1)jJ+1
Hyys = AC 1 pICCTD 1A DIG+1) 0
2 2121-1)J(2) - 1)
where C=F(F+1)—-J(J+1)—-I(I+1) and A, B are the magnetic-
dipole and the electric—-quadrupole hfs constants, respectively.
The probability of the electric-dipole transition between the
hyperfine structure sublevels F and F' can be expressed as [24]:
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Fig. 6. Recorded hfs and Zeeman-hfs patterns of the spectral line A = 640.611 nm in the europium atom (Table 1, No 45), along with the least-squares fitted curves for the
a) polarization ¢ at the magnetic field strength 606.9(6)G and b) polarization 7 at the magnetic field strength 608.2(9)G.

Arr o (2F+1)(2F’+1){1{/ : ;}vau (2)

2. L .
where S, = |(¥JIIPY||y'Y')|" is the electric-dipole line strength.

In the presence of external magnetic field Hnqg, when F ceases
to be a good quantum number, the atomic eigenstates can be ex-

pressed as linear combinations of the form:

[WMg) = Cur|VJIFME), (3)
F

and the eigenvector amplitudes Gy, r can be determined by diago-
nalization of the Hamiltonian matrix [25]:

C 3CC+1)-I0+1)JJ+1)
HFMF,F/MF=5FF/<A2+B : AQI-DJE/ -1 )

+ ,ufBg]Hmag(_l )F—Mp+]+I+F’+1

x/QF+1D)QF +1)JJ+1)(2J + 1)

y F 1 F\|JF 1 F (4)
Mg 0 Mg I ]|
where p is the Bohr magneton and gj is the Landé factor.
The observed line intensity of an individual Zeeman component

is proportional to the transition probability between two Zeeman
sublevels Mg [26]:

2
Arme g, < Syl D }CMFFSqFF’CM’FF’ , (5)
aFF'

where Sgppr is the line strength between pure |[FMp) and |F'ME)
states :

Srp = (= 1)F M JQF 1) @F + 1)

F 1 F\[J I F
X(—MF q M;){F’ 1 ]’}’ (6)

and q = Mg — Mj, takes values 0 and +1 for o and 7 transitions,
respectively.

The observed line shape is a combination of individual Zeeman
components modified by the radiative broadening and instrumen-
tal effects.

3.2. Computational procedure

In the first step of the computational procedure, the energy val-
ues of Zeeman sublevels, relative to the fine structure level en-
ergies E(J), for the upper and lower levels of the transition un-
der consideration, are determined by means of diagonalization of
Hamiltonian expressed by Eq. (4). The necessary input data, con-
cerning values of the magnetic field Hpqg, nuclear spin I, J quantum
numbers, the hyperfine structure A and B constants and the initial
values of Landé g; factors for the two energy levels involved, are
loaded from the input file.

After obtaining the eigenvalues and eigenvectors, the relative
positions in frequency scale and intensities of all the individual
Zeeman components are determined with the use of Egs. (5) and
(6), separately for o and 7 transitions.

Then the form of the intensity distribution function is deter-
mined as a sum of intensities for each abscissa value of the final
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Table 1

Spectral lines of the europium atom experimentally investigated in this work for the purpose of determination of the Landé g; factors. For all lines the g; factor of the lower
odd-parity level was determined, and the respective g factors for the upper even-parity levels were fixed at the literature values [3]. In some cases also the g factors for
the upper even-parity levels were determined independently.

Line Lower level Upper level

No Adir relative Kyac E J &) 8o 8).average E J 8 e [2,3]

(nm) intensity (cm™1) (cm™1) (cm™1)
1 2 3 5 6 7 8 9 10 1n 12 13
1 511.434 170 19547.41 1304890  7/2  2.0987(12)  2.085(13)  2.0913(67) 32596.31 9/2 1.93(1)
2 513.348 210 19474.53 12923.72 5/2  2.5549(59)  2.5487(82)  2.5511(31) 32398.25 712 2.195(1)
3 516.005 270 19374.27 13222.04 9/2 1.870(11) 1.882(12) 1.8759(62) 32596.31 9/2 1.93(1)
4 516.669 210 19349.35 13048.90 7/2 2.0757(49) 2.0917(68) 2.0837(79) 32398.25 7/2 2.195(1)
5 517.639 19313.11 1524876  5/2  2.038(51)  2.029(51)  2.0336(43) 34561.87 7)2 1.915(5) 1.91(5)
6 521.334 19176.21 13222.04 9/2 1.8718(45) 1.8742(60) 1.8731(12) 32398.25 7/2 2.195(1)
7 522304 19140.62 15421.25 712 1.797(51) 1.777(51) 1.787(10) 34561.87 7)2  1.904(33)  1.91(5)
8 522.345 300 19139.10 1345721 112 1.749(11) 1.755(12) 1.7520(27) 32596.31 92 1.93(1)
9 522.437 19135.75 13048.90 7/2 2.0907(53) 2.0890(70) 2.0898(87) 32184.65 9/2 1.615(2)
10 523.926 120 19081.35 13048.90 7/2 2.1035(53) 2.0905(72) 2.0970(64) 32130.25 9/2 1.747(2)
11 527.207 390 18962.61 1322204 92 1.8727(48)  1.8729(63)  1.8728(12) 3218465  9)2 1.615(2)
12 528724 55 18908.21 1322204 92 1.8691(48) 1.8779(63)  1.8735(44) 3213025  9)2 1.747(2)
13 529.469 18881.59 15680.28 9/2 1.675(51) 1.682(51) 1.6784(32) 34561.87 7/2 1.930(4) 1.91(5)
14 545.152 380 18338.42 13778.68 13/2 1.683(52) 1.679(51) 1.6785(54) 32117.10 13/2 1.671(2)
15 545292 260 18333.71 1304890  7/2  2.094(11)  2.0860(73)  2.0891(38) 31382.61 9/2 1.860(2)
16 548.864 120 18214.39 12923.72 5/2  2572(14)  2.5511(92)  2.560(11) 31138.11 712 2.006(5)
17 549.520 45 18192.66 12923.72 5/2 2.558(14) 2.566(11) 2.5626(41) 31116.38 7/2 1.928(5)
18 554.743 200 18021.35 12923.72 5/2  2.583(42)  2.569(41)  2.5759(68) 30945.07 5/2 2.49(4)
19 557.034 17947.25 1377868 132 1.710(11) 1.7015(72)  1.7048(41) 3172593 112 1.746(4)
20 557.713 200 17925.40 13457.21 11/2 1.7684(88) 1.7554(59) 1.7606(64) 31382.61 9/2 1.860(2)
21 558.003 120 17916.07 1322204 92 1.890(12) 1.8737(76)  1.8802(81) 31138.11 712 2.006(5)
22 558.624 90 17896.17 1304890  7/2  2.101(42)  2.102(41)  2.1018(41) 30945.07 5/2 2.49(4)
23 567.381 60 17619.95 13222.04 9/2 1.858(16) 1.869(14) 1.8643(55) 30841.99 7/2 1.824(3)
24 573.083 60 17444.63 13457.21 11/2 1.746(15) 1.756(13) 1.7514(50) 30901.84 9/2 1.706(2)
25  573.899 60 17419.85 1944719 112 1.629(15) 1.635(12) 1.6323(27) 36867.04 112 1.662(3)
26 580.028 60 17235.78 19631.26 9/2 1.693(15) 1.647(13) 1.668(23) 36867.04 11/2 1.662(3)
27 584.577 27 17101.64 19447.19 11/2 1.630(15) 1.636(13) 1.6329(31) 36548.83 9/2 1.810(5)
28 586.094 27 17057.37 1944719 112 1.565(14) 1.585(12) 1.5758(97) 3650456 92 1.770(6) 1.719(2)
29 595.342 27 16792.41 19712.15 7/2 1.762(16) 1.735(13) 1.747(14) 36504.56 9/2 1.782(17) 1.719(2)
30 597.274 170 16738.10 15680.28 9/2 1.6848(38) 1.6805(36) 1.6846(25) 32418.38 11/2 1.571(4)
31 599.283 240 16681.98 16079.76  11/2  1.636(54) 1.635(53) 1.6359(53) 3276174 132 1.560(2)
32 611.877 120 16338.62 16079.76  11/2  1.636(14) 1.639(12) 1.6377(13) 3241838 112 1.571(2)
33 619.506 140 16137.42 13048.90 7/2 2.099(31) 2.077(31) 2.088(11) 29186.32 9/2 1.744(1) 1.70(3)
34 625.044 55 15994.45 12923.72 5/2 2.5636(51) 2.5574(33) 2.5599(31) 28918.17 7/2 1.841(2)
35 626225 240 15964.28 1322204 92 1.888(31) 1.874(31) 1.8809(67) 2918632 92 1.736(2) 1.70(3)
36 628594 15 15904.11 1292372 5[2  25629(46)  2.5644(38)  2.5637(72) 28827.83 72 1.811(1)
37 629.975 170 15869.27 13048.90 7/2 2.0859(42) 2.0885(28) 2.0874(13) 28918.17 7/2 1.841(2)
38 633.581 75 15778.93 1304890  7/2  2.0885(38)  2.0898(23)  2.0893(62) 28827.83 712 1.811(1)
39 635.000 120 15743.67 12923.72 5/2 2.5579(46) 2.5515(26) 2.5538(32) 28667.39 5/2 2.194(1)
40 635.588 60 15729.11 13457.21 11/2 1.7526(12) 1.7555(6) 1.7536(12) 29186.32 9/2 1.734(2) 1.70(3)
41 636924 60 15696.13 1322204 92 1.8725(42) 1.8747(28)  1.8738(11) 28918.17 712 1.841(2)
42 638271 55 15662.99 15137.72 3/2  2.763(12)  2789(11)  2.776(13) 30800.71 3/2 2.80(1)
43 638.379 75 15660.34 15137.72 3/2 2.804(12) 2.795(11) 2.7992(45) 30798.06 5/2 2.14(1)
44 640.090 120 15618.49 13048.90 7/2 2.0853(38) 2.0895(22) 2.0880(21) 28667.39 5/2 2.194(1)
45 640.611 40 15605.79 1322204 92 1.8722(36) 1.8783(21)  1.8760(30) 28827.83 712 1.811(1)
46 641.127 140 15593.23 15248.76 52 2.0358(48)  2.0274(38)  2.0311(42) 30841.99 7/2 1.824(3)
47 642.828 55 15551.95 15248.76 5/2 2.044(11) 2.038(11) 2.0410(29) 30800.71 3/2 2.80(1)
48  645.792 120 15480.59 15421.25 7)2  1.7946(38)  1.8027(27)  1.7993(40) 30901.84  9)2 1.706(2)
49 648.298 18 15420.74 15421.25 7/2 1.7951(44) 1.7937(37) 1.7944(67) 30841.99 7/2 1.824(3)
50 653.900 15288.63 19273.24 9/2 1.577(51) 1.586(51) 1.5812(45) 34561.87 7/2 1.933(2) 1.91(5)
51  656.781 75 15221.56 15680.28 9/2  1.6873(36)  1.6893(27)  1.6885(10) 30901.84  9)2 1.706(2)
52 657.827 15197.37 19364.50  7/2  1.624(51) 1.635(51) 1.6293(53) 34561.87 7)2 1.933(5) 1.91(5)
53 659.374 45 15161.71 1568028  9/2  1.6790(43) 1.6827(34)  1.6810(19) 30841.99 72 1.824(3)
54 662.077 15099.82 19462.05 5/2  1.703(51) 1.710(51) 1.7068(33) 34561.87 7)2  1.931(6) 1.91(5)

pattern, using estimated values for the splitting constants and line
profile parameters. In the iterative procedure, this function is fit-
ted to the experimentally observed line profile stored in the digi-
tal form, where values of Landé g; factors for the upper and lower
levels serve as adjustable parameters. In this procedure, the Mar-
quardt’s algorithm [23] is applied. It is also possible to fine-tune
the values of hfs constants, which is particularly important in cases
where these constants are determined with significant measure-
ment uncertainties.

In order to include saturation effects, an additional parameter
As (saturation rate) was introduced in the fitting procedure. The
calculated decay rate of each Zeeman component (A, ) of frequency
v was modified in accordance with the following expression [16]:

sat _ AV
v 14+ A, /As

A version of the program that allows the analysis of overlapping
spectra originated from two isotopes, was also developed.

(7)
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Table 2

Literature values [1,27] of the hyperfine structure constants A and B and residual isotope shifts for the electronic levels of the europium atom involved in the Zeeman-hfs

investigations within this work.

No E ] A(™S'Eu) B("5'Eu) A('3Eu) B('53Eu) RIS
(cm™1) (MHz) (MHz) (MHz) (MHz) (MHz)
1 2 3 4 5 6 7 8
odd-parity
1 12923.72 5/2 1201.93 109.5 534.54 279 —4375
2 13048.90 7/2 906.1 -190.4 402.7 —486 —4359
3 13222.04 9/2 770.2 —185.8 342.27 —474 —4338
4 13457.21 11/2 696.99 1 308.76 3 —4308
5 13778.68 13/2 644.21 286 286.23 730 —4274
6 15137.72 3/2 —1825.6 65.4 —-810.8 167 —4795
7 15248.76 5/2 —-959.3 -197.6 —424.8 -504 —4780
8 15421.25 7/2 —-671.3 —-157 —298.03 —401 —4764
9 15680.28 9/2 —538.1 28 —239.69 71 —4728
10 16079.76 11/2 —454.2 296 —202.43 755 —4667
11 19273.24 9/2 76.8 198 33.87 505 —4355
12 19364.50 7/2 242.8 —42 107.07 -107 —4339
13 19447.19 11/2 691.17 292.5 306.81 746 —4713
14 19462.05 52 323.8 -103 142.8 —263 —4323
15 19631.26 9/2 40.58 63.5 17.98 162 —4651
16 19712.15 7/2 —-414 -97.5 —18.25 —249 —4651
even-parity
1 28667.39 5/2 —194.44 —2433 —86.84 —621 —7583
2 28827.83 7/2 -8.10 165.3 -3.7 421 843
3 28918.17 72 -19.24 418 -8.43 -107 —2494
4 29186.32 9/2 48.75 —237.5 21.25 —606 -7610
5 30798.06 5/2 —304.85 80.74 -136.04 206 -7714
6 30800.71 3/2 —654.63 -16.16 —290.07 —-41 —7898
7 30841.99 7/2 —141.2 173 —-62.4 44 —7452
8 30901.84 9/2 —83.76 -15.3 —37.47 -39 —7722
9 30945.07 5/2 —235.64 —39.59 —103.95 -101 —7155
10 31116.38 7/2 153.2 36 67.6 92 762
11 31138.11 7/2 -10.2 39 -2.9 100 —3502
12 31382.61 9/2 —48.14 48.2 —21.46 123 -7417
13 31725.81 92 -28.0 104.1 -124 266 —7584
14 32117.10 13/2 13.04 81.7 5.56 208 —7738
15 32130.25 9/2 420.9 -153 185.6 -390 1356
16 32184.65 9/2 98.12 —-42.1 43.8 -107 —-5731
17 32398.25 7/2 146.15 99 65.2 253 —6422
18 32418.38 11/2 73.89 40.3 33.12 103 —-6070
19 32596.31 9/2 167.18 —225 74.22 -574 —6008
20 32761.74 13/2 -2 486.3 -0.36 1241 —7583
21 32948.41 11/2 180.46 95.6 80.38 244 —6601
22 34561.87 7/2 836.4 -109 373 -278 -3134
23 36504.56 9/2 314.81 40 138.8 102 -3609
24 36548.83 9/2 242.85 32 107.1 82 —2633
25 36867.04 11/2 276.3 16 122.59 41 —5478
4. Results 5. the total hyperfine splitting of the line should not be smaller

Altogether 54 spectral lines were investigated for the determi-
nation of Landé factors of the electronic levels of the europium
atom. All the lines were presented in Table 1. In order to assure
an appropriate precision and reliability of the results, several crite-
ria were taken into account in selection of the lines:

1. the relative line intensity should not be too low - it concerned
in particular the lines from the spectral ranges, where the avail-
able power of the exciting laser was the lowest (wavelengths
below 565 nm),

2. the upper level should possess a g; factor value known from
the literature, with an experimental uncertainty of the order of
0.001 whenever possible,

3. at least one strong fluorescence channel from the upper level
to a lower level with the energy differing from that of the start
level by at least 20cm~! should be available,

4, the hyperfine structure constants A and B of both the lower and
the upper level should be known from the literature with suf-
ficiently high accuracy - ca. 0.3 MHz for the constant A and
ca. 3 MHz for the constants B,

than 10 GHz.

All the above mentioned criteria have influence on either the
signal-to-noise ratio or the precision of the calculated g; factors.

As can be seen from Table 1, not all the criteria could be met.
For instance, for some part of the lines no specified intensities
were available in the spectral lines databases. For some of the lines
the g; factors of the upper levels were known from the literature
with accuracies only of the order of 0.05, and for some lines the
upper level g; factors were unknown. A similar situation was en-
countered concerning the fluorescence channels - in some cases
they were weak. However, we decided to retain the respective
spectral lines with the expectation that their measurement might
yield some essential information, in particular in the cases, where
the lines nevertheless constituted the best available choice for the
lower levels under study. The largest numbers of suitable lines (7-
10) were found for 3 lowest-lying levels. The measurements of g;
factors of these levels were considered to be a test of both the ex-
perimental setup and the software.

For all the lines 10-15 scans for each polarization were
recorded. The scans were averaged in the groups of 3-4 subse-
quent scans with the use of the program Origin. Then the values
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Table 3

Values of the Landé g; factors of the electronic levels of the europium atom, determined from the measurements of the Zeeman effect in the hyperfine structure, as well as

theoretically predicted [8,9].

No E(cm™1) J (No Lines) &imean giie [3] Ziprea [8] Zprea 9]

1 2 3 4 5 6 7 8
odd-parity

1 12923.72 52 7 2.5611(24) 2.571 2.555

2 13048.90 7/2 10 2.0934(21) 2.094 2.082

3 13222.04 9/2 9 1.8731(7) 1.878 1.868

4 13457.21 11/2 4 1.7557(12) 1.761 1.754

5 13778.68 13/2 2 1.6935(14) 1.692 1.687

6 15137.72 3/2 2 2.793(11) 2.797 2.773

7 15248.76 52 3 2.0361(32) 2.054 2.039

8 15421.25 7/2 3 1.7946(18) 1.807 1.795

9 15680.28 9/2 3 1.6846(24) 1.695 1.685

10 16079.76 11/2 2 1.6347(8) 1.636 1.63

11 19273.24 9/2 1 1.5812(45) 1.561 1.58

12 19364.50 7/2 1 1.6293(53) 1.596 1.634

13 19447.19 11/2 3 1.625(14) 1.637 1.631

14 19462.05 52 1 1.7068(33) 1.670 1.727

15 19631.26 9/2 1 1.668(23) 1.694 1.665

16 19712.15 7[2 1 1.747(14) 1.803 1.756
even-parity

1 29186.32 9/2 3 1.7368(15) 1.70(3) 1.749

2 31725.81 9/2 1 1.7462(38) 1.735

3 32117.10 13/2 1 1.6708(20) 1.635

4 32418.38 11/2 2 1.5707(16) 1.591

5 32761.74 13/2 1 1.5602(24) 1.597

6 34561.87 72 6 1.9239(52) 1.91(5)

7 36504.56 92 2 1.7728(64) 1.719(2)

of g; factors for the lower levels, or for both the lower and the
upper levels, wherever required, were calculated with the method
described in the preceding section. Even though the program al-
lows for calculation of the hyperfine structure constants and the
isotope shifts, because of the very large number of the components
and the limited computing power we abandoned this possibility,
regarding the values known from the literature [1,27] presented in
Table 2 as sufficiently precise. Initial value of the magnetic flux was
calculated on the basis of the measurements of the Zeeman effect
for the argon lines (an example of the spectrum is presented in
Fig. 1). As expected, the magnetic flux in the case of the change of
the laser light source, laser beam re-alignment, or removing and
re-inserting the magnets, varied within the range 586-628 G.

Examples of the recorded spectra for the europium atom with-
out the magnetic field, as well as with magnetic field for both o
and 7 polarizations, are presented in Figs. 2-6. The g values of
the lower levels for both polarization directions and the mean val-
ues are listed in Table 1. These values are the averages of the ones
obtained for individual groups of scans. The experimental uncer-
tainties were calculated according to the formula:

Agi =/ (D) + (Agu)” + (AB/B x.gy)? (8)

where SD is the mean standard deviation for gj; obtained from the
individual groups of scans, Agy, is the uncertainty of the g; value
of the upper level, and the last term represents the estimation of
the influence of the magnetic flux uncertainty.

The averaged g; values for the particular levels were compiled
in Table 3. In this case the experimental uncertainty was taken as
the standard deviation of the weighted mean. Apart from the g
factors for the lower levels belonging to the odd-parity configu-
rations of the europium atom, also the g; values for 4 levels be-
longing to the even-parity configurations were determined for the
first time. These values were also included in Table 3. Moreover, it
proved that for 3 levels the values of g; factors quoted in the work
[2] required correction. In the case of the levels 29186.32cm™!
and 34561.87 cm~! the corrections fall within the experimental un-
certainties given in Smith’s work, while in the case of the level
36504.56cm™! it is likely that a misprint occurred in [2], since the

corrected value would be close to the literature one if the last two
digits were reversed.

5. Discussion

Results presented in this work are the first published results of
the measurements of the g; factors obtained with the method of
investigation of the Zeeman effect in the hyperfine structure for an
element possessing more than one odd isotope. The presence of
two isotopes increases the computation time, but does not essen-
tially influence the accuracy.

The main factors determining the accuracy of the results in-
clude the accuracy of the g; values of the upper levels involved
in the transitions studied, as well as the temporal stability of the
magnetic flux. A very important issue is to avoid saturation of
the laser induced fluorescence signal. Introducing the factor de-
scribed by Eq. (3.2) allows accounting for the saturation effect, but
it is strictly valid for a two-level system only, while in europium
usually multi-level systems are encountered. Thus, in the case of
strong saturation, a correction introduced by Eq. (3.2) is not suffi-
cient.

Another effect impairing the accuracy of the calculations is the
presence of the “minority” components, i.e. the components o in
the spectra which should contain only the components 7 and vice
versa. This effect results from the imperfect parameters of the po-
larizer and the polarization rotator. Every system has a limited
contrast, i.e. it transmits some light with polarization which should
be blocked. In the case of strong spectral lines and strong exciting
laser beams transmission of ca. 0.1% of parasitic light is sufficient
for the “minority” components to be observed.

In Table 3, apart from the experimental results, also the g
values predicted by semi-empirical calculations by Smith [8] and
Wyart [9] are presented. As can be seen, the experimental values
usually fall between the ones predicted in two models. Somewhat
better consistency with the Wyart’s results can be observed, which
is not unexpected because of taking into account of the higher
cores and more configurations in Wyart’s work [9].
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6. Conclusions

In this work results of the determinations of Landé g; factors for
20 electronic levels of the europium atom are presented, includ-
ing 16 levels belonging to the odd-parity configurations and 4 lev-
els belonging to the even-parity configurations. Moreover, g; values
for 3 levels belonging to the even-parity configurations were cor-
rected. All the results were obtained for the first time. The values
are close to those predicted by the semi-empirical calculations, but
generally deviate from them by more than the experimental uncer-
tainty limits. It was proved that the method of investigation of the
Zeeman effect in the hyperfine structure can be applied not only
to the elements with one stable isotope, but also to those which
possess more odd isotope.
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