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ANOTACIJA

Saja darba ,,Rb atomu mijiedarbibas ar lazera starojumu aréja magnétiska lauka
klatbutngé eksperimentali p&tijumi” ir pétits rubidija atomu D, Iinijas ierosinata stavokla
koherences ar€ja magnétiska lauka klatbiitn€. Izmantojot diozu lazera starojumu, pétijuma
istenotas dazadas atomu ierosmes geometrijas, tiek novérota pilna lazera inducéta
fluorescence un tas linearas un cirkularas polarizacijas komponentes. Saja darba iegitie
butiskakie rezultati ir: magnetooptisko rezonansu signalu stipri ietekm& Doplera efekts,
magnétiska sken€Sana un pareju varbiitibu izmainas magnétisko apakSlimenu sajaukSanas
argja magnétiska lauka ietekmé. Ja supersikstruktiiras saskelSanas pie nulles magnétiska lauka
ir salidzinama ar Doplera paplaSinajumu, tad ItTmenu krustoSanas piku relativas amplitudas ir

jutigas pret 1azera ierosmes frekvenci.
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IEVADS

Sis promocijas darbs turpina pétijumu ciklu, kas p&dgjos desmit gados tiek aktivi
realizéts Latvijas Universitates Lazeru centra. Darba pamatuzdevums bija izpétit vairakas
konkrétas izpausmes, ka ar lazera starojumu raditas koherences starp lenkiska momenta
magnétiskajiem apakslimeniem, ietekm& atomu fluorescenci.

Petfjumi tika veikti, ierosinot Rb atomus ar diozu lazera starojumu. Ierosmes vilna
garums tika izv€l&ts ta, lai tiktu ierosinata rezonanses pareja D, un koherences tiktu veidotas
starp Rb atoma ierosinatd stavokla 52%P; /2 supersikstrukturas Iimenu magnétiskajiem
apak§limeniem. Eksperimentos tika izmantoti abi Rb atoma izotopi *Rb un *’Rb.

Atkariba no pé&tamas koherencu izpausmes, tika izmantotas dazadas ierosmes un
novéroSanas geometrijas. Lai mainitu apakSlimenu koherencu veido$anas apstaklus —
koherences sagrautu, vai pastiprinatu — tika izmantots argjais magnétiskais lauks.

Eksperimentali tika novérota gan pilna fluorescences intensitate noteikta virziena, gan
ar1 noteiktas tas polarizacijas komponentes — lineara polarizacija un cirkulara polarizacija.

Promocijas darbs pamata ir eksperimentals. Signalu teorétiska modeléSana tiek
izmantota tikai iegiito rezultatu analizei.

Promocijas darbu var dalit tris dalas: (1) Rb atomu 52P; /2 lerosinata stavokla
ietekmes petisana magnetooptisko rezonansu signalos, noverojot pilno LIF, pie magnétiska
lauka diapazona dazi desmiti gausu; (2) no nulles atSkirigda magnétiska lauka limenu
krustoSanas signalu pétisana Rb 52 P, /2 ierosinataja stavoklt, noverojot lineari polarizetas LIF
komponentes; (3) izkarto$anas pargjas orientacija efekta pétisana Rb 52P; /2 lerosinataja
stavokli, noverojot LIF cirkulari polarizétas komponentes.

Fluorescences atkaribas no pielikta magnétiska lauka p@tijumi pagajusa gadsimta
sakuma palidzg&ja pilnveidot priekSstatu par vielas mijiedarbibu ar gaismu. Lidz pat 20.gs.
otrai pusei kvantu mehanikas matematiskais apraksts tika uzlabots [1]. 21. gs. teor&tiskajos
modelos tiek ieklauti aizvien vairak efekti, kas nosaka rezult€joSo signalu formas.

Pirmie eksperimentali magnetooptiskas rezonanses novéroja Vuds [2] un nedaudz
vélak arf Hanle (1924.g.) [3], kur§ arf sniedza pirmo skaidrojumu. ST efekta pétijumi bija
vieni no pirmajiem, kas lava noteikt dzives laikus atoma ierosinataja stavokli [4]. Nelineara
Zeémana efekta d€] magnetooptiskas rezonanses var novérot ari pie no nulles atSkirigam
magnétiska lauka vértibam. Sis rezonanses veidojas supersikstruktiiras lenkiska momenta

magnétiskajiem apakSlimeniem my krustojoties — pie konkrétas magnétiska lauka vertibas to



energijas ir vienadas, 1idz ar to tos var koherenti ierosinat. Limenu krusto$anas metode lava
noteikt atomu ierosinata stavokla sikstrukttiras (SS) un supersikstruktiiras (SSS) konstantes,
ka arT magnétiskos momentus [4].

Lenkiska momenta telpiskas izkartoSanas pareju orientacija (IPO) var uzskatit arT par
sava veida ltmenu krustoSanos signalu. Ja tradicionalaja Iimenu krustoSanas metodé krustojas
koherenti ierosinati magnétiskie apakslimeni, kuru magnétiskais kvantu skaitlis atSkiras par 2
— Amy = 2, tad IPO gadijuma krustojas koherenti ierosinati magnétiskie apakSlimeni ar
kvantu skaitlu starpibu Amp = 1. Visos iepriekSminétajos gadijumos magnétiskais lauks
izmaina to ka atomara vide mijiedarbojas ar gaismu. Lidz ar to paradas iesp&jams noveroto
efektu pielietojums — magnétiska lauka mériSana. Uz atomu tvaiku SGnam balstitus
magnetometrus radijusas vairakas zinatnieku grupas, skatit [5] un tur minétas atsauces. ST LIF
atkariba no magnétiska lauka pielietojumu zina darbojas abos virzienos — ta ne tikai lauj merit
magnétisko lauku, bet arT pie fiks€ta magnétiska lauka atomiem ir noteiktas IpaSibas, ka tie
mijiedarbosies ar lazera starojumu, tatad ar&ju lauku ietekm& var mainit atomaras vides
optiskas pasibas. Uz §1 pamata tiek pétita elektromagnétiski inducéta caurspidiba [6], veidoti
optiskie slédzi [7] un Saurjoslas gaismas filtri [8].

Magnetooptisko paradibu teorétiska apraksta modelis, kas attistits Latvijas
Universitates Lazeru centra, Iidz Sim parbaudits, ka efektivs instruments dazadu
magnetooptisko paradibu aprakstiSanai [9]. Saja promocijas darba teorétiskais modelis tick

lietots, lai skaidrotu eksperimentali iegiito signalu veidoSanas 1patnibas.
Saja promocijas darba tika izvirziti sekojosi uzdevumi:

1. Izpetit magnétisko apakSlimenu skaneSanas, Doplera efekta un magnétisko
apak$limenu sajauk3ands magnétiska lauka ietekmi uz Rb atomu ierosinata 52P; /2
stavokla [Tmenu krustoSanas signaliem. Noteikt kadu lomu $ajos signalos spélé efekti,
kas ir saistiti ar magné&tisko apakslimenu koherencém un kadu nekoherentie efekti.

2. Izpétit magnetooptiskas rezonanses Rb 52P, /2 atomu ierosinataja stavokli, kas
saistitas ar magnétisko apakslimenu krustoSanos no nulles atskirigd magnétiska lauka.
Noteikt So rezonansu atkaribu no ierosinosa lazera frekvences un intensitates.

3. Izpétit magnetooptiskds rezonanses Rb atomu ierosinataja 52P; 2 stavokli, kas
saistitas ar magnétisko apakslimenu lenkiska momenta izkartoSanas pareju orientacija
argja magnétiska lauka. Noteikt izkartoSanas parejas orientacija efekta lielumu ar

lazera ierosinata fluorescence intensivas ierosmes gadijuma.
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1. ATOMU MIJIEDARBIBA AR LAZERA STAROJUMUMU AREJA
MAGNETISKAJA LAUKA

1.1. Koherencu veidoSanas principi

Pirmie atklatie efekti, kas saistiti ar vides mijiedarbibu ar gaismu argja magnétiska
lauka klatbutng, ir Faradeja (Faraday) [10] 19.gs vidi un Foigta (Voigt) [11] 19.gs. beigas un
20.gs. sakuma veiktie eksperimentalie petijumi, kuros tika novérota cauri vidi caurizgajusas
gaismas polarizacijas plaknes rotacija magnétiskaja lauka, kas versts attiecigi paraléli vai
perpendikulari gaismas izplatiSanas virzienam. Abus Sos efektus tradicionali novero
caurspidigas dielektriskas vides — cietas vielas un Skidrumos. Turpmakajos gados Sos efektus
turpindja pétit, mainot vidi ar ko mijiedarbojas gaisma, kas noveda pie jaunu efektu
atklasanas, pieméram, Makaluso-Korbino (Macaluso-Corbino) efekta [12], kad tiek novérota
loti sp&ciga gaismas polarizacijas plaknes pagrieSana magnétiskaja lauka gazes to absorbcijas
Itniju tuvuma. Tapat var novérot Kotona-Mutona (Cotton-Mouton) efektu [13], kad gaismas
polarizacijas plakne tiek pagriezta cietai vielai atrodoties gaismas stara izplatiSanas virzienam
perpendikulari magnétiskaja lauka, u.c. efekti. So efektu atklasana palidzgja attistit modernas
kvantu fizikas matematisko aprakstu, méginot atrast labu skaidrojumu So eksperimentu
noverojumiem.

Ne tikai absorbcijas efekti, piem&ram, gaismas polarizacijas plaknes rotacija ar¢ja
magnétiska lauka, aizrava zinatnieku aprindas 20.gs. sakuma, bet ari ierosinato atomu
fluorescences atkariba no pieliktd aréja magnétiska lauka. Sadus fluorescences pétijumus

veica Roberts Vuds (Wood) [2] un Aleksandrs Elets (Ellett) [14], kuri novéroja, ka

dzivsudraba (Hg) 61S, — 6P, rezonanses pargja atomu emitdtds gaismas (2536.5 A)
polarizacijas pakape ir stipri atkariga no pielikta argja magnétiska lauka. Pie nulles lauka tika
noverota gandriz 100% polariz€ta gaisma, bet jau 2 G liela magnétiska lauka polarizacijas
pakape bija tuvu 0%. Sis efekts tika nosaukts par Hanlé efektu par godu vacu fizikim
Vilhelmam Hanle (W. Hanle) [3], kur§ nedaudz vélak 1924.g. pétija So paSu paradibu un
sniedza tai klasiskas fizikas priekSstatos balstitu skaidrojumu. Hanlé efekta novéroSanai
vienkarsaka eksperimentala iekarta paradita att€la 1. Eksperimenta centra ir dzivsudraba
tvaiku $tina, kura tiek ierosinata ar 253.7 nm rezonanses gaismu, kas izplatas y-ass virziena.
Savukart z-ass virziena tiek noveérota emitéta rezonanses fluorescence. Eksperimenta var
noverot, ka rezonanses fluorescence gaisma pati par sevi ir gandriz pilniba lineari polarizeta

gar x-asi, ja ierosinos$a gaisma ir lineari polariz&ta gar x-asi un ja nav nekada ar&ja magnétiska
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lauka. Tacu ar nelielu magnétisko lauku, kura virziens paraléls z-asij, jau ir pietiekosi, lai
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Attels 1. Hanl€ efekta detekt€Sanas eksperimentala iekarta.

butiski iespaidotu fluorescences polarizacijas pakapi. Polarizacijas pakapi defingé ka
P = (I, —1I,)/( + 1), kur I, un I, ir x-ass un y-ass virziena lineari polariz€to komponensu
intensitates. Efektu var jau skaidri noverot pie magnétiska lauka verttbam mazakam par
107* T (1G).

Hanlg interpret€ja savus noveérojumus ka ar ierosinoSo gaismu gazeé inducéto dipola
momentu precesiju argja magnétiska lauka. Ka klasisku modeli, lai aprakstitu Hg atomu,

Hanlé izmantoja kvazi-elastigi saistitu elektronu. Gar x-asi lineari polariz€to rezonanses

(a) (b)

Attéls 2. Nerimstosa (a) un rimstosSa (b) 1ad@ta oscilatora precesijas kustiba magnétiska lauka

[15].

gaisma, nonakot $iina, ierosina elektrona svarstibas x-ass virziena. z-ass virziena emitétas
rezonanses fluorescences polarizacijas pakape ir atkariga no elektrona kustibas xy-plakng. Ja
Stina neatrodas argja lauka, elektrons veic rimstosas svarstibas x-ass virziena, ka rezultata tiek
emiteta lineari gar x-asi polariz€ta gaisma. Ja eksperimentu atkarto pie no nulles atSkiriga
magnétiska lauka, tad eksperimenta rezultatu Hanl€ interpretacija ir $ada — vispirms elektrona
svarstibas tiek sadalitas divas savstarpgji pret€ji rot€josas cirkularas kustibas, kur katra kalpo
par avotu cirkulari polarizé€tam vilnim. Talak, ja tiek pielikts viendabigs statisks magnétiskais

lauks paral@li z-asij, tad normala Zeémana efekta de] katra no kustibas cirkulari polarizétajam
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komponentém norisinasies ar nedaudz citu frekvenci. Ja elektrona svarstibu rimsana ir
pietiekos$i atra, tad notiek neliela polarizacijas plaknes rotacija un tiek novérota nedaudz
depolarizéta gaisma. Ir iesp&jami dazadi gadijumi, tad divi marginalie, lineari polariz&ta
fluorescence, kas atbilst oscilatora rimSanai, kas ir daudz atraka, ka precesija ap z-asi
(att. 2(b)), ka ar1 pilnigi depolarizéta gaisma, kas atbilst precesijas kustibai, kas ir daudz
atraka par rimsanu (att. 2(a)). Sis (Larmora) precesijas atrums ir atkarigs no pielikta
magnétiska lauka un svarstibu rimSana ir saistita ar elektrona dzives lauku z. Larmora

frekvenci var atrast ka [16]:

w. =95, 1)
kur e ir elektrona ladins, m, ta masa, bet bezdimensionals liclums g, kas raksturo atoma
magnétiska momenta attiecibu pret ta lenkisko momentu ir Land€ faktors. Ar B ir apziméts
argja magnétiska lauka lielums.

V3aj$ magnétiskais lauks rada So dipolu 1€nu Larmora precesiju, un dipoli nepaspgj
mainit savu orientaciju pirms tie spontani sabruk. Tapéc emitéta fluorescence saglaba
ierosinatas gaismas polarizacijas plaknes virzienu. Turpreti, specigd magnétiska lauka dipolu
atra precesija rada strauju dipola orientacijas videéjoSanu xy-plakng, t.i. tiek panakta efektiva
emitetas gaismas depolarizacija. Polarizacijas pakape ir atkariga no inducéto dipolu spontanas
sabrukSanas atruma un Larmora precesijas atruma attiecibas. Tadejadi, mérot polarizacijas
pakapes P atkaribu no magnétiska lauka B, ir iesp&ams noteikt ierosinata stavokla dzives
laika T un Landé faktora g reizinajumu, ja nav zinama g vértiba, vai ari, ja g vértiba ir

zinama, tad ir iesp&jams noteikt ierosinata stavokla dzives laiku 7, pec sakaribas [15,17]:

-1, 1

A A _ )

T >
0

Tipiska atomu fluorescences polarizacijas pakapes atkariba no magnétiska lauka ir
redzama 3. atteéla. Meérot §is atkaribas platumu AB limeni, kad polarizacijas pakape ir
samazinajusies 2 reizes, ir iesp&jams noteikt atoma ierosinata stavokla dzives laiku z:

T =2my/eg;AB (3)
Laika, kad Hanlé publicgja savu rakstu zurnala Zeitschrift fiir Physik, eksperimenta
interpretacija ar kvantu mehanikas aprakstu sagadaja butiskas gritibas un, ta tad, ar1
izaicinajumu. Sada Hanle efekta klasiska Lorenca (Lorentz) oscilatora interpretacija ir talu no
apmierinoSas tapéc, ka ta nespg izskaidrot, pieméram, kapéc Hanlé efektu var novérot

atomiem ar vienu elektronu virs noslégtam ¢aulam D, linijai, bet D; Iinijai nenovéro. Sis un
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citas grutibas iedvesmoja daudzu izcilus teoretikus analizét Hanl€ eksperimentu. Bors (Bohr)
[1] sprieda par kvantu stavokla degeneraciju, un Heizenbergs (Heisenberg) [18] formul&ja
nenoteiktibas sakaribas kvantu fizika, kas lauj paredz€t gan intensitati, gan polarizacijas
pakapi, ko izstaro parejas no degenerétas uz nedegenerétu kvantu sistému. Citus svarigus
ieguldijumus deva Openhaimers (Oppenheimer) [19], Veiskopfs (Weisskopf) [20], Korfs un
Breits (Korff, Breit) [21].

Misdienas magnetooptisko efektu aprakstam izmanto kvantu mehanikas formalismu.
Gadijumos, kad atomus raksturo tiri stavokli un tos var aprakstit ar vilnu funkciju visértak ir
aprakstam lietot Srédingera vienadojumu. Tiru stavok]u gadfjuma izmanto no laika atkarigo
vilnu funkceiju Y (t), lai raksturotu no laika atkarigo varbiitibu atrast atomu noteikta stavokli —
energétisko Iimenu apdzivotibu. Tada gadijuma kvantu mehanisks koherentu stavok]u
skaidrojums ir $ads. Ja atoms, absorbgjot z-asij perpendikulari lineari polariz€tu gaismas
fotonu, tas no pamatstavokla magnétiska apakslimena m = 0 tiek koherenti ierosinats uz
ierosinata stavokla magnétiskajiem apakslimeniem m = +1 un m = —1 stavoklos, tad laika
attistiba So magnétisko apakslimenu vilnu funkcijam ir ar konstantu fazes starpibu un lidz ar
to tie ir koherenti ierosinati. Pieliekot argju magnétisko lauku Z&€mana efekta rezultata katrs
no Siem energétiskajiem Z&mana apakslimeniem ieglst atSkirigas papildus energijas, lidz ar
to katru apakslimeni raksturojosa vilna funkcija attistas atskirigi un fazu starpiba starp $Tm
vilnu funkcijam vairs nav konstanta un koherence starp Siem apakSlimeniem tiek izjaukta. Ja
atoms ir koherenti ierosinats m = +1 un m = —1 magnétiskajos apakslimenos, tad tas
sabrikot emit€s lineari polarizétu fotonu, savukart pieliekot magnétisko lauku B koherence
tiek iznicinata, un elektrons sabrikot uz pamatstavokli emités gaismu, kam polarizacijas

plakne vairs nav stingri noteikta — depolarizétu fotonu [15,22].

AB

0

Attéls 3. Fluorescences polarizacijas pakapes P atkariba no pielikta argja magnétiska lauka B

[15].

13



Apskatisim konkrétu pieméru — Hanlé efektu dzivsudraba atoma. Sis piemérs raksturo
pirmos Hanlé efekta novérojumus 1924. gada [3]. Att€la 4 ir paradita magnétisko
apakslimenu shema Hg 61S, — 63P; parejai, kur pamatstavokli pilnais atomarais lenkiskais
moments J, =0 un ierosinata stavokli J, =1 ar atbilstoSajiem magnétiskajiem

apakslimeniem my, = —1,0,+1.

(C))

Attéls 4. (a) Parejas starp magnétiskajiem apaksSlimeniem, absorb&jot lineari polarizétu
gaismu. Ja magnétiskais lauks B = 0, tad ierosinata stavokla magné&tisko
apakS§limenu energijas ir savstarpgji vienadas. (b) Ierosmes geometrija —
magnétiskais lauks B ir versts paral€li z asij un ierosinos$a optiska lauka E vektors
ir versts perpendikulari B. Lineari polariz€to gaismu (sarkana bultina) var sadalit

divas pretgji cirkulari polarizétas gaismas komponentes x, y plakné.

Lineari polarizéta gaisma, kuras E vektors ir perpendikulars kvant€Sanas asij z
(att. 4 (b)), ierosina parejas starp pamatstavokla my, = 0 wun ierosinata stavokla
m;, = =+ 1magnéetiskajiem apakSlimeniem. Attiecigi elektroniem spontani atgrieZoties
pamatstavokli tiek emitéta ¢* un o~ cirkulari polarizéta gaisma. Kad magnétiskais lauks
B = 0 un ierosinata stavokla magnéatiskie apaks§limeni ir degeneréti, tad o un o
komponensu relativas fazes ir konstantas un emitetajai gaismai piemit augsta polarizacijas
pakape (att. 3.).

Savukart, kad magnétiskais lauks ir atSkirigs no nulles B # 0, magnétiskie apakslimeni
m;, = = 1 tiek savstarpgji energéetiski nobiditi un o* komponentes iegiist no magn&tiska
lauka B veértibas atkarigu fazes starpibu, kura izmaina kopg&jo emitétas gaismas polarizaciju un
polarizacijas pakape P tiek samazinata. P(B) signala platums ir apgriezti proporcionals

ierosinata stavokla Lande faktora g un dzives laika 7 reizinajumam tg.
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Hanle efekta kvalitativam skaidrojumam var izmantot ari Heizenberga nenoteiktibas
sakaribas. Ja atoma ierosinata stavokla dzives laiks ir 7, tad saskana ar Heizenberga
nenoteiktibas sakaribam ta energijai piemit nenoteiktiba AE, kuru var atrast ka [16]:

AE -t > h/2. 4)
So nenoteiktibu var interpretét ka energgtisko limenu ,,platumu”.

Aprakstitaja eksperimenta, dzivsudraba atomi tiek ierosinati ar lineari gar x-asi
polarizétu gaismu koherenta superpozicija Hamiltoniana divos passtavoklos ar magnétisko
kvantu skaitli m = +1 un m = —1. Ja energijas starpiba starp Siem limeniem ir mazaka ka

h/2t, ti., ja to energijas parklajas to dabisko liniju platumu ietvaros, tad emitétaja

Fluorescences intensitate (r.v.)

4 2 0 2 4
Magnétiskais lauks / (mq/teg;)

Attels 5. I un I, lineari polarizéto komponensu atkariba no magnetiska lauka [15].

fluorescences starojuma varés novérot koherences efektus. Limeni nav pilniba atSkirami.
Magnétisko lauku palielinot, attalums starp Iimeniem parsniedz to dabisko platumu, tie kliist
atSkirami kvantu mehaniska nozimé. Rezultata koherence starp tiem magnétiska lauka
ietekm@ tiek sagrauta. Ja magnétiskais lauks tiek pakapeniski mainits no negativas vertibas
caur nulli [idz pozitivai vertibai, tad tiks noverotas I, un I,, atkariba no magnéetiska lauka, ko

raksturo Lorenca funkcijas (att. 5).

lo

I 1+
w2 ( 14+ 4g2u§1232>

)

Kur [, raksturo gaismas intensitati, kad argjais magnétiskais lauks ir izslegts. Iekavas plus

zime atbilst koherentas gaismas komponentei, kas ir polarizéta paral€li ierosino$as gaismas

polarizacijai (gar x-asi) un minus zime, kad noverota gaisma ir polarizéta perpendikulari
e

ierosmei (gar y-asi). Saja formula ar up ir apziméts Bora magnetons. ug = Py kas ir
0

magnétiska dipola momenta vieniba (kvants) kvantu fizika.
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Hanlgé efekts var tikt uzskatits par visparéju pieméru kvantu interferencei. Pie bazes
izveles ar kvant€Sanas asi gar magnétiska lauka virzienu, ierosino$as gaismas divas cirkularas
komponentes koherenti ierosina at$kirigus Zeémana apakslimenus. Z&émana saskelSanas dg]
gaisma, kura spontani emitéta no dazadiem apaksSlimeniem, iegtist dazadas fazes nobides, kas
noved pie emitétas gaismas polarizacijas interferences efektu atkaribas no magnétiska lauka.
Gadijuma, ja ierosinosa gaisma nav laika nepartraukta, ka Hanle efekta gadijuma, bet ir 1ss
(salidzinot ar stavokla dzives laiku) impulss, fluorescencei péc ierosmes impulsa var noverot
harmoniskas oscilacijas. Saja gadijuma fluorescences intensitates un polarizacijas atkariba no
laika tiek saukta par kvantu sitieniem [17,23,24].

Hanlé metode tika attiecinata ari uz degeneraciju veidosanos pie B # 0, kas ir limenu
krustosanas spektroskopijas pamats [25]. Limenu krustoSanas spektroskopija ir plasi
izmantota, lai noteiktu sikstruktiiras (SS) un supersikstruktiras (SSS) intervalus, dzives
laikus, g-faktorus un atomaro Iimenu elektriskas polariz€jamibas [15,17]. Limenu krustoSanas
priekSrociba ir ta, ka spektrala izskirtsp&ja nav Doplera paplasinajuma ierobezZota tapéc, ka ta
méra frekvencu starpibu starp divam optiskam parejam vienam atomam.

Eksperimentiem attistoties, magnetooptiskas koherences paradibas tika pétitas pie
intensivas ierosino$as gaismas intensitates [26—28]. Intensiva starojuma gadijuma signali
klust nelineari, jo paradas optiskas pumpéSanas efekti, ko raksturo ar piesatinaSanas
parametru, ka arT citi efekti. Nelinearie efekti, kas saistiti ar absorbcijas parejas
piesatinasanos, var tikt noveroti pat izmantojot lampas ka gaismas avotus, ja vien gaismas
intensitate ir pietiekoS$i liela. Pie Sadas ierosmes optiska pumpésana izpauzas, ka vairaku
atseviSku optiskas pumpésanas ciklu summars rezultats, t.i., absorbcijas un spontanas emisijas
sekvences, tam norisinoties ar laika mérogu, kas ir 1saks, ka pamatstavokla relaksacijas
atrums, bet ilgaku par ierosinata stavokla dzives laiku. Smieders (Schmieder) [26] §ada veida
pétija Iimenu krustoSanas rezonanses Rb un Cs tvaikos. Pie spécigas intensitates ierosmes
paradas loti Sauras rezonanses magnétiska lauka B = 0 tuvuma. So efektu skaidroja ar
pamatstavokla Hanl€ signala paradiSanos ierosinata stavokla fluorescence, ierosinata un
pamatstavokla savstarp&ji nelinearas saistiSanas dél. Ka tradicionala Hanlé eksperimenta ari
§1s Sauras rezonanses platums ir atkarigs no atomara stavokla relaksacijas laika un ta Landé
faktora. TaCu pretgji originalajam Hanlé efektam, §is rezonanses platumu nosaka nevis
ierosinata stavokla relaksacija un magnétiskais moments, bet gan relaksacijas atrums —
magnétiskais moments pamatstavoklim. Atoma pamatstavokli ta relaksacijas atrumu nosaka
atomu sadursmes un termiska kustiba caur ierosino§as gaismas staru. ST relaksacija parasti ir

relativi 18na salidzinot ar atomiem ierosinata stavokli, kur domingjosais relaksacijas
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mehanisms ir spontana sabrukSana. Tad€] atomiem pamatstavokli Sauro rezonanSu
raksturigais platums, ko Duponts-Roks (Dupont-Roc) [27] novéroja Rb atomos, ir ar kartu
1 uG. Sadas rezonanses novéroja, pétot pamatstavokla Hanlé efektu. Pamatstavokla Hanlé
efekta p&tijumi atrada pielietojumi ultra-jitigas magnetometrijas attistiba Kohena-Tanudzi
(Cohen-Tannoudji) [28], Duponta-Roka un citu darbos.

1960-ajos gados izgudrota lazera iekarta pavéra jaunu petijumu ,,lapu”. Ap 1970. gadu
sakumu paradijas lazeri ar mainamu starojuma frekvenci, kas ir ideala ierice optiskas
pumpésanas un optisko koherencu radiSanai atomu pamatstavokli. Ka viens no pirmajiem
nelinearo magnetooptisko efektu pétniekiem jamin Gavliks (Gawlik) [29], kur§ izmantoja
lazerus, lai petitu nelinearo Faradeja efektu un citus efektus sarmu metalu atomu tvaikos.

Sajos pétijumos ari tika novérotas Sauras rezonanses, kas bija $aurdkas par ierosinata
stavokla dabigo Iinijas platumu, ta tad saistitas ar pamatstavokla koherencém, kuru efektivo
relaksacijas atrumu nosaka galigais atomu caurlidoSanas laiks caur gaismas staru. Signalu
amplitiida arT ir spécigi atkariga no ierosino$as gaismas intensitates. Lielaka ierosinosas
gaismas intensitate veidoja lielakas amplitidas signalus, bet vienlaicigi liela gaismas
intensitate strauji signalu paplasinaja. Ka vél viens faktors, kas ietekmé signalus, ir jamin
bufergaze — ta palielina dzives laiku pamatstavokli, paléninot atomu termisko kustibu caur
ierosinosas gaismas staru, nelaujot atomiem relakseét.

Pamatstavokla koherences pie nelinearas ierosmes ir plasi petitas dazadas atomaras un
molekularas kvantu sistemas. Teoretiskais modelis [9], kas ir attistits Latvijas Universitates
Lazeru Centra apraksta Sauras pamatstavokla rezonanses Iidz eksperimentalai precizitatei.
Ierosinatajam stavoklim ir pievérsta mazaka uzmaniba un signalu sakritiba regiona, kas ir
nedaudz plasaks par Saurajam pamatstavokla rezonansém, ne vienmer ir ideala (att. 6.). Tacu
nu jau teorétiskais modelis ir attistits 11dz pakapei, kur taja ir ietverti dazadi papildus efekti,
ka, pieméram, nelinearais Z€mana efekts, magnétisko apak§limenu vilnu funkciju sajaukSanas
magnétiskaja lauka un Doplera efekts. Lidz ar to tam vajadz€tu nu jau biit sp&jigam aprakstit
eksperimentali novérojamos signalus arT plasaka magnétiska lauka diapazona, ka tikai dazi
gausi. Tapeéc $aja promocijas darba tiek izvirzits darba uzdevums uznemt magnetooptisko
rezonansu eksperimentalos signalus pie paplaSinata magnétiska lauka diapazona, ierosinot
sarmu metalu atomus (Sikak par pétijumos izvéleto atomaro struktiru 1.3. nodala) uz otro
ierosinato stavokli (D,) un analiz&t ierosinata stavokla lomu noveérotajos signalos, izmantojot

pilnveidoto teorétisko signalu apraksta modeli.
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Attéels 6. Kopgjas fluorescences izmainas atkariba no magnétiska lauka pie lineari (a, b) un

cirkulari (¢, d) polarizétas lazera ierosmes. Lazera intensitates: (a) un (c)

30 mW/cm?, (b) un (d) 600 mW/cm? [30].

Lidz $im koherento efektu izklasta esam apskatijusi tikai un vienigi linearo Z&€mana
efektu, kur magnétisko apakslimenu papildus iegiita energija ir lineari atkariga no pielikta
argja magnétiska lauka stipruma. Lineara Zémana SkelSanas notiek, ja iegtta papildus
energija AE ir daudz mazaka salidzinot ar to cik energetiski talu viens no otra atrodas
supersikstruktiiras Iimeni. Ja AE klust salidzinama ar supersikstruktiiras saskelSanos vai arT tie
sakotngji jau ir tuvu viens otram, tad noveéro nelinearo Zémana efektu. Nelinearaja Z&€mana
efekta magnétisko Iimenu iegita papildus energija attiecigi ir nelineari atkariga no pielikta
magnétiska lauka. Tie$i sarmu metalos biezi novéro nelinearo Z&mana efektu atoma
ierosinataja stavokli pie D, ierosmes (Sikak par nelinearo Z&€mana efektu Rb D, parejai
1.3. nodala). Nelinearais Z&mana efekts noved pie atsevisku magnétisko apaksSlimenu
krustoSanas (degeneracijas) pie noteiktam magnétiska lauka veértibam — kada energétiski
augstaka SSS limena magnétiskais apakslimenis, kura energija samazinas palielinot ar&jo
magnétisko lauku var krustoties ar magnétisko apakslimeni, kura energija picaug, palielinot
magnétisko lauku, bet sakotngji tas ir bijis kdda no zemak esoSa supersikstruktiiras Iimena
Z&mana komponentém. Sadu paradibu déveé par ne nulles lauka Iimenu krusto$anos. Savukart,
ja ierosino$a gaisma ir lineari polariz€ta un So apakslimenu kvantu skaitla m veértiba atskiras
par Am = +2 un tie magnétiskaja lauka ir degeneréti, tad tos var atkal koherenti ierosinat ar

lineari polarizetu gaismu. Sadi ierosina un novero ta sauktas Am = +2 koherences. Bet §adas
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koherences veidojas tikai un vienigi pie noteiktam magnétiska lauka vértibam, kuras var
noverot ka fluorescences vai absorbcijas intensitates izmainu, kuru Doplera efekts nepaslépj —
§ada veida iegiitus signalus dazreiz sauc par zem-Doplera spektroskopiju.

Limenu krusto$anas teoriju pirmais sniedza Breits [31], bet pirmie eksperimentalie
mérfjumi paradijas 1959. gada Kolegrovam (Colegrove) et al. [25] petot hélija sikstruktiiras
Skelanos starp 23P; un 23P, Iimeniem. Vélak Frankens (Franken) [32] arl sniedza $im
eksperimentam teorétisku skaidrojumu. Sada Hanlg efekta ,,atvasinjuma” pie nenulles lauka
jeb limenu krustoSanas metode lava noteikt sikstruktiiras un supersikstruktiiras konstantes
atomos.

Izstarota gaisma var tikt interpretéta, ka divu loceklu summa: nekoherenta dala, kura
nav atkariga no ta vai ITmeni krustojas vai ng, t.i. vai divi apakslimeni ir degener&ti vai nav,
un otra — koherenta dala, rezonanses dala, kas paradas tikai, kad divi limeni krustojas.
Vairakas eksperimentalas metodes tika izmantotas, lai pilnveidotu signala-trokSna attiecibu
un, tatad, ar precizitati ar kadu nosaka Itmenu krustpunktu. Metodes pamata ir pielikta
magnétiska lauka modulacija un fluorescences vai absorbcijas signala atvasinajuma
novérodana. Sadu metodi izmantoja Buka (Bucka) [33], Sonbérners (Schonberner) un
Cimmermans (Zimmerman) [34], Svanbergs (Svanberg) un Ridbergs (Rydberg) [35], Islers
(Isler) et al. [36]. lerosinosas gaismas polarizacijas modulaciju un fluorescences diferencéto
noveroSanu modulacijas frekvence izmantoja Violino (Violino) [37], lai atbrivotos no
nekoherenta signala. Natrija 32P; /2 stavoklu fluorescences atkaribu no laika un magnétiska
lauka pétija Diés (J.S. Deech), Hannafords (P. Hannaford) un Series (G.W. Series) [38]. Sadi
eksperimenti lava iz8kirt tuvu esosus Itmenu krustpunktus. Ari Latvijas Universitates Lazeru
centra ir veikti [idzigi petijumi Am = +2 koherencu fluorescences novéroSana pie ne nulles
magnétiska lauka [39]. So eksperimentu analizé tika veikta, izmantojot vajas ierosmes
linearas absorbcijas tuvinajumu. Tapec $aja promocijas darba tika izvirzits otrais darba
uzdevums — pétit Itmenu krustosanas signalus pie ne nulles lauka rubidija atomu tvaikos
izmantojot intensivu lazera ierosmi nelinearas absorbcijas reZzima; Eksperimenta registrét abas
lineari polarizétas komponentes, nevis tikai to starpibu; Veikt iegiito signalu detalizétu
analizi, izmantojot Latvijas Universitates Lazeru centra izveidotu signalu teorétiska apraksta
modeli.

Iepriek§ minéto nelinearo magnetooptisko efektu veidoSanas c€lonis bija Larmora
precesija ar gaismu ierosinatos atomu stavoklos. Tacu spéciga magnétiskaja lauka, kad

butisku lomu sak spélét nelinearais Z&émana efekts pie netradicionalam ierosmes geometrijam,
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kad lineari polarizétas gaismas E vektors nav perpendikulars argjam magnétiskajam
laukam,paradas daudz komplicétaka atomu stavoklu evoliicjia. Sajos apstaklos var novérot
atomu lenkiska momenta telpiska sadalijuma simetrijas mainu magnétiskaja lauka.

No sakotngji telpiski izkartota (raksturo simetrijas plakne jeb lenkiska momenta
sadaltjums pret asi telpa neatkarigi no to virziena gar So asi) lenkiska momenta sadalifjuma
Sajos apstaklos gaismas un magnétiska lauka vienlaicigas darbibas rezultata var veidoties
atomu lenkiska momenta telpiska orientacija (jeb lenkiska momenta sadalijums, kam ir
noteikts virziens telpa). ST orientacija ir vérsta virziena, kur§ ir perpendikulars plaknei, ko
veido argjais magnétiskais lauks un ierosino$as gaismas polarizacijas vektors. Sadu paradibu
ir pienemts saukt par izkartoSanas pareju orientacija IPO [16].

Kad nav argju perturb&joSo faktoru ietekmes nepolarizéti atomi var tikt tikai
izkartoti, absorbgjot lineari polariz€tu gaismu. Izkartota atomu stavokli magnétiskie
apakSlimeni ar atSkirigiem |mg| ir apdzivoti nevienlidzigi, bet magnétisko apakSlimenu +mp
un —my apdzivotibas ir vienadas. ST iemesla d&| atomus ierosinot ar lineari polariz&tu gaismu
netieck sagaidits, ka fluorescencé paradisies cirkulari polarizé€ta gaisma. Tacu argju

perturbaciju un gaismas vienlaicigas iedarbibas rezultata pie lineari polarizétas gaismas

ierosmes var radit orient€tu apdzivotibu atomos (ar atSkirigu apdzivotibu +my un -mpg
magnétiskajos apakslimenos). So efektu, ko sauc par izkarto$anos pareju orientacija (IPO),
paredzgja un eksperimentali novéroja 1960-to gadu beigas anizotropiskas sadursm&s no
sakotngji izkartotiem atomiem [40—43]. V&lak tika paradits, ka arT elektriskais lauks ir sp&jigs
inducét izkartoSanas pareju orientacija [44]. Elektriska lauka induc€to izkartoSanas pareju
orientacija kops ta laika tika loti siki pétita [45—47].

Pretgji elektriska lauka gadijumam, magnétiskais lauks lineara Zémana efekta
gadijuma nespgj orientét sakotng&ji izkartotu lenkiska momenta sadalfjumu. ST nesp&ja inducét
IPO ir aksialu vektoru lauku spogulsimetrijas sekas. ST simetrija var tikt lauzta, ja papildus
eso$ajam linearajam Z&mana efektam eksisté arT nelineara magnétisko apakslimenu energiju
atkariba no ar&ja magnétiska lauka intensitates. Iemesli $adam nelinearam perturbacijam var
but dazadi, taja skaita predisociacija [48—51] un supersikstruktiras [imenu mijiedarbiba. IPO,
kas radusies supersikstruktiiras mijiedarbibas rezultatd, gadijuma, kad kodola spins ir ar
I = 1/2 argja magnétiska lauka, petija Leémans (Lehmann) optiski pumpéta kadmija [52],
[53]. Bailis (Baylis) So pasu efektu aprakstija natrija [54]. Pirmo eksperimentu, kura tiesi tika
registréta fluorescences rezult§josa cirkulara polarizacija gaisma no sakotngji izkartota

ierosinata stavokla argja magnétiska lauka, zinoja Krainska-Miscaks (Krainska-Miszczak)
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[55]. Sadus efektus pétija arf Hans (Han) un Sins (Schinn) [56] natrija atomos. Vini o IPO
procesu apraksta, ka supersikstruktiiras-F-limenu sajaukSanos arg€ja magnétiska lauka un
interferenci starp dazadu So sajaukto ITmenu ierosmes-sabrukSanas celiem. Arl pareja pretgja
virziena — orienteta stavokla pareja izkartota — ir iesp&jama [57].

Visos iepriek§ minétajos gadijumos, kopiga magnétiska lauka un supersikstruktiiras
mijiedarbiba rada apdzivotibas atSkiribas starp supersikstruktiiras F' [imenu magnétiskajiem
apakSlimeniem ar vértibam +mg un —mg. Tas nozimé, ka ir radita atomu garenorientacija
gar argja magnétiska lauka virzienu. J. Alpa un M. Auziga 2000. gada raksta [58] tika
paredzets, ka kopiga magnétiska lauka un supersikstruktiiras mijiedarbiba no sakotngji
izkartota stavokla sp@s radit Skérsenisku atomu (vai molekulu) lenkiska momenta orientaciju.
Skérseniska orientacija nozimét to, ka ta ir perpendikulara aréjam magnétiska lauka B
virzienam. Sini konkrétaja gadijuma magnétiskie apak§limeni +my un —mg ir vienadi
apdzivoti, bet orientacija veidojas ka divu magnétisko apakslimenu vilpu funkciju koherence
starp diviem magnétiskajiem apaks§limeniem my ar |Amg| = 1. Skérsenisko orientaciju var
radit, ja ierosino$as gaismas polarizacijas vektors nav ne paral€ls, ne perpendikulars argja
magnétiska lauka virzienam, un vislielakais efekts paradas, ja lenkis starp gaismas
polarizaciju un magnétisko lauku ir m/4. lepriek§ minétaja 2000.gada raksta [58] tika
izmantoti NaK molekulas parametri, lai skaitliski modelétu orientaciju un fluorescences
cirkularitates signalus. Tika konstatets, ka skeérseniska orientacija rodas tikai tad, ja elektrona
pilnais lepkiskais moments | ir pietiekoSi mazs, lai to varétu salidzinat ar kodola spina [
vertibu. Limeniem ar lielaku lenkiska momenta kvantu skaitli orientacijas lielums strauji
kritas.

Agrak, IPO rubidija atomos situacija, kad tiek radita Skersorientacija, tika pétita tiem
mijiedarbojoties ar vaju lazera starojumu linearaja absorbcijas rezima [39]. Perturb&josais
faktors taja gadijuma bija supersikstruktiiras un argja magnétiska lauka kopiga mijiedarbiba,
kas noveda pie nelinearas Z&€mana magnétisko apaksSlimenu SkelSanas. Nelinearais Z&€mana
efekts lenkiskda momenta supersikstruktiiras magnétiskos apakSlimenus Rb zemakajos
ierosinatajos stavoklos argja magnétiska lauka sak ietekmét jau pie vidgjam lauka stipruma
vertibam ar kartu dazi desmiti gausu.

Tomér daudzos praktiskos eksperimentalos pielietojumos ir nepiecieSamas lielakas
ierosmes intensitates neka petijuma [39] lietotas, un §ada gadijuma absorbcija kliist nelineara.
Ka rezultata teorija, kas apraksta Sos procesus vairs nav vienkarSa un ir nepiecieSamas

sarezgitakas metodes, lai paredzEtu cirkularas polarizacijas izmainas, kuru maksimalas
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vertibas sasniedz tikai dazus procentus. Sajﬁ darba, teoretiskais modelis, kas tika veidots un
attistits, lai aprakstitu tadus magnetooptiskos efektus, ka tumsas un gai$as rezonanses, tiek
pielietots, lai aprakstitu eksperimentalos IPO signalus rubidija D, parejai intensivas ierosmes
gadijuma. Tapéc, ka supersikstruktiiras Iimenu saskelSanas abiem Rb izotopiem ir ar kartu
dazi desmiti megahercu, D, linija ir labs kandidats IPO fenomena demonstracijai pie relativi
mazam magnétiska lauka vertibam.

Lidz ar to ka treSais darba uzdevums ir pétit izkartoSanas pareju orientacija
nelinedras absorbcijas gadijuma rubidija atomu tvaikos pie relativi lielas lazera starojuma
intensitates (Iidz 20 mW/cm®). Noteikt efekta lielumu, mérot IPO rezultatdi radito
fluorescences cirkularitates pakapi. Eksperimenta registrét abas cirkulari polarizétas

komponentes, nevis tikai to starpibu.
1.2. Teoréetiska modela apraksts

Lai aprakstitu magnetooptiskos efektus atomu tvaikos, nevar tiesa veida atrisinat no
laika atkarigu Srédingera (Schrédinger) vienadojumu. Taja vieta izmanto ta sauktos optiskos
Bloha (Bloch) vienadojumus jeb Luivila (Liouville) vienadojumus kvantu blivuma matricai p.
Blivuma matrica satur loceklus, kas apraksta gan lenkiska momenta magn&tisko apakslimenu
apdzivotibas, gan ar1 koherences starp So apakslimenu vilpu funkcijam (Z&mana koherences).
Tapat ta satur loceklus, kas apraksta koherences starp dazadiem lenkiska momenta stavokliem
(optiskas koherences). Ka viens no pirmajiem, kurs ieguva Zémana koherencu vienadojumus,
neievérojot optiskas koherences, bija Kohens-Tannudzi un Barrats 1961. gada [59]. Lai to
paveiktu, tika pielietota perturbaciju teorija un iegiitie atruma vienadojumi magnétisko
apakSlimenu apdzivotibam un Z&€mana koherencém spektrali platas ierosmes aproksimacijas
gadijuma (broad-line approximation). VElak Kohens-Tannudzi arT matematiski pamatoja
plasas-ierosmes gadijuma optisko koherencu neievérosanu [60].

Darba izmantotaja teorétiskaja modeli, lai aprakstitu atomaro sisteému, tiek lietota
kvantu blivuma matrica, kura ir rakstita atomara rubidija D, parejas supersikstruktiiras
Zemana apakSlimenu baze: [§;, F;, mg,), kur F; ir pilnais atoma lenkiskda momenta kvantu
skaitlis vai nu pamatstavokli (i = g) vai arT ierosinataja stavokli (i = e), my, ir atbilistosa
apakslimena magnétiskais kvantu skaitlis, un ar &; apzim& visus pargjos kvantu skaitlus.
Kvantu blivuma matricas p attistibu laika nosaka optiskie Bloha (Bloch) vienadojumi [61]:

in% = [,p] + inkp, 6)
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kur H apzimé sistémas pilno Hamiltona operatoru un R ir relaksacijas operators. Pilno
sistémas Hamiltoniani var izteikt ka neperturb&to atomaro Hamiltoniani H,, kuru nosaka
atoma iek3&ja dinamika, Hp, kas raksturo atoma mijiedarbibu ar magnétisko lauku, un dipola
mijiedarbibu ar gaismu raksturojoss operators V = —d - E(¢):

H=H,+Hz +7V. (7)
Seit ar d ir apziméts optiskas parejas dipola operators, bet E(t) ir gaismas elektriskais lauks.
Ka jau tas tika pieminéts tad mijiedarbibu ar elektromagnétisko lauku apraksta dipola

tuvinajuma [16]. Magnétiska mijiedarbibas Hamiltoniani var uzrakstit, ka

Ay =2 (9 +g.1) B, ®)
kur pp ir Bora magnetons, J un I ir pilnais elektrona lepkiskais moments un atoma kodola
spins un g;, g; ir atbilstoSie Lande faktori. Magnétiskas mijiedarbibas Hamiltoniani var
uzrakstit izmantojot Vignera (Wigner) 3j simbolus [16]. Atrodot So matricu 1pasvertibas, var
noteikt energijas Iimenu struktiiru un atkaribu no pielikta aréja magnétiska lauka. Ipa§vektoru
komponentes izmanto ka fazes vilpu funkciju sajauksSanas koeficientus argja magnétiska
lauka. Sajauktie atomarie stavokli magnétiska lauka klatbtitng ir japarraksta ka

1€, m,m) chk|€»Fk;m>- 9)

k

Kur ¢, ir sajauksanas koeficienti, bet 7 numure jaunos magnétiska lauka sajauktos stavoklus.
Blivuma matricu p var sadalit Cetras dalas: pg, un p,, ir kvadranti, kas izkartoti gar
galveno diagonali un to diagonalie elementi atbilst pamatstavokla un ierosinata stavokla
apdzivotibai, savukart nediagonalie (blakusdiagonalie) elementi atbilst Z€mana koherencém,
kas radusas atbilsto$i pamatstavokll vai ierosinataja stavokli, pge un p,, tiek sauktas par
optiskajam koherenceém un raksturo ierosmes starojuma inducétas optiskas parejas. Lai varétu
aprakstit atomu izstaroto fluorescenci ir nepiecieSams zinat ierosinata stavokla blivuma
matricas p,, elementus. Meklgjot pilno atoma blivuma matricu, tiek uzskatits, ka atoma
dipola mijiedarbiba ir ar oscilgjosu elektrisko lauku, kuru raksturo stohastiska faze. Lai
vienkarsotu Bloha vienadojumus, tiek pielietots rot€josa vilna tuvinajums [62]. Talak tiek
pienemts, ka blivuma matrica neseko straujajam stohastiskajam ierisino$a starojuma fazes
fluktuacijam. Sads tuvinajums lauj adiabatiski izslégt optiskas koherences no vienadojumiem.
Laika vidgjotais stohastiskas fazes oscilaciju efekts noved pie galiga lieluma Aw [63], kas

raksturo ierosmes starojuma frekvences spektralo platumu. Tadejadi, kad optiskas koherences
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ir adiabatiski likvid@tas var tikt iegiiti, stavokla mainas vienadojumi, kuri ir derigi blivuma

matricas dalam pgg4 un pg,:

WPowi _ (5 1z o d
a9t \“giem T Seyg; giexYemgPerem
ek'em
— *
Z (“ekgj Jik ekgmpgmgj + “giekdgmekdekgjpgigm) (10)
€r,dm
_ exel q.
lWg,9,Pgig; T Z Lgi9;Pexer —VPgig; + A5(9:i,9;);
er.e]
apeiej —_ —
9t (:eigm + :gkej) de;gAgme;Pgrgm

Ik Im
. : (11)
Z ("‘gkej eidk gkempemej + “eigkdemgkdgkejpe em)
Ikem
- iweiejpeiej - (F + V)peiej-
Sajos vienadojumus ir izmantoti $§adi apzZimgjumi: Z; ; raksturo mijiedarbibas stiprumu

starp atomu un lazera starojumu. d;; parejas dipola matricas elements starp stavokliem [i) un

|j), kuru var iegtit no reduc&ta matricas elementa izmantojot Vignera-Ekarta (Wigner-Eckart)

teorému [16], w;; ir energijas starpiba starp lItmeniem |[i) un |}), Fgei"gejl raksturo koherences

parnesi uz pamatstavokli caur spontano emisiju, y ir caurlidoSanas relaksacijas atrums, kada
atomi termiskas kustibas rezultata pamet mijiedarbibas regionu, I' ir spontano pareju atrums,
A raksturo atrumu ar kadu atomi ielido mijiedarbibas regiona, un &(i,j) ir Kronekera &
simbols. Model1 tiek piepemts, ka atomi, kuri ielido mijiedarbibas regiona ir pilnigi

depolarizeti un, ka atomarais Iidzsvara blivums arpus mijiedarbibas regiona ir norméts, Iidz ar

tod=y.
Mijiedarbibas stiprumu E;; iegist p€c $adas sakaribas:
- _ leal? 1
SUT T2 THy+Aw |, ., ' (12)

5 + (w0 — KkzVv + w;;)
kur g5 ir oscilgjosa elektriska lauka aplitiida, @ apzim€ lazera starojuma centralo frekvenci,
Aw ir lazera linijas platums, KgVv ir atomaro pareju Doplera nobides atomam kustoties ar

atrumu v. Skaitliskajas simulacijas Rabi frekvence tiek definéta Sadi:
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Qp =k ,
R Q 2 ) goln

(13)

kur kg ir bezdimensionals salagoSanas parametrs, ||d]|| ir D, parejas reducétais dipola
elements, kura vertiba atrodama [16], / ir ierosmes jaudas blivums jeb intensitate, & ir
elektriska konsante, ¢ ir gaismas atrums un » ir gaismas lauSanas koeficients.

CaurlidoSanas relaksacijas atrumu deﬁné, ka

ky = 14
v=lhy (14)
kur k, ir bezdimensionals salagoSanas parametrs, v ir atomu vidgjais siltumkustibas atrums

lazera staram perpendikulara plakng€ un d ir 1azera stara diametrs.

Ja skaitliski atrisina stacionara stavokla gadijuma vienadojumus (10) un (11),

a'Ogigj _ apeiej -0 (15)
at at ’
tad iegiist Z€mana magnétisko apakSlimenu apdzivotibas un koherences starp tiem pg, un
pee- Lai iegiitu fluorescences intensitati, kadai konkrétai polarizacijas komponentei, ko defing
ka e, starojumam noteikta virziena izmanto sakaribu:
(ob)* (ob)
I (e) = Iy Z dgle] exgiPejer’ (16)
gi€j.er
kur dg.)b) ir parejas dipola matricas elementi izv€l&tajai noveéroSanas komponentei.

Atomu klasiska kustiba ar atrumu v tiek ietverta, ka skaitliska fluorescences
komponensu integréSana pa atomu atrumu sadaltjumu Doplera profila.

Atoma ierosinata vai arl pamatstavokla blivuma matrica var tikt arT att€lotas ka
virsmas, kas raksturo varbiitibu atrast atoma lenkisko momentu noteikta telpas virziena [45]
[64]. Sadas virsmas var tikt generétas no blivuma matricam, gan noteiktiem
supersikstruktiiras stavokliem F, gan arT summgéjot pa visiem F stavokliem [65], var iegt
telpisko elektronu pilna lenkiska momenta J telpisko sadalfjumu. Sadas virsmas paraditas
7. attela. Attela 7 (a) paradits izkartots stavoklis gar vertikalo z-asi un attéla 7 (b) paradits
gadijums, kad lenkiskais moments ir orientets telpa pozitivaja z-ass virziena. Kad divi vai
vairak magnétiskie apakslimeni, kuri ir koherenti ierosinati un degeneréti, ierosinatais
stavoklis klist Skérsizkartots, kas izpauzas ka nevienmérigs lenkiska momenta sadalijums xy
plakné. Citiem vardiem sakot Skérsizkartots stavoklis rada lenkiska momenta sadalijumu,
kuram z-ass ir otras kartas simetrijas ass. Ja koherences nav, tad lenkiska momenta telpiskais

sadalfjums ir aksiali simetrisks attieciba pret z-asi. Sadi izkartoti stavokli paradas, kad atikiras
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magnétisko apakslimenu apdzivotibas, bet netiek radita koherence starp tiem. Atrodoties talu

Z

Attels 7. Lenkiska momenta varbiitibas virsmas (Angular momentum probability surfaces);,

(a) izkartots stavoklis; (b) orientets stavoklis [16].

no limenu krustoSanas veértibam, koherence tiek iznicinata, un lenkiska momenta sadalijums
klust aksiali simetrisks. Asimetrijas pakape lepkiska momenta sadalijuma virsmas ari
atspogulo atbilstosas koherences stiprumu un ir saistita ar [imenu krustosanas pika amplitiidu

atbilstoSo komponensu LIF atkaribas no magnétiska lauka B grafikos.
1.3. Rubidija parejas

Eksperimenta pétijjumiem tika izvel@ti rubidija atomi. Dabiskais rubidija atomu
maisijums sastav no divu veidu izotopiem — 72% stabila *’Rb un 28% nestabila *’Rb ar
pussabruksanas laiku 4,9 - 1010 gadi. Pie istabas temperatiiras (25°C) tvaiku spiediens $iina ir
p=4-10"7 Torr jeb p = 5,2 - 1075 Pa, Tas savukart atbilst aptuvenai tvaiku koncentracijai
n ~ 101 m~3. Ta ir pietiekosi liela, lai vargtu novérot atomu absorbciju istabas temperatiira
un detektet fluorescenci no attieciga ierosinata stavokla.

Abiem rubidija atoma izotopiem var tikt noverotas sikstruktiiras dubleta komponentes
ar atbilstosam 52S;,, — 5%P3;, un 5%S;,, = 5%°P;,, parejam, un Kkatrai no Sim
komponentem ir ar1 supersikstruktiira. Sikstruktiira atoma spektra rodas no elektrona orbitala
lenkiska momenta L mijiedarbibas ar spina lenkisko momentu S. Pilno elektrona lenkisko
momentu J apraksta sakariba:

J=L+S5S, (17)

11dz ar to pilna elektronu lenkiska momenta J kvantu skaitlis J var ienemt $adas vertibas:
IL-S|<J<L+S. (18)
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Pamatstavoklim orbitalais kvantu skaitlis L = 0 un spina kvantu skaitlis S = 1/2. Rezultata
elektronu pilna momenta kvantu skaitlim J ir tikai viena iesp&jama vértiba | = 1/2.
Ierosinatajam stavoklim L =1, un tatad pilna elektronu momenta kvantu skaitliem ir
iesp&jamas divas veértibas | = 1/2 vai ] = 3/2. Katra limena energija ir nobidita atbilstosi J
vertibai. Tatad L =0 - L = 1 (D linija) pareja ir sadalita divas komponentés — D; linija
(5281, = 5%Py/,) un D; Iinija (52S;/, = 52P5;). Saja darba tika pétits rubidijs, ierosinot
ta D, linijas parejas, tapec talak D; Iinijas raksturlielumi netiks apskatiti. Elektronu makonim
mijiedarbojoties ar kodola spinu, veidojas stavokla supersikstruktiiras saskel$anas.
Supersikstruktiira veidojas elektronu lenkiska momenta J un pilna kodola lenkiska momenta I

mijiedarbibas d€]. L1dz ar to atoma pilno lenkisko momentu F var iegiit p&c sakaribas:

F=J+L (19)
P&c lidzigiem spriedumiem, ka (18), atoma pilna momenta F raksturojoSais kvantu skaitlis F

var ienemt $adas vertibas:

J-II<F<]J+I1 (20)
%Rb pamatstavokli (525, s2)] =1/2unl =5/2, tatad atoma pilna momenta kvantu skaitlis
F var biit F = 2 vai F = 3. D, Iinijas ierosinataja stavoklt (5%P; /2 ) F var ienemt veértibas: 1,
2, 3 vai 4. *'Rb pamatstavokli (52S;,,) J =1/2 un I = 3/2, tatad F = 1 vai F = 2. D,
linijas ierosinataja stavokli (52P; s2) F var iepemt vertibas: 0, 1, 2, vai 3. Atoma energijas
Itmeni ir nobiditi atbilstosi kvantu skaitla F vértibai, ka paradits 8. attela.

Supersikstruktiiras saSkel$anas energiju var aprékinat péc sakaribas:

3

1 SKK +1) = 21(1 + DJ( + 1)
AEp = AK +B

2121 - 1)2J(2] - 1)

1)

kur K =F(F+1)—I1(I+1)—J( + 1) [16]. Saja vienadojuma, pieméram, *’Rb izotopa
parametri — magnétiska dipola mijiedarbibas konstante ir A = h-25 MHz un elektriska
kvadrupola mijiedarbibas konstante ir B = h- 258 MHz [66]. ST pasa Rb izotopa
pamatstavokli 52S; 2 magnéetiska dipola mijiedarbibas konstante ir A = h - 1,012 GHz.
*Rb izotopam §i konstante pamatstavokli 525; 52 it A=h - 3,417 GHz, un ierosinata
stavok]a 52P3/2 A=h-84,7 MHz un B=h - 12,5 MHz [67]. Atbilstosas savstarp&jas

supersikstruktiiras energijas nobides ir paraditas 8. attéla.
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Attéls 8. Sikstruktiiras un supersikstruktiiras limenu saskel3ands energijas “Rb un *’Rb

izotopu D, parejam [66,67,P3].

Petijumiem izveletas parejas pamatstavokla supersikstruktiiras limeni ir Doplera
izSkirti, bet ierosinataja stavokli tie parklajas. Ja neievéro sadursmes, tad Doplera

paplasinajuma pilnu platumu pie puses maksimuma var novertet péc sakaribas [68]:

2w 2In2kgT
Awp = — / 5~ 2m-500 MHz, (22)
c my

kur w ir parejas frekvence, ¢ ir gaismas atrums, k, ir Bolemana konstante, m, ir viena atoma

masa un 7 ir tvaiku absolfita temperatiira.

Atomiem mijiedarbojoties ar argju magnétisko lauku, abiem rubidija izotopiem var
noveérot Zémana efektu. Pie mazam ar&ja magnétiska lauka vértibam (aptuveni lidz
|B| < 5 G) supersikstruktiiras komponensu saskelSanas magnétiskajos apakslimenos lielakaja
dala gadijumu ir tuvu linearai. Tacu palielinot magnétisko lauku, J — I saite klust vajaka. Lidz
ar to papildus energija, ko atoms iegiist no aréja lauka vairs nav lineari atkariga no lauka
lieluma. Nedaudz cits veids ka novértét, kad Zémana efekts kliist nelinears, ir salidzinat
magnétiska lauka papildus iegiito energiju ar supersikstruktiiras saskel$anos, kad tas klast
samérojamas Z&mana efekts klist nelinears. Sada situacija atbilst abiem Rb izotopiem D,
ierosinataja stavokli, un var noveérot, ka pie pietiekosi nelielam magnétiska lauka veértibam

(B>5G) Zemana efekts klist nelinears. SaskelSanos magnétiskajos apakslimenos
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pamatstavokli 525; /2, kas satur divus supersikstrukttras Iimenus, var aprakstit ar Breit-Rabi

formulu [17,66]:

Asss Asss 4ms Yz
E =35 __ mB+—(1+ + 2) , 23
=5 my Imy) 2021+ 1) JHEMIET 21 +1 d @3)
kur &= (g]+g,)yBB/ASSS, g; un g; ir elektroniskais un kodola Land€ faktori, B
magnétiska lauka vertiba, ug Bora magnetons, Aggs ir supersikstruktiras saskelSanas intervals
bez magnétiska lauka klatbutnes, I kodola spina vértiba, un zime ,£” lieto atbilstosi
augstakajam un zemakajam supersikstruktiiras Iimenim, tapat to lieto art m =m; + m,

noteik$anai.
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Attels 9. Pa kreisi *Rb un pa labi *’Rb ierosinata stavokla 52P; /2 magnétisko apakSlimenu
mp energijas atkariba no magnétiska lauka. Nulles energija atbilst ierosinata
stavokla sikstruktiiras Iimenim 5%P, /2- Skaitli virs Iikném atbilst my vertibam. Ar

kvadratiem atzimétas Iimenu krustoSanas Amy = 1 un ar apliem Amp = 2 [P3].

Atskiriba no D; linijas, kur Breit-Rabi formula lauj iegtt analitiskas izteiksmes
magnétisko apkaslimenu energijam un pareju varbatibam, D, ierosmes gadijuma analitiskas
izteiksmes kliist Joti sarezgitas un attiecigas energijas un vilnpu funkcijas iegiist skaitliski no
Hamiltona matricas. Sis matricas, kas uzrakstita magnétiska lauka klatbatng, ipavértibas
atbilst magnétisko apakslimenu energijam un ipasfunkcijas — jauno, sajaukto stavoklu vilpu
funkcijam. Ka jau tika minéts 1.2. apakSnodala atomu mijiedarbibu ar lauku apraksta sakariba

(8). Saja sakariba atbilstosos Land@ faktorus iegiist péc sakaribam:
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Rubidija D, ierosinata stavokla magné&tisko apak§limenu energijas atkariba no magnétiska

lauka paradita 9. attela.
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2. DAZADU FIZIKALO EFEKTU IETEKME UZ PLATO STRUKTURU
MAGNETOOPTISKO REZONANSU SIGNALOS

2.1. Eksperimenta apraksts

lerosinot atomu no pamatstavokla ar kvantu skaitla vertibu F; uz ierosinato stavokli F,

var tikt raditas koherences starp magnétiskajiem apakSlimeniem mjy gan pamata, gan
ierosinataja stavokli. Pie mazam lazera stara intensitatéem koherences rodas ierosinataja
stavokli. Palielinot lazera starojuma intensitati, absorbcijas process klist nelinears un
koherences var tikt veidotas arT starp pamatstavokla magnétiskajiem apakslimeniem. Atomam
mijiedarbojoties ne tikai ar lazera starojumu, bet arT ar ar&ju magnétisko lauku, §1s koherences
starp magnétiskajiem apakslimeniem var tikt izjauktas. Sadas nelinearas magnetooptiskas
rezonanses (NMOR) var tikt novérotas, ka lazera inducétas fluorescences atkariba no pielikta
argja magnétiska lauka. Ierosinot atomus ar lineari polariz&tu gaismu parejam, kuram izpildas
nosacijums F;, = Fg, tiks novérota tumsa rezonanse, bet paréjam, kuram izpildas nosactjums

E

5 < F,, tiks noverota gaisa rezonanse [16,69,70]. Tumsas rezonanses nozimé to, ka pie

nulles magnétiska lauka absorbcija (arT fluorescence) samazinasies, bet gaisas rezonanses
nozime to, ka pie nulles magnétiska lauka absorbcija (ar1 fluorescence) pieaugs, salidzinot ar
situaciju, kad magnétiskais lauks ir ieslégts.

NMOR var bt arkartigi $auras — ar kartu 10° 1idz 10° G, ja lictota bufergaze vai

antirelaksacijas parklajums uz optiskas Stinas sieninam. Bet §is petijums koncentrgjas nevis uz

Attéls 10. lerosmes geometrija

$Tm Saurajam nulles rezonansém, bet uz LIF atkaribas no magnétiska lauka signalu platako
struktiiru pie magnétiska lauka vertibam ar kartu dazi gausi vai daZi desmiti gausi. Sakara ar
to, ka Sauro rezonanSu veidoSanas ir daudz pé€tita un ir saistita ar koherencém atoma

pamatstavokli, $2 promocijas darba uzdevums bija pievérst uzmanibu un detali izpé&tit plato
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struktiiru veidosanas mehanismus. Pateicoties tam, ka eksperimentalo rezultatu analizei tika
izmantots skaitlisks modelis, tas lava datu analizes gaita slégt dazadus efektus ,,iek$a” un
,»ara”, kas savukart |ava gan analiz&t Sauro nulles rezonansu c€lonus, ka arT petit detalas platas
struktiiras c€lonus.

Lai vartu noverot So magnetooptisko rezonansu signalus, pirma svariga lieta, kas
jaapsver ir ierosmes geometrija, kas paradita 10. attéla. Piepemot, ka atomu ierosmei tiek
izmantots xy plakn@ lineari polarizets lazera starojums, ta E vektoru var sadalit divas pretgji
cirkulari polarizétas gaismas komponentés o+ un o ~, kuru rotacija notiek taja pasa xy plakné.
Ja izv€las kvant€Sanas asi paraleéli magné&tiskajam laukam, ka paradits 10. attela, tad
iesp&jamas parejas starp magnétiskajiem apakslimeniem Amy = +1, ka paradits 11. attéla Pie
Sadas ierosmes LIF signalu ir &rti noveérot virziena, kas ir paral€ls gan B, gan ar1 kvantéSanas

asij z.

mpg

g
Attéls 11. Parejas starp magnétiskajiem apakSlimeniem
2.2. Eksperimentala iekarta

Eksperimenti tika veikti istabas temperatiira. P&tijjuma objekts — Rb atomu tvaiki
atradas firmas Toptica razota cilindriska borsilikata stikla §tna, kuras garums ir 25 mm un
diametrs — 25 mm. Lai Tstenotu 10. attéla redzamo ierosmes geometriju un ierosinatu Rb
atomu D, pareju, tika izmantots lineari polarizets lazera starojums ar vilpa garumu 780 nm,
kas izplatjas x ass virziena ar ierosinoSo E vektoru paralélu y asij. Pilna LIF (bez
polarizacijas vai frekvencu izskirSanas) tika noverota gar z asi, kura ir paralela magnétiska
lauka vektoram B. Lazers bija Latvijas Universitates Lazeru centra laboratorija izgatavots
diozu lazers. Lazera korpusa un lazerdiodes temperatiira tika stabiliz€tas ar Thorlabs TED200

temperatiiras kontrolieriem, un strava tika kontroleéta ar Thorlabs LDC205B stravas
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kontrolieri. Lazera frekvences noteikSanai tika izmantota piesatinaSanas absorbcijas iekarta
un HighFinesse vilpa garuma meritajs WS/7.

Lietojot §1s iekartas kombinacija, lazera vilna garums (frekvence) tika kontrol&ts
lidz £0,00001 nm (5 MHz) precizitatei. Piesatinasanas absorbcijas spektroskopijas iekarta
paradita 12. att€la. Ar LaseLock vadibas bloku tika kontroléts spriegums, kas tika pievadits
lazera pjezo elementam, laujot ar1 lazera vilna garumu skenét. Pirms katras mérijjumu sérijas
tika veikta lazera vilpa garuma meritaja kalibracija jeb ta merjjuma nobides noteikSana,
izmantojot piesatingjuma spektra pikus, kas tika registréti speciali §im mérkim paredzéta
atseviSka Rb tvaiku §tina (skat. 12. att.). Ar LaseLock vadibas bloku lazera vilpa garums tika
stabilizéts uz kadu konkrétu piesatinajuma spektra piki un no vilna garuma meéritaja tika

nolasits konkrétd briza lazera vilpa garuma mérfjums. Talak lazera vilpa garums tika

SP2 _ e .
Starpibas pastiprinatajs
. B
SP — spogulis |
FD — fotodiode Osciloskops | 1 LaseLock3.0 |—
A
Piesatinosais stars
o Zondgjosie stari DI
1ezs stara o e \
dalitajs RD tvaiku Siina \\\ Sp4
' --------------------------------- y SP3
II
Diafragma . A
Optiska skiedra ED2 ‘
5 NG WS/7 |Vilna garuma méritajs
Stara dalitaji E Kolimators
! Atgriezeniska saite uz lazeru

Diozu lazers

«<—Uz eksperimentu

Attéls 12. PiesatinaSanas absorbcijas spektroskopijas iekarta.

stabilizéts uz kadu citu Rb parejai atbilstoSu piesatindjuma piki un vilpa garuma radijums
atkal tika fiks€ts. Mertjumi tika veikti vismaz trim pikiem no katra pamatstavokla abiem Rb
izotopiem. STs méritas vértibas tika atpemtas no teorétiski aprékinatajam, tadejadi nosakot

vilna garuma méritaja nobidi. Tas lava izmantot WS/7, lai kontrol€tu vilpa garumu ari pie
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vilna garumiem, kur nebija absorbcijas piesatinajuma piku vai to intensitate bija maza vai tie
spektrali atradas loti tuvu, Iidz ar to butiski apgriitinot iesp€ju stabilizét uz kadu no tiem.
Vilpa garuma nobide ievérojami mainijas tikai, ja vilpa garuma méritajs WS/7 tika parvietots,
vai arl, ja telpa mainTjas temperatiira. Viena mérjjumu sérija vilpa garuma meritaja nobide
tika pienemta par nemainigu.

Helmholca spoles ar diametru 330 mm radija magnétisko lauku, kura vertibu
kontrol&ja ar Kepco BOP-50-8-M bipolaru stravas avotu. Signali tika registréti ar Thorlabs
FDS-100 fotodiodi. Lazera stara profils tika mérits ar Thorlabs BP104-VIS stara profila
meritaju. ST mérfjuma rezultata noteikta lazera stara pilna platuma pie puses no intensitates
maksimuma vertiba tika pienemta par stara diametra vertibu teoretiskajos aprékinos. Telpa
esosais nekompensétais magnétiskais lauks x un y virziena tika izkompens@ts izmantojot vel
divus savstarp&ji ortogonalus Helmholca spolu parus. Visa eksperimentala iekarta atradas uz
nemagnétiska firmas Standa Opto-Mechanics optiska galda. lespgjamas nehomogenitates
magnétiskaja lauka tika novertétas par pamatu nemot Helmholca spolu izmérus, un vieta, kur
atrodas optiska Stina ar Rb tvaikiem tas neparsniedz 13 pG.

Lai kompens@tu parazitisko magnétisko lauku virzienos, kuros magnétiskais lauks
netiek sken@ts (x un y virzieni 10. att.), tika izmantota LIF signala atkariba no pielikta
magnétiska lauka pie ierosmes geometrijas nosacijuma — ierosino$a elektriska lauka vektors ir
paraléls pieliktajam aréjam magnétiskajam laukam (E || B skat. 13. att.). Sada gadijuma, ja

tieck ierosinata, kada Rb supersikstruktiras pareja, kura atbilst tumsas rezonanses

Novérosana
VA
B
0
E ! TExc.
lerosme

[

X

Attels 13. lerosmes geometrija magnétiska lauka kompensacijas noteikSanai

nosacijumam (F; = F), LIF signala atkariba no magnétiska lauka nenovero raksturigo tumso

rezonansi, jo magnétiska lauka ietekmi uz koherencém pie $adas ierosmes un noveroSanas

geometrijas nav iesp&jams registrét. Vispariga gadijuma aréjam magnétiskajam laukam ir ne
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tikai B, komponente, bet ar nelielas B, un B, komponenSu vértibas. Ja §is komponentes nav
izkompensgetas, tad ar tam pietiek, lai LIF noverotu nelielu tumSo rezonansi. Pieliekot
atbilstoSaja kompensgjosa Helmholca spolu part nelielu stravu, novéro LIF izmainas spektra —
ja tumsas rezonanses kontrasts (amplitiida) palielinas, tad strava jasamazina vai pat jamaina
stravas pluSanas virziens spolés. Kompens€josas stravas vértiba viena asi tiek atrasta, kad
tumsas rezonanses pikis ir ar vismazako kontrasta vertibu. Kad stravas vertiba atrasta viena
spolu pari, tiek analoga veida atrasta kompensacijas vertiba art otra perpendikularaja virziena.
Ideala gadijuma tumsas rezonanses pikim vajadzetu pilniba pazust no LIF signala. To cik
precizi izdosies atrast kompens€josa magnétiska lauka komponenSu By un By, vertibas nosaka
stravas kontroléSanas precizitate, lazera starojuma linearas polarizacijas kvalitate un
orientacijas precizitate, ka arT noveéroSanas virziena attieciba pret, $ini gadijuma x,y, plakni jeb

to cik nove@roSanas virziens ir paral€ls magnétiska lauka virzienam.

Fotodiode —>|;|

4

3-asu Helmholca
spoles

. Linears
Stara forméSanas .
polarizators

optika

Diozu Lazers

780 nm

Attéls 14. Skats no augSas uz eksperimentalo iekartu

Lai lazera stara forma Skersgriezuma pec iesp&jas atbilstu idealam aplim, tika
izmantotas 2 savacgjlécas. Pirms lazera stars nonaca optiskaja $iina tas izgaja cauri optiskam
polarizacijas plaknes griez€jam un péc tam cauri linearam polarizatoram, kur§ tad ari
nodrosinaja atbilstoSo ierosino$a starojuma E vektora virzienu un polarizacijas kvalitati.
Polarizacijas plaknes griez€ja un lineara polarizatora kombinacija lava saméra brivi variét
lazera starojuma intensitati. Starojuma jauda eksperimenta tika noteikta ar Thorlabs PM100
jaudas méritaju, kur§ mérija caurizgajusas gaismas jaudu. Jaudas meritajs tika kalibréts, lai no

caurizgajusas gaismas jaudas var@tu noteikt optiskaja Stna ienakoSa starojuma jaudu.
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Fluorescence no Stinas tika sakopota uz fotodiodes ar divu savacgjlécu sistému. Signals no
fotodiodes tika pastiprinats ar divu pakapju pastiprinataju. P&c tam signals tika registréts ar

Agilent DSO5014A osciloskopu, kas Sos datus arT uzkraja un vidgjoja.
2.3. Rezultati

Pirms eksperimentalie dati tika salidzinati ar teor€tiski aprékinatajam litkném no
tiem tika atnemts fons, un tad tie tika nonormeéti, dalot ar intensitates maksimalo vertibu. Lai
salagotu eksperimentali méritos signalus ar teor€tiski modelétajiem tika pielagoti divi
parametri. Pirmais parametrs ir k,,, kas saista atomu vid€ja termiska atruma vy, attiecibu pret
lazera stara diametru d ar caurlidoSanas relaksacijas atrumu y péc sakaribas:

VUth Uth
Y d ra’

kur ygqq 1r neelastigu atoms-atoms sadursmju atrums un Yp., it magnétiska lauka

Y=k + Ysaa + Yhom = k (26)

nehomogenitates radita relaksacija. Istabas temperatira yg,4, pienemot, ka Rb-Rb spin-
apmainas $kérsgriezuma laukums ir o ~ 2-107'* cm® [71], ir vairdkas lieluma kartas
mazaks par pirmo saskaitamo ky'%h sakariba (26). y,om augs€ja robeza, kas novertéta péc
[72] arT ir vairakas lieluma kartas mazaks, ka pirmais saskaitamais. Lidz ar to talakaja analizé
Ysad UN Yhom tika uzskatiti par nenozimigiem. Otrs salagoSanas parametrs kp saista Rabi
frekvenci (Qp ar kvadratsakni no lazera intensitates péc sakaribas:

Qg = kRKconst\ﬁa (27)
kur K¢onse it visi konstantie lielumi sakariba (13). Abiem salagoSanas parametriem (k, un kg)
bitu jabiit tuviem vieniniekam, ja lazera stara intensitate stara profila biitu konstanta, un ja
atomi §kérsotu stara profilu caur ta viduspunktu ar vidgjo termisko atrumu. Saja analizé tika
pienemts, ka lazera starojuma intensitate stara profila aprakstas ar Gausa funkciju, tatad
lazera stara diametrs nevar biit viennozimigi definéts. V&l jo vairak, atomi kustas pa nejausam
trajektorijam, un to atrumu sadalfjumu apraksta Maksvela atruma sadalijums. Tapéc tiek
pielauta So parametru vertibu atSkirSanas no 1, lai iegiitu optimalu salagoSanu starp teor&tiski
modeletajiem un eksperimenta iegiitajiem datiem. SalagoSanai tika izmantotas k, = 0,5 un
kr = 0,11 vértibas. Sis vértibas norada uz to, ka atomu un lazera starojuma mijiedarbiba
Gausa profila ,,sparnos” nevar tikt neievérota. Ta rezultatd lazera stara diametram d =
1,6 mm un lazera jaudai P = 20 pW, aprékinos tika izmantotas vertibas: y = 95 kHz un

Qr = 0,75 MHz. Kad optimalie salagosanas parametri tika atrasti to vertibas tika izmantotas,
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lai savietotu teoriju ar eksperimentu dazadam parejam un dazadam lazera intensitates

vertibam. Dazi no rezultatiem paraditi 15. attéla.
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Attels 15. LIF atkariba no magnétiska lauka *’Rb F, = 2 - F, = 3 parejai dazadam lazera
intensitatém: 0,14 mW/cm® (Qg = 0,39 MHz); 1 mW/cm®> (Qgr = 0,75 MHz);
10 mW/cm® (Qr = 2,38 MHz). Apaksgja labaja attéla paradita centrald minimuma

kontrasta atkariba no lazera intensitates.

Attela 15(d) paraditais kontrasts tiek definéts ka:

C = Imin - Imax, (28)

Imax

kur I,,;,, ir LIF minimums, tad kad magnétiskais lauks ir 0; I,,,, ir LIF maksimala veértiba,
kas paradas pie nedaudz mazak, ka 10 G liela magnétiska lauka. Ka redzams 15. att€la, tad
teor&tiskais modelis apmierinosi apraksta Joti Sauras pamatstavokla koherences, ka ar1 platako
signala dalu, $aja gadfjuma lidz pat 40 G. Saurds nulles rezonanses un lazera intensitates
ietekme uz $Tm rezonansém detalizeti pétita [73]. Uz §is labas sakritibas pamata var spriest,

ka pielietotais teorétiskais modelis ir labs instruments So signalu (ari to platds dalas)
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veidoSanas mehanismu pétijjumiem. P&c 15.(a) attéla var skaidri redzet, ka apméram 100 mG
Saura struktiira pie nulles magnétiska lauka it ka atrodas pa virsu platakam uz leju veérstam
rezonanses signalam ar platumu dazi gausi.

Lai petitu, ka dazadi fizikali efekti ietekmé& atSkirigas signala iezimes ar atSkirigo
magnétiska lauka meérogu, tika pielietots teor€tiskais modelis, kas aprakstits 1.2. nodala,
slédzot dazadus fizikalus procesus ,,ieksa” un ,,ara”. Tris procesi tika analiz&ti: pamatstavokla
koherencu izjaukSana ar magnétisko lauku, ierosinata stavokla koherencu izjaukSana ar
magnétisko lauku un ,,Z8mana magnétiska skengSanas efekts”, kas ietvéra optiskas parejas
starp dazadiem Z&mana apakslimeniem, kuras nonak labaka vai sliktaka rezonansé ar lazera

starojumu atkariba no pielikta magnétiska lauka un atomu kustibas atruma. Rezultati apkopoti

16. attela redzamajos grafikos.
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Attéls 16. Simulgtie signali LIF atkaribai no magnétiska lauka ®’Rb F, = 2 > F, = 3 parejai,
dazadus fizikalus efektus nemot véra: (a) visi efekti nemti véra; (b) tikai
izskanoSanas efekti nemti véra; (c) tikai pamatstavokla koherences efekti; (d) tikai

ierosinata stavokla koherences efekti. (Grafiki ir ar dazadiem mérogiem).

38



Kad visi fizikalie efekti ir ieklauti simuléta signala aprékinos, tad iegust tris veida
struktiiras: 100 mG meroga, dazu Gausu méroga un daZzu desmitu gausu meéroga
(skat. att. 16.(a)). Kad netika nemta v&ra mainigd magné&tiska lauka ietekme uz koherencém,
ko panaca gan ierosinata, gan pamatstavokla vienadojumos (10) un (11) treSo locekli
pielidzinot nullei, var novérot (skat. att. 16.(b)), ka Saurais nulles pikis ir pilniba pazudis,
turpretim pargjas struktiiras izmainas nenozimigi. Lai iev@rotas tiktu tikai pamatstavokla
koherences efekti, ierosinata stavokla koherences tika atsaistitas no magnétiska lauka tikai
vienadojuma (11) treSo locekli pielidzinot nullei un izskanoSanas efekti tika ,,izslégti”
vienadojuma (12) locekli Wgye; pienemot par neatkarigu no magnétiska lauka un ta vertibu
saglabajot tadu, kada ta ir pie B = 0. Ka redzams 16.(c) attela, $aja gadijuma, kad tika nemta
vera tikai magnétiska lauka ietekme uz pamatstavokla koherenc€m veidojas tikai Saura
struktiira. No 16.(b) un (c) att€liem Sauro strukttiru var skaidri attiecinat uz pamatstavoklu
koherencém un to iznicina$anu magnétiska lauka ietekmé. Sauras struktiiras pika vérsuma
mainas atkariba no Rabi frekvences (lazera intensitates) ir detalas analiz&ta [73]. Tai pasa
laika 16.(b) att€la redzama dazu gausu plata struktiira ir saistita ar izskanosSanas efektiem. Ja
lidziga veida tiek nemti vera tikai ierosinata stavokla koherences efekti, tad 16.(d) attéla var
redzet, ka pie mazakam Rabi frekvencem signals pie B = 0 ir vérsta pozitiva virziena, ar
kontrastu 1% vai 2% — fluorescence pieaug, bet 1 palielinoties LIF kontrasts pie nulles
lauka samazinas, Iidz pie (0 = 2 MHz ta vérsums klust jau negativa virziena. Pirmaja mirklt
varetu $kists, ka ierosinatais un pamatstavoklis uzvedas stipri lidzigi, bet ja salidzina So piku
platumus iezim&jas skaidra atSkiriba — pamatstavokla rezonanses raksturigais platums pie
puses maksimala kontrasta ir ar kartu desmitiem mG, savukart ierosinata stavokla rezonansu
raksturigie platumi ir ar kartu dazi gausi. Tadejadi skaidri var redzet, ka ierosinata stavokla
koherences nepiedalas Sauras struktiiras veidoSanas mehanismos. Ierosinata stavokla
strukttirai (att. 16.(d)) bija tads pats raksturigais platums (I' ® wp,=») k2 ierosinata stavokla
linearajam Hanlé efektam [15]. Linearais Hanle efekts nevar tikt noverots $ada eksperimenta,
jo lai to noverotu ir nepiecieSama divu ortogonalu LIF lineari polarizéto komponensu

izSkirSana, tadel So struktiiru saista ar ierosinata stavokla nelinearo Hanlg efektu.
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Attels 17. Magnetooptiska signala sadaliSana ka superpozicija no dazadu atrumu grupu LIF

atkaribas no magnétiska lauka [P2].

Lai noskaidrotu galveno platas struktiiras c€loni, ir japieverSas 17. att€lam. Attéls sadalits
divas dalas — kreisaja un labaja. Kreisaja paradits ka magnetooptisko signalu var sadalit
dazado atruma grupu ieguldijumos kopg&ja signala. Nepartraukta melna Itnija atbilst LIF
signalam no Rb atomu tvaiku Siinas istabas temperatira un to veido vid€josana pa visu
Doplera profila esoSo dazado atruma grupu ieguldijumu signala. Pienemsim, ka lazera stars
izplatas y-ass virziena. Partrauktas linijas raksturo dazadu atrumu grupu ieguldijumu signala.
Atskirigo atrumu grupu ieguldijumu summa sniedz rezultgjoso signalu — nepartraukto Iikni.
Attela laba dala sniedz paskaidrojumu, kapéc katrai atruma grupai ir sava signala forma. Tiek
pienemts, ka atomu grupai, kura atrodas miera stavokli attieciba pret lazera stara izplatiSanas
virzienu (v, = 0) lazera starojuma frekvence sakrit ar rezonanses pareju (F; = 2 - F, = 3)
nulles magnétiska lauka. Tadg] var uzskatit, ka pargjas atruma grupas ar lazera starojumu,
kur$ izskanots atbilstos§i Doplera nobidei, mijiedarbojas nenozimigi. Pieliekot argju
magnétisko lauku visi (izpemot my = 0) magnétiskie apakslimeni tiek nobidi atbilstosi
Zemana efektam. Magnétiska skanéSana noteiktu atomu grupu, kas kustas ar atrumu v,
nogada rezonansé ar lazera starojumu. Pie dazadam magnétiska lauka B vertibam rezonansé
ar lazera starojumu nonak atomu grupas, kas parvietojas ar dazadu atrumu v,,. Funkcija v(B)
vispariga gadijuma ir nelineara, un tas formu nosaka Zémana efekts. Sis magnétiskas
skan@Sanas rezultata, katrai atruma grupai lenkiska momenta sadalfjuma formas, kuras

inducgja lazera starojums, ir atkarigas no pielikta aréja magnétiska lauka. So sadalfjumu

40



uzskatami var paradit ar lenkiska momenta varbitibu sadalijuma virsmam [16,45,64].
17. attela labaja dala ir paraditas ierosinata stavokla lenkiska momenta varbiitibu sadalijuma
virsmas. Sakara ar to, ka pargjie supersikstruktiiras Itmeni atrodas talu no rezonanses parejas
F, = 2 - F, = 3 pie atbilstoSajam magnétiska lauka vertibam un atruma grupu veértibam, to
ietekme uz apdzivotibas izmainu ir nenozimiga, lidz ar to att€lojot §1s (17. att. pa labi)
ierosinata stavokla lenkiska momenta varbutibas virsmas, tiek nemts vera tikai F, = 3
supersikstruktiiras Itmenis. Péc 17. attéla var spriest, ka pie konkrétas magnétiska lauka
vertibas kada atomu grupa ar atbilstosam atruma veértibam klust efektivi orientéta vai nu
pozitiva, vai negativa virziena gar asi, kas ir paral€la pielikta magnétiska lauka virzienam.
Savukart, ja tiek apskatiti visi mijiedarbiba iesaistitic atomi (visas atruma grupas), tad pa
ansambli vidgjoti atomi ir izkartoti gar magnétiska lauka asi pie visam magnétiska lauka

vertibam. Tacu pie magnétiska lauka ar stiprumu +10 G $§1 izkartoSana ir maksimala.
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3. MAGNETOOPTISKAS REZONANSES NO NULLES ATSKIRIGA
MAGNETISKAJA LAUKA RB ATOMA IEROSINATAJA STAVOKLI UN
TO ATKARIBA NO IEROSINOSA STAROJUMA FREKVENCES

3.1. Magnétisko apakSlimenu KkrustoSanas pie no nulles atSkiriga magnétiska lauka

eksperimenta apraksts
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Attels 18. Pa kreisi *’Rb un pa labi *’Rb 52P, /2 lerosinata stavok]a magnéetisko apakslimenu
energijas atkariba no magnétiska lauka vertibas. Nulles energija atbilst ierosinata

stavokla 5%P3 , energétiskajai vértibai [P1].

Iepriekseja nodala mes pétijam ar lazeru ierosinatas fluorescences signalu atkaribu no
magnétiska lauka, lauka vertibam, kas neparsniedz dazus desmitus gausu. Tacu ja magnétiska
lauka diapazonu paplaSina, tad p&c 18. att€la redzamajam Iikn€m, kas atbilst magnétisko
apak$limenu my energijas atkaribai no magnétiska lauka var redz&t, ka virkne magnétisko

apakslimenu krustojas ne tikai pie nulles magné&tiska lauka, bet arT pie no nulles atSkiriga

Attéls 19. lerosmes geometrija.
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magnétiska lauka (B # 0). 18. attela redzami daudzi krustpunkti, tacu ka jau pieminéts
1.1. nodala, tad ar lineari polarizétu gaismu, kuras E vektors atrodas plakng, kas ir
perpendikulara pieliktajam magnétiskajam laukam (skat. att. 19.), varés koherenti ierosinat
tikai magnétiskos apakSlimenus ar kvantu skaitlu veértibu starpibu Amp = +2. Visi Sie
krustpunkti, arT atzZiméti ar apliem 18. attéla.

No pirma acu uzmetiena varétu skist, ka, lai noverotu Sos Itmenu krustosanas signalus,
ir tikai japalielina pieliktd magnétiska lauka diapazons, kas patiesiba pats par sevi nav nemaz
tik trivials uzdevums. Tomér limenu krustoSanas signalus pilnaja LIF signala novérot nebis
iesp&jams — lai registrétu rezonanSu signalu no nenulles atSkiriga magnétiskaja lauka ir
nepiecieSams izskirt divas savstarp€ji ortogonali polariz€tas fluorescences komponentes —
vienu polariz&tu paral€li ierosinoSajam lazera elektriskajam laukam un otru perpendikulari.
Fluorescences komponensu izskirSana ir nepiecieSama, jo pie konkrétas magnétiska lauka
vertibas, kad notiek magnétisko apakSlimenu krustoSanas, ierosinata stavokla lenkiska
momenta varbiitibas sadalfjuma virsma, kas ienemusi hanteles formu, nostdjas paraléli
ierosino$a E vektora virzienam. Lidz ar to emit€tais starojums no $ada lenkiska momenta
sadaltjuma biis vismaz dal&ji lineari polarizéts. Komponensu signala $o dal&jo polarizé€sanu
noveéro ka fluorescences signala picaugumu pie konkréta magnétiska lauka paral€lajai
komponentei, savukart ortogonalaja komponent€ ka fluorescences kritumu. Linearas ierosmes
gadijuma signala picauguma komponente, kas polarizéta paral€li ierosinos$as gaismas E
vektoram, un signala krituma otra komponentg, kas polarizéta perpendikulari E vektoram,
amplitiidas bis vienadas, tadel pilnaja fluorescences signala Sie piki neparadisies. Lai gan
sagaidams, ka So limenu krustoSanas signalu amplitiidas ir salidzinamas ar nulles magnétiska
lauka rezonansém, tomér to amplitiidas biis mazakas, jo krustojas vairs tikai divi [imeni, nevis
visi konkréta supersikstruktiiras F' limena magnétiskie apakSlimeni my. Lidzigi ka ieprieksgja
nodala aprakstitajos p&tijumos ar1 $aja gadijuma LIF ar ortogonali polariz€to komponensu

izSkirSanu tika noverota virziena, kas ir paraléls pieliktajam magnétiskajam laukam.
3.2. Eksperimentala iekarta

Attela 20 paradits shematisks eksperimentalas iekartas kopskats no augsas.
Eksperimentos tika izmantota ta pati Rb tvaiku Siina, kas aprakstita 2. nodala, kura atradas
tajos paSos 3 savstarp€ji perpendikularu Helmholca spolu paros. Ka ieprieks, ar1 Seit divos
(x un y) virzienos spolés plistosa lidzstrava radija nelielu magnétisko lauku, kas kompensgja

apkartesos$as vides magnétisko lauku, un attiecigi treSaja virziena, magnétiskais lauks tika
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skengts. Skengjosas stravai bija pret nulles vertibu simetriska trisstiirveida forma ar frekvenci
21 mHz. Saja eksperimentd tika izmantots tas pats lazers, kas tika lietots arl 2. nodala
aprakstitajos eksperimentos. lerosinosa starojuma frekvence tika noteikta izmantojot
piesatinasanas absorbcijas iekartu un HighFinesse WS/7 vilpa garuma meéritaju. Eksperimenta
laika frekvence tika riipigi kontroléta un nepiecieSamibas gadijuma tika veiktas korekcijas
lazera kontrolieriem, lai kompensétu lazera frekvences izmainas. Sajos mérijumos, lai

sasniegtu lielakas magnétiska lauka veértibas tika izmantots ne tikai Kepco BOP-50-8-M, bet

z I
Fotodiodes L
A Polarizéjoss
. stara dalitajs
«—>
X y I :-©- b 3-asu Helmholca
e spoles
s ; . Linears .
tara formésSanas polarizators

optika

Diozu Lazers

780 nm

partraucéjs
Attéls 20. Skats no augSas uz eksperimentalo iekartu.

arl Agilent N5770A stravas avots. Tas lava palielinat magnétisko lauku Iidz pat 120 G.
Nomeéritais lazera stara profils tika aproksiméts ar Gausa funkciju, kuras platums pie puses
maksimuma tika noteikts 1,6 mm. ST vértiba tika pienemta par stara diametru. Pirms lazera
stars nonaca $iina, tas tika virzits cauri stara partrauc€jam (optical chopper). Ar secigi

novietota polarizacijas plaknes griez&ja un lineara polarizatora kombinacija vargja iegt

lazera jaudas vertibas no 20 pW Iidz 320 uW, kas aptuveni atbilst 1azera intensitates veértibam
no 1 mW/ecm® lidz 16 mW/cm®. LIF no divam savstarpgji perpendikulari polarizétam
komponentém (viena paral€la un otra perpendikulara ierosinosa elektriska lauka vektoram)
cauri l&cu sistémai un polarizgjosam stara dalitajam nonaca uz Thorlabs FDS100 fotodiodém.
Signals no katras fotodiodes tika pastiprinats ar atsevisku pastiprinataju virkni, kas sastaveja
no diviem TLO72D pastiprinatajiem, kur pirmais sniedza transimpedances pastiprindjumu 10
reizes un otrs sprieguma pastiprinajumu 10* reizes. Signals talak nondca divkanalu fazes

jiitiga pastiprinataja (lock-in amplifier), kur$ sniedza papildus pastiprindjuma vértibas no 10’
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lidz 10° reizes. Stara partraucgjs, kas atradas lazera stara, deva 1 kHz lielu atsauces frekvenci.
Fazes jutiga pastiprinataja laika konstante bija 200 us. Talak signali tika registréti ar 2. nodala

pieminéto osciloskopu, kur$ ar1 Sos datus vidgjoja.
3.3. Rezultati
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Artels 21. LIF intensitates starpiba (I, — I;) atkariba no magnétiska lauka %Rb E,=2-F=

1,2,3 parejai. Atseviskie grafiki atbilst dazadam lazera intensitatem.

Eksperimentalo datu salagosana ar teor&tiskajiem notika Iidzigi ka tas aprakstits
2.2.nodala — atrodot piemérotas kp un k, vertibas. Saja eksperimentu sérija vislabako
sakritibu starp meritajiem un skaitliski model&tajiem signaliem nodro$inaja kz = 0,5 un
k, = 1. Ka papildus salagoSanas parametrs tika izmantots lazera Iinijas platums. Labako
sakritibu starp teoriju un eksperimentu nodroSindja Aw = 2 MHz, kas atbilst S$adas
konstrukcijas lazera tipiskam generétas lazera Iinijas platumam. Ilglaicigas lazera starojuma

frekvences izmainas — “dreifs” tika noversts, lazera starojuma frekvenci eksperimenta laika
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uzraugot un turot nemainigu. Vienas un tas paSas piemekleto parametru kg, k, un Aw tika
izmantotas visam parejam, visam jaudam un visam izskanosanas frekvenceém.

Visos paraditajos LIF atkaribas no magnétiska lauka grafikos uz yass ir dota
intensitasu starpiba starp divam perpendikulari polarizétam LIF komponentém. LIF
intensitates starpibas mervienibas ir patvaligas, tau tas ir kopigi normétas viena izotopa
ietvaros. Sakritiba starp eksperimentu un teoriju bija teicama pie mazam lazera intensitates
vertibam un pilnigi apmierinoa pie I = 16 mW/cm?. Pie vél lielakam lazera intensitates
vertibam teor&tiskais modelis klust mazak precizs. Tas ir tapéc, ka pie lielam lazera jaudam
caurlidosanas relaksaciju vairs nevar aprakstit ar vienu konstanti, ka tas tiek darits Sini
modeli. Ka arT lazera jaudas sadalfjumu, stara profila, vairs nevar aprakstit ar taisnstiira
funkciju. No Siem spriedumiem izriet, ka teorétiskais modelis izmanto vienu vidgjo vertibu,
lai aprakstitu lazera jaudu, un $ads piep@émums sniedz labu sakritibu pie mazam lazera
intensitatém. Tacu pie lielam lazera jaudam, dala no stara profila piesatinas, un vienkarSojums
vairs nedarbojas. Rezultati *’Rb atomu LIF komponen3u starpibas atkaribai no magnétiska
lauka pie dazadam lazera intensitatém (dazadam Q), paraditi 21. attéla. Saja mérfjuma
ierosme notika no pamatstavokla Iimepa F; = 2.

Nakama tika pétita Itmenu krustoSanas spektru atkariba no lazera izskanoSanas
frekvences. 22. attela ir paraditi rezultati teorétiskajiem aprékiniem, kas parada ka nenulles
lauka ltmenu krusto$anas piku amplitidas var ietekm@t, mainot lazera starojuma frekvenci.
Grafikos redzamo liknu izskanoSanas frekvence noradita, ka lazera starojuma frekvences
atSkirtba no frekvences starp supersikstruktiiras pamatstavokli un ierosinata stavokla
sikstruktiiras Iimeni. Pirmkart, ir redzams, ka ievérojamas limenu krustoSanas piku amplitidu
varidcijas novérojamas tikai *’Rb (skat. 22.(a) un 22.(b) att.). Sim rubidija atoma izotopam
Itmenu krustoSanas pika, kas apziméts ar y, amplitiidu, mainot lazera starojuma frekvenci var
palielinat pat gandriz 2 reizes, ja to ierosina no pamatstavokla Iimena F;, = 2. Savukart, kad
ierosme notiek no pamatstavokla Iimepa F; = 1, tad Iimenu krustoSanas piku a un f8
amplitidas var gandriz dubultot. *’Rb izotopa gadijuma (skat. 22.(c) un 22.(d) att.) Doplera
paplasinagjuma dé] nenovéro Sadus efektus, jo ierosinata stavokla supersikstruktiiras
saSkelSanas §im izotopa ir maza, salidzinot ar Doplera platumu. Energijas starpiba starp %Rb
F, =1 un F, = 4 stavokliem ir nedaudz vairak par 200 MHz, turpretim Doplera profila
pilnais platums pie puses maksimuma istabas temperattira ir apméram 500 MHz. Neskatoties

uz to, ka lazera frekvences izskanoSanas vértiba “Rb gadijuma bija mazika, ki “'Rb
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gadijuma, izskanoSanas vertibas attieciba pret sikstruktiiras saskelSanos ir apméram vienadas.
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Attéls 22. Teorétiski modelétie signali (I, — I;) atkariba no magnétiska lauka: (a) *’Rb
Fp=2-F=123,0)"RbF=1-F=012() Rb [ =2>F =123
un (d) ¥Rb F, = 3 > F, = 2,3,4 parejam.

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

o~ 018 - - s s s 018 2 0244111024

S o046l 85 Eksperiments (I=2 mW/cm’)[ o016 2 1 s Eksperiments (I=2 mW/cm')||

s Rb Fg=2 Teorija (Q,=4 MHz) " 0203 RbF=2 Teorija (Q,=4 MHz) L 0.20

S 0144 ° . L0.14 -2 A . - .

> Lazera izskano$ana 65 MHz P Lazera izskanoSana —44 MHz

= L0.12 5 0.16+ ; L0.16

= 010S ] I

s S 0.12- -0.12

2 L0.08 =2

E B '

g L0.06 = 0.08- Loos

b > ] I

@ L0.04

] $ 0.04 L 0.04

] L0.02 ix ] I

s s

§ L 0.00 % 0.00 1 0.00

= ] L I
-0.02 ¥=

= T T T T T T 0.0 E -0.04 T T T T T T -0.04

0 20 40 60 80 100 120 140 0 20 20 60 80 100 120 140
Magnétiskais lauks (G) Magneétiskais lauks (G)

Attels 23. Intensitasu starpiba (I, — I;) atkariba no magnéetiska lauka “Rb F,=2-F =
1,2,3 parejam, kad lazes izskanots no 525, (F, =2) - 52Py, parejas
(a) +65 MHz un (b) —44 MHz. Lazera intensitate /=2 mW/cm’, teorétisko

aprekinos izmantota Rabi frekvence (1 = 4 MHz.
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Ja *Rb izotopa ierosmei tiktu nemtas vél lielakas izskanoSanas frekvences vértibas, tad tiktu
noverots biitiski mazaks signals, biitiski neietekméjot piku amplittdas.

Talak, lai parbauditu piku amplitidu izmainas, veiksim pie dazadam izskanoSanas
frekvencu veértibam eksperimentali ieglito [Tmenu krustosanas Iiknu salidzinaSana ar teor&tiski
modelétajam. 23. att€la paraditi rezultati %Rb izotopam. Attela 23(a) paraditi rezultati, kad
lazera frekvence izskanota par +65 MHz no precizas energijas starpibas starp pamatstavokli
F, = 2 un ierosinata stavokla 52p, /2 supersikstruktiras Iimenu “smaguma centru”. Rezultati,
kas paradit att€la 23(b) ieguti, kad lazera starojums izskanots par —44 MHz. Lidziga veida
attéla 24(a) paraditi rezultati *’Rb izotopam, kad ierosme notiek no F,=3 uz 52Pp, 2 ar
izskanoSanas vértibu —63 MHz, kamér att€la 24(b) paraditi merjjumi ar +22 MHz lielu
izskanoSanos. Ka jau bija sagaidams no teorétiskd modela, tad ltmenu krustoSanas piku
amplitiidas S§im rubidija izotopam nav 1pasi jitigas pret izskanoSanas frekvenci. Jaatzime, ka
ari $ajos eksperimentos sakritiba starp teoriju un eksperimentu ir loti laba. Sis parejas ari
ilustré magnétisko apakslimenu sajaukSanas ieveérosanas nepiecieSamibu teorétiskaja modeli.
Piem&ram, rezonanse, kas atbilst € (skat. att. 18.) notieck magnétiskajam apakSlimenim
mp = —1 no F, = 3 krustojoties ar my = —3 no F, = 4. Neskatoties uz to, ka $1 [imenu
krustosanas vertiba neiztur izvéles likumu pie B =0 (AF = 0,%1), Sis krustpunkts rada
rezonanses piki pat, ja ierosme notiek no F; = 2. lemesls tam ir $ads — F vairs nav labs
kvantu skaitlis, kad magn@tiskais lauks atSkiras no nulles un pie pietiekosi lielam magn&tiska
lauka vertibam ir pietiekosi liela varbiitiba ierosinat my = —3 no F, = 4 no pamatstavokla

F, = 2. TaCu stavoklis ar maksimalo lenkiska momenta projekciju (F, = 4,mp = 4) netiek
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Attéls 24. Intensitasu starpiba (I, — I;) atkariba no magnetiska lauka “Rb F,=3-F=
2,3,4 parejam, kad lazes izskanots no 52S;/, (F; = 3) > 52P;, parejas (a) —65
MHz un (b) +22 MHz. Lazera intensitite /=2 mW/cm®, teorétisko aprékinos

izmantota Rabi frekvence QO = 4 MHz.
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sajaukts. Tapec nav iesp&jams noverot rezonanses piki ar apzim&jumu ¢, kad ierosme notiek

no pamatstavokla Iimena F; = 2, bet tas paradas kad ierosina no Iimena F; = 3. Sos

spriedumus apstiprina teorétiskie un eksperimentalie rezultati, kas paradit 23. un 24. attgla.
Attglos 25 un 26 ir paraditi rezultati “’Rb izotopam, ierosinot no pamatstavokla

Iimeniem F; = 1 un F; = 2. Saja gadijuma lazera frekvence var dramatiski ietekmét signalu
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Attels 25. Modeléto un eksperimentali iegito datu salidzinajums ®’Rb ierosinot no F,=1ar
A =+36 MHz un A = —190 MHz lazera frekvences izskanoSanu no sikstrukttiras

Iimena.
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Attels 26. Modeléto un eksperimentali iegito datu salidzinajums ®’Rb ierosinot no F,=2ar
A =+36 MHz un A = —190 MHz lazera frekvences izskanoSanu no sikstrukttiras

Iimena.

amplitiidu. Salidzinot 26.(a) un 26.(b) attela redzamas piku amplitidas, var redzet, ka ar
apziméta pika amplitiida palielinas vairak ka 2 reizes, kas lazers bija izskanots par +36 MHz,

ja salidzina ar amplitiidu, kad izskanoSana atbilst —190 MHz. Lidzigi, kad ierosme notika no
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pamatstavokla Iimena F; = 2, pikis, kas atbilst limenu krustoSanas punktam a, nebija skaidri

saskatams pie izskanoSanas vertibas +36 MHz (Att. 25(a)), bet paradijas, kad lazera
izskanoSanas frekvence bija —190 MHz (Att. 25(b)). ArT ¥ limenu krustoSanas pika amplitida
palielinajas atkariba no ta vai lazers bija noskanots uz frekvenci, kas bija tuvu energijas
starpibai starp pamatstavokli un Itmenu krustpunkta vertibai (Att. 25(b)) vai art talu prom
(Att. 25(a)). Sie pieméri uzskatami ilustré iepriek3gjos darbos izveidota teorétiska modela
lietoSanas prieksSrocibas, jo rezonanse ar apzim&jumu [ nebiitu paradijusies modelStajas
Iiknes, kad ierosme notieck no Iimena F;, =1, ja aprékinos magnétisko apakSlimenu
sajaukSanas netiktu nemta vera.

Attela 27 paradits, ka var izmantot teorétisko modeli, lai atrastu Iimenu krustoSanas
pika maksimalo amplitidu pie noteikta magnétiska lauka vertibas. LIF intensitates starpiba

atkariba no lazera izskano$anas vértibas, kad *’Rb ierosina no pamatstavok]a limena F=1
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Artels 27. Intensitates starpiba (I, — I;) atkariba no lazera izskanoSanas frekvences pie fiksét

magnétiska lauka vertibas (B = 57 G).

pie fiksétas magnétiska lauka veértibas B = 57 G. Nepartraukta Itnija atbilst teorétiskajiem
aprekiniem pie Rabi frekvences 4 MHz, kas atbilst lazera intensitatei / = 2 mW/cm’.
Aprekini norada, ka maksimalo signala amplitidu pie dotas magnétiska lauka vertibas iegls
pie izskanosanas frekvences —250 MHz. Sis liknes pusplatums pie puses no maksimuma ir

apméram 250 MHz, kas ir salidzinams ar Doplera paplasinajumu istabas temperatira. Lai
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optimiz€tu eksperimentalos apstaklus, kas sniedz maksimalo amplitidu konkrétam ltmenu
krusto$anas pikim, varétu but lietderigi no aprékinu rezultatiem generét trisdimensionalu
grafiku, kur paradita LIF divu ortogonalo komponensu intensitates starpiba atkariba no lazera
izskano$anas un magnétiska lauka. Sada grafika piemérs paradits 28. attéla, no kura viegli var

noteikt optimalo izskanoSanas vértibu, lai ieglitu maksimalo amplitidu katram Iimenu
krustoSanas pikim.
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Artels 28. Intensitates starpiba (I, — I;) atkariba no lazera izskanoSanas un magnétiska lauka,

kad *’Rb ierosina no F, = 1 pamatstavok]a.
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4. IZKARTOSANAS PAREJA ORIENTACIJA ATOMIEM AR
SIKSTRUKTURU AREJA MAGNETISKA LAUKA. RB PIEMERS.

4.1. IzkartoSanas pareja orientacija aréja magnéetiska lauka klatbiitné eksperimenta

un teorijas apraksts

Lineari polariz€tai gaismai mijiedarbojoties ar atomu kopu, parasti tiek radita lenkiska
momenta izkartoSanas gan atoma ierosinataja stavokli, gan ari ta pamatstavokli. Lenkiska
momenta izkartoSanos var simboliski att€lot ka divvirzienu bultipu. Ja atomu lenkiskais
moments ir izkartojies gar kvant€Sanas asi, tad veidojas ta saucama lepkiskd momenta
garenizkarto$anas. Saja gadijuma magnétisko apakslimenu ar kvantu skaitliem +myp un —mg
apdzivotibas ir vienadas, bet apdzivotiba mainas ka funkcija no |mp|. Bet ja lenkiskais
moments ir izkartojies perpendikulari kvanteSanas asij (Sk&rsizkartosanas), tad tas savukart
nozimé& to, ka pastdv koherence starp magnétiskajiem apakSlimeniem, kuru magnétiskie

kvantu skaitli mg atSkiras par Am; = +2 (skat. att.29.).

......

Attels 29. Limenu sh&ma. Nepartrauktds bultinas starp pilna lenkiska momenta
apakslimeniem norada uz absorbciju un liektas-partrauktas bultinas ierosinataja

stavoklt parada Amg = 1 koherneces un Amy = 2 koherences.

Lidziga veida var ieviest garenisko un Skérsenisko lenkiska momenta orientaciju.
Lenkiska momenta orientéSanas gadijuma ta telpiskais sadalijums var tikt attelots ka
vienvirziena bultina, un garenorientacijas gadijuma magnétisko apak$limenu ar vertibam
+mg un —my apdzivotibas ir atkirigas. Skérsorientacijas gadijuma koherence tiek radita
starp magnétiskajiem apakslimeniem, kuru kvantu skaitlu vertibas atSkiras par Amp = +1.
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Tiek sagaidits, ka fluorescence no izkartota atomu ansambla bis lineari polarizéta, bet
orient€tu atomu gadijuma, fluorescencei piemitis ari no nulles atSkiriga cirkularitate.
Izkartosanas, ko radijusi lineari polariz€ta gaisma var tikt parversta orientacija argju
mijiedarbibu rezultata, pieméram, ar magné&tiska lauka gradientu [74] vai anizotropu
sadursmju rezultata [40,41,43]. So procesu sauc par izkarto$anas pareju orientacija (IPO)
[75]. Mijiedarbiba ar ar&ju elektrisko lauku ar1 var radit orientaciju no sakotngji izkartotiem
atomiem [44]. Tacu tam ir vajadzigi vél papildus nosacijumi. Magnétiskais lauks pats par sevi
nav spgjigs radit orientaciju no izkartoSanas tapéc, ka tas ir aksials lauks, kas ir simetrisks
attieciba pret atspogulojumu plakng, kas ir perpendikulara lauka virzienam. Tomér
supersikstruktiiras mijiedarbiba var radit nelinearu magnétisko apakslimenu energiju atkaribu
no pieliktd magnétiska lauka — nelinearais Z&émana efekts, un §1 nelineara atkariba var lauzt
simetriju. Ja lineari polarizétas gaismas E vektors nav perpendikulars kvant€Sanas asij
(argjam magnétiskajam laukam), tad ierosmes starojums var tikt sadalits lineara (m) un divas
cirkulari (c*, 0") polarizetas komponentgs attieciba pret kvantsanas asi (skat. att.30.). Sada
ierosme var veidot Amyp =11 koherences, kas noved pie lenkiska momenta
Skeérsorientacijas.

Argju perturbaciju rezultata var tikt lauzta simetrija, kas lauj ierosinot ar lineari
polarizétu starojumu radit atomu lenkiska momenta orientaciju. Sadas orientacijas pazime ir
cirkulari polariz€tas fluorescences novéroSana. Perturbgjosais faktors $aja gadijuma bija
supersikstruktiiras un argja magnétiska lauka kopiga mijiedarbiba, kas noveda pie nelinearas
Z&mana magnétisko apakslimenu SkelSanas. Nelinearais Zémana efekts lenkiskd momenta
supersikstruktiiras magnétiskos apakslimenus Rb atomos argja magnétiska lauka sak ietekmét
jau pie vidgjam lauka stipruma vertibam ar kartu dazi desmiti gausu.

Teorétiskais modelis, kas tika veidots un attistits, lai aprakstitu tadus magnetooptiskos
efektus, ka tumsas un gaisas rezonanses, Seit tiek pielietots, lai aprakstitu eksperimentalos
IPO signalus rubidija D, parejai. Tapec, ka supersikstruktiiras Iimenu saskelSanas abiem Rb
izotopiem ir ar kartu desmitiem megahercu (skat. att. 8), D, linija ir labs kandidats PO
fenomena demonstracijai pie relativi mazam magnétiska lauka vértibam. Saja promocijas
darba eksperimentali pétits [PO fenomens ierosinot rubidija D, Iiniju ar lineari polarizétu
gaismu nelinearas absorbcijas gadijuma un teor&tiski model&ti rezult§josie magnetooptiskie
signali. Eksperimenta tika registrétas abas cirkulari polarizétas komponentes, nevis tikai to
starpiba, ka tas bija darits iepriek§ [39]. Tapat, atskiriba no agrakajiem pétijumiem, signali

tika registréti nelinearas absorbcijas gadijuma relativi intensivam lazera starojumam. Turklat
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arT magnétiska lauka veértiba tika ievérojami palielinata, kas lava atklat papildus signala

strukturu.
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Attels 30. lerosmes un novérosanas geometrija.

Sini gadijuma signala novérosanai janotiek nevis paraléli magnétiskajam laukam, ka
tas bija ieprieks (skat. 2. un 3. nod.), bet perpendikulari plaknei, ko veido argjais magnétiskais
lauks B un ierosinos$as gaismas E vektors. To var pamatot ar lenkiska momenta varbiitibu
sadalijjumu formu — kad 30. attéla paraditaja geometrija tiek ierosinati magnétiskie
apakslimeni ar kvantu skaitliem, kas atbilst nosactjumam Amg = 1, tad lenkiskais moments
tieck orientets vai nu x-ass pozitivaja vai negativaja virziena atkariba no magnétisko
apakSlimenu krustoSanas vertibam. Lidz ar to maksimalo signalu novéros virziena, kas ir
perpendikulars plaknei, kura atrodas ierosinos$a E vektors un pieliktais magnétiskais lauks B

[50].
4.2. Eksperimentala iekarta

Ar1 Sajos eksperimentos tika izmantota Rb atomu tvaiku Stna, kas aprakstita
iepriek$€jas nodalas. Eksperimenti notika istabas temperattira. Lai Tstenotu 30. att€la paradito
ierosmes geometriju, lineari polarizéts lazera stara izplatiSanas virziens veido 45° lielu lenki
ar argjo magnétiska lauka virzienu B. Lazera inducéta fluorescence (LIF) tika noveérota
virziena, kas ir perpendikulars plaknei, kura atrodas gan magnétiska lauks B, gan ierosinosa
starojuma elektriska lauka vektors E (skat. att. 30.). Fluorescence novérosanas virziena tika
savakta ar divam savacgjlécam. Starp §Stm divam l€cam nultas kartas ceturtdalvilpa plaksnite
(Thorlabs WPQ10M-780) parveidoja cirkulari polariz€tu gaismu lineari polarizeta. Talak
linears polarizators tika lietots ka analizators, kas ]ava tikai vienai no cirkulari polarizétajam
fluorescences komponentém tikt cauri registracijas sistémai atkariba no relativa lenka starp

analizatora asi un ceturtdalvilpa plaksnites atro asi.
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Attéls 31. Skats no augsas uz eksperimentalo iekartu.

Shematisks eksperimentalas iekartas skats no augSas paradits 31. attela. Lidzigi ka
ieprieks ar1 Sajos eksperimentos Rb atomu Siina atradas tris asu Helmholca spolu centra, kuru
asis bija savstarpgji ortogonalas. Tikai $inT gadjjuma magnétiskais lauks tika skenéts spol@s ar
lielako diametru 432 mm, un ieksgjas spoles nodrosinaja vides parazitiska magnétiska lauka
kompensaciju. Tika novertéts, ka kompensacija ir labaka par 0 + 20 mG. Stravas sken&josas
spolés tika skenéta abos virzienos ar bipolaru stravas avotu (Kepco BOP-50-8-M), ar kuru
vargja panakt maksimalo magnétiska lauka vertibu 85 G abos virzienos.

Sajos eksperimentos tika izmantots firmas Toptica DL Pro difrakcijas rezga
stabiliz&ts, skengjams, vienmodas diozu lazers. Lazera frekvence tika stabilizeta, to piesaistot
kadam no piesatinasanas absorbcijas spektra pikim Rb atoma, izmantojot Toptica DigiLock
110 atgriezeniskas saites vadibas moduli. Piesatinatas absorbcijas Stna atradas arpus
magnétiska lauka. Lai nodroSinatu kontroli eksperimenta laika lazera frekvences stabilitate
tika noverota ar HighFinesse WS/7 vilpa garuma méritaju. Lazera temperatiira un strava tika
kontrolétas ar Toptica DTC 110 un DCC 110 vadibas moduliem.

Modelgjot eksperimentalos signalus lazera stars, tapat ka ieprieks€jos eksperimentos
tika aprakstis ar Gausa profilu un ta diametrs tika novertéts ka 1,9 mm (profila pilns platums
pie puses no maksimuma). Lazera stara profils tika noteikts ar Thorlabs BP104-VIS stara

profila meritaju. Lazera stara eliptiskums tika kompenséts ar anamorfisku prizmu pari. Lazera
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intensitate tika mainita, izmantojot neitrala blivuma optiskos filtrus, kas tika novietoti pirms
lineara polarizatora. LIF no divam pretgji cirkulari polarizétam gaismas komponentém tika
registréta ar vienu Thorlabs FDS100 fotodiodi. Katra komponente tika mérita atseviski, un
tika registréti vairaki magnétiska lauka skani, kas tika vid€joti pirms analiz&josa polarizatora
parslégSanas otras komponentes mériSanai. Signals no fotodiodes tika pastiprinats ar
transimpedances pastiprinataju TLO72D, kur pirmaja pakape signals tika pastiprinats 10°
reizes un otraja pakapé — 10" reizes. Signali tika saglabati péc katra skana uz datora cieta
diska, izmantojot Agilent DSO5014A osciloskopu. Nelielas novirzes no idealas ierosmes
geometrijas ieviesa nenozimigu signala asimetriju, bet §1 asimetrija tika novérsta, vidgjojot

datus starp pozitivo un negativo magnétiska lauka virzienu.
4.3. Rezultati

Lai salagotu eksperimentali noméritos signalus ar teor€tiski modelétajiem, abas
cirkulari polarizétas fluorescences komponentes tika normétas uz oF komponentes
maksimalo vertibu, tadejadi radot iesp&u salidzinat relativas intensitates starp abam
komponentém. Eksperimenta fons tika noteikts divos dazados veidos: meérot izkliedéto
gaismu no optiskas Stnas, izskanojot lazera frekvenci no rezonanses, kad atomi praktiski
vairs lazera starojumu neabsorb&, un aizsedzot lazera staru. Abi fona starojuma meérjjumi
deva praktiski vienadus rezultatus. Eksperimentalo meérjjumu un modeléto signalu

salagoSanas procesa tika ieviests konstants fons, kura skaitliska vertiba bija tuva
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Attéls 32. Signala atkariba no ta, uz kuru SSS pareju uzskanota lazera frekvence.

eksperimentali noteiktajai. Eksperimentalie rezultati bija arkartigi jutigi pret analizatora
novirzém no preciza lepka attieciba pret ceturtdalvilpa plaksnites asi, kas mainija katras
cirkulari polarizétas komponentes stiprumu. Tap&c, lai atrastu labako sakrittbu starp
eksperimentu un teoriju, tika mainits parametrs, kas raksturo katras eksperimentali noteiktas
komponentes relativo stiprumu. ST parametra vértiba vidgji bija ap 10%, nekad neparsniedzot

20%.
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Pirms tika veikti eksperimenti, tika veikti provizoriski teor&tiski aprékini abiem
izotopiem, lai noteiktu, kura supersikstruktiiras pareja var sagaidit signalus ar lielako
amplitidu, kurus saistitu ar IPO efektu. Lai novertétu IPO signala sagaidamo amplitudu tiek
definéta LIF cirkularitates pakape:

= % . (29)
Teorétiskie aprékini paredzgja, ka lielaka cirkularitates pakape ~4% var tikt novérota *’Rb
atomus ierosinot no pamatstavokla supersikstrukturas [imena F; = 2. Ka redzams 32. attela
Doplera paplaSinajuma del signals nav stipri atkarigs uz kuru SSS Ilimeni Rb atoma
ierosinataja stavokli F, notiek ierosme. Modelétie PO signali paredz, ka fluorescences
cirkularitates pakape no citam Rb parejam biis mazaka par 1%. Lai IPO signalus registrétu

abiem Rb atoma izotopiem “'Rb izotopa gadijuma tika izvéléta pareja FE=1-F=1,jo

Saja gadijuma paredze&ta cirkularitates pakape bija 1%, turpretim ierosinot no pamatstavokla
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Attéls 33. (a),(b) divu pret€ji polarizéto fluorescences komponentes, (c) to starpiba, (d)

cirkularitate *Rb F, = 2 - F, = 2 parejai (vidgjotie rezultati no 80 skaniem).
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Iimena F; = 2 cirkularitates pakape biitu ieverojami mazaka par 1%. Tade] eksperiments tika
veikts ar “Rb F, =2 > F, = 2 pareju un ¥Rb F, =1- F, = 1 pareju.

Attela 33 paraditi tipiski rezultati *Rb F, =2 > F, = 2 parejai. Att€los 33(a) un
33(b) paraditas divas ortogonali cirkulari polarizétas fluorescences komponentes. Kad
magnétiskais lauks ir nulle, visi magnétiskie apakSlimeni mg, kas pieder vienam
supersikstruktiiras ITmenim F gan ierosinataja, gan pamatstavokli ir degeneréti, radot tipisku
tumSo rezonansi. Palielinot magnétiska lauku, Sie apakSlimeni tiek nobiditi atbilstosi
nelinedarajam Z&mana efektam, tadejadi iznicinot izkartoto stavokli un laujot atomu
absorbcijai palielinaties, kas rada strauju fluorescences signala palielinasanos. P&c tam,
kopgja signala tendence ir samazinaties, ja turpina palielinat magnétisko lauku. Tomér kopgja
Iéni mainiga signala var noveérot divus mazus pikus pie magnétiska lauka vertibam 23 un
44 G. Sos pikus var saistit ar Amy = 2 koherencém. Pikis pie 23 G paradas, krustojoties
magnétiskajam apakSlimenim mp = —1 no F, = 2 SSS limena (9. att. ierosinata stavokla
Z&émana efekts) ar magnétisko apakslimeni mp = —3 no F, = 3 SSS Ilimena, tadejadi radot
Amg = 2 koherenci. Otrs mazais pikis pie 44 G rodas magnétiskajam apakSlimenim
mp= —1 no F, =3 SSS limena krustojoties ar magnétisko apak$limeni my = —3 no
F, = 4 SSS limena. Jaatzimg, ka neviens no Siem pikiem nav redzams starpibas (att. 33.(c))
un cirkularitates pakapes grafikos (att. 33.(d)), jo tie viens otru pilniba kompense, kad

cirkularas fluorescences signali tiek viens no otra atpemti.
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Attéls 34. lerosinata stavokla supersikstruktiiras Itmena F, = 2 magnétisko apakslimenu
energijas nobide atkariba no magnétiska lauka (0<B<10 G) *Rb atoma.
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Bez Siem diviem mazajiem pikiem cirkulari polarizeétas fluorescences komponensu grafikos,
signalu starpibas un fluorescences cirkularitates pakapes grafikos (att.33.(d)) paradas vél divi
piki pie 7G un 74 G, kas atbilst divam plasakam struktiram komponensu grafikos
(att.33.(a),(b)): viena apméram pie 6—10 G stipra magn&tiska lauka un otra vaji izteikta pie
apméram 10—74 G stipra magnétiska lauka. Sos pikus var saistit ar Amy = 1 koherencém.
Pikis pie 7 G paradas, ka fluorescences signala pieaugums viena cirkulari polarizetaja
fluorescences komponente (att.33.(a)) un ka kritums otra komponenté ar pret&ju cirkularo
polarizaciju (att.33.(b)). Jaatzimé, ka to atbilstoSie maksimums (6 G) un minimums (9 G) ir
relattvi nobiditi cirkularas polarizacijas komponensu signalos (att.33.(a) un 33.(b)). Relativo
nobidi var skaidrot ar to, ka §is pikis vienlaicigi ir saistits ar trim Amy = 1 un divam Amy =
2 koherencém diapazona no 0 Iidz 10 G (att. 34.). Atnemot divas pret&ji cirkulari polarizétas
komponentes, var izslégt Amp = 2 koherences no starpibas signala un tadejadi iegiit pikus,
kas atbilst tikai Amp = 1 krustpunktiem. 74 G piki 33.(c) att€la var izskaidrot lidziga vieda.
Tik tikko manama struktiira komponen3u grafikos paradas ka plats pikis starpibas signala. So

piki saista tikai ar vienu Amy = 1 krustpunktu, kur krustojas

magnétiskais apak$limenis my = —1 no F, =3 SSS limena ar magnétisko apakslimeni
mp = —2 no F, =4 SSS limena, ta rezultata pika amplitida ir mazaka. Pikis ir plats, jo
apak$limeni mp = —1 un my = —2 atrodas energetiski tuvu (AE < 20 MHz) viens no otra

relativi plasa magnétiska lauka diapozona sakot no 60 Iidz pat 90 G.

Attela 35 ir paradita fluorescences signala atkariba no lazera jaudas *’Rb E=2-
F, = 2 parejai. Komponesu grafikos var novérot, ka, palielinot lazera jaudu, platas struktiiras,
kas saistitas ar Amp = 1 koherencém kliist aizvien mazak izteiktas. Tacu tas vél joprojam ir
redzamas starpibas grafikos (att. 35. kolona pa labi), kaut ari to amplitidas nedaudz
samazinas, un starpiba klist pat negativa gadijuma, kad Rabi frekvence sasniedz vértibu
Qr = 4,50 MHz (19,6 mW/cm?) (att. 35. pa labi apaksa).

Attela 36 paradita fluorescences signalu atkariba no lazera jaudas *’Rb atoma
F, =1- F, =1 parejai. Palielinot magnétisko lauku, péc sakotn€ja signala pieauguma
tumsas rezonanses dél, kop€ja signala intensitate ir ar tendenci samazinaties. Tacu
fluorescences komponensu grafikos divi mazi piki paradas pie magnétiska lauka 45 un 57 G
un plata struktiira veidojas starp magnétiska lauka verttbam 7 un 26 G. (att. 36. kreisa un
centrala kolona). Fluorescences cirkularas polarizacijas komponensu starpibas grafikos
(att. 36. kolona pa labi) redzamas struktiras ir saistitas ar Amy = 1 koherenc€m. PatieSam

magnétiskie apakSlimeni my =0 un my =+1 no SSS Iimena F, =1 krustojas pie
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Attéls 35. Signalu atkariba no lazera intensitates ierosinot “’Rb F, =2 - F, =2 pareju,

Kreisa un centrala kolona divas pret&ji cirkulari polarizétas fluorescences

komponentes un laba kolona to starpiba.

magnétiska lauka 21 G, radot plato struktiru no 7 Iidz 26 G (att. 37.). Mazo piki pie
magnétiska lauka 57 G rada magnétisko apak$limenu krustoSanas ar kvantu skaitlu vértibam
mp =0no F, =1 un my = —2 no F, = 3, kas lauj radit Am; = 2 koherences. Ta rezultata
var novérot LIF signilu pieaugumu komponensu grafikos. Sim pikim vajadzétu pazust
cirkulari polarizétas fluorescences komponensu starpibas signalos, sakara ar to, ka S§is
rezonanses saista ar Amp = 2 koherencém. Teoretiski model&tajos fluorescences signalos $is
rezonanses pikis starpibas signala patieSam paziid, bet eksperimentali méritaja signala tomer
ir novérojams. To var€tu skaidrot ar augstakas kartas nelineariem efektiem, kuri nav ieklauti
modeli, vai arT ar to, ka eksperimenta signalu kompensacija nav ideala.

Piki pie magnétiska lauka vertibas 45 G cirkulari polarizétas fluorescences
komponensu grafikiem nevar saistit ne ar vienu ItTmenu krusto$anas punktu ne ierosinataja, ne
pamatstavokli. P&c ta, ka tas paradas starpibas grafikos var spriest, ka tas varétu biit saistits ar
Amp = 1 koherencém. Tacu teorétiskie aprékini parada, ka Sis pikis saglabajas pat, ja

blivuma matrica Zémana koherences tiek ,,izslégtas”, kas norada uz to, ka Sis pikis nav

60



——¢"* (1= 0.2 mW/cm?) —— 0 (=02 mWicm?) . 0.034 —— 6" -0 (/= 0.2 mW/cm’)
1.0/ ——Q_=0.80 MHz 1.04 —Q_=0.80 MHz é 0.02 ——Q_=0.80 MHz
3 ) : :
2 = i
2 2 1
- > 4 ;
= 0.9 T;O.Q— ; 4“
= 3_", i i
= = i i
I I i H
= = !
0.8+ v y v v 0.8+ - T T r - T - T
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Magneétiskais lauks (G) Magnétiskais lauks (G) Magnetiskais lauks (G)
—— o* (1= 0.7 mW/cm®) —— o (/= 0.7 mW/cm’) _ ——o*- 06~ (1=0.7 mW/cm®)
1.0+ —Q =120 MHz 104 | — @, =120 MHz g 0.021 —Q, =120 MHz
2 =
3 =
2 £ 0.014
So9 —
g £ 0.00]
] 3
= £
& 0.8 £-0.014
= 7
‘ . . . . : . . -0.02- ; : . .
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Magnetiskais lauks (G) Magnétiskais lauks (G) Magnetiskais lauks (G)
104 —— o' (/=25 mW/cm®) 1.0 —— o (/= 2.5 mW/cm?) 0.024 —— o' -0 (1= 2.5 mW/cm?)

— Q=250 MHz —Q_ =250 MHz ——Q,=250MHz

2
2 z \ £ 0.011
] | = 0.
.§ 0.9 TE 0.9 5
3 g -
£ 0.8 £ 0.8 ® 0.004
=07 07 I5-0.01
= = s
8
067 ‘ ‘ ‘ — 0% ‘ ‘ ‘ — 0021, ‘ ‘ ‘ ‘
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Magnétiskais lauks (G) Magnétiskais lauks (G) Magnétiskais lauks (G)
1.04 —— 0" (I=19.7 mW/cm?) 1.04 —— o (I=19.7 mW/cm?) - —— 6" -0 (1=19.7 mW/cm?)
——Q,=500MHz ——Q,=500MHz g 0.0 —Q_ =500 MHz
20.91 20.91 g
=3 3 =
2 2 £
£0.8 5084 2 0.00-
= = g
0.7 E 0.74 =
: Zos % -0.014
= 0.6+ =06 i
051 : : : — 051 : : : o0l : ‘ : :
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Magnétiskais lauks (G) Magnétiskais lauks (G) Magnétiskais lauks (G)

Attéls 36. Signalu atkariba no lazera intensitates ierosinot ®’Rb F,=1-F, =1 pareju,
Kreisa un centrala kolona divas pret&ji cirkulari polarizétas fluorescences

komponentes un kreisa kolona to starpiba.

saistits ar koherenc@m. Neskatoties uz to ka patiesais pika c€lonis pagaidam paliek nezinams,
§1 pika paradiSanas gan teorija, gan eksperimenta neparprotami norada uz to, ka teoretiskais
signalu apraksta modelis darbojas labi pat tad, kad nelinearas absorbcijas reZima ta paredzetos
signalus interpretét nav viegli.

Cirkulari polarizétas fluorescences signali abiem Rb atoma izotopiem tika registréti
plasa lazera starojuma intensitates diapazona. Meéritajam fluorescences signalam katrai lazera
intensitates vertibai tika piemekléta teorétiski modeléta signala Iikne, ar kuru tam bija
vislabaka sakritiba. Attéls 38 parada to, ka §1 izv€le nav bijusi patvaliga, bet iegiitas vertibas

sakrit ar sagaidamo sakaribu starp eksperimentd izmantoto lazera intensitati un modell
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piemekl&to Rabi frekvenci. No teor&tiskiem apsvérumiem var sagaidit [76], ka punkti Saja
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Attéels 37. lerosinata stavokla supersikstruktiiras Itmena F, = 1 magnétisko apakslimenu

energijas nobide atkariba no magnétiska lauka (0<B<40 G) *’Rb atoma.

grafika atradisies uz vienas taisnes, un patieSam §1 atkariba var tikt aproksiméta ar taisni ar
reducéto x? = 1,4. Janorada, ka pie lielakam lazera intensitates vértibam relativas kliidas
pieaug, jo signali pie $STm intensitateém vairs nebija tik jlitigi pret modeli izmantoto Rabi
frekvences vértibu. P&c §1 var secinat, ka vismaz Iidz $§Tm lazera intensitates vértibam reducéta

Rabi frekvence (Qp ir tiesi proporcionala kvadratsaknei no intensitates I.

o “RoF=2_F=2
8 e

YRbF =1>F =1
8 e

Lineara aproksimacija

o

0 4 8 12 16 20
Intensitate (mW/cmz)

Attéls 38. Rabi frekvences kvadrata Q% atkariba no lazera intensitates I ar lineari datu

aproksimaciju %Rb F,=2->F =2un ¥Rb F, =1 - F, = 1 parejam.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Saskana ar promocijas darba izvirzitajiem mérkiem un formul&tajiem trim uzdevumiem, ir

iegiiti sekojosi galvenie rezultati:

1.

Izmantojot Latvijas Universitates Lazeru centra agrak izveidoto teorétisko modeli, kura
lietots kvantu blivuma matricas formalisms, lai aprakstitu magnetooptiskas rezonanses,
tika detali izpetitas dazada meroga struktiras Saja darba eksperimentali iegiitajos
nelinedrajos magnetooptisko rezonansu signalos Rb atomos. Apraksta modeli ir, ieklautas
lazera starojuma koherences ipaSibas, visas petamajai sikstruktiiras parejai piederosas
supersikstruktiiras parejas, magnétisko apakslimenu energijas nelineara skenéSana un to
sajauksSanas argja magnétiska lauka ietekmé ka arT Doplera efekts.

1.1 P&tot nepolariz€tus ar lazeru induc@tas fluorescences signalus no dazadiem
supersikstruktiras ltmepiem Rb atomu D, pareja, $aja promocijas daba tika
konstatets, ka Saura magnetooptiskas rezonanses struktiira ar raksturigo platumu dazi
simti miligausu ir saistita ar koherenceém ko lazera starojums rada atoma
pamatstavokli.

1.2 Koherences, kas tiek raditas atoma ierosinataja stavokli un tiek noverotas pilnaja, ar
lazeru inducétas, fluorescences signala, veido struktiiru ar platumu dazi gausi. Tacu
§ts struktiiras amplitiida ir neliela. Ta neparsniedz 2% un lidz ar to tai ir maza ietekme
uz kopgjo ar lazeru inducétas fluorescences signalu.

1.3 Struktiira, kuru nosactti var raksturot ar diviem platumiem, Sauraka dala ar platumu
dazi gausi un plataka dala ar platumu dazi desmiti gausu, veidojas no pamata un
ierosinata stavokla magnétisko apakslimenu skenéSanas aréja magnétiskaja lauka. Sis
struktiiras amplitiida ir ievérojami lielaka. Ta biezi parsniedz 5% robezu un ir saistita
ar dazadam atomu atruma grupam un to atskirigo mijiedarbibu ar lazera starojumu

magnétisko apakslimenu skenéSanas magnétiskaja lauka un Doplera efekta del.

P&tot Rb atomu ierosinata stavokla 5%P; /2 magnétisko apakSlimenu krustoSanas signalus

no nulles atSkiriga magnétiskaja lauka atkariba no lazera starojuma intensitates Saja

promocijas darba tika konstatéts:

2.1. Palielinot lazera intensitati, kop&ja ar lazeru inducétas fluorescences signala
intensitate pieaug, tau pareju piesatinasanas dé] Iimenu krustoSanas rezonansu piku

amplitidas relativi samazinajas.
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3.

2.2.

2.3.

P&tot Iimenu krustoSanas rezonanses signala amplitidas Rb atomos atkariba no lazera
starojuma frekvences tika novérots, ka lazera frekvence butiski ietekmé Itmenu
krustoSanas piku amplitidu, ja atoma ierosinata stavokli supersikstruktiiras
saSkelSanas ir ieverojama, salidzinot ar supersikstruktiiras parejas Doplera
paplasinagjumu. Jo lazera frekvence precizak atbilst parejai starp attiecigo
pamatstavokla magnétisko apakslimeni my un ierosinata stavokla magnétisko
apakSlimenu krustpunktu atomiem, kas atrodas miera stavokli, jo rezonanses signala
amplitida ir lielaka. Atoma stavokliem, kuros supersikstruktiira saskel$anas ir
ievérojami mazaka par parejas Doplera paplasSinajumu, $ads efekts izpauzas vaji.

Promocijas darba veiktie [imenu krusto$anas signalu no nulles at$kiriga magnétiskaja
lauka veiktie petijumi uzskatami paradija, ka analizjot Sos signalus svarigi ir nemt
veéra magnétisko apakS$limenu sajaukSanos ar€ja magnétiskaja lauka, kas pie
noteiktam magnéetiska lauka veértibam lauj notikt parejam starp magnétiskajiem

apakSlimeniem, starp kuriem parejas bez magnétiska lauka biitu aizliegtas.

Ir zinams, ka triju faktoru — gaismas absorbcijas, argja magnétiska lauka un atoma

ieksgjas supersikstruktiiras mijiedarbibas vienlaicigas darbibas rezultata var novérot

atoma lenkiska momenta izkartoSanas pareju orientacija. Saja promocijas darba pirmo

reizi tika petits minétais izkartoSanas parejas orientacija efekts gaismas nelinearas

absorbcijas rezima. P&tijumiem tika izmantots Rb atoma ierosinatais stavoklis:

3.1.

3.2

3.3.

Eksperimentos, pétot izkarto$anas parejas orientacija Rb atomu ierosinataja 52P; /2
stavokli, tika registréti ar lazeru inducétas fluorescences signali. Tika atseviski
meéritas gan divu pret€ji cirkulari polariz€to komponensSu intensitasu atkariba no
magnétiska lauka, gan to starpiba, gan arT fluorescences cirkularitates pakape.
Maksimalais izkartoSanas parejas orientacija efekts, kas tika konstatéts péc ar lazeru
inducétas fluorescences cirkularitates lieluma, tika novérots “Rb izotopam to
ierosinot no pamatstavokla supersikstruktiras [imena F; = 2. Noverota fluorescences
cirkularitates pakape Sai gadijuma sasniedza 4% un labi atbilda teor&tiskaja modelt
paredz&tajam signala lielumam.

Tika konstatéts, ka izkartoSanas parejas orientacija efektivitate nav bitiski atkariga
no lazera starojuma intensitates. Taja pat laika izkartoSanas parejas orientacija efekts
ir loti jutigs pret lazera polarizacijas vektora, magnétiska lauka ve€rsuma un

noverosanas virziena izve€li. Lai ta amplitida biitu maksimala, lineari polarizéta
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ierosinos$a lazera starojuma polarizacijas vektoram javeido 45 gradu liels lepkis ar
magnétisko lauku un fluorescences cirkularas polarizacijas mérjjumi ir javeic
virziena, kas ir perpendikulars plaknei, ko veido magnétiskais lauks un ierosino$as

gaismas elektriska lauka vektors.
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PATEICIBAS

Velos izteikt visdzilako pateicibu mana zinatniska darba vaditajam prof. Marcim Auzinam
par §1 darba vadiSanu no darba ieceres Iidz disertacijas uzrakstiSanai, 1paSi par nesavtigo
daliSanos ar savam neizsmelamajam zinaSanam un noderigajiem padomiem musu diskusiju
laika.

Esmu patiesi pateicigs prof. Ruvinam Ferberam par reiz€m kritiskajam, bet nepiecieSamajam
piezim&m un vertigajam noradém dazados §1 darba tapSanas laika posmos.

No sirds pateicos Andrim Bérzinam un Florianam Gahbaueram par iesaistiSanos domu
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Dependence of the shapes of nonzero-field level-crossing signals in rubidium atoms
on the laser frequency and power density
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We studied magneto-optical resonances caused by excited-state level crossings in a nonzero magnetic field.
Experimental measurements were performed on the transitions of the D; line of rubidium. These measured signals
were described by a theoretical model that takes into account all neighboring hyperfine transitions, the mixing
of magnetic sublevels in an external magnetic field, the coherence properties of the exciting laser radiation, and
the Doppler effect. Good agreement between the experimental measurements and the theoretical model could be
achieved over a wide range of laser power densities. We further showed that the contrasts of the level-crossing
peaks can be sensitive to changes in the frequency of the exciting laser radiation as small as several tens of
megahertz when the hyperfine splitting of the exciting state is larger than the Doppler broadening.

DOI: 10.1103/PhysRevA.87.033412

I. INTRODUCTION

Level-crossing spectroscopy has long been used to study
lifetimes of atomic states (using zero-field resonances) or
atomic constants, such as the magnetic moments and fine and
hyperfine constants (using nonzero-field resonances) [1,2].
The technique most often takes advantage of resonances in
plots of the laser-induced fluorescence (LIF) in a particular
direction with a given polarization as a function of the magnetic
field. The resonances are related to the type of coherent
excitation of magnetic sublevels that becomes possible when
some of them, whose z components m of the total angular
momentum F differ by Amp = g, become degenerate at
particular magnetic-field values [3]. For linearly polarized
excitation ¢ = £2. Such a degeneracy always occurs at zero
magnetic field where all magnetic sublevels belonging to a
particular hyperfine level F' have the same energy. This case
of zero-field level crossing is known as the Hanle effect, first
observed by Hanle himself [4]. However, as can be seen in
Fig. 1, it also happens at certain nonzero magnetic-field values
that some magnetic sublevels from different hyperfine F states
can cross. If the requirement for coherently excited magnetic
sublevels with a certain Am is fulfilled, one speaks of nonzero-
magnetic-field level crossings. The coherent evolution of such
systems can be described with the optical Bloch equations for
the density matrix. However, in order to describe accurately
real systems, it is necessary to take into account all neighboring
hyperfine transitions, the magnetic-field-induced mixing of
magnetic sublevels of identical m that belong to different
hyperfine levels, the Doppler profile, and the coherence
properties of the radiation. Models with these characteristics
have been developed over the years to describe zero-field
resonances in the ground and excited states with great precision
[5]. In this work, we show that nonzero level-crossing signals
in magnetic fields can be described by a theoretical model
over a wide range of magnetic fields to nearly experimental
accuracy. Moreover, the model succeeds also at laser power
densities for which the excitation is nonlinear and where the
effects of optical pumping can be noted. We also show that
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by carefully selecting the laser frequency it is possible to
increase the amplitude of level-crossing resonances. Thus it
is possible to optimize experimental conditions to maximize
the amplitude of a particular resonance, which can be useful
in applications such as measurements of magnetic fields in the
range of tens of gauss or determination of hyperfine constants
in states for which they are not yet known. The ability to
describe level-crossing signals precisely can be useful for
determining atomic constants, especially in situations where
the large number of crossing points washes out individual
resonances.

The first theory of level-crossing signals was given by
Breit in 1933 [6], and the first application was to measure the
fine-structure splitting between the helium P states [7]. These
measurements were described in terms of Breit’s formalism
by Franken in 1961 [8]. Since then, these signals were used
extensively for a time to make measurements of the fine and
hyperfine constants in atoms. For example, the technique was
used to obtain hyperfine constants in rubidium [9] and cesium
[10] (see Ref. [1] for a review of many results). Theoretical
models of the ground-state Hanle effect were used by Picqué
in 1978 [11]. Over time, these models became more and more
sophisticated as different effects were included [12]. Precise
analytical models are also possible [13], but only for lower
laser power in the linear regime.

The present work revisits an earlier study published in
2003 [14], which offered only a model that was limited
to the cycling transitions in the limit of weak excitation
and thus could provide only a qualitative description of the
experimental signals. We now show that the signals can be
described very precisely even in the case of strong, nonlinear
excitation with a model based on the optical Bloch equations
and valid also for nonlinear excitation. Our model takes into
account possible contributions to the transition probabilities
from all neighboring hyperfine transitions, the effects of
Doppler broadening, the splitting of the hyperfine levels in the
magnetic field, and the coherence properties of the exciting
laser radiation [15]. This model had been widely applied to
zero-field resonances in the ground state [5] and achieved good
agreement between experimentally measured and calculated
curves. The experimental parameters, in particular the laser

©2013 American Physical Society
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FIG. 1. (Color online) Energy shifts as a function of magnetic field of excited-state hyperfine magnetic sublevels for 8’Rb (left) and 3> Rb
(right). Zero energy corresponds to the excited-state fine-structure level 52 Ps .

frequency, were carefully controlled during the measurements
in order to allow precise comparison with theory. In addition,
experimental measurements and theoretical calculations were
used to investigate the influence of the laser frequency on the
relative contrasts of the level-crossing peaks at nonzero-field
values.

II. EXPERIMENT

Figure 1 shows the relative energies of the excited-state
magnetic sublevels as a function of the magnetic field. Each
curve corresponds to a particular value m g of the projection
of the total angular momentum F on the z axis. As we used
linearly polarized exciting radiation, coherences can be formed
around the crossing points with Am = %2, which are circled
and labeled by small Greek letters. The laser detuning is
measured relative to the energy difference between the ground-
state hyperfine level and the excited-state fine-structure level
for the transition being excited.

In this experiment natural atomic rubidium, confined in a
Pyrex cell with optical quality windows (25 mm long and
25 mm in diameter), was placed in the middle of a three-axis
set of Helmholtz coils. The radii of the Helmholtz coils
were 125 mm, 165 mm, and 216 mm. The field produced
by the middle coil was scanned and defined the z axis. The
other two coils were used to compensate the Earth’s magnetic
field. As the magnetic field was scanned through a triangular
pattern with a frequency of 0.02 Hz, fluorescence spectra were
acquired. The laser wavelength was determined by means
of a saturated absorption spectroscopy setup in conjunction
with a WS-7 wavemeter from HighFinesse. It was monitored
during the scan with the wavemeter, and adjustments were
made if necessary. Using a bipolar Kepco BOP-50-8-M or
an Agilent N5770A power supply, magnetic fields of up to

120 G could be achieved. Laser radiation from an external
cavity diode laser passed through a chopper and entered the
cell with its propagation vector and electric-field vector both
perpendicular to the scanning magnetic field (see Fig. 2). The
temperature of the laser box and the diode were stabilized by
Thorlabs TED200 temperature controllers and the current was
controlled by a Thorlabs LDC205B current controller. The
diameter of the beam was 1.6 mm as measured by a Thorlabs
BP104-VIS beam profiler. The beam width was defined as
the full width at half maximum of the Gaussian intensity
profile. By means of a polarization rotator followed by a linear
polarizer, laser power values from 20 W to 320 uW could
be achieved, which translated into laser power densities of
1 mW /cm? to 16 mW/cm?. The LIF of two mutually perpen-
dicular components (one parallel and the other perpendicular

I
Photodiodes Polarizing
1 -
beam-splitter
cube
I —®-
3-axis
Linear Helmholtz
polarizer coils

Beam shaping
optics

/

Diode Laser

FIG. 2. (Color online) Schematic drawing of the experimental
setup.
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to the exciting electric-field vector) passed through a lens
system with an acceptance of approximately 0.2 sr and was
detected by two Thorlabs FDS100 photodiodes located behind
a polarizing beam splitter. The signal from each photodiode
was amplified by a separate amplifier chain consisting of two
TLO72D amplifiers, the first with transimpedance gain of 107
and the second with a voltage gain of 10?. The signal was
then fed to a lock-in amplifier, which provided additional
gain between 10° and 10°. A chopper in the main beam
path provided a reference freqency of 1 kHz. The lock-in
time constant was 200 us. The signals were recorded using
an Agilent DSO5014A oscilloscope, which also averaged the
signals.

III. THEORETICAL MODEL

We describe the atomic system via its quantum density
matrix p, which is written in the basis of Zeeman sublevels for
the hyperfine structure of the D, transition of atomic rubidium:
|& , F;,mp;), where F; denotes the quantum number of the total
atomic angular momentum in either the ground (i = g) or the
excited (i = e) state, mp; refers to the respective magnetic
quantum number, and &; represents all other quantum numbers.
The time evolution of the density matrix p is governed by the
optical Bloch equations [16]:

) ~ R
iha—f — [A.p] +ifiRp, 1)

where H denotes the full Hamilton operator of the system
and R is the relaxation operator. The full Hamiltonian can be
expressed in terms of the unperturbed atomic Hamiltonian A,
determined by the internal dynamics of the atom, a term Hp
that describes the interaction with the external magnetic field,

and a dipole interaction term V=-d- E():
H=Hy+Hz+V. )

As indicated, the interaction with the electromagnetic field
is treated in the dipole approximation [17]. The magnetic
interaction Hamiltonian can be written as

Ap = %(gu +g/1)-B, 3)

where g is the Bohr magneton, J and I are the total electronic
angular momentum and spin of the atomic nucleus, and g, g;
are the respective Landé factors. The interaction Hamiltonian
(3) consists of the interaction matrices for fixed projection
mp = my + m; of the angular momenta on the quantization
axis, which can be written in terms of Wigner 3 j symbols [17].
Solving the eigenvalue problem for these matrices yields the
energy structure shown in Fig. 1, where J and I make up the
total atomic angular momentum F = J 4 I. The components
(cx) of the eigenvectors are used as mixing coefficients for the
chosen basis. The mixed atomic states have to be rewritten in
the presence of the magnetic field as

|, F,m) =) cil€, Fi,m). “
k

The density matrix p can be divided into four parts: pg,
and p,. are quadrants aligned along the main diagonal and
their diagonal elements correspond to the population of the
ground and excited states, respectively, while the off-diagonal
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elements represent the coherences within the ground or excited
state and are called Zeeman coherences; pq, and p,, are
called optical coherences and describe the transitions induced
by the exciting radiation. In order to describe the atomic
fluorescence one has to know the elements p,... The atomic
dipole interaction with a classically oscillating electric field
characterized by a stochastic phase is considered. The rotating
wave approximation [18] is applied to simplify the Bloch
equations. Further, it is assumed that the density matrix does
not follow the rapid stochastic fluctuations in the phase of the
exciting radiation so that we may integrate the two of them
separately to adiabatically eliminate the optical coherences
from the equations. The time-averaged effect of the stochastic
phase oscillations leads to a finite term Aw [19] that describes
the spectral width of the excitation frequency. Thus, when the
optical coherences are adiabatically eliminated (see [15] for
more details), rate equations are obtained, which are valid for
steady-state excitation conditions, for the p,, and p,, parts of
the density matrix:

Wgig; = —
ot — \Mgien + "‘ekg gek emg,pekem
€ksm
- Z E v ge dengn Pang; T Egedy, e, decs; Pis)

€ks8m

lngg/’ogxgj + Z :Fg g,pek(’l

eke;

V:Og[g,- + )\'8(gl7gj)v

(5a)
0Pe;e:
i __ (% =) *
YR ( eign T "‘gkej) E de;gkdgmejpgkgm
8ks8m
- : : :‘gkg/ € 8k gke,,,loemé’/ + ue,g;\demgkdg;\e,pelem)
8k-m

- iwe,-e_, pe,e, - (F + y)pe,-e_,w (Sb)

The following terms are used in Eq. (5): E;; describes the
interaction strength between the atom and the laser radiation
and is defined below, d;; is the dipole transition matrix element
that can be obtained from the reduced matrix element by means
of the Wigner-Eckart theorem [17], w;; is the energy difference
between levels |i) and |j), FW’ describes coherence transfer
to the ground state via spontaneous emission, y is the transit
relaxation rate at which the atoms leave the interaction region,
I" is the rate of the spontaneous transitions, A describes the rate
at which “fresh”atoms enter the interaction region, and §(i, j)
is the Kronecker § symbol. We assume that atoms entering
the interaction region are completely depolarized and that the
atomic equilibrium density outside the interaction region is
normalized to unity; thus A = y.

The interaction strength &;; is given by

_ leal 1 ©)
ij h2 l"+y2+Aa) + l(d) _ kg,V + (,()ij) )

[x]

where ¢; is the amplitude of the oscillating electric field,
@ denotes the central frequency of the laser radiation, Aw is
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the laser linewidth, and kv is the Doppler shift of the atomic
transition for an atom moving with velocity v. In the numerical
simulations, we define the Rabi frequency in the following
way:

leallldsIl k ldy|l |21
=Kk —,

n n ecn
where kg is a dimensionless fitting parameter, ||d;|| is the
reduced dipole element of the D, transition whose value can
be found in [17], I is the excitation power density, ¢ &~ 1 the
dielectric permeability of the medium, ¢ the speed of light, and
n ~ 1 is the index of refraction of the medium.

The transit relaxation rate was defined as

Qg = ko )

v
=k,—, 8
14 Yy )
where k, is a dimensionless fitting parameter, v is the mean
thermal velocity of atoms, and d is the laser beam diameter

described in Sec. II.
In this study, we numerically solved Egs. (5) for steady-
o o Wex: e .
state excitation conditions ( p;'tg’ =2 5~ = 0) to obtain the
Zeeman coherences pg, and p... From this point it was
straightforward to obtain the fluorescence for some particular
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polarization component defined by e:

Ine)=1To Y d¥D*d\Dpese,

8is€j ek

9

where di(jOb) are the dipole transition matrix elements for the
chosen observation component.

In order to take into account the classical movement of
atoms with velocity v we performed a numerical integration of
the fluorescence signal over the frequency distribution in the

Doppler profile.

IV. RESULTS AND DISCUSSION

As a first test of how well the model can describe nonzero
level-crossing signals, we used the model to reproduce the
experimental results of nonzero level-crossing signals for the
F, =2 —> F, = 1,2,3 transitions of 3Rb. The results are
shown in Fig. 3. Measurements were carried out for a range of
laser power densities 7 from 1 mW/cm? to 16 mW/cm?. The
Rabi frequency Q2x was assumed to vary as in Eq. (7), where
the same value of kg = 0.5 was used for all calculations in
this paper. This value was chosen to provide the best overall
agreement, while being consistent with a rough estimation
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FIG. 3. (Color online) Intensity difference (I, — 1) versus magnetic field for the F, = 2 — F, = 1,2,3 transitions of 85Rb. The different
panels correspond to different laser power densities. Markers represent the results of experimental measurements, while the curves represent

the results of theoretical calculations.
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FIG. 4. (Color online) Theoretical calculations of 7, — I versus magnetic field for (a) the F, =2 —> F, = 1,2,3 transition of ¥’Rb,
(b) the F;, =1 — F, =0,1,2 transition of 87Rb, (c) the Fy =2 — F, =1,2,3 transition of 85Rb, and (d) the F=3—F, =234
transition of #Rb. The different curves in each figure correspond to different laser frequencies. The small Greek letters indicate level-crossing

points (see Fig. 1).

based on theoretical considerations: ko would be equal to
unity if the laser intensity were constant over the beam profile.
The other parameters that were optimized in a similar way
were the laser linewidth Aw = 2 MHz and the proportionality
constant between the laser beamwidth and the transit relaxation
time k, = 1. For each of these parameters, one unique value
was used in all the calculations presented in this work. The y
axis of the figures gives the difference of the LIF intensity of
the two perpendicularly polarized LIF components. The units
of this LIF intensity difference are arbitrary, but they have
been self-consistently normalized for all signals of a particular
isotope. The agreement between theory and experiment was
excellent at low laser power densities and still quite good
at I =16 mW/cm?. At higher laser power densities the
model becomes less accurate, because at higher power it is no
longer sufficient to describe the transit relaxation by a single
rate constant [20] as this model does. It is also no longer
adequate to treat the approximately Gaussian beam profile of
the experiment as a rectangular profile in the calculation. This
simplification amounts to using an average rate constant that
corresponds to the average laser power density, which yields
satisfactory results at low laser power densities. However,
when the laser power density is high, parts of the beam are in
saturation, and the simplification breaks down. Nevertheless,
the model seems adequate for predicting level-crossing signals
with Am = £2.

Next we turned our attention to the influence of the laser
detuning on the level-crossing spectra. Figure 4 presents
the results of theoretical calculations that show how the relative
amplitudes of the nonzero-field level-crossing peaks can be
influenced by the tuning of the exciting laser radiation. The
detunings of the different curves plotted are measured with
respect to the energy difference between the indicated ground-
state hyperfine level and the excited-state fine-structure level.
First of all, it was apparent that significant variations in the
amplitudes of the level-crossing peaks could be achieved only
in 8’Rb [Figs. 4(a) and 4(b)]. The amplitude of the peak at
level crossing y could be increased by almost a factor of 2
when exciting from the F, = 2 ground state. When exciting
from the Fy = 1 ground state, the amplitude of the peaks that
correspond to level crossings « and B can be approximately
doubled. In the case of 3°Rb [Figs. 4(c) and 4(d)] Doppler
broadening washes out any possible effects, because the
hyperfine splitting of the excited state in this isotope is small
relative to the Doppler width. The energy difference between
the F =1 and F = 4 states of 3Rb is slightly more than
200 MHz, whereas the full width at half maximum of the
Doppler profile is around 500 MHz at room temperature.
Although the change in laser frequency was smaller in absolute
terms for the calculations with 83Rb than for the calculations
with 8’Rb, the change in detuning as a fraction of hyperfine
splitting was roughly equal. Detuning the laser by a larger
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FIG. 5. (Color online) Intensity difference (/, — I) versus magnetic field for the F, =2 — F, = 1,2,3 transitions of 85Rb with the laser
detuned from the 5285, p(Fy=2)—5 2ps /2 transition by (a) 65 MHz and (b) —44 MHz. Markers show the results of a measurement with
the laser power density / = 2 mW /cm?, while the solid line shows the results of a calculation with Rabi frequency Qz = 4 MHz.

amount for 5Rb would result in significantly lower signals
without affecting peak amplitude significantly.

Next we compare experimental level-crossing curves ob-
tained at different values of the laser detuning with the
calculated curves for those same detuning values to see if
the predicted changes in peak amplitudes can be observed.
Figure 5 shows results for 35Rb. Figure 5(a) shows the results
of an experiment in which the laser was detuned from the
exact energy difference between the ground state with F, = 2
and the 52P3/2 state by 65 MHz. The results shown in
Fig. 5(b) were obtained with a laser detuning of —44 MHz.
Similarly, Fig. 6(a) corresponds to a measurement with the
laser detuning between the ground state of 3Rb with F, =3
and the 52 Py state of —63 MHz, while Fig. 6(b) corresponds
to a measurement with a laser detuning of 22 MHz. As
expected, the relative amplitudes of the level-crossing peaks
are not very sensitive to detuning. We note that the theoretical
model describes the experimental curves quite well. These

transitions also illustrate the necessity of including magnetic
sublevel mixing in the theoretical model. For example, the
resonance at position € (see Fig. 1) involves a crossing of the
sublevels labeled by F, = 3,mp = —1l and F, = 4,mp = —3.
Notwithstanding the selection rules for B = 0(AF =0, £ 1),
this level crossing can produce a resonance even when the
excitation takes place from the ground state with F, =2.
The reason is that F' ceases to be a good quantum number
when the magnetic field is nonzero, and, at high values of
the magnetic field, there is a sufficiently high probability of
exciting the state labeled by F, = 4,mp = —3 from F, = 2.
However, the state with maximum projection of angular
momentum (F, =4,mp = 4) is not mixed. Thus it is not
possible to see the peak labeled ¢ when exciting from F, = 2,
but it appears when the excitation takes place from F, = 3.
These considerations are borne out by the theoretical and
experimental results shown in Figs. 5 and 6. A theoretical
model, such as the one in [14], that did not take into account
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FIG. 6. (Color online) Intensity difference (1, — 1)) versus magnetic field for the F, = 3 — F, = 2,3,4 transitions of 85Rb with the laser
detuned from the 528, p(Fy=3)—5 2py /2 transition by (a) —63 MHz and by (b) 22 MHz. Markers show the results of a measurement with
the laser power density / = 2 mW /cm?, while the solid line shows the results of a calculation with Rabi frequency Q = 4 MHz.
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FIG. 7. (Color online) Intensity difference (1, — I;) versus magnetic field for the F, =1 — F, = 0,1,2 transitions of 87Rb with the laser

detuned from the 525, pFg=1)—5 2py /2 transition by (a) 36 MHz and by (b) —190 MHz. Markers show the results of a measurement
with the laser power density I = 4 mW /cm?, while the solid line shows the results of a calculation with Rabi frequency Q2 = 6 MHz.

magnetic sublevel mixing at high magnetic fields would not
have been able to reproduce the resonance at position € for an
excitation from F, = 2 [14].

Figures 7 and 8 show results for 3’Rb for excitation from
the F; =1 and F, =2 ground-state levels, respectively. In
this case, the detuning can dramatically affect the shape of
the signals. As can be seen by comparing Figs. 7(a) and 7(b),
the amplitude of the peak that corresponds to level crossing
B increased by more than a factor of 2 when the laser was
detuned by 36 MHz as compared to when it was detuned by
—190 MHz. Similarly, when the excitation took place from
the ground state with F, = 2, the peak that corresponds to the
level crossing o was not clearly visible when the laser was
detuned by 36 MHz [Fig. 8(a)], but appeared when the laser
was detuned by —190 MHz [Fig. 8(b)]. The amplitude of the
peak at level crossing y also increased depending on if the laser
was tuned to a value that closely corresponds to the energy
difference between the ground state and its level crossing
[Fig. 8(b)] or far away [Fig. 8(a)]. Note that “close”’here does
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not mean in magnetic-field values, but in energy difference
(see Fig. 1). Again, these peaks illustrate the power of using
a detailed model, as the resonance labeled 8 would not have
appeared in the theoretical calculation when exciting from
F, = 1 without taking into account sublevel mixing.

Figure 9 shows how the theoretical model can be used
to predict the optimum laser detuning for maximizing the
signal of a level-crossing experiment at a given magnetic
field. The intensity difference is plotted against laser detuning
for excitation from the F, = 1 ground-state hyperfine level
of ¥ Rb with the magnetic field fixed at B =57 G. The
black markers connected by a line represent the results of
the calculation with a Rabi frequency of 4 MHz, which
corresponds to a laser power density of 7 =2 mW/cm?.
Four experimental points are represented by filled circles and
taken from the measurements presented in the previous figures
to show that the theoretical curve is properly normalized.
The calculation indicates that the intensity difference of the
level-crossing signal can be maximized at a detuning of around
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FIG. 8. (Color online) Intensity difference (1, — I;) versus magnetic field for the F, =2 — F, = 1,2,3 transitions of 87Rb with the laser
detuned from the 525, p(Fg=2)—5 2py /2 transition by (a) 36 MHz and (b) by —190 MHz. Markers show the results of a measurement
with the laser power density / =2 mW /cm?, while the solid line shows the results of a calculation with Rabi frequency Q2 = 4 MHz. The

Greek letters indicate the positions of level crossings (see Fig. 1).
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FIG. 9. (Color online) Intensity difference (I, — ;) versus laser
detuning for fixed magnetic-field value (B = 57 G) for the transition
from the ground state of Rb with F, = 1.

—250 MHz for this value of the magnetic field. The curve has
a half width at half maximum of around 250 MHz, which
is comparable to the Doppler width of rubidium at room
temperature. In order to optimize the experimental conditions
that maximize the amplitude of a particular level-crossing
peak, it can be useful to generate from the results of the
calculations a three-dimensional plot of the intensity difference
of the two orthogonally polarized components of the LIF as
a function of laser detuning and magnetic field. Such a plot
is shown in Fig. 10, and from it one can easily determine the
optimal laser detuning that maximizes the amplitude of each
level-crossing peak.

As is well known, the level-crossing resonances are
manifestations of coherences in the excited-state manifold of
the atoms under study. These coherences can be visualized
by plotting surfaces that represent the probability of finding
the angular momentum of an atom pointing in a particular
direction in space [21,22]. Such surfaces can be generated from
the density matrices by summing over all F states (see [23]),
which yields the spatial distribution of J. Such surfaces have
been included in Fig. 7 as an illustration of the information
that can be gleaned from the theoretical model. The axes I,
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FIG. 10. (Color online) Intensity difference (1, — I;) versus laser
detuning and magnetic field for the transition from the ground state
of ¥Rb with F, = 1. The calculations were performed for Q =
4 MHz.
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and I, refer to the states that give rise to the respectively
polarized fluorescence when they decay. When two or more
sublevels in the excited state that could be excited coherently
(Am = £2) are degenerate, the excited state becomes aligned,
which manifests itself as a nonuniform angular momentum
distribution in the xy plane. In other words, an aligned state
gives rise to an angular momentum distribution that has the
z axis as a second-order symmetry axis. In the absence
of coherence the angular momentum spatial distribution is
axially symmetric with respect to the z axis. Aligned states
occur when all sublevels cross at zero magnetic field and
at the level-crossing points that can be excited coherently,
such as o and B in Fig. 7. Far from the level-crossing points
the angular momentum distributions become symmetric. The
degree of asymmetry in the angular momentum distribution
also reflects the strength of the coherence of the respective
resonance and is related to the amplitude of the level-crossing
peak.

V. CONCLUSION

The results presented in this work demonstrate two things:
(1) the shapes of Am = %2 level-crossing signals can be
theoretically modeled with good accuracy over a broad range
of magnetic-field values and from laser power densities
of 1 mW/cm? to 16 mW/cm?, even though one would
expect nonlinear absorption above the saturation intensity of
2.5mW/cm?; and (2) the detuning of the laser can dramatically
influence the shape of the level-crossing curve, in particular
the amplitudes of the peaks, when the hyperfine splitting
of the excited state exceeds the Doppler broadening. This
sensitivity to the laser detuning also provided a particularly
stringent test of the theoretical model, as well as being
interesting in its own right for the optimization of level-
crossing studies. Furthermore, the density matrices computed
with the theoretical model can shed light on the coherent
processes associated with the excitation of the atoms, which
is useful for computing fluorescence intensities for arbitrary
directions and polarizations. Although the atomic constants
involved in the transitions of the D, line of rubidium are
well known, a precise model of level-crossing signals can be
necessary for extracting atomic constants in situations where
the large number of level crossings washes out individual peaks
or where the hyperfine splitting is small [24]. The utility of such
amodel for the hyperfine constants A for the 7,9,10Ds, states
of cesium from electric-field level crossings was demonstrated,
for example, in [25].
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Abstract

We present the results of an investigation of the different physical processes that influence the
shape of nonlinear magneto-optical signals both at small magnetic field values (~100 mG) and
at large magnetic field values (several tens of Gauss). We used a theoretical model that
provided an accurate description of experimental signals for a wide range of experimental
parameters. By turning various effects ‘on’ or ‘off’ inside this model, we investigated the
origin of different features of the measured signals. We confirmed that the narrowest
structures, with widths of the order of 100 mG, are related mostly to coherences among
ground-state magnetic sublevels. The shape of the curves at other scales could be explained by
taking into account the different velocity groups of atoms that come into and out of resonance
with the exciting laser field. Coherent effects in the excited state can also play a role, although
they mostly affect the polarization components of the fluorescence. The results of theoretical
calculations are compared with experimental measurements of laser-induced fluorescence
from the D, line of atomic rubidium as a function of the magnetic field.

(Some figures may appear in colour only in the online journal)

1. Introduction

When coherent radiation excites an atomic system with
ground-state angular momentum F, and excited-state angular
momentum F,, coherences can be created among the magnetic
sublevels [1, 2]. At low laser intensity, coherences appear in
the excited state of the atom. As the laser intensity increases,
the absorption processes become nonlinear and coherences
are created among the magnetic sublevels of the ground
state as well. When the degeneracy among the magnetic
sublevels is lifted by applying an external field (in our case
magnetic), the coherences are destroyed. As a result, nonlinear
magneto-optical resonances (NMOR) can be observed in the
laser-induced fluorescence (LIF) plotted as a function of the
magnetic field. For linearly polarized radiation exciting a
transition F, —> F, = F,+ 1, these resonances will be bright,

0953-4075/13/185003+09$33.00

that is, the atoms will be more absorbing at zero magnetic
field [3-6]. When F, < F,, the resonances will be dark,
or less absorbing at zero magnetic field [7, 8]. The NMOR
features can be as narrow as 107°~107> G when buffer gas
or antirelaxation coating of the cell is used because of the
slow relaxation rate of the ground state [9]. This characteristic
makes them suitable for many applications, such as, for
example, magnetometry [10], lasing without inversion [11],
electrically induced transparency [12], slow light and optical
information storage [13, 14], atomic clocks [15] and narrow-
band optical filters [16]. However, these narrow resonances
are usually found within broader structures with features of
the order of several Gauss or several tens of Gauss in a plot
of the LIF versus the magnetic field. Our study focuses on
these broader structures, which are interesting in themselves
and also for some practical applications at higher magnetic

© 2013 IOP Publishing Ltd  Printed in the UK & the USA


http://dx.doi.org/10.1088/0953-4075/46/18/185003
mailto:mauzins@latnet.lv
http://stacks.iop.org/JPhysB/46/185003

J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 185003

field values, like optical isolators [17]. Using a theoretical
model that has been developed over time and mostly used to
describe the narrow magneto-optical resonances but can
reproduce the magneto-optical signals with high accuracy over
a large range of magnetic field values [18], we investigated the
peculiar shape and sign (bright or dark) of these structures, as
well as the physical processes that give rise to them.

In order to describe magneto-optical signals over a
magnetic field range of several tens of Gauss or more, it is
necessary to include in the model excited-state coherences,
energy shifts of the magnetic sublevels in external fields, which
bring levels out of resonance with the narrow-linewidth laser
radiation; it is also necessary to include the magnetic-field-
induced mixing of the atomic wavefunctions, which changes
the transition probabilities of the different transitions between
ground- and excited-state sublevels [19, 20]. Moreover, it is
necessary to treat various relaxation processes, the coherence
properties of the laser radiation and the Doppler effect. Since
at least the 1970s, magneto-optical signals in alkali atoms
have been modelled by solving the optical Bloch equations
for the density matrix [21]. Simple models were able to
describe the narrow resonances fairly well [22], but failed
to describe the signals at fields of several Gauss or more.
With time, these models have become more sophisticated as
the aforementioned effects were incorporated [23-25]; now
the agreement is often excellent, at least up to magnetic fields
over one hundred Gauss. Thus, numerical models have become
useful tools for understanding the physical processes that give
rise to various features in the signals, because different physical
processes can be included in the models or excluded one by
one. Analytical studies, on the other hand, can demonstrate
more explicitly a link between a particular physical process
and the observable outcome. Thus, in [22] analytical formulae
were developed that allow one to calculate the contrast of
bright resonances. In another study, a theoretical model of the
electromagnetically induced absorption (EIA) was constructed
for a hypothetical F;, = 1 — F, = 2 transition [26].
It was possible to show from a purely theoretical point of
view that the sub-natural linewidth resonance in EIA was
related to the transfer of coherence from the excited state to
the ground state. More recently, sophisticated analytical
models were developed that are valid in the low-power
region and were applied to experimental measurements on
the caesium D; line [27, 28]. Comparison with experiments
confirmed that the narrow resonances arise when polarization
is transferred from the excited state to the ground state. In
[29] an analytical model was used to analyse the influence
of a partially resolved hyperfine structure in the ground or
excited state on nonlinear magneto-optical rotation signals.
Numerical studies such as ours can complement these
analytical investigations, because the numerical models can
be made to apply to a wider range of laser power densities
and consider realistic, Doppler-broadened atomic transitions
in the manifold of the hyperfine levels, that is to say, take into
account multiple adjacent transitions.

Our study focused on the D, line of ¥Rb as a model
system. Since the origin of the narrow structure had already
been shown to be connected to coherences in the ground state

M Auzinsh et al
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Figure 1. Scheme of the hyperfine levels and allowed transitions of
the D, line of 3Rb.

[26, 28], our study primarily aimed at understanding the wider
features of the magneto-optical signals up to magnetic field
values of several tens of Gauss, since such understanding is
important in itself and will help to improve the models of the
narrow resonances used for applications. Nevertheless, since a
numerical model such as ours gives complete flexibility to turn
different effects ‘on’ and ‘off’, we were also able to confirm
the origin of the narrow structure using a different technique,
i.e., one that is not analytical.

The level structure of the transition studied here is shown
in figure 1 [30]. The transition was excited by linearly
polarized laser radiation. Figure 2 shows the relative transition
probabilities from the ground-state sublevels of the F, = 2
level to the excited-state sublevels of the F, = 3 level when
the linearly polarized exciting radiation is decomposed into
coherent circularly polarized components. It is assumed that
the light is polarized perpendicularly to the direction of the
external magnetic field (see figure 3.) This scheme implies that
Am = 2 coherences are created between different Zeeman
sublevels in the excited state as well as in the ground state.
Two distinct processes contribute to ground-state coherence.
The first process creates coherence in the ground state
through direct interaction with the radiation field via A-type
absorption. In the second process, the V-type absorption
creates coherences in the excited state, which then can be
transferred back to the ground state via spontaneous emission,
see equation (13.13) in [2]. Figure 2 shows that both V-type
and A-type transitions are present in our physical system.

The paper is organized as follows: section 3 outlines the
theoretical model. In section 4 we describe the experimental
conditions and in section 5 we discuss the results and attempt
to decompose the modelled signal into components that are
related to different physical processes.
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Figure 2. Relative transition strengths from the ground-state magnetic sublevels to the excited-state magnetic sublevels when the linearly
polarized exciting radiation is decomposed into o* circularly polarized components for the F, = 2 —> F, = 3 transition of the D, line. The

Lande factor gr is given at the left of each particular hyperfine level.
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Figure 3. Geometry of the excitation and observation directions.

2. Theoretical model

The theoretical model is based on the density matrix approach.
The density matrices are written in the |&, F;, mp) basis where
F; denotes the quantum number of the total atomic angular
momentum, mp, the respective magnetic quantum number and
&, all other quantum numbers. The time evolution of the density
matrix is described by the optical Bloch equations [31]

ih%—f = [H, p) +ihRp, (1)
which include the full atomic Hamiltonian A = ﬁo + I:IB +V
constructed from the unperturbed atom’s Hamiltonian I:IO, that
depends on the internal dynamics of the atom, the Hamiltonian
I:IB, which describes the atom’s interaction with the external
magnetic field, and the dipole operator V, that represents the
atom’s interaction with the electromagnetic radiation. The
interaction with the magnetic field gradually decouples
the total electronic angular momentum J and nuclear spin I,
which means that F is no longer a good quantum number,
while m still remains a good quantum number. To deal with
this effect, mixing coefficients between different hyperfine
states in the magnetic field are introduced in the model. The
relaxation operator Rin (1) accounts for the spontaneous decay
that transfers atoms from the excited state to the ground state,
the collisional relaxation and the transit relaxation. The latter
occurs when atoms leave and enter the interaction region as a
result of their thermal motion.

The optical Bloch equations can be written explicitly for
each element of the density matrix. Applying the rotating
wave approximation and assuming the density matrices
do not promptly follow the random phase fluctuations of
the electromagnetic radiation, we may decorrelate the time-
dependent differential equations from the fluctuating phase
and average over it. Thus we may adiabatically eliminate
the equations that describe the optical coherences and obtain
rate equations for the Zeeman coherences [24]:

ap
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In both equations of (2) the first term describes the optically
induced transitions to the level described by a particular
equation and the second term, the transitions away from it,
with d;; being the element of the dipole transition matrix that
can be calculated according to the Wigner—Eckart theorem [2].
The terms Eg,., and complex conjugate E7 g, Are described
below. The third term describes the coherence destruction by
the magnetic field, with w;; = Ei;f’ denoting the energy
difference between levels |i) and |j) caused by both the
hyperfine splitting and the nonlinear Zeeman effect. The fourth
term describes relaxation due to transit relaxation, collisions
and spontaneous decay (only for the excited state). Two
additional terms in (2a) stand for population transfer to the
ground state via spontaneous decay from the excited state
(fifth term) and unpolarized atoms entering the interaction
region as a result of their thermal motion (sixth term).
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The symbol &, in equation (2) describes the strength
of interaction between the laser radiation and the atoms and is
expressed as follows:

%

w +i(@ —kav + wgie.f)7
where Qp is the Rabi frequency, further discussed in section 4,
I' and y are the rates of spontaneous decay and transit
relaxation, Aw is the finite spectral width of the exciting
radiation,  is the central frequency of the exciting radiation,
ks the respective wave vector and kv is the Doppler shift
experienced by an atom moving with a velocity v. The
dependence of the absolute value of Eg., at fixed i and j
on the magnetic field is responsible for the effects of magnetic
scanning discussed in section 4, while the imaginary part of
Eg.e; represents the dynamic Stark effect.

The steady state solution of the rate equations (2) yields
the density matrices that describe the population of magnetic
sublevels and Zeeman coherences of both the ground and
excited states. The density matrix of the excited state is used to
calculate the fluorescence signal for an arbitrary polarization
component e:

Iﬂ (e) = i() Z d;(e"/b)défgi)pg,-ek, 4)

8i»€j,€k

[1]

3

giej —

where I is a proportionality coefficient and dtffg) are elements
of the dipole transition matrix for the chosen observation
component e. The unpolarized fluorescence signal in a
particular direction was calculated by summing over two
orthogonal polarization components. To take into account
the Doppler effect, this quantity was averaged over the one-
dimensional Maxwellian distribution of atomic velocity along
the direction of the laser beam propagation axis. In addition,
the density matrices for some particular velocity groups
are used to obtain angular momentum probability surfaces
[2, 32, 33].

3. Experiment

The experiments were catried out at room temperature on a
natural mixture of rubidium isotopes in a cylindrical Pyrex
vapour cell with optical quality windows, 25 mm long and
25 mm in diameter, produced by Toptica, A.G. of Graefelfing,
Germany. The geometry of the excitation and observation
is shown in figure 3. The 780 nm exciting laser radiation
propagates along the x axis with linear polarization vector E
pointing along the y axis. The total LIF (without polarization
or frequency discrimination) was observed along the z axis,
which was parallel to the magnetic field vector B. The laser
was a home-made extended-cavity diode laser. The magnetic
field was supplied by a Helmholtz coil and its value was
scanned by controlling the current in a Kepco BOP-50-8-M
bipolar power supply. Signals were recorded by a photodiode
(Thorlabs FDS-100). The laser frequency was determined by
means of a saturated spectroscopy setup in conjunction with
a wavemeter (WS-7 made by HighFinesse). The beam profile
was measured by means of a beam profiler (Thorlabs BP104-
VIS). The full width at half maximum was assumed to be

the beam diameter used in the calculations (see equation (6),
section 4). The ambient magnetic field along the x and y
directions was compensated for by a pair of Helmholtz coils.
The entire experimental setup was located on a nonmagnetic
optical table. Possible inhomogeneity of the magnetic field
along the laser propagation axis might be caused by imperfect
Helmbholtz coils and does not exceed 13 G, according to an
estimation based on the coils’ dimensions.

4. Results and discussion

As the main tool for our investigation was a numerical model,
the first step was to show that it accurately described the
measured signals over a large range of magnetic field values.
Previous studies had already shown the model to be accurate in
many experimental situations [34], in which narrow magneto-
optical resonances form in weak magnetic fields (B < 0.3 G)
as aresult of coherences created among the magnetic sublevels
of the ground state. Figure 4 shows plots of the LIF versus the
magnetic field over the range —40 to +40 G when the laser
was tuned to the F, = 2 — F, = 3 transition of the D,
line of 3"Rb at different laser power densities, as well as a
plot of the contrast versus the laser power density. It must be
noted that due to the proximity of other hyperfine levels in
the excited state, the Doppler effect and magnetic scanning,
other hyperfine levels were also excited at least partially. These
transitions are included in our theoretical model as well. We
defined the signal contrast as

C= Imin - Imax 7 (5)
Imax
where I,;, is the minimum LIF value (zero first derivative and
positive second derivative) around B = 0; I, is the LIF value
at the first point with vanishing first derivative and |B| > 1
G. Filled circles represent experimentally measured values,
whereas the line shows the result of a theoretical calculation.
In order to obtain an appropriate fit to the data, it was necessary
to adjust two parameters. The first parameter was the constant
k, that relates the ratio of the mean thermal velocity vy, of the
atoms and the characteristic diameter of the laser beam d to
the transit relaxation rate y as
Y % + Veol + Yhom & ky %a (6)
where Y., is the rate of inelastic atom—atom collisions and
Yhom 1S the relaxation caused by inhomogeneities of the
magnetic field. An estimated value of y,, at room temperature,
assuming the spin-exchange cross section for Rb-Rb collisions
o ~2 x 107 cm? [35] is several orders of magnitude less
than the first term in (6). The upper limit of yyom, estimated
as shown in [36], is also several orders of magnitude less
than the first term. So both y.o and yhom were omitted in
the actual calculations. The second parameter kg related the
Rabi frequency 2 to the square root of the experimental laser
power density I according to
ld|| 21
Qp =kp——/ —, @)
h c
where ||d|| is the reduced dipole matrix element that remains
unchanged for all transitions within the D, line at a well

y =k
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Note the different scales in (a), (b) and (c).

documented value [2]; c is the speed of light. Both fitting
parameters (k,, and kg) would be equal to unity for arectangular
beam profile of the exciting laser and atoms moving with the
mean thermal velocity across the middle of the beam profile.
In our experiment, the beam profile is roughly Gaussian, so
the laser beam diameter cannot be defined unambiguously.
Furthermore, atoms are moving along random trajectories with
velocities distributed according to the Maxwellian velocity
distribution. Thus we allow the values of these constants to
deviate from unity in order to obtain an optimal fit between
the modelled and experimentally recorded results. A full
numerical integration over both (Gaussian and Maxwellian)
distributions would be too time consuming, while our approach
has proven to describe experimental results with high accuracy
in previous studies e.g. [18, 34].

The actual values of the fitting parameters were k,, = 0.5
and kr = 0.11. These values indicate that the interaction
of atoms and laser radiation in the wings of the (roughly
Gaussian) beam profile cannot be neglected (please see [37]
for a more detailed discussion). Thus for a beam with d =
1.6 mm (estimated in the experiment as defined in section 3)
and laser power P = 20 uW, we obtained the following
values that were used in the modelling: y = 95 kHz and
Qr = 0.75 MHz. Another important parameter for modelling

and interpreting the results is the natural linewidth, which is
I' = 6.067 MHz [30]. Having obtained the optimum values for
these parameters by trial and error, these values were used to
fit simultaneously all experimental data obtained for different
transitions and different values of the laser power density.
(The top left plot in figure 4 was measured in a different
experiment dedicated to the narrow structure [34] and so the
experimental conditions and fitting parameters were slightly
different in this case also, the range of the measured magnetic
field was smaller.) Agreement between experiment and theory
was rather satisfactory, which shows that the model serves
as a good basis for understanding the dependence of the LIF
on the magnetic field over a broad range of magnetic field
values.

The narrow resonance at zero magnetic field is related
to the destruction of coherences in the ground state by the
magnetic field, as we will show in the next paragraphs. Under
our experimental conditions, it had a width of about 100 mG
and was clearly visible right at zero magnetic field. A detailed
study of this resonance was performed in [34] showing that
this structure points up or down (changes the sign of the second
derivative) depending of the laser power density. Under these
experimental conditions it appeared as a narrow structure with
a negative second derivative (pointing upwards). This narrow
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resonance was located in the centre of another structure with
a positive second derivative and a width of several Gauss.

In order to study how different physical effects influence
those features of the signals that appear at different scales
of the magnetic field, we used the same theoretical model,
while turning different physical processes ‘on’ and ‘off’.
Three processes were considered: destruction of ground-state
coherences by the magnetic field, destruction of excited-state
coherences by the magnetic field, and the ‘Zeeman magnetic
scanning effect’, which involved optical transitions between
different Zeeman sublevels that come into resonance with the
laser radiation as a function of the magnetic field strength
and the atomic velocity. The results are shown in figure 5.
When all effects were included, we obtained structures on the
scale of 100 mG, several Gauss and several tens of Gauss (see
figure 5(a)). The latter two are, as we will show later, caused by
detuning effects as the hyperfine levels are split in the external
magnetic field; we will refer to these features as the ‘wide
structure’.

When the effect of the changing magnetic field on
the coherences was neglected, which was done by setting
the third term in (2) to zero for both ground and excited
states (figure 5(b)), the small, narrow peaks disappeared
completely, whereas the other structures remained largely,
but not completely, unchanged. In order to consider only the

ground-state coherence effects, the excited-state coherences
were decoupled from the magnetic field by setting the third
term of (2b) to zero and the detuning effects were ‘turned
off” by taking the term wg,, in the denominator of (3) to be
independent of the magnetic field and keeping its value at the
value ithas at B = 0. Only the narrow structure was reproduced
when only the magnetic field’s destruction of the ground-state
coherence effects were taken into account in figure 5(c). The
results shown in figures 5(b) and (c) clearly attribute the narrow
structure to the ground-state coherences and their destruction
by the magnetic field. The flip-over of the narrow structure
that can be seen in figures 4(a) and (b) and 5(a) and (c) while
increasing the laser power density has already been explained
[34]. At the same time, the resonance with a width of several
Gauss in figure 5(b) is seen to be related to the detuning effects,
which were the only ones considered in that calculation.
When only the excited-state coherent effects were taken
into account in a similar way, a structure with a negative
second derivative and a width of several Gauss appeared; the
contrast was only 1 or 2% (figure 5(d)). The structure had
the same characteristic width (I' & wa,,—>) as the linear Hanle
effect of the excited state [38]. The linear Hanle effect cannot
be observed in our experiment as it requires discrimination
of the polarization components of the LIF; so we attribute
this structure to the nonlinear Hanle effect of the excited
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| = Full Doppler
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Figure 6. Decomposition of a magneto-optical signal into a superposition of signals from different velocity groups and at different magnetic
fields. Left panel: the solid black line shows the magneto-optical signal as it would be observed in a vapour cell at room temperature. The
dashed and dotted lines show the signals for the different velocity groups that make up the room temperature velocity distribution. Right
panel: distribution of the atomic angular momentum at different values of the magnetic field B for the velocity groups in resonance at a

(Doppler) detuning of 0, 5 and —5 MHz.

state. Calculations at several Rabi frequencies showed that
the peak associated with this effect became smaller as the Rabi
frequency changed from 1.0 to 2.0 MHz. Moreover, at 2.0 MHz
another small dip with a positive second derivative appeared
inside the peak at zero magnetic field; a further increase
in Rabi frequency indicates a similar behaviour, though on
a different scale as in figure 5(c) (the effects produced by
the destruction of ground-state coherences). In any case, the
calculations show that excited-state coherences play no role in
the narrow structure.

The main origin of the wide structure can be understood
by considering figure 6. The left panel shows how a magneto-
optical signal can be decomposed into contributions from
different velocity groups. The solid black line represents the
signal of a vapour at room temperature and is formed from an
average over all the velocity groups in the Doppler profile. The
dashed and dotted lines represent contributions from different
velocity groups. One can see that the superposition of the
contributions from the dashed and dotted lines would yield a
shape similar to the black line. The right panel explains why
each velocity group has its own shape. The laser is assumed to
be on resonance at zero magnetic field with a group of atoms
that is stationary with respect to the propagation direction of
the laser radiation (v, = 0) forthe F; = 2 — F, = 3 transition.
All other velocity groups therefore interact negligibly with a
laser field that is detuned by the Doppler shift. As the magnetic
field is applied, all magnetic sublevels shown in figure 2, except
those with m = 0, are shifted as a result of the Zeeman effect.
We may say that a magnetic scanning is performed by bringing
into resonance a group of atoms with some velocity v, = v(B).
The function v(B) in general is nonlinear and is explicitly
determined by the nature of the (nonlinear) Zeeman effect. As
a result of the magnetic scanning, the shapes of the angular
momentum distributions induced by the laser radiation differ as
a function of the magnetic field for each velocity group, which
can be explicitly shown by the angular momentum probability
surfaces [32, 33] for the excited state. When the angular

momentum probability surfaces are drawn, only the F, = 3
hyperfine level is taken into account, as other hyperfine levels
are far away from resonance for the magnetic field values and
velocity groups shown in figure 6; their input populations are
negligible. We may anticipate from figure 6 and the preceding
discussion that, at a particular magnetic field value, some group
of atoms with corresponding velocities becomes effectively
oriented in either the positive or the negative direction of the
axis along which the magnetic field is applied. Further, the
whole ensemble of atoms becomes aligned along the same
axis at magnetic values that produce the LIF maxima around
410 Gauss.

5. Conclusion

Nonlinear magneto-optical resonances from the D, line of
87Rb have been studied experimentally and theoretically up
to magnetic field values of 40 G. The theoretical model
was based on the optical Bloch equations and included
the coherence properties of the laser radiation, all adjacent
hyperfine transitions, the mixing of magnetic sublevels in the
external magnetic field and the Doppler effect. The model
described the experimentally measured signals very well. By
removing individual physical processes from the model, it was
possible to deduce the physical origin of the different features
observed in the signals. As expected, the narrow structure was
related to coherences among ground-state Zeeman sublevels
induced by the exciting laser radiation. Coherences among
excited-state sublevels were found to have a small effect on
signals at magnetic field scales of several Gauss. The origin of
the wide structure was explained in terms of the contributions
from different velocity groups. With these results, it is possible
to understand the origin of the variation in the LIF as a function
of the magnetic fields in the range up to at least several tens of
Gauss.

We may conclude that the results of this study emphasize
the necessity to incorporate a number of processes in
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the theoretical model that aims to provide a quantitative
description of the magneto-optical effects. The most important
of these effects are (1) the Doppler effect, (2) the magnetic
scanning and (3) the change in the transition probabilities due
to the magnetic mixing of the hyperfine levels, which can reach
30% for 8’Rb D, excitation at B = 40 G. Although each of
the processes can be treated separately to obtain an analytical
description, in order to have an accurate description that is valid
over a wider range of laser power densities and magnetic field
values, one has to treat all the processes simultaneously. On
the other hand, a numerical model that incorporates a number
of processes can be used to estimate limiting conditions for
various approximations used in analytical models in the way
described above.
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Alignment-to-orientation conversion in a magnetic field at nonlinear excitation of the D,

line of rubidium: Experiment and theory

M. Auzinsh,” A. Berzins, R. Ferber, F. Gahbauer, L. Kalvans, A. Mozers, and A. Spiss
Laser Centre, University of Latvia, Rainis Boulevard 19, LV-1586 Riga, Latvia
(Received 13 March 2015; published 21 May 2015)

We studied alignment-to-orientation conversion caused by excited-state level crossings in a nonzero magnetic
field of both atomic rubidium isotopes. Experimental measurements were performed on the transitions of the
D, line of rubidium. These measured signals were described by a theoretical model that takes into account all
neighboring hyperfine transitions, the mixing of magnetic sublevels in an external magnetic field, the coherence
properties of the exciting laser radiation, and the Doppler effect. In the experiments, laser-induced fluorescence
components were observed at linearly polarized excitation and their difference was taken afterwards. By observing
the two oppositely circularly polarized components, we were able to see structures not visible in the difference
graphs, which give deeper insight into the processes responsible for these signals. We studied how these signals
are dependent on intensity and how they are affected when the exciting laser is tuned to different hyperfine
transitions. The comparison between experiment and theory was carried out fulfilling the nonlinear absorption
conditions. The theoretical curves described the experimental measurements satisfactorily, reproducing even

small features in the shapes of the curves.

DOI: 10.1103/PhysRevA.91.053418

I. INTRODUCTION

The frequency, direction, and polarization of light emitted
from an ensemble of atoms are a sensitive probe of their
quantum state [1]. Changes in polarization, such as rotation
of the plane of polarization, are used to develop sensitive
magnetometers [2]. Other uses of nonlinear magneto-optical
resonances include electromagnetically induced transparency
[3], information storage using light [4,5], atomic clocks [6],
optical switches [7], filters [8], and isolators [9].

When linearly polarized light interacts with an ensemble of
atoms, it usually aligns the angular momentum of the atoms
in the excited state as well as in the ground state. Angular
momentum alignment can be symbolically represented by a
double-headed arrow. If the angular momentum of the atoms
is aligned along the quantization axis (longitudinal alignment),
the populations of magnetic sublevels with quantum number
+mp and —myp are equal, but the population may vary
as a function of |mp|. But if the angular momentum is
aligned perpendicularly to the quantization axis (transverse
alignment), then, in quantum terms, it means that there is
coherence between magnetic sublevels with quantum numbers
that differ by Amp = 2 (see Fig. 1).

In a similar way, we can introduce the longitudinal and
transverse orientation of angular momentum. In the case of
orientation of the angular momentum, the spatial distribution
can be represented symbolically by a single-headed arrow, and
in the case of longitudinal orientation, the magnetic sublevels
with quantum numbers +m r and —m p in general have differ-
ent populations. However, the case of transverse orientation
corresponds to coherence between magnetic sublevels with
values that differ by Amp = 1 (see Fig. 1).

Since an aligned ensemble of atoms defines a preferred axis
but no preferred direction in space, the fluorescence emitted
by an aligned state can be polarized only linearly [10]. An
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FIG. 1. Absorption from the ground-state hyperfine magnetic
sublevel m Fq and creation of Ampr =1 and Amyr = 2 coherences
in the excited state when the magnetic field B = 0.

oriented ensemble of atoms, on the other hand, does define
a preferred orientation in space, and thus can emit circularly
polarized radiation.

Alignment created by linear polarized excitation can be
converted to orientation by external interactions such as a
magnetic field gradient [11] or anisotropic collisions [12—14].
This process is called alignment-to-orientation conversion
(AOC) [15]. Interaction with an electric field also can
produce orientation from an initially aligned population [16].
A magnetic field by itself cannot create orientation from
alignment because it is an axial field that is symmetric under
reflection in the plane perpendicular to the field direction.
However, the hyperfine interaction can cause a nonlinear
dependence of the energies of the magnetic sublevels on
the magnitude of the magnetic field—the nonlinear Zeeman
effect (see Figs. 2 and 3), and this nonlinear dependence can
break the symmetry. If, in addition, the linearly polarized
exciting radiation can be decomposed into linearly (%) and
circularly (6%) polarized components with respect to the
quantization axis (see Fig. 4), then Ampr = 1 coherences can

©2015 American Physical Society
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FIG. 2. (Color online) Frequency shifts of the magnetic sublevels
mp of the excited-state fine-structure level 5% Ps 2 as a function of
magnetic field for ®Rb. Zero-frequency shift corresponds to the
excited-state fine-structure level 5% P; /2. The numbers above the lines
correspond to the values of m . Level crossings are marked by squares
for Amyp = 1 and circles for Amp = 2.

be created, which leads to orientation in a direction transverse
to the initial alignment. AOC in an external magnetic field
was first studied theoretically for cadmium [17] and sodium
[18], and observed experimentally in cadmium [19] and in
the D, line of rubidium atoms [20]. Also the conversion
in the opposite sense—conversion of an oriented state into
an aligned state—is possible [21]. Nevertheless, the action
of external perturbations can break the symmetry of the
population distribution and allow linearly polarized exciting
radiation to produce orientation, which is manifested by the
presence of circularly polarized fluorescence.

Earlier, AOC in rubidium atoms was studied at excitation
with weak laser radiation in the linear absorption regime [10].
The perturbing factor in that case was the joint action of the
hyperfine interaction and the external magnetic field, which led
to nonlinear splitting of the Zeeman magnetic sublevels. The
magnetic sublevels of the excited-state angular momentum
hyperfine levels in Rb atoms in an external magnetic field
already start to be affected by the nonlinear Zeeman effect at
moderate field strengths of several tens of Gauss. It should be
noted that the ground-state Zeeman effect is linear and so the
ground-state magnetic sublevels do not cross.

However, many practical and experimental applications re-
quire higher-intensity excitation, in which case the absorption
becomes nonlinear. As a result, the theoretical description is
no longer simple and requires sophisticated methods in order
to predict changes in the degree of circular polarization, which
reaches maximum values on the order of only a few percent.
Therefore, we have applied a theoretical model developed for
the description of such magneto-optical effects, such as dark
and bright resonances, to describe the experimental signals of
AOC inthe D, line of rubidium. Because the splittings between
the excited-state hyperfine levels are of the order of tens of
megahertz for both rubidium isotopes (see Fig. 5), the D, line
is a very good candidate for demonstrating AOC phenomena
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FIG. 3. (Color online) Frequency shifts of the magnetic sublevels
my of the excited-state fine-structure level 52P; 2 as a function of
magnetic field for ’Rb. Zero-frequency shift corresponds to the
excited-state fine-structure level 5% P; /2. The numbers above the lines
correspond to the values of m y. Level crossings are marked by squares
for Amyp = 1 and circles for Amp = 2.

at relatively low magnetic fields. The model satisfactorily
calculates the degree of polarization for magnetic fields up
to at least 85 Gauss, making it a powerful tool for experiments
that deal with these effects.

We studied the AOC phenomenon experimentally by
exciting the D, line of rubidium with linearly polarized light
for the case of nonlinear absorption and modeled the line
shapes of the resulting magneto-optical signals theoretically.
Both circularly polarized components of the fluorescence were
recorded in the experiment, rather than just the difference as
was done earlier [10]. Moreover, in the present study, the
magnetic field range was markedly extended in comparison
to previous studies [10], which allowed us to reveal additional
signal structure.

II. EXPERIMENT

Rubidium atoms in a vapor cell at room temperature
were excited with linearly polarized light whose polarization

+
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FIG. 4. (Color online) Excitation and observation geometry.
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FIG. 5. Fine and hyperfine energy-level splittings for the D,
transitions of #Rb and 8’Rb.

vector made a 45° angle with an externally applied magnetic
field. Laser-induced fluorescence (LIF) was observed in the
direction perpendicular to the plane containing the magnetic
field B and the electric field vector E of the exciting radiation
(see Fig. 4) [22]. The fluorescence in the observation direction
passed through a two-lens system. Between the two lenses,
a zero-order quarter-wave plate (Thorlabs WPQ10M-780)
converted circularly polarized light into linearly polarized
light. Next, a linear polarizer served as an analyzer, which
allowed one or another circularly polarized fluorescence
component to pass, depending on the relative angle between
the analyzer axis and the fast axis of the quarter-wave plate.
The experimental apparatus is shown schematically in
Fig. 6. Rubidium atoms from a natural isotopic mixture were
contained in a cylindrical Pyrex cell (length and diameter
both 25 mm) with optical quality windows. The rubidium
cell was located at the center of three pairs of mutually
orthogonal Helmholtz coils. The magnetic field was scanned
in the z direction, while the two remaining coils were used
to compensate the ambient static magnetic field. We estimate

+
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Linear
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M4 plate — T
Beam Linear 3-axis
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optics

coils

FIG. 6. (Color online) Top view of the experimental setup.
Although in the top view it appears that the beam is parallel to the
y axis, in fact it enters the coils at an angle of 45° with respect to the
y axis in the yz plane.
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that the ambient magnetic field was compensated to better
than 0 + 20 mG. In order to scan the magnetic field in both
directions, a bipolar power supply (Kepco BOP-50-8-M) was
used, reaching magnetic field values of 85 G in both directions.

The laser used in these experiments was a Toptica DL
Pro grating-stabilized, tuneable, single-mode diode laser. The
frequency of the laser excitation was stabilized by generating a
saturated absorption spectrum and locking the laser frequency
to a saturated absorption peak in this signal using a Toptica
DigiLock 110 feedback control module. The frequency was
additionally monitored by a HighFinesse WS/7 Wavemeter.
The temperature and current of the laser were controlled by
Toptica DTC 110 and DCC 110 controllers, respectively.

The diameter of the beam was 1.90 mm at the full width at
half maximum (FWHM) as determined from the Gaussian fit
obtained by a beam profiler (Thorlabs BP104-VIS). The ellip-
ticity of the laser beam was compensated by an anamorphic
prism pair. The laser power was changed using neutral density
filters placed before the linear polarizer. The LIF of the two
opposite circularly polarized light components was collected
on a photodiode (Thorlabs FDS100). Each component was
measured separately and multiple scans were acquired and
averaged before switching the analyzing polarizer in order
to measure the orthogonally polarized component. The signal
was amplified by a transimpedance amplifier based on a TLO72
op-amp with a gain of 10° followed by a voltage amplifier
with a gain of 10* (Roithner multiboard). The signals were
stored after each scan on a PC using an Agilent DSO5014A
oscilloscope. A residual misalignment in the experimental
setup introduced a slight asymmetry in the signal, but it could
be eliminated by averaging the signals recorded for positive
and negative values of magnetic field.

In order to compare experiment with theory, both compo-
nents were normalized to the maximum of the o™ component,
making it possible to compare the relative intensities of the two
components in arbitrary units. The background was measured
in two different ways: by detuning the laser frequency from
resonance and by blocking the laser beam. Both produced
equal results. In the fitting process, a constant background was
introduced, which was close to the experimentally measured
background. The experimental results were very sensitive to
any slight misalignment of the analyzing polarizer that could
distort the measured strengths of each circular polarization
component. Therefore, to find the best agreement between
experiment and theory, a parameter was varied that repre-
sented the relative strength of each experimentally measured
fluorescence component. This factor was usually around 10%
and never more than 22%.

III. THEORETICAL MODEL

A well-tested model based on optical Bloch equations
(OBEs) that are solved for steady-state excitation conditions
is used to describe the experiment theoretically. The ensemble
of rubidium atoms is described by a quantum density matrix
p that is written in the basis &, F;,mp,, where F; denotes
the quantum number of the total atomic angular momentum
including nuclear spin / for either the ground (i = g) or the
excited (i = e) state, m p, is the magnetic quantum number, and
& stands for all the other quantum numbers that are irrelevant
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in the context of our experiment. Thus, the general OBEs [23],
a N R
ih> = [H.p) +ihRp, (1)

can be transformed into explicit rate equations for the Zeeman
coherences within the ground (pg, ;) and excited (p,,.;) states,
respectively. To do so, the laser radiation is described as a
classically oscillating electric field E(z) with a stochastically
fluctuating phase. Thus, the interaction operator can be written
in the dipole approximation with dipole operator d,

V=-d E@. )
The interaction with the magnetic field is described by the
operator

Ap = ’%B (/3 + g1 - B, 3)

where J and I are, respectively, the total electronic angular
momentum and nuclear spin, which together make up the
total atomic angular momentum F. The quantities g; and

J
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g, are the respective Landé factors, B is the external magnetic
field, wp is Bohr’s magneton, and % is Planck’s constant. The
matrix elements for the electric dipole transition can be written
in explicit matrix form with the help of the Wigner-Eckart
theorem [24].

Thus, the total interaction Hamiltonian in (1) is

H=Hy+Hz+V, )

where H, governs the internal energy of an unperturbed
atom.

The relaxation operator in (1) includes terms for the
spontaneous relaxation rate I' and the transit relaxation rate y,
which is the inverse of the average time an atom takes to
traverse the laser beam.

By applying the rotating-wave approximation, averaging
over and decorrelating from the stochastic phases, and
eliminating the optical coherences as described in detail by
Blush and Auzinsh [25], the rate equations for the Zeeman
coherences are obtained:

00g;¢;
&8 _ (= — = * ®
3 - = (“ ien T g ex Z giex de,ig; Peren Z (ug]e/‘dg,e/\dekgmlogmgj + *—‘g,ekdgmakd&g,‘pgfgm)
€.l €ks8m
— g g Pgig; = VPgig; T Z Fe‘(e’ Perer T 28(8i,8))s (5a)
ere;
Wee _(zr 43 doyg d* B gpe o gy =t d, .d / r
ar (‘-‘gmei + ‘-‘gke/) Z eigr@y, e Pergm — Z (‘-‘gke,' cigrgie, Pene; T S o e, gy gke,peiem) — i Wee;Pese; — (I 4V )Pese; -
8k>8m 8ks€m
(5b)
[
The first two terms in both equations describe the population is the central frequency of the exciting radiation, Kk is the

increase or decrease and the creation of Zeeman coherences
within the respective atomic states due to the interaction of
atoms with the laser radiation. The elements of the transition
dipole matrix are given by d;; [obtained from (2)], and
8ij, which is defined below in Eq. (6), gives the atom-field
interaction strength. The third term of the rate equations (5)
describes the destruction of coherence by the magnetic field,
and w;; is the energy difference between magnetic sublevels
li) and |j) and can be obtained by diagonalizing the matrix
H, + Hjp. The fourth term describes the population loss and
destruction of coherence caused by relaxation. The fifth term in
(5a) describes repopulation of the ground state by spontaneous
transitions and the sixth term describes repopulation by transit
relaxation. If we assume that the atomic density matrix outside
the interaction region is normalized, then A = ty, where n,
is the total number of magnetic sublevels in the ground state.

The quantity Eg., in Eq. (5) describes the strength of
interaction between the laser radiation and the atoms and is
expressed as follows:

QZ
giej = F+y+Aw ’ (6)
-2 +l (a) kw V+wglej)

[1]

where Qp is the reduced Rabi frequency, used as a theoretical
parameter that corresponds to the intensity in the experiment,
Aw is the finite spectral width of the exciting radiation, @

wave vector of exciting radiation, and kv is the Doppler shift
experienced by an atom moving with velocity v.

If we are interested in steady-state conditions such as
obtained during the experiment, it is possible to obtain the
optical coherences from the optical Bloch equations in terms
of the Zeeman coherences [25]. The validity of this approach
is further bolstered by the fact that an atom with the most
probable thermal velocity takes about 8 microseconds to
traverse the laser beam of nominal diameter 1.9 mm (FWHM).
Since we consider Rabi frequencies on the order of 1 MHz,
the rate of transiting the beam is still significantly lower than
the Rabi frequency, even for atoms that traverse only half the
nominal beam diameter, and the fraction of atoms whose path
length in a circular beam is less than half the nominal diameter
is 13.4% [26]. Thus, we can apply steady-state conditions

00,0 00¢. ¢
0: 'Ogtg/ — IOA /’ (7)
ot ot

obtaining from (5) a set of linear equations that can be solved
numerically to obtain the density-matrix components that
correspond to the population and the Zeeman coherences of the
ground and excited states. Once the density matrix is known,
we use the following expression to obtain the intensity (up
to a constant factor /y) of an arbitrary polarized fluorescence
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component with polarization denoted by e [15,27,28]:

In@ =1y Y diPd p,,. (®)

8i:€j,€k

To include the effects of the thermal motion of the atoms, we
perform Riemann integration over the velocity distribution by
solving Eqgs. (5) and evaluating (8) for each atomic velocity
group.

To fit the theoretical and experimental results, we estimate
and fine tune the following parameters: transit relaxation rate
y, reduced Rabi frequency 2z, and spectral width of the laser
radiation Aw.

The estimation of the transit relaxation rate is straightfor-
ward,

Uth
v=" ©))
where vy, is the mean thermal velocity of the atoms projected
onto the plane perpendicular to the laser beam and d is the
laser-beam diameter, which in the theoretical model is assumed
to be cylindrical in shape with uniform intensity. For d =
1900 pm and T = 293 K, we obtain y = 27(0.018 MHz).

The Rabi frequency can be estimated theoretically as

ldl| - lel ldll | 21
—_— = kg—— | —, 10
h R h eone (10)

Qr = kg
where ||d|| = 5.977eap [1] is the the D, transition reduced
dipole matrix element, with e as the electron charge and ag
as the Bohr radius [24], I is the intensity (directly related
to the amplitude of the electric field |¢|), €y is the electric
constant, n is the refractive index, c is the speed of light, and
kg is a fitting constant. In the ideal case of a homogeneous
beam, kr would be unity. In practice, the intensity I is not
constant across the laser beam and it is defined somewhat
arbitrarily as the power in the laser beam divided by the
cross-sectional area of the beam at the FWHM. The theoretical
model, however, admits only one value for the Rabi frequency,
in practice assuming a constant intensity over the beam. As
a result, the value of the Rabi frequency used in the model
is adjusted by the fitting constant kg. Furthermore, in the
idealized beam, the relationship between Q% and /I would
be linear. However, previous experience [29,30] suggests that
this linear relationship should not hold for all values of the
intensity in a real experiment with a Gaussian beam. In fact,
in our experiment, the value of kz ranged from 0.27 for lower
intensities to 0.15 for higher intensities.

The complicated relationship between [ and Qp has
a simple explanation. Our experiment was performed in
the regime of nonlinear absorption, which implies that for
large laser intensities, the ground-state population is strongly
depleted. When one starts to gradually increase laser intensity,
initially the ground-state population is only slightly changed
even at the center of the beam, where the light is most intense.
When the intensity is increased still more, the ground-state
population at the center of the beam starts to be depleted
significantly. When the intensity is increased further, there is
little ground-state population left in the beam center, and the
region of population depletion expands to the “wings” of the
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Gaussian intensity distribution, which can extend a significant
distance from the laser beam’s center.

As a consequence of this spatially dependent population
depletion, for weaker laser radiation, the main contribution to
the signal comes from the central parts of the laser beam where
we have the strongest intensity, even though the theoretical
proportionality of Q2 to the square root of intensity continues
to hold. In contrast, for stronger laser radiation, the peripheral
parts of the laser beam, where the radiation intensity is smaller,
start to play a larger role in the absorption process because only
there is the ground-state population still significant. In each of
these cases, the radiation intensity in different parts of the beam
plays a dominant role in the absorption process and should be
related to the value of the Rabi frequency that appears in the
rate equations for the density matrix. Thus we vary the value of
coefficient kp in order to account for this effect and to achieve
better correspondence between experiment and theory.

A value of Aw = 27 (1 MHz) was found to be an appropri-
ate estimate for the spectral width of the laser and is close to
the value given by the manufacturer of the laser.

IV. RESULTS AND DISCUSSION

Before the experiments were carried out, some preliminary
theoretical calculations were performed in order to deduce
which hyperfine transition would yield the most noticeable
signals related to the AOC phenomenon in both rubidium
isotopes. A good measure of the strength of the AOC effect
is the degree of circularity of the laser-induced fluorescence,
defined as (I,+ — I,-)/(Is+ + I,-). The theoretical calculations
predicted that the largest circularity signal (4%) would be
observed for 85Rb when excited from the second ground-state
hyperfine level F, =2 to the second excited-state hyperfine
level F, = 2. Asseenin Fig. 7, because of Doppler broadening,
the signal did not depend significantly on which excited-state
hyperfine level was excited when the excitation took place from
the ground-state hyperfine level with F, = 2. The observable
circularity for the other transitions was predicted to be 1% or
less. For the case of 8'Rb, the F; =1 — F, =1 transition
was selected because the predicted circularity degree was 1%,
whereas for excitation from the other ground-state hyperfine
level F, =2, the circularity degree was predicted to be
less than 1%. Therefore, we concentrated our experimental
efforts on the F, =2 — F, = 2 transition of 85Rb and the
Fy, =1 —> F, = | transition of *’Rb.

Figure 8 shows a typical result for the Fy =2 — F, =2
transition of ®Rb. Figures 8(a) and 8(b) depict the two
orthogonally circularly polarized fluorescence components.
When the magnetic field value is zero, all magnetic sublevels
mp that belong to the same F level in the excited and ground
states are degenerate, giving a typical dark resonance for the
Fy =2 — F, =2 transition of 85Rb [31]. As the magnetic
field magnitude increases, these sublevels shift according to
the nonlinear Zeeman effect (Fig. 2), thereby destroying the
aligned state and allowing more laser light to be absorbed,
which causes a rapid rise in the fluorescence signal. After that,
the overall signal tendency is to diminish as the magnetic field
strength increases, apart from two small peaks at about 23 and
44 G.
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FIG. 7. (Color online) Signal dependence on the excited-state hyperfine level F, to which the laser is tuned when excited from the
ground-state hyperfine level F, = 2 of 3Rb. The left-most plot shows the difference between the two oppositely circularly polarized components
(Io+ — 1,-) for the F, =2 — F, = 1 transition, the center plot shows the difference (/,+ — I,-) for the Fy = 2 — F, = 2 transition, and

the third plot (right-most) corresponds to the F, =2 — F, = 3 transition. The smooth, red curve is theory and the black filled circles

connected by a black line are the experimental data, with only every tenth point shown.

These two small peaks can be attributed to Amp =2
coherences. The 23 G peak appears because the mp = —1
sublevel of the F, = 2 hyperfine level crosses the mp = —3
sublevel of the F, = 3 hyperfine level (see Fig. 2), thus creating
a Amp = 2 coherence. The other small peak at 44 G can
be attributed to the crossing of mp = —1 sublevel of the
F, = 3 and the mp = —3 sublevel of F, = 4. Note that these
peaks are invisible both in the difference signal [Fig. 8(c)] as
well as in the circularity signal [Fig. 8(d)] since they cancel
each other when the difference is taken.

Besides these two small peaks in the component graphs,
there are two peaks at 7 and 74 G in the difference and
circularity graphs [Figs. 8(c) and 8(d)] corresponding to the
two broader structures in the component graphs [Figs. 8(a)
and 8(b)]: one around 6-10 G and another, barely visible one
around 70-74 G. These peaks can be attributed to Amp = 1
coherences. The 7 G peak appears as an increase in the
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FIG. 8. (Color online) (a),(b) Relative intensities of the two
oppositely circularly polarized fluorescence components, (c) their
difference, and (d) the circularity value for the Fy, =2 — F, =2
transition of Rb (80 scans averaged). Arrows denote the positions
of peaks and maximum (or minimum) values of broader structures.
The smooth, red curve is theory and the black filled circles connected
by a black line are the experimental data, with only every tenth point
shown.

signal in one component [Fig. 8(a)] and a decrease in the
other [Fig. 8(b)]. Note that their corresponding maximum
and minimum values are relatively shifted, giving values of
6 G [Fig. 8(a)] and 9 G [Fig. 8(b)], respectively, in the
component graphs. The relative shift of these values can
be explained by the fact that this peak is related to three
Amp =1 and two Amp = 2 coherences in the range from
0 to 10 G (see Fig. 9). As we take the difference between
the two oppositely circularly polarized components, we can
eliminate the Am g = 2 coherences from the signal and thus
see the peaks that correspond only to the Am g = 1 crossings.
The 74 G peak in Fig. 8(c) can be explained in a similar way.
A barely visible structure in the component graphs appears
as a broad peak in the difference graph. This peak is related
to a single Amp = 1 crossing of the mpr = —1 sublevel of
F, =3 andthe mp = —2 sublevel of F, = 4, and as aresult its
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FIG. 9. (Color online) Energy shifts of the magnetic sublevels
myp as a function of magnetic field for 3Rb in the magnetic field
range 0 < B < 10 G. The mp values are written next to the curves.
Squares denote Amp =1 crossings and circles denote Amp =2
crossings.
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FIG. 10. (Color online) Signal dependence on intensity for excitation of the F, = 2 —> F, = 2 transition of the D, line of **Rb. The plots
are organized in columns: relative intensities of the two oppositely circularly polarized fluorescence components are shown in the left and
center columns and their difference is shown in the right-most column. The smooth, red curve is theory and the black filled circles connected
by a black line are the experimental data, with only every tenth point shown.

amplitude is smaller. The peak is broad because the mp = —1
and mp = —2 sublevels that cross are energetically close to
each other (AE < 20 MHz) all the way from 60 to 90 G, as
can be seen in Fig. 2.

Figure 10 shows the signal dependence on laser power for
the Fy =2 — F, = 2 transition. One can see in the figure
that as the laser power is increased, the broad structures,
attributed to Amp = 1 coherences in the component graphs,
become less and less pronounced. However, they are still
visible in the difference graphs (Fig. 10, right column),
although the amplitude slightly decreases, and the sign of the
difference signal becomes negative for the Qr = 4.50 MHz
(19.6 mW /cm?) case (bottom right in Fig. 10).

Figure 11 shows the signal dependence on laser power for
the F; =1 —> F, = 1 transition of the D, line of ’Rb. As
the magnetic field is increased, after the initial increase of the
signal due to the dark resonance at 0 G, the signal gradually
diminishes. However, two small peaks around 45 and 57 G
and a broad structure between 7 and 26 G are visible in the
component graphs (Fig. 11, left and center columns). The
structures visible in the graph of the difference signal (Fig. 11,
right column) must be related to Am g = 1 coherences. Indeed,
the magnetic sublevels mp = Qand mr = +1 of F, = 1 cross

at 21 G, giving rise to the broad structure from 7 to 26 G (see
Fig. 12).

The small peak at 57 G is caused by the crossing of
mp=0of F,=1 and mp = -2 of F, =3 (see Fig. 3),
which allows Am g = 2 coherences to be created. As a result,
one can observe a small rise in the component LIF signals.
This peak should vanish as the difference of the components
is taken, since it is related to a Amp = 2 coherence. In
the calculated curve, it indeed vanishes, but remains in the
measured curve. Possible explanations could be higher-order
nonlinear effects not treated by the model or even small
experimental imperfections.

The small peak at 45 G in the component graphs cannot be
attributed to any crossing in the excited or ground states. The
fact that it is visible in the difference graphs might suggest that
it is connected to a Am = 1 coherence. However, theoretical
calculations show that when the Zeeman coherences in the
density matrix are “turned off,” this peak remains, which
suggests that it is not connected to any coherences. While the
precise origin of the peak remains unknown, the appearance of
this peak in both theory and experiment explicitly shows two
things: (i) how nonlinear these signals are and (ii) how well
the theoretical model works in describing them.
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FIG. 11. (Color online) Signal dependence on intensity for excitation of the F, = 1 — F, = 1 transition of the D, line of 8Rb. The plots

are organized in columns: relative intensities of the two oppositely circularly polarized fluorescence components are shown in the left and
center columns and their difference in the right-most column. Arrows denote the positions of peaks and maximum values of broader structures.
The smooth, red curve is theory and the black filled circles connected by a black line are the experimental data, with only every tenth point

shown.

For each value of the intensity, the theoretical curve which
best described the results of the experiment was selected.
Figure 13 shows that the choices made to achieve the best
agreement were not arbitrary, but resulted in values that
obey the expected relationship between intensity and Rabi
frequency. The intensity is plotted against the square of the
Rabi frequency for which the best fit of the calculated curve to
experimental measurements was obtained. The points should
lie on a straight line, and, indeed, they all fall close to
the best-fit line with a reduced x2 value of 1.4. We note
that the relative errors increase at larger intensities because
the dependence of the signal on Rabi frequency is not as

pronounced for large Rabi frequencies. We may conclude that,
atleast up to these intensity values, the reduced Rabi frequency
Qp is proportional to the square root of the intensity /.

V. CONCLUSION

We have carried out experiments with laser-power densities
that fulfill the nonlinear absorption conditions and developed a
theoretical model that describes AOC under these conditions.
The increased magnetic fields and the detection of individual
circularly polarized light components in the experiments let us
see the structure of the signal in more detail than before [10].
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FIG. 12. (Color online) Energy shifts of the magnetic sublevels
my as a function of magnetic field for *’Rb in the magnetic field
range 0 < B < 40 G. The mp values are written next to the curves.
The square denotes a Am g = 1 crossing.

With one small exception in Fig. 11, all details, even very
small ones, predicted by the theory were reproduced by
the experiment and were shown to be related to features
of the level-crossing diagrams. Their positions and relative
amplitudes match satisfactorily. The signal dependence on
intensity shows that as the laser power increases, the struc-
tures associated with Amp = 1 become less pronounced in
the individual component signals and the difference signal.
The signals do not show any visible dependence on the
the precise hyperfine transition that is excited from a single
ground-state hyperfine level. If the Zeeman splittings of an un-
known atom or molecule are of interest, then the measurements
of the circularity degree will clearly show whether the splitting
is linear or nonlinear because the circularity degree is nonzero
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87Rb.

only when the magnetic splitting of Zeeman sublevels is
nonlinear, and peaks in this signal will correspond to the
crossings of magnetic sublevels. The level crossings are
determined by the magnetic field value and two constants:
magnetic moment and the hyperfine splitting constant. The
analysis of level-crossing signals can help to determine these
two constants for unknown atomic or molecular systems.
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