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Hayunom Beliy UHcTHTYTa 32 dH3HKY

Ipeamer: Mumbeme pyxosoguona JlaGopatopuje 3a pensop ap Mapune Jlexnh y 3Baise
HAYYHH CapaJHHK '

Hp Maana Jlexuhi je 3anocnena y JlaGoparopuju 3a OHO(OTOHHKY, Y OKBHPY Llentpa 3a
(bOTOHuKy (HaumoHanHor uesTpa usyseTHux BpeaHocTH) MHCTHTYTa 3a QH3HKY Y Beorpazy.
AHraxopaHa je Ha npoydaBamy edekara y KBaHTHOj ONTHLUH M KOXEpPEHTHOj J1acepcKoj
CMEKTPOCKOMUjH Ha MpOjeKTHMa (uHaHCUpaHUM oj] cTpaHe MHHHCTapCcTBa NPOCBETE, HayKe H
TEXHONMOWKOr paspoja: 1l 45016 “[lpoxykumja M KapakTepusauuja HaHO-(POTOHMYHHX
QYHKUMOHANHHUX CTPYKTYpa y OMo-MeauLMul W uHdopmariuu” u OU 171038 “Xonorpadcku
METO[M 3a reHepHcame crelMPUUHHX TanacHHX (poHTOBA 33 epuKacHy KOHTPONY KBAHTHHX
KOXEPEHTHHX epekaTa y MHTEpPAKLMjH aTOMa H acepa”.

O63upoM ja ucrywasa cBe npeasuljeHe ycnose y cknamy ca lIpaBHIHMKOM O MOCTYMKY H
HAuMHy BpEAHOBaka M KBAHTMTATMBHOM HCKasHBalby HaYYHO-MCTPaXKHMBAUKHMX pe3ynrara
uctpakuBauya MITHTP, carniacad cam ca MOKpeTameM NocTynka 3a peusbop ap Mapuue Jlexuh
y 3Barbe Hay4YHH CapaJHHK.

3a cacras koMHcHje 3a peusbop Ap Mapune Jlekuh y 3Batbe Hay4HH CapajiHUK MpPeAIaKeM:
1. np Bpanucnas Jenenkosuh, HAy“HH CABETHHUK Y NeH3HjH, IHCTUTYT 3a dusuky y Beorpany
2. np Hejan [Nantenuh, Hay4HH CABETHHK, Wucrutyt 3a usuky y beorpany, u

3. npod. np Bparucnas O6panosuh, pexosnu npodecop, Pu3nyku daxynrer y Beorpaay.

Pykopoaunar; Jlabopatopuje
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Hay4YHH CABETHUK
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2. buorpadgcku nogamnu

Mapuna Jlekuh je pohena y Jajuy 11. 09. 1978. ronune. ®uznuku Qaxynrer — cmep Omira
¢u3nKa 3aBpimia je Ha YHuBep3uTeTy y beorpamy 2003. roguHe ca mpocedyHoM orieHoM 9,14.
On jyna 2003. roavHe KaHAWJATKUBba je 3amocieHa Ha UHctutyty 3a ¢usuky y beorpany kao
UCTpakuBad npunpasHUK. [locneaummomcke cTyauje Ha OU3HUKoM GaKynTeTy Y HUBEP3UTETa y
beorpany, cmep ®usmka joHM30BaHHUX TracoBa, IJJa3Me M KBaHTHA ONTHKA, yIHcala je UCTe
roaune. JIOKTOpcKy Te3y 1moj Ha3uBOM ,,HenmHeapHa MarHeTo ONTHYKA poTalldja mojlapu3aiiyje
JacepcKor mojba y Mapu pyouaujyma™ ypaaumia je MoJl pyKoBoAcTBoM Jp bpanucinasa
Jenenkosuha u onbOpanwmia je 22. 12. 2010. ronuae Ha Ousnyukom dakyiaTery. Y 3Bame HAYIHH
capaguuk m3abpana je 13. 07. 2011. romune. Ox ¢ebpyapa 2011. roauHe KaHAUIATKHABKA |
TOJMHY JlaHa OOpaBHJIa HA TIOCTIOKTOPCKOM ycaBpmaBamy y @paHIlyckoj, HA YHUBEP3UTETY ¥
Amnxey, rzie ce 6aBuiia HCTpKUBAmBUMA U3 00JIACTH HEJIMHEapHe ONTHKE.

Kangumatkuma je Ouia aHTa)koBaHa HAa HEKOJHMKO IIpojeKaTa OCHOBHHX HCTPaKUBarbha
¢unancupanux on crpane MIIHTP: "llperm3na nacepcka CHEKTPOCKOIHWja: TNPHUMEHE Ha
ONTHYKE 3aMKe, HHTePPEPOMETPU]Y ¥ ONTHYKYy MeTpojorujy”, “KaHTHa W omnTHuka
uHTeppepomerpuja”, “llpoaykmuja u Kapakrepuzanuja HaHO(POTOHCKUX (YHKIIMOHATHUX
CTPYKTypa W TpuMeHa y OwomenunuHH W wHGopMmatumm™ W “Xojgorpadpcku Mertoam 3a
TeHepHcame Crelu(pUIHUX TaJacHuX (pOHTOBA 32 epUKACHY KOHTPOIY KBAHTHUX KOXEPEHTHUX
edekara y WHTepaknuju aroma W Jjacepa”. Ilopenm momenyTtmx mnpojekata Mapuna Jlekuh je
ydecTBOBaJa M Ha Mel)yHapoIHUM MpojeKTHMa: eBpOTIcKH mpojekat FP6 “Reinforcing the Center
for quantum and optical metrology” n SCOPES npojekat I1IBajiapcke HarmoHaimHe (GoHarmje
3a Hayky ,,Modern optics and spectroscopy. from research to education®, (2009-2012.).
TpenyTHo je aHraxoBaHna Ha OujaTepasHoOM MpojeKTy ca bemopycujom (2020-2021.).

Mapuna Jlekuh je jeman oj ocHuUBa4da W pykoBojwian JlabopaTopuje 3a ONTOCIEKTPOHHKY
(2017-). JlaGopatopmja je akpeauToBaHa oJ cTpaHe AkpemutanmoHor Tena CpOuje 3a
eTaIOHUpame (HUOSPONTUIKUX MepHUX HHCTpymeHara. JlabGoparopuja TecHo capalyje ca
MpPUBPEIHUM CcyOjeKTHMa KOje MOCIyjy y 0OJacTH TeleKOMYHHUKallyja, MpuMermyjyhu HayKy y
TIPUBPE/IH.

Kanmunarkumwa je wiaH HayyHor KomuTeTa MehyHaponne paguonuie w3 (pOTOHHKE.
OpranuzoBaia je HeKOJMKO MehyHapoauX u Tomahux HayqHHX cKymoBa. Y nepuoay ox 2007 —
2010. roquue 6uiia je WwiaH KOMUCH]e 3a pernyOanyka TakMU4emha 3 (PU3UKe YUeHHKa OCHOBHUX
U cpelmuX ImKoja. Aytop je 16 pamoBa o0jaB/beHUX y Mel)yHapOJHHM dYacomucHMa Kao U
OpojHUX caommTema Ha AomMahuMm U MehyHapoAHMM cKynoBMMa. YKymaH Opoj uTara pajaoBa
KaHmunatkume je 114 (101 e pauyHajyhm camoruTare), ca XUpPIIOBUM HHIEKCOM 6, Tpema
0a3u nonataka Web of Science.

On mocnenmer n3bopa y 3Bame, NOPOJUBCKO 00J0Bamke M OJCYCTBO paad Here JeTera je
KOpHCTHJIA TpH IyTa (3 roauHe u 9 Mecenn).



3. [Ipersiex HayyHe aAKTHBHOCTH

Hayuno-ncTpaknBauka akTUBHOCT KaHIUJATKUbE € Y 00JacTh KBaHTHE U HEJIMHEApHE OITHKE.
['maBHM HCTpaXMBAUKK MpaBIU 00yXBaTajy IpoydyaBame: KOXepEHTHUX W HeJIMHeapHUX edexarta
y KBaHTHO] ONTHIH, NPOCTOPHO-BPEMEHCKHUX JUCUIATUBHUX MYJITHIUMEH3HOHUX COJIMTOHA U
MHTEpakKIiyja yITpadp3ux JIaCepCKUX CHOIIOBA ca MaeTpHjaInMa.

[IpunrkoM MHTEpaKIHje aToMa CI0XKEeHE CTPYKTYpe €HepreTCKUX HUBOA U JIACEPCKE CBETIOCTH
MOTY C€ WCHOJHUTH pa3IMYUTH HETMHEeapHH U KoxepeHTHU edektu. ToxoM paga Ha cBOjoOj
JIOKTOPCKO]j JMCepTaliji KaHAUJaTKIba j€ poyyaBaia e(eKkTe Kao IITO Cy: eIeKTPOMAarHeTCKH
MHIYKOBaHA TpaHCHApEHIIMja, EJIEKTPOMArHeTCKH WHIYKOBaHa alcopllifja W HeJlIWHeapHa
Marfeto-ontuyka poTanuja (HMOP). WcnutuBan je yrtunaj Paman-Pem3ujeBor edekra Ha
o6muk w umpuHy HMOP pe3oHaHmm y BakyyMcCKOj helmdju TIPUMEHOM OpHTHHAHE
KoH(pUTypaInyje Koja oMoryhaBa NMpOCTOPHO pa3jBajarbe CHOIOBA IymIie W 1mpobe. Y TOKY
u3paje aucepramyje, koja je ypahena y Jlaboparopuju 3a ¢poToHUKY Y MHCTHTYTY 3a QU3HKY Y
Bbeorpany, peanm3oBaHa je eKcliepuMeHTaIHA IOCTaBKa Koja je oMoryhmia noOwjame BeoMa
y3annx HMOP pesonannu y Bakyymckoj henuju. IlpoyuaBan je yTunaj BuIle mapameTrapa Ha
poTanujy mnosiapuszanuje TpoOHOT CHONa Kao INTO Cy: pa3jinyMTa pacTojama u3mely cHomoBa
nymie u mpobe, paznmuuuTd yrioBu u3Mely momapuzanuja mymmnajyher u mpoOHOT CHOMA,
pa3IMYUTU TIpeia3d y pyOUIUjyMy M pa3MuUTH WHTCH3UTETH Iymiajyher ¥ mpoOHOT CHoIA.
[IpeTxoaHO IOMEHYTH PE3YJITATH Cy capikKaj paroBa:

e J. Krmpot, M. M. Mijjailovi¢, B. M. Pani¢, D. V. Luki¢, A. G. Kovacevi¢, D. V. Panteli¢,
and B. M. Jelenkovi¢, "Sub-Doppler absorption narrowing in atomic vapor at two intense
laser fields," Opt. Express 13, Iss. 5, pp. 1448-1456, (2005)

e M. M. Mijailovic, J. Dimitrijevic, A. J. Krmpot, Z. D. Grujic, B. M. Panic, D. Arsenovic,
D. V. Pantelic, and B. M. Jelenkovic "On non-vanishing amplitude of Hanle
electromagnetically induced absorption in Rb" Opt. Express 15, Iss. 3, pp.1328-1339,
(2007)

e 7. D. Gruyji¢, M.M. Mijailovié¢, B.M. Pani¢, M. Mini¢, A.G. Kovacevi¢, M. Obradovié,
B.M. Jelenkovi¢ and S. Cartaleva “Zeeman Coherences Narrowing due to Ramsey
Effects Induced by Thermal Motion of Rubidium Atoms*“ ACTA PHYSICA POLONICA
A No. 5, Vol. 112 (2007)

e J. Dimitrijevi¢, Z. Gruji¢, M. Mijailovié, D. Arsenovi¢, B. Pani¢ and B.M. Jelenkovi¢
“Effect of Laser Light Ellipticity on Hanle Electromagnetically Induced Absorption
Amplitude and Line Width* ACTA PHYSICA POLONICA A No. 5, Vol. 112 (2007)

e S. Cartaleva, T. Karaulanov, N. Petrov, D. Slavov, K. Vaseva, A. Yanev, M. Mijailovi¢,
7. Gruji¢ and B.M. Jelenkovi¢ “All-Optical Magnetometer Based on Resonant Excitation
of Rubidium Atoms by Frequency Modulated Diode Laser Light“ ACTA PHYSICA
POLONICA A No. 5, Vol. 112 (2007)



J. Dimitrijevi¢, A. Krmpot, M. Mijailovi¢, D. Arsenovié¢, B. Pani¢, Z. Gruji¢, and B. M.
Jelenkovi¢ “Role of transverse magnetic fields in electromagnetically induced absorption
for elliptically polarized light” Phys. Rev. A 77, 013814 (2008)

e J. Dimitrijevic, Z. Grujic, M. M. Mijailovic, D. Arsenovic, B. M. Panic, and B. M.
Jelenkovic “Enhancement of electromagnetically induced absorption with elliptically
polarized light - laser intensity dependent coherence effect™ Opt. Express 16, Iss. 2,
pp-1343-1353, (2008)

e 7. D. Gryjié, M. Mijailovié, D. Arsenovié, A. Kovacevi¢, M. Nikoli¢, and B. M.
Jelenkovi¢ “Dark Raman resonances due to Ramsey interference in vacuum vapor cells”
Phys. Rev. A 78, 063816 (2008)

e Zoran Gruji¢, DuSan Arsenovi¢, Milan Radonji¢, Marina Mijailovi¢ and Branislav
Jelenkovi¢ “Numerical simulation of Raman resonance due to the Ramsey interference
induced by thermal motion of atoms” Phys. Scr. T135, 014026 (2009)

e M. Mijjailovi¢, Z. D. Gruji¢, M. Radonji¢, D. Arsenovi¢, and B. M. Jelenkovi¢ “Nonlinear
magneto-optical rotation narrowing in vacuum gas cells due to interference between
atomic dark states of two spatially separated laser beams™ Phys. Rev. A 80, 053819,
(2009)

e 7 D Gruji¢, M M Leki¢, M Radonji¢, D Arsenovi¢ and B M Jelenkovi¢ “Ramsey effects
in coherent resonances at closed transition Fg =2 — Fe = 3 of 87Rb” J. Phys. B: At. Mol.
Opt. Phys. 45, 245502, (2012)

e [Ivan S. Radoji¢i¢, Milan Radonji¢, Marina M. Lekié¢, Zoran D. Grujié¢, Dragan Lukié, and

Branislav Jelenkovi¢ “Raman—Ramsey electromagnetically induced transparency in the

configuration of counterpropagating pump and probe in vacuum Rb cell ”, J. Opt. Soc.

Am. B 32, 426-430 (2015)

ToxoM MOCTAOKTOpCKOr OOpaBKa Ha YHHUBEP3UTETY y AHKEY, KaHAWJATKUIba ce OaBuiia
pOyYaBameM IPOCTOPHO-BPEMEHCKMX TUCHIIATHBHUX MYJITHIUMEH3HOHMX COJUTOHA Kao H
BOPTEKC COJIATOHA KOpHUCTehW aHAIMTUYKA BapWjalldOHM MeToJ W KomOmHyjyhum ra ca
ojaroapajyhuM HyMepWykuM cHMYyJalidjaMa W eKCIIepUMEHTHMA. YTBpPHEHH Cy YCJIOBH
M0CTOjama, Mponaraiyje U CTaOUIHOCTH BPEMEHCKHUX, MPOCTOPHUX M MPOCTOPHO-BPEMEHCKUX
BUIICIUMCH3MOHMX  KOH3EPBATHMBHMX W  JIMCUIATUBHUX  COJMTOHA y  aTMocdepw,
HOJIYIIPOBOTHUIIAMA Ca YCKOM 3a0pameHOM 30HOM, HAHOKOMIIO3UTHMA M MeTaMaTepHjainMa ca
HETaTUBHUM HUHJCKCOM IpeliamMamba.

e V. Skarka, N.B. Aleksic, M.M. Lekic, B. N. Aleksic, B.A. Malomed, D. Mihalache, H.
Leblond, “ Formation of complex two-dimensional dissipative solitons via spontaneous
symmetry breaking ”, Phys. Rev. A, vol. 90 (2), (2014)

Tpeha obnact mcTpaxuBama KaHIUIATKAIE je MHTEpAKIMja JIACEPCKOT CHOIA W MaTepHjalia
IPUJIMKOM TIpoTaraiyje CHoma Kpo3 MaTepujal. bu3MyT-repMaHWjyM OKCHA 10 CTPYKTYpH
Ipuliajla MaTrephjaiiMa THIIA CHJIEHHTA. 300r CcBOjuX ocoOuHa  ((OTOIPOBOIHOCT,



(doTopedpakTUBHOCT, MHUE30EIEKTPUIIUTET), KA0 U 300T MOPIIKE MAarHETO-ONITUYKHX U EJIEKTPO-
ONTHYKHUX e(ekara, MOTOJAH je 3a pa3He NPHMEHe, Kao IITO cy Xojorpaduja, MpocTOpHA
MoJlyJalja, ONTHYKe MeMopuje, pudbep-ontruku cenzopu, [lokencose henuje, ... [Iponaranuja
yATpaOp3UX CHOIIOBA KPO3 OBaj MaTepHjall, ca MOAM(DHUKAIIN]OM [TapaMeTapa, Kao U ca IpOMEHOM
ocoOWHa CHOIIA, EKCIIEPUMEHTAIHO je oOpaljiBaHa M TEOPETCKU aHATM3UPaHa y paJoBUMa:

¢ G. Kovacevic, J. L. Ristic-Djurovic, M.M. Lekic, B. B. Hadzic, G.S.I. Abudagel, S.J.
Petricevic, P. M. Mihailovic, B.Z. Matovic, D. M. Dramlic, Lj. M. Brajovic, N. Z.
Romcevic, Influence of femtosecond pulsed laser irradiation on bismuth germanium
oxide single crystal properties,” Mater. Res. Bull., vol. 83, 284-289 (2016)

e GSI Abudagel, S.J. Petricevi¢, P.M. Mihailovi¢, A.G. Kovacevi¢, J. Risti¢-Djurovic,
M.M. Leki¢, M.J. Rom¢evié, S. Cirkovi¢, J.M. Traji¢, N.Z. Romcevié, "Improvement of
magneto-optical quality of high purity Bi12GeO20 single crystal induced by femtosecond
pulsed laser irradiation", Optoelectronics and Advanced Materials — Rapid
Communications, vol. 11, br. 7-8, 477-481 (2017)

e V. Skarka, M. M. Leki¢, A. G. Kovacevi¢, B. Zarkov, N. Z. Romcevi¢ "Solitons
generated by self-organization in bismuth germanium oxide single crystals during the
interaction with laser beam", Optical and quantum electronics, vol. 50 (1), (2018)

4. EleMeHTH 32 KBaJIUTATHBHY OLlEHY HAYYHOT JONPHHOCA
4.1 KpaqureTr Hay4YHHUX pe3yJaTaTa
4.1.1 Hayynu HuBO U 3Ha4aj pe3y./iTaTa, yTULIA] HAYYHUX pagoBa

Hp Mapuna Jlekuh je y cBoM jgocamamimeM pamy obOjaBuwia 16 pamgoBa M20 karteropwje y
MehyHapogHuM daconucuma ca ISI mucte u 26 caonmirema, o1 Kojux 7 y kareropuju M21a, 2 'y
kareropuju M21, 2 y xareropuju M22, 5 y kareropuju M23, 10 y kareropuju M33 u 16 y
Kareropuju M34.

VY mepuoay HaKOH CTHIIaKka 3Bamba HAyYHU capaaHuk, Ap Mapuna Jlekuh je o6jaBuna 6 pamosa y
Mmehynapomaum gaconmcuma ca ISI mucre u 8 caommrema Ha MelyHapoaHUM KOH(pepeHIHjama,
ol kojux cy 1 y kareropuju M21a, 2 y kareropuju M21, 1 y kareropuju M22, 2 y xateropuju
M23, 8 y kareropuju M34.

4.1.2. llo3uTHBHA HATHPAHOCT HAYYHUX PA0BA KAHAHIATA

[Ipema 6a3m momaraka Web of Science paloBu KaHIUIATKUbe Cy nutupanu 114 myra, 0K je
Opoj rutara 6e3 ayronurtara 101. [Ipema ncroj 6a3u h-uHIEKC KaHTUAATKUELE j€ 6.



4.1.3. IlapameTpu KBaJIMTETA YaCOIHCA

Jp Mapuna Jlekuh je o6jaBsbuBana pajgose y yaconucuma kateropuja M21a, M21, M22 u M23,
IIpU YeMy Cy HOJBYYEHHM MMIIAKT-(PaKTOpH Yacomuca y KojuMa Cy paJioBU IyOJIMKOBaHU HAKOH
n300pa y IPETXOTHO 3BAIbE:

4 panay Physical Review A (nBa ca U® 3.047, jenan ca U® 3.042 u jenan ca LD 2,908)
3 pana y Optics Express (nBa ca U® 4.009 u jenan ca U® 3,797)

1 pax y Materials Research Bulletin (U® 2.435)

1 pax y Journal of Physics. B: Atomic Molecular and Optical Physics (U® 2.031)

1 pan y Journal of the Optical Society of America. B: Optical Physics (U®D 1.970)

1 pan y Optical and Quantum Electronics (UD 1.547)

1 pan y Physica Scripta (M® 1.088)

3 pana y Acta Physica Polonica A (M® 0.433)

1 pax y Journal of Optoelectronics and Advanced Materials (UMD 0.470)

VYkynan uMmnakT-paktop pagora ap Mapune Jlekuh u3nocu 34.70, a ¢akxTop yTuiaja pagosa y
Meproay HaKoH u30opa y MpeTxoaHo 3Bame je 11.495. Yacomucen y KojuMa KaHIUIAATKHEHA
o0jaBJbyje pajoBe Cy IIEHEHU 110 CBOM YIIIEAY Y IbeHUM 00JIacTHMa pajia.

JlomatHu OMOTMOMETPH]CKH TOKa3aTesbu IMpemMa YMYTCTBY O HAUMHY THCama HM3BEIITaja o
n30opuMa y 3Bama Koje je YCBOjHO MaTHYHH HAay4YHH OJ00p 3a (U3NKY INpHKa3aHd Cy Y
cnenehoj Tabemnu:

No M CHUII
YKynHo 11,495 37 4.794
YcpelllbeHo M0 YIaHKy 1,916 6.167 0.799
YcpelllbeHo Mo ayTopy 1.746 5.485 0.626

4.1.4. CreneH caMOCTAJTHOCTH U CTeleH ydemha y peanu3anuju paaoBa

Kannunatkuma je mel)y mpBa nBa ayropa Ha 7 pagoBa u Tpehu aytop Ha 6 pamosa. [Ipu uzpaau
cBUX nyOnukanyja, 1p Mapuna Jlexuh je yuecTBoBasa y KOHKpeTHOj (hOpMyIalluju, TUCKYCUJU U
pemaBamy npobiema. Y CBUM paJloBUMa, yUYECTBOBAIA j€ Y NOCTaBIM eKCIIEpUMEHTa U IPoIecy
Mepemwa, y aHalIu3M JOOMjeHUX pe3ysiTaTa U HUXOBOM NHcamwy. TOKOM Hu3paje JOKTOPCKE
mucepraryje y LleHTpy 3a GOTOHUKY, KaHIUIATKUARA je Jlajla BEJIMKH JIOIPUHOC Y pa3yMeBamy
KOXEpPEeHTHUX e(eKkara y pe30HAaHTHOj MHTEPAKIMjH JIACEPCKOT 3paderha ca aTOMCKOM IapoM
pyouarjymMa. YUecTBOBaJIA je€ y peaM3alHjd pPa3IMIUTHX KBAHTHO-ONTHYKUX edekara y
1abopaTtopuju, Kao ITO Cy EJNeKTPOMAarHeTCKH WHIYKOBaHA TpaHCHapeHIMja W HeJlnHeapHa
Mar”HeTo-ontuyka portanuja. OcTBapuia je HayuHy capaimy ca rpynom npod. Credxe
Kapranese n3 Uucturyra 3a enextponuky "Axanemuk Emun Haxos", Byrapcke akanemuje



nayka. Kammmpmatkuma je Ouna ydecumk SCOPES mpojekta y kome je capahuBana ca
npodecopom ArtoanoMm Bajcom u3 I1IBajiiapcke Ha MHCamky U MOCTAB/bakhy CTYJACHTCKUAX BEXKOU
U3 Jacepcke W atomcke ¢usmke. Y capammm ca mnpodecopom Bragummpowm Illkapkom ca
YHuBep3uTeTa y AHXKEY, KaHIUJATKWEa ce OaBU NPOYyYaBaAEKEM MPOCTOPHO-BPEMEHCKUX
JIUCHUIIATUBHUX COJMTOHA Ka0 M BOPTEKC COJHUTOHA. YUECTBYje Y IUIAaHHpAmy U IOCTaBJbAKbY
eKCIIEpUMEHTa Kao M y 00pajii pe3ynTara Mepera U aHaIi3u eKCIIePIMEHTAIHUX pe3yaTara. J(p
Mapwuna Jlekunh je TpeHyTHO aHTa)XOBaHA Ha OWjaTepalHOM IpojeKTy ca bemopycujom (2020-
2021.), ynja je TeMa HeJIMHeapHa IMpoIlaralyja JJacepcKor 3pauea y HaHOCYCIIeH3HjaMa.

4.2. AHra:xoBaHocT y (popMupamy Hay4YHHX KaJpoBa

e Jlp Mapwuna Jlekuh je npxana mpegaBama O METPOJIOTHjU BPpEeMEHA M aTOMCKUAM
JacOBHHMIIMMA CTyZeHTUMa Tpehe u yetBpte roaune Ousuukor ¢axynrera (2016-
2019.)

e Uian KoMHCHje 3a TaKMHUYCHA U3 (HU3UKE YIEHUKA CPEAHUX M OCHOBHUX IIKOJIA
(2007-2010.)

e VYuyecHHK Ha Tpojekty .lloacTuiajHa okonMHA 3a aKTHBHO YYEHE NPHPOIHUX
nayka (ITOKO)* y mepuoay ox 2011-2014. rogune

e Unan Tuma Ha MaHudecTanuju ,,EBporicka Hoh ncrpaxuBaya“ centemOap 2019.
TOJIMHE.

e VUeCHHK Yy M3pajy U MPOMOIHUjH u310xk0e ,,Muiea Mapuh n AnGept AjHInTajH
KpO3 IPOCTOp U Bpeme*.

4.3. HopmMupame 0poja KoayTOPCKHX PaJ0Ba, IATEHATA U TEXHHYKHX pellemha

Y cknany ca [lpaBunHMKOM O BpeIHOBambY HAy4yHO MCTPaKUBAUKOT paja y3eTa je IyHa
BpenHOCT M 60710Ba 3a CBE pajioBe /10 7 ayTopa, a 3a pajJioBe ca BUIIE 0 7 ayTopa Mo (popMyIH
K/(1+0.2(n-7)), toe je K myn 6poj M moeHa mpema KaTeropuju Yacormca, a n 0poj Koayropa
(n>7). CBU paloBU KaHIUJATKHIGE CIIAJajy Y IPHPOJIHOMATEMAaTHUKe U eKcrepuMenTande. O
n300pa y IpeTXOIHO 3Bamke KaHIUAaTKUba UMa 6 IMyOJIMKOBaHUX PaJioBa, OJ KOjUX je Ha 2 paaa
BHUIIIE 01 7 ayTopa.

4.4. PyxoBoheme nnpojekTnMa, NOTHPOjeKTHMA U NPOjeKTHUM 33JalMMa

Y okBupy HanumoHamHOT mpojekta “llpogyknmja u KapakTepusanuja HaHOPOTOHCKUX
(GYHKIIMOHATTHUX CTPYKTypa U IpUMEHa y OnoMenuuuHu u uHpopmatuim’”, 1p Mapuna Jlexuh
je PYKOBOIWJIAa MPOJEeKTHUM 3aJaTKoM ‘I enepucarbe pasiuuumux mood J1dcepcKoe CHONd U
IoUX060 NPUMEHA Y KEAHMHO] onmuyu *.

Ip Mapuna Jlexuh je umana Bonehy ynory y ocHuBamy Jlabopatopuje 3a ONTOEIEKTPOHUKY,
ynju je pykoBogwian oJ HoBeMOpa 2017. romune. JlaGoparopuja 3a ONTOETIEKTPOHUKY je
aKkpenuToBaHa o7 cTpaHe AxpeautanuoHor tena CpOuje 3a etajioHHpame (UOEp-ONTHUKUX



MEpHUX WHCTpYMEHATa: ONTHYKUX pedIieKToMeTapa Y BpEMEHCKOM JIOMEHY M (hubep-OonTHUKIX
Mepmia cHare. Toxom 2019. roqune maboparopuja je YCHEIIHO y4ecTBOBaia Ha mehyHapoiHo
IPU3HATOM TECTY MPOBEpE OCHOCOOFeHOCTH. BanmumoBana je merona 3a etanoHupame Gpudep-
ONTUYKUX MEpUJIa CHare 1o ancojlyTHOj CHa3M, Ha TajacHoj AyuHu ox 1310 nm. bunatepanno
nopeheme je U3BPIICHO ca HAlMOHAJTHOM JabopaTopHjoM YemKor MeTpoJIOMIKOT MHCTUTYTA Y
CKIIaJAy ca aJeKBaTHUM cTaHjaapauMma. Jlabopatopwja 3a ONTOENEKTPOHUKY je jeauHa
naboparopyja y 3eMJbH M PETHOHY KOja Tpyka yclyre eTaloHupama GUOep-ONTHIKAX MEPHUX
WHCTpYMEHATa 1 Ha Ta] Ha4uH capaljyje ca mpuBpeaauM cyojektuma y Perryomuu Cpouju.

4.5. AKTUBHOCT Y HAYYHHM U HAYYHO-CTPYYHHUM JAPYIITBHMA

e T'oct ypennuk y waconucy Optical and Quantum Electronics, ,,Focus on Optics
and Bio-photonics, Photonica 2017 (2017-2018.)

e Uian Opnemema JpymTBa ¢usznyuapa CpOuje 3a HaydHa HCTPaKWBaFka M BUCOKO
obpa3zoBame y Ojceky 3a ONTHKY ¥ (POTOHHKY

e UYnan mporpamckor oabopa MehyHapoaae paauonune 13th Photonics Workshop

e Ujan opranu3arioHor og0opa 6pojHIX Mel)yHApOHUX U HAMOHATHUX HAYUYHUX
CKYTIOBa!

['enepamnu cexkperap mehynapoauor ckyma Photonica2017 — VI International
School and Conference on Photonics, 28 August - 1 September 2017,
Belgrade, Serbia

[Ipenceanuk opranuzanuonor oxoopa 1 1th Photonics Workshop, March 11 —
15, 2018, Kopaonik, Serbia

[Ipeacennnk opranusamnuonor oaoopa I3th Photonics Workshop, March 08 —
12, 2020, Kopaonik, Serbia

Unan opranuzarmonor onoopa PHOTONICAOQ9 - 11 International School and
Conference on Photonics, 24-28 August, 2009, Belgrade, Serbia

Unan opranusanuoHor ogoopa [5th Central European Workshop on Quantum
Optics CEWQO 2008, 30 May - 03 June 2008, Belgrade, Serbia

e Unan Komucuje 3a TakMudema u3 GU3MKe YIEHUKA CPEIHIX M OCHOBHHX IIKOJIA
(2007-2010.)

e UWian je OnTrukor apymTa Cpouje ox 2013. roauae.

4.6. YTHIIAjHOCT HAYYHHUX pe3yJTara
YrunajHoct HayyHux pagoBa np Jlexkwh je merassHO mpukaszaHa y oaesbKy 4.1. oBor
JokyMmeHTa. (Y mpuiiory je crucak pajoBa M [IUTara)

4.7. KoHKperaH [IONPHHOC KAHIWIATA Yy peaJH3allMjH paaoBa y 3eM/bH H
HHOCTPAHCTBY



Kanmunatkuma je 3Ha4ajHO JIOTMPUHENAa CBAaKOM paJy Ha KOME je ydYecTBoBama. Y
UCTpaXMBakbUMa Yy KBAaHTHO] OITHIM, TaYHUje Yy KOXEPEHTHO] CIEKTPOCKOIHUJU TMape
pyOouarjyMa, KaHIUAATKUERa je jOIl Kao JOKTOpPaH] TMOCTaBUIA EKCIHEPUMEHT U IMOKpEeHYJa
UCTpakMBama Ha TeMmy yTuiaja Paman-Pem3ujeBor edekra Ha OOJIMK W IIMPUHY PE3OHAHIIH
HEJIMHEapHe MAarHeTO-ONTHYKE pOoTallje y BaKyyMcKoj heluju NpUMEHOM OpHTHHAITHE
KoH(pHUTypalpje Koja omoryhaBa TIpOCTOPHO pa3/iBajalkbe CHOIMOBAa TyMIle © Tpo0e.
Kangunatkuma je mocTaBuiIa eKCIepUMEHT, BpIIMIa Mepema, oOpahuBana pesyirare W y
HajBehem Opojy ciydajeBa mmcaja pagoBe M BPIIMIA KOPECIOACHIH]Y ca dacomwcuma. Ha
OCHOBY CBOjHX HCKyCTaBa TPUKYIUBEHUX TOKOM ITOCTJOKTOPCKOT OOpaBKa y WHOCTPAHCTBY
(JIabopatopwuja 3a hoToHuKy, YHUBep3uTeT y AHxey) ap Jlekuh je moctaBuia eKCIiepUMEHT 3a
UCTPaKUBAHE COJIUTOHA
KopuihemeM (HeMTOCEKYHIHUX Jlacepa. Pe3ynraTu u aHanm3a Meperma Ha OBOM €KCIIEPUMEHTY

o0jaBJpeHH Cy Y paay y MehyHapoHOM Haconucy U Ha Melh)yHapoJHUM KoH(]epeHIHjama.

CaMO-OpraHnu30BaHnuX JABOJVMCH3UMOHATHUX JUCUIIAaTUBHHUX

5. EnemeHnTH 3a KBAHTUTATUBHY OLICHY HAYYHOI' JOIIPUHOCA KAHAHAATA

OcTBapaHu pe3yaTaTH y IEepUoy HaKOH MPETXOJHOT H300pa y 3Barbe:

Kareropuja M 6ox0Ba o Bpoj Ykynno M Hopmupann
paay pajaoBa 0og0Ba opoj M 6o10Ba

M21la 10 1 10 10

M21 8 2 16 12,45
M22 5 1 5 5

M23 3 2 6 4,88
M286 2,5 1 2,5 2,5

M34 0,5 8 4,0 4,0

M36 1,5 1 1,5 1,5

M66 1,0 1 1,0 1,0

Hopef)eH,e Ca MUHUMAJIHUM KBAHTUTAaTUBHUM YCJIOBHMA 34 peI/I36op Y 3BalkbC HAYYHHU CapaHUK

OctBapeno | OcTBapeno,
Munumaanu 6poj M 6oxoBa M GoxoBa | HOpMHUpaHH
oe3 opoj M
HOPMHPaba 0o010Ba
YKynHo 16 46 41,33
M10+M20+M31+M32+M33+M41+M42 10 39,5 34,83
M11+M12+M21+M22+M23 6 37 32,33




6. Cnucak pagosa ap Mapune Jlekuh (Mujaunnosuh)

Pan y mehynapoanom yaconucy u3yszernux Bpeanocta (M21a)
Paoosu objaswen naxon npemxoonoe uzbopa y seare.

1. V. Skarka, N.B. Aleksic, M.M. Lekic, B. N. Aleksic, B.A. Malomed, D. Mihalache, H.
Leblond, “ Formation of complex two-dimensional dissipative solitons via spontaneous
symmetry breaking ”, Phys. Rev. A, vol. 90 (2), (2014)

Paoosu objaswenu npe npemxooHnoe uzoopa y 3earve.

1. A. J. Krmpot, M. M. Mijailovi¢, B. M. Pani¢, D. V. Lukié, A. G. Kovacevi¢, D. V. Panteli¢,
and B. M. Jelenkovi¢, "Sub-Doppler absorption narrowing in atomic vapor at two intense laser
fields", Opt. Express 13, Iss. 5, pp. 1448-1456, (2005)

2. M. M. Mijjailovic, J. Dimitrijevic, A. J. Krmpot, Z. D. Grujic, B. M. Panic, D. Arsenovic, D.
V. Pantelic, and B. M. Jelenkovic, "On non-vanishing amplitude of Hanle electromagnetically
induced absorption in Rb", Opt. Express 15, Iss. 3, pp.1328-1339, (2007)

3. J. Dimitrijevi¢, A. Krmpot, M. Mijailovié¢, D. Arsenovié¢, B. Pani¢, Z. Gryjié, and B. M.
Jelenkovi¢, “Role of transverse magnetic fields in electromagnetically induced absorption for
elliptically polarized light” Phys. Rev. A 77, 013814 (2008)

4. ]. Dimitrijevic, Z. Grujic, M. M. Mijailovic, D. Arsenovic, B. M. Panic, and B. M. Jelenkovic
“Enhancement of electromagnetically induced absorption with elliptically polarized light - laser
intensity dependent coherence effect™, Opt. Express 16, Iss. 2, pp.1343-1353, (2008)

5. Z. D. Gruyjié, M. Mijailovi¢, D. Arsenovié¢, A. Kovacevi¢, M. Nikoli¢, and B. M. Jelenkovi¢
“Dark Raman resonances due to Ramsey interference in vacuum vapor cells” Phys. Rev. A 78,
063816 (2008)

6. M. Mijailovi¢, Z. D. Gruji¢, M. Radonji¢, D. Arsenovi¢, and B. M. Jelenkovi¢ "Nonlinear
magneto-optical rotation narrowing in vacuum gas cells due to interference between atomic dark
states of two spatially separated laser beams”, Phys. Rev. A 80, 053819, (2009)

PanoBu y BpxyHckum Mehynapoanum yaconmucuma (M21)

Paoosu objasmwenu nakon npemxoonoe uzbopa y 3earve:

1. Z D Gruji¢, M M Leki¢, M Radonji¢, D Arsenovi¢ and B M Jelenkovi¢ “Ramsey effects in
coherent resonances at closed transition Fg = 2 — Fe = 3 of 87Rb” J. Phys. B: At. Mol. Opt.
Phys. 45, 245502, (2012)

2. A. G. Kovacevic, J. L. Ristic-Djurovic, M.M. Lekic, B. B. Hadzic, G.S.I. Abudagel, S.J.
Petricevic, P. M. Mihailovic, B.Z. Matovic, D. M. Dramlic, Lj. M. Brajovic, N. Z. Romcevic,



Influence of femtosecond pulsed laser irradiation on bismuth germanium oxide single crystal
properties,” Mater. Res. Bull., vol. 83, 284-289 ( 2016)

PanoBu y ucraknytum Mel)yHapoaaum yaconucuma (M22)
Paoosu objasmwenu nakon npemxoonoe uzbopa y 36arve:

1. Ivan S. Radojic¢i¢, Milan Radonji¢, Marina M. Lekié, Zoran D. Grujié, Dragan Luki¢, and
Branislav Jelenkovi¢ “Raman—Ramsey electromagnetically induced transparency in the
configuration of counterpropagating pump and probe in vacuum Rb cell 7, J. Opt. Soc. Am. B
32, 426-430 (2015)

Paoosu objasmwenu npe npemxooHnoe usbopa y searve:

1. Zoran Gruji¢, Dusan Arsenovi¢, Milan Radonji¢, Marina Mijailovi¢ and Branislav Jelenkovié
“Numerical simulation of Raman resonance due to the Ramsey interference induced by thermal
motion of atoms” Phys. Scr. T135, 014026 (2009)

PanoBu y mehynapoanum gacomucuma (M23)
Paoosu objaswenu nakon npemxoonoe uzbopa y 36arve:

1. GSI Abudagel, S.J. Petricevi¢, P.M. Mihailovié¢, A.G. Kovacevi¢, J. Risti¢-Djurovi¢, M.M.
Leki¢, M.J. Romcevi¢, S. Cirkovi¢, J.M. Trajic, N.Z. Rom&evig, "Improvement of magneto-
optical quality of high purity Bi12GeO20 single crystal induced by femtosecond pulsed laser
irradiation", Optoelectronics and Advanced Materials — Rapid Communications, vol. 11, br. 7-8,
477-481 (2017)

1. V. Skarka, M. M. Leki¢, A. G. Kovagevi¢, B. Zarkov, N. Z. Roméevi¢ "Solitons generated by
self-organization in bismuth germanium oxide single crystals during the interaction with laser
beam", Optical and quantum electronics, vol. 50 (1), (2018)

Paoosu objasmwenu npe npemxoonoe usbopa y searve:

1. Z. D. Gryji¢, M.M. Mijailovi¢, B.M. Pani¢, M. Mini¢, A.G. Kovacevi¢, M. Obradovi¢, B.M.
Jelenkovi¢ and S. Cartaleva

“Zeeman Coherences Narrowing due to Ramsey Effects Induced by Thermal Motion of
Rubidium Atoms®, ACTA PHYSICA POLONICA A No. 5, Vol. 112 (2007)

2. J. Dimitrijevié, Z. Gruji¢, M. Mijailovi¢, D. Arsenovi¢, B. Pani¢ and B.M. Jelenkovi¢
“Effect of Laser Light Ellipticity on Hanle Electromagnetically Induced Absorption Amplitude
and Line Width“, ACTA PHYSICA POLONICA A No. 5, Vol. 112 (2007)

3. S. Cartaleva, T. Karaulanov, N. Petrov, D. Slavov, K. Vaseva, A. Yanev, M. Mijailovi¢, Z.
Gruyji¢ and B.M. Jelenkovi¢, “All-Optical Magnetometer Based on Resonant Excitation of
Rubidium Atoms by Frequency Modulated Diode Laser Light*, ACTA PHYSICA POLONICA
A No. 5, Vol. 112 (2007)



Caonmrema ca MehyHapoaHux ckynoBa mrammnana y nejaaana (M33)

Paoosu objasmwenu npe npemxoonoe usoopa y searve:

1. M. M. Leki¢, A. Krmpot, B. M. Pani¢, B. M. Jelenkovi¢ and D. Panteli¢, “Study of the
Coherent Population Trapping with the Hanle Effect Configuration” Proceedings of 22nd

Summer School and International Symposium on the Physics of lonized Gases SPIG 2004 Pg
35-38 (2004)

2. A. Krmpot, M. Lekié, B. Panié¢, D. Panteli¢ and B. M. Jelenkovi¢, “Electromagnetically
Induced Transparency and Absorption in a Three Level [ and V Systems”, Proceedings of 22nd

Summer School and International Symposium on the Physics of lonized Gases SPIG 2004 Pg
39-42 (2004)

3. A. J. Krmpot, M. M. Leki¢, B. M. Pani¢, D. Luki¢, A. Kovacevi¢, D. Panteli¢, B. M.
Jelenkovi¢, “SUB-DOPPLER NARROWING OF ABSORPTION IN V-TYPE AND A-TYPE
ATOM AT INTENSE LASER FIELDS”, 13th International School on Quantum Electronics:
Laser physics and applications, Proc. SPIE Vol. 5830, 186 (2005)

4. 7. D. Gryjié, M. M. Mijailovi¢, A. J. Krmpot, A. G. Kovacevi¢, D. V. Panteli¢, and B. M.
Jelenkovi¢, “Enhanced polarization in bright states via atomic coherence”, Proceedings of 23rd
Summer School and International Symposium on the Physics of Ionized Gases SPIG 2006 Pg
33-36 (2006)

5. M. M. Mijjailovié, Z. D. Gruji¢, N. Petrov, A. J. Krmpot, B. M. Pani¢, D. Arsenovi¢, D. V.
Panteli¢, and B. M. Jelenkovi¢, “Electromagnetically Induced Transparency in Hanle
Configuration: The Case of Closed Atomic System”, Proceedings of 23rd Summer School and
International Symposium on the Physics of Ionized Gases SPIG 2006, Pg 51-54 (2006)

6. Marina M. Mijailovi¢, Jelena Dimitrijevi¢, Zoran Gruji¢, Bratimir M. Pani¢, DuSan Arsenovi¢,
Dejan Panteli¢, and Branislav M. Jelenkovi¢, “Absorption of elliptically polarized light in closed
transitions of Rb vapor” , 14th International School on Quantum Electronics: Laser Physics and
Applications

Proc. SPIE, Vol. 6604, 66040D (2007)

7. Z. D. Gruyji¢, M. M. Mijjailovi¢, A. J. Krmpot, B. M. Pani¢, D. V. Panteli¢, and B. M.
Jelenkovi¢, “Non-linear magneto-optical polarization rotation in dark and bright coherent states™
14th International School on Quantum Electronics: Laser Physics and Applications, Proc. SPIE,
Vol. 6604, 66040E (2007)

8. T. Karaulanov, A. Yanev, S. Cartaleva, D. Slavov, N. Petrov, M. M. Mijailovi¢, Z. D. Gruji¢,
and A. J. Krmpot, “Coherent population trapping resonances on the D1 line of rubidium”, 14th

International School on Quantum Electronics: Laser Physics and Applications, Proc. SPIE, Vol.
6604, 66040C (2007)

9. B. M. Jelenkovié, D. Arsenovi¢, Z. Gruji¢, M. Radonji¢, and M. Mijailovi¢, “Open system
CPT with spatially separated pump and probe beams™ 15th International School on Quantum
Electronics: Laser Physics and Applications, Proc. SPIE, Vol. 7027, 70270D (2008);
DOI:10.1117/12.822450



10. Zoran D. Gruji¢, Marina M. Mijailovi¢, Dimitar G. Slavov, Dusan Arsenovi¢, Branislav M.
Jelenkovi¢, “Nonlinear magneto-optical rotation narrowing due to Ramsey effect induced by
thermal motion of atoms”, 15th International School on Quantum Electronics: Laser Physics and
Applications, Proc. SPIE, Vol. 7027, 70270L (2008); DOI:10.1117/12.822460

Caonmrema ca MehyHapoaHux ckynmoBa mrammnana y u3soay (M34)

Paoosu objaswenu nakon npemxoonoe uzbopa y 36arve:

1.

I. S. Radojici¢, Z. D. Gruji¢, M. M. Lekié, D. V. Luki¢ and B. M. Jelenkovié, “Narrowing of
EIT resonance in the configuration of counter-propagation laser beams”, PHOTONICA 2011

International School and Conference on Photonics 29 August — 02 September 2011 Belgrade,
Serbia

M. Radonji¢, Z. Gruji¢, M. Leki¢, S. Nikoli¢, A. Krmpot, N. Luci¢, B. Zlatkovié, I.
and time domains on electromagnetically induced coherent resonances”, PHOTONICA 2013,
IV International School and Conference on Photonics, 26™ - 30™ August, 2013 Belgrade,
Serbia

. L. S. Radoji¢i¢, M. M. Radonji¢, Z. D. Gruyjic, M. M. Leki¢, D. V. Luki¢, and B. M.

Jelenkovi¢, “Ramsey effect on linewidth of coherent resonances in vacuum Rb cell”,
PHOTONICA 2013, IV International School and Conference on Photonics, 26" - 30
August, 2013 Belgrade, Serbia

I. Radojici¢, M. Radonjié, Z. Gruji¢, M. Leki¢, D. Luki¢ and B. M. Jelenkovi¢ "Robust
narrowing of dark resonances in Rb vapor with coaxial counter-propagating laser beams”,
18th International School on Quantum Electronics “Laser physics and applications™ 29
September — 3 October 2014, Sozopol, Bulgaria

. V. Skarka, M. Leki¢, A. Kovacevié¢, B. Zarkov, and N. Z. Romcevi¢, “Solitons generated by

self-organization in bismuth germanium oxide single crystals during the interaction with
laser beam”, PHOTONICA 2017 The Sixth International School and Conference on
Photonics, 28 August — 1 September 2017 Belgrade, Serbia

A. G. Kovacevi¢, S. Petrovié, M. Leki¢, Branislav M. Jelenkovi¢, ” Inducing LIPSS by
multi-pass and cross-directional scanning of femtosecond beam over surface of thin metal
films”, Book of Abstracts UltrafastLight-2018 (2018), 108 (International Conference on
Ultrafast Optical Science, Moscow, 2018-10- 01—05)

M. Leki¢, 1. Milosevié, S. Rokotoarimalala and V. Skarka, Self-organization of soliton-
tweezers in suspensions of nanocomposites and graphens”, PHOTONICA 2019 The Seventh
International School and Conference on Photonics, 26 August — 30 August 2019 Belgrade,
Serbia

A. G. Kovacevié, S. M. Petrovi¢, B. Salati¢, M. Lekié, B. Vasi¢, R. Gaji¢, D. Panteli¢ and B.
M. Jelenkovi¢, ” Inducing LIPSS on multilayer thin metal films by femtosecond laser beam
of different orientations”, PHOTONICA 2019 The Seventh International School and
Conference on Photonics, 26 August — 30 August 2019 Belgrade, Serbia



Paoosu objaswenu npe npemxoonoe uzoopa y 3earwe.

1. Krmpot, M. Leki¢, B. Pani¢, D. Luki¢, D. Panteli¢, B. M. Jelenkovi¢, “COHERENT
POPULATION TRAPPING IN DIFFERENT [0 SYSTEMS - WITH NEAR DEGENERATE
AND WELL SEPARATED TWO LOWER LEVELS”, Proceedings of The eighth European
Conference on Atomic and Molecular Physics (ECAMP VIII), July 6-10, 2004, Rennes, France,
Volume 28F, Part II, Pg 4-67

2. 7. D. Gryji¢, M. M. Mijailovi¢, A. J. Krmpot, B. M. Panié, D. V. Panteli¢, and B.M
Jelenkovi¢, “Dark resonances in the D2 line of 87Rb in the vapor cell with co- and counter-
propagating waves®, Proceedings of 37th European Group for Atomic Systems (EGAS), 3-6
August, Dublin, Ireland, 2005, Pg 153

3. M. M. Mijailovi¢, Z. D. Gruji¢, A. J. Krmpot, B. M. Panié, D. M. Arsenovi¢ D. V. Panteli¢,
and B.M Jelenkovi¢, “Switching from electromagnetically induced absorption to transmission in
CPT-Hanle experiment in 85Rb®, Proceedings of 37th European Group for Atomic Systems
(EGAS), 3-6 August, Dublin, Ireland, 2005, Pg 154

4. Z. D. Gryji¢, M. M. Mijailovi¢, A. J. Krmpot, B. M. Pani¢, D. V. Panteli¢, and B.M
Jelenkovi¢, “Enhanced non-linear Faraday effect in bright coherent state” Proceedings of 38th
European Group for Atomic Systems (EGAS), 7-10 June, Ischia, Italy, 2006, Pg 221

5. M. M. Mijailovi¢, Z.D. Gruji¢, A. J. Krmpot, B. M. Panié, D. Arsenovi¢, D. V. Panteli¢, and
B.M Jelenkovi¢, “Enhanced non-linear Faraday effect in bright coherent state” Proceedings of
38th European Group for Atomic Systems (EGAS), 7-10 June, Ischia, Italy, 2006, Pg 222

6. J. Dimitrijevié¢, A. J. Krmpot, M. M. Mijjailovié, Z. D. Gruji¢, D. Arsenovié, and B.M
Jelenkovi¢, “ELECTROMAGNETICALLY INDUCED TRANSPARENCIES IN CIRCURALY
POLARIZED LIGHT IN CROSSED MAGNETIC FIELD”, Proceedings of the 9th European
Conference on Atomic and Molecular Physics (ECAMP IX), May 6-11, 2007, Heraklion,
Greece, Europhysics conference abstracts, Pg Mo4-9

7. A. J. Krmpot, J. Dimitrijevi¢, M. M. Mijailovi¢, Z. D. Gruji¢, D. Arsenovié¢, and B.M
Jelenkovi¢, “INTENSITY DEPENDENT LINE-WIDTHS OF HANLE
ELECTROMAGNETICALLY INDUCED ABSORPTION TO TRANSVERSE MAGNETIC
FIELDS”, Proceedings of The 9th European Conference on Atomic and Molecular Physics
(ECAMP IX), May 6-11, 2007, Heraklion, Greece, Europhysics conference abstracts, Pg Mo4-
23

8. Z. Gryié, M. Mijailovi¢, D. Arsenovi¢ M. Radonji¢ and B. M. Jelenkovi¢, “DARK
RESONANCE NARROWING IN UNCOATED RUBIDIUM VACUUM VAPOR CELL”,
Proceedings of 40th European Group for Atomic Systems (EGAS), 2-5 July, Graz, Austria,
2008, Pg 172
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YYEHUKA CPEJBUX HIKOJIA INKOJICKE 2009/2010. TOAUHE

17.4.2010. I'mmuazuja “Besko [lerposuh”, COMBOP

[TPEI'JIEAAYU 3AJJATAKA
(mpeMMUHapHA JIMCTA cacTaBibeHa Ha naH 14.04.2010)

| paspen, 92 yueHnuka

. Mp 3opan Mujuh (aytop), Uuctutyr 3a dpusuky, beorpaa-3emyn
. Mapuna Mujaniaosuh, UacTuryT 3a pusuky, beorpan-3emyn
. Mp Cphan MapjanoBuh, Muctutyr 3a pusuky, beorpag-3emyn

. ap Umpe I'yt, lenaptman 3a pusuxy, [IM®, HoBu Cag

. Mupko Kucenuuku, ['mmnaazuja CyboTuia

. Cama Matujamesuh, MunucrapctBo npocsere, Kpymesar

DNk WN —

Il pa3pen, 82 yuenuka

1. Maja Pabacosuh (ayrop), Muctutyt 3a ¢pusuky, beorpan-3emyn

2. np llpararn MapkymeB (petensenr), Mactutyt 3a pusuky, beorpan-3emyn
3. Hparana I1aBnoBuh, UHcTUTYT 32 Qusuky, beorpaa-3emyn

4. mp Cama Tommwmh, Uacturyr 3a pusuxy, beorpan-3emyn

5. Harama KanenOypr, MaremaTnuka rumHaszuja, beorpan

6. Cama CrojanoBuh, ['mmHa3uja JleckoBai

Il pa3pen, 72 yuenuka

1. np Annpujana XKexuh (ayrop)

2. np Cphan Pakuh, [lenaptmasn 3a ¢pusuxy, [IM®, Hosu Cag

3. Mmp Anekcannpa Huna, Uncturyt 3a ¢pusuky, beorpan-3emyn
4. mp Maja CrojanoBuh, Jlenaptmas 3a ¢pusuxy, [IM®, Hosu Cag
5.Karapuna bophesuh, 1. Kpar. 'mmuasuja, Kparyjesan

IV paspen, 66 yueHuka

1. mp Anexcannap Kpmmnor (aytop), UnctutyT 3a ¢pusuky, beorpan-3emyn
2. np Bophe Cnacojeuh (penensent), Pusnuku pakynrer, beorpas

3. CreBan Jankos, [lemaptman 3a ¢pusuky, [IM®, Hosu Can

4. np Hparana Mapuh, UnctuTyT 32 Qpusuky, beorpag-3emyn

5. ap Hesena Ilyau, Unctutyt 3a dpusuky, beorpag-3emyn

6. Ilpenpar CrojakoBuh, ' mmMHa3uja BasmeBo
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47. PEIIYBJIMYKO TAKMHUYEILE U3 ®PU3UKE
YYEHUKA CPEJBUX HIKOJIA INKOJICKE 2008/2009. TOAUHE

04.4.2009. VIl 6eorpaacka rumuasuja, BEOI'PAJ]

[MPETJIEAAYN 3AJIATAKA
| pazpen

. Mp. 3opad Mujuh (ayrop), MacTuTyT 32 Pusuky, beorpan-3emyn
. Mp Anekcanapa Huna, MacturyT 3a ¢pusuky, beorpan-3emyn

. Mapuna Mujaniaosuh, UucTuryT 3a pusuky, beorpan-3emyn
. 1p. Hesena Ilyau, MuctutyT 32 pusuky, beorpan-3emyn

. Crean Jankos, [lemaptmaH 3a ¢pusuky, [IM®, Hosu Can

. Huxona IlIxopo, MaCcTHTYT 32 dusuky, beorpan-3emyn

NN kW -

Il pazpen

1. Maja Pabacosuh (ayrop), Uncturyr 3a ¢pusuky, beorpan-3emyn

2. np Hdparan MapkymieB (peuensent), Macturyt 3a ¢usuky, beorpan-3emyn
3. Hparana [1aBnoBuh, MuctuTyT 32 Qusuky, beorpag-3emyn

4. mp Henan Cakan, Unctutyt 3a ¢pusuky, beorpan-3emyn

5. ap Mapuja Pagmunosuh-Pahenosuh, Mucturyt 3a pusuky, beorpan-3emyn
6. mp Cama Toumh, MactutyT 3a Pusuky, beorpan-3emyn

Il pa3pen

1. nou. ap Aunpujana XKekuh (ayrop), @usnuku pakynrer, beorpasn
2. [Tpod. np MBan Manues, Oxcek 3a ¢pusuky, [IM®, Hum

3. Cama Matujamesuh, MunuctpcTBo npocsere, Kpymenarg

4. np Maja Crojanosuh, /Ilenaptman 3a ¢pusuxy, [IM®, Hosu Can

5. np Ayman [Nonosuh, ®uznuku daxynret, beorpan

6. [Tpod. ap Nmpe I'yt, Jlenaptman 3a pusuky, [IM®D, Hosu Can

IV pazpen

1. Mp Anekcangap Kpmnot (aytop), MuctutyT 3a dhusuky, beorpan-3emyn
2. nou. ap bophe CnacojeBuh (periensent), Gusnuku pakyntet, beorpan
3. 3opan I'pyjuh, MacTHTYT 32 dDnsuky, beorpan-3emyn

4. nou. np Cphan Pakuh, [lenaprman 3a ¢usuxy, [IM®, Hosu Can

5. dp Hparana Mapuh, Uuctutyr 3a ¢pusuky, beorpaa-3emyn

[Tpencennnk Komucuje 3a Takmuuema pymra pusnuapa Cpouje
ITpod. np Muho Mutposuh, ®uznuku daxynrer, beorpan



Komucuja 3a npeaneo 3a0amaxa na Penybauuxom makmuyeryy uz Qusuxe yueHuxa
0cHOo8HUX wKoaa oopaxcanom 31.03.2007.co0une y Tpcmenuxy

IIpedceonux Komucuje 3a OCHOBHY WKOJY
Ilpog. op Haoescoa Hosaxoeuh

IIpedceonuk komucuje 3a makxmuuersa

Ilpog. Muho Mumposuh

Ilomnpeoceonux /[pywmea Quzuuapa Cpouje
Ilpog. op Unuja Casuh

Ilecmu paspeo:

IIpog. op Haoescoa Hosaxosuh
IIpogh. op Mupocnae Hukonuh
Mapuna Mujaunoeuh

Cmana Muwuh Kosauesul

i - =
Camwa Mamujaweesuh \il‘l ﬁ
S

Ceomu pazpeo:

ARl A

. IlIpog. op Hean Manues
. Mp lpacan Mapxywes

. Hoy.op I'opan Ilonapuh
. Mp 3opan Mujuh

. 3opau I'pyjuh

O b wdNPEF

Ocmu pazpeo:

1. Jloy. op Cphan Paxuh

2. Jloy. op Jbyouwa Hewuh
3. Anexcanoap Kpmnom

4. Cmesan Jankos



45.Peny6iuyKko TaKMUUYCHE U3 (PU3UKe
Komucwuja 3a nperinien 3agaraka

[Ipencennuk Komucuje
[Ipod. np Muho Murposuh, ®uznuku dakynret, beorpan

| paspen

1. ITpod. np Anexkcannap Cpehkosuh, @usnuku dakynrer, beorpan
2. mp 3opan Mujuh, MacTuTyT 32 Qusuky, beorpan

3. ap Benubop HosakoBuh, MuctutyT 32 husuky, beorpan

4. ITpenpar Crojaxosuh, [ mmMHa3uja, BasmeBo

5. Mupjana Hemmh, Muctutyt 3a pusuky, beorpan

6. Mapuna Mujauiosuh, HuctutyT 3a ¢pusuky, beorpan

7. Munyrun Byukosuh, 'mmuazuja, CmenepeBo

8. Karapuna hophesuh, [IpBa KparyjeBauka rumHaszuja

9. Mupko Kucennuku, I'nmuasuja, Cy6otuna

10.Janmu6op Henubammh, ['mmHazuja, Apanhenonair

Il pazpen

1. 3opan I'pyjuh, Uuctutyt 3a pusuky, beorpan

2. Anexcannpa Huna, Unctutyt 3a ¢pusuky, beorpan

3. CreBan Jankos, [IM®, Hosu Cax

4. Jbusbana Copuas, Ilera beorpaacka rumnaasuja

5. Harama KanenGypr, Matemaruuka rumHasuja, beorpan

Il pa3pen

1. nou. np Aunpujana Kekuh, Gusnuxu Pakynrer, beorpan
2. np Jyman ITonosuh, ®uznuku dakynrer, beorpasg

3. [Mpod. np MBan Manues, [IM®, Hu

4. Cawa MatnjameBuh, MunuctapcTo npocsere, Kpymenarg
5. Mp Brnagumup Cpehkxosuh, UucTuTyYT 32 Qusuky, beorpan

IV pazpen

1. Anexcannap Kpmnot, Uactutyt 3a pusuky, beorpan
2. np [parana Mapuh, UactutyT 3a pusuky, beorpan
3. nout. JIp Cphan Pakuh, [IM®, HoBu Can

4. Huxona IlIxopo, MactutyT 3a pusuky, beorpan

5. Mp Hesna Ilyau, Uactutyrt 3a pusuky, beorpan



Projekt 3D Udzbenik Publikacije Prikazi u medijima Promotivne aktivnosti Smart phone science Linkovi Kontakt

TIM SARADNIKA

na projetkima

“Podsticajna okolina za aktivno uCenje prirodnih nauka”

,Nauc€na vizuelizacija u Skolskom prostoru i na pametnom telefonu®

Tim saradnika u 201 5.

Mirjana Popovié-Bozi¢, Institut za fiziku, Univerzitet u Beogradu, vodja tima
llija Savic, FiziCki fakultet, Univerzitet u Beogradu

Nenad Vukmirovi¢, Institut za fiziku, Univerzitet u Beogradu

Darko Vasiljevi¢, Institut za fiziku, Univerzitet u Beogradu

Zoran Miji¢, Institut za fiziku, Univerzitet u Beogradu

Milena Davidovi¢, Gradjevinski fakultet, Univerzitet u Beogradu

Jovica Milisavljevi¢, MatematiCka gimnazija, Beograd

Biljana Stoji¢i¢, Zemunska gimnazija, Beograd
Goran Stojicevi¢, Centar za struéno usavrdavanje, Sabac

Milenija Joksimovi¢, Hemijsko-prehrambena tehnoloSka Skola, Beograd
Ljiljana IvanCevié¢, Osnovna Skola ,Djordje Krsti¢“, Beograd

Marijana Jovi¢ Luci¢, Osnovna Skola ,Djordje Krsti¢“, Beograd

Tatjana Markovi¢ Topalovié, Medicinska $kola dr Andra Jovanovié, Sabac
Jovana MisSi¢, Osnovna Skola Ujedinjenih nacija, Beograd

Jelena Zivanovié, Zemunska gimnazija, Beograd

Sanja Bulat, Osnovna Skola ,Branislav Nusi¢®, Beograd

Milica Cvetkovic, Institut za fiziku, Univerzitet u Beogradu

Tim saradnika u 2014.

Mirjana Popovi¢-Bozi¢, Marina Leki¢, Zoran Miji¢ - Institut za fiziku, Beograd-Zemun

Goran Stojicevic, direktor; Tatjana Markovic-Topalovi¢ (Medicinska skola u Sapcu), Centar za struéno usavrdavanje,
Sabac

Dragoljub Cucic, direktor - Centar za talente Mihajlo Pupin, PanCevo

Ljiljana Ivancevi¢, Jelena Volarov, Tatjana Ili¢-Markovié, lvan StarCevi¢ Osnovna Skola Dorde Krsti¢
Jovica Milosavljevic, Dragica Ivkovi¢, Slobodan Spremo - MatematiCka gimnazija, Beograd

Biljana StojiCi¢, - Zemunska gimnazija

Grujovié Danijela, Aleksandra MiloSevié - Sesta beogradska gimnazija

llija Savic, Drustvo fiziCara Srbije

Josip Slisko, Facultad de Ciencias Fisico Matematicas, Benemerita Universidad Autonoma de Puebla, Mexico
Milena Davidovié, Gradevinski fakultet, Beograd

DusSanka Obadovi¢, Pedagoski fakultet, Sombor

Boban Zarkov, Direkciji za mere i dragocene metale

Gordana Bozi¢-Ilvanovic, Visa strukovna tekstilna Skola za dizajn i menadzment, Beograd

Drustvo fiziCara Srbije (skoro svi saradnici su ¢lanovi DFS)

Tim saradnika u 201 3.

Mirjana Popovié¢-Bozi¢, Marina Leki¢, Zoran Miji€ - Institut za fiziku, Beograd-Zemun

Goran Stojicevic, direktor; Tatjana Markovic-Topalovi¢ (Medicinska skola u Sapcu), Centar za struéno usavrdavanje,
Sabac

Dragoljub Cucic, direktor - Centar za talente Mihajlo Pupin, PanCevo

Ljiljana lvancevi¢, Jelena Volarov, Tatjana Ili¢-Markovié¢, lvan StarCevi¢c Osnovna Skola Dorde Krsti¢
Jovica Milosavljevic, Dragica Ivkovi¢, Slobodan Spremo - MatematiCka gimnazija, Beograd

Biljana StojiCi¢, - Zemunska gimnazija

Grujovié Danijela, Aleksandra MiloSevié - Sesta beogradska gimnazija

llija Savic, Drustvo fiziCara Srbije

Josip Slisko, Facultad de Ciencias Fisico Matematicas, Benemerita Universidad Autonoma de Puebla, Mexico
Milena Davidovié, Gradevinski fakultet, Beograd

DusSanka Obadovi¢, Pedagoski fakultet, Sombor

Boban Zarkov, Direkciji za mere i dragocene metale

Gordana Bozi¢-Ilvanovic, Visa strukovna tekstilna Skola za dizajn i menadZzment, Beograd

Drustvo fiziCara Srbije (skoro svi saradnici su ¢lanovi DFS)

Tim saradnika u 201 2.

Azuriranje u toku

Tim saradnika u 201 1.

Jelena Volarov, OS “Dorde Krsti¢”, Beograd

Boban Zarkov, Direkcija za mere i dragocene metale, Beograd
Ljiljana Ivangevi¢, OS “Dorde Krsti¢”, Beograd

Marina Lekié, Institutu za fiziku, Beograd

Zoran Miji¢, Institut za fiziku, Beograd

Bratimir Panié, Institut za fiziku, Beograd

Mr Goran Stoji¢evié, CSU Sabac - Centar za struéno usavrdavanje
Natasa Calukovi¢, Matemati¢ka gimnazija, Beograd

Tim za $kolsko razvojno planiranje OS "Porde Krsti¢”

Tim saradnika u 201 0.

Prof. Dr. Mirjana Popovi¢ Bozi¢ (koordinator, Institut za fiziku i FiziCki fakultet, Beograd)
Dr. Milena Davidovi¢, Gradevinski fakultet, Beograd

Dr. Ljiljana Kosti¢, Prirodnomatematicki fakultet, Nis

Vigor Maji¢, IstrazivaCka stanica, Petnica

Dragana Milicevi¢, Gimnazija KruSevac

Vesna Milicevi¢, d.i.a.

Dragoljub Milutinovi¢, arhitekta, TES, Sabac

Prof. Dr. DuSanka Obadovi¢, Departman za fiziku, PMF, Novi Sad
Dr. Dejan Pantelié, Institut za fiziku, Beograd

Aleksandar Petrovi¢, Geografski fakultet, Beograd

Dr. Marko Popovi¢, Institut za fiziku, Beograd

Dr. BDorde Spasojevic, Fizicki fakultet, Beograd

Prof. Dr. llija Savi¢, Drustvo fiziCara Srbije

Mr. Natasa Stani¢, Narodna observatorija i planetarijum, Beograd
Branislav Stankovié, Narodni muzej, Sabac

Mr. Tatjana Markovié Topalovi¢, Medicinska 3kola, Sabac

Mr. Dragoljub Cuci¢, Centar za talente “Mihajlo Pupin”, PancCevo

Copyright © 2020 | Created by Boban Zarkov, Misho Petkvoic,
Milica Cvetkovi¢, PhysicsGames.me
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Marina Leki¢, zaposlena u Institutu za fiziku Univerziteta u Beogradu, u¢estvovala je na
manifestaciji Evropska no¢ istraziva¢a odrzanoj 27. i 28. septembra 2019. godine u okviru
projekta “Science in Motion for Friday Night Commotion 2018-19” (SCIMFONICOM2018-
19, EU projekat H2020-MSCA-NIGHT-818747), u organizaciji Instituta za molekularnu
genetiku i geneticko inzenjerstvo i Fakulteta za fizicku hemiju Univerziteta u Beogradu.

Dr Aleksandra Divac Rankov

Rukovodilac SCIMFONICOM2018-19

Institut za molekularnu genetiku i geneti¢ko inZenjerstvo
Vojvode Stepe 444a, 11010 Beograd, Srbija

tel: 011/3976658
e-mail: aleksandradivac@imgge.bg.ac.rs
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TIOTBPJIA

O auraxoBawmy ap Mapune Jlekuh Ha, BO})CH:y 3az(aTKa Ha I'IpQ]CKTy

' M]lllllCT‘deTBa HpOCBeTe HayKC u TCXHOJ'IOI_IIKOF pa3130Ja

Tpooyxyuja u. Kaparcmepzwauuja Hanod)omoncxux dyynkuuouqnﬂux cmpyk‘mypa
U NpUMEHQ y OUOMeOUYUHIL U um]mpmamuuu I/[I/IH 450] 6 :

Mapuna Jleknh. je  pykoBoauna BaHaTKOM T euepucafbe ‘pasvzultumux Moaa
1GCepCKo2 CHONA- U FUX06a NPUMEHA Y KEAHMHO] ONMuy. S -

3ajaTak je 3a UW/b MMAao NPHMEHY xonorpa(chnx y3opa1<a 3a peaJII/IBOBaH)e

Hemuppamyjyher CHOMa - Ca BOPTEKC npoduIoM. TaKaB npodui “cHoma je

OMOrylino OpUrMHaJIHM HAYUH [PHMEHE PCMBI/I_]CBC METO/Ie OI[BO_]eHI/IX Hoﬁyz[a T
pyOMIHjyMOBHX aTOMa.. ‘Mertoza, mo3HaTa y MPUMEHH : ATOMCKHX - .CHOTIOBA. 32 -
aTOMCKe eTaNoHe (peKBeHuuje 1 BpeMeHa, omMoryhuia j je na ce 00ujy 3HATHO
yxe EUT (enekTpoMarHeTHa HHIyKOBaHA TpaHCTIapeHIHja) pgspHaHue s

PyKOBO AL TIPO] kT 45016

Bpanucnas Jejenkosuh -

Hayunu caBeTHH'K VIHCTHTTYTa 3a ¢usuky Beorpan
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 SHGTITYT 3A GUCE Y
UNIVERZITET U BEOGRADU 3 RHCTUTYT A Oichkn

INSTITUT ZA FIZIKUIBEOGRAD '#¥/E2 fS357

i 2 § -09- 2016
Pregrevica 118, 11080 Zemun - Beograd, Srbija o -
Tel: +381 11 3713000, Fax: +381 11 3162190, www.ipb.ac.rs
PIB/VAT: 100105980, Maticni broj: 07018029, Tekuci racun: 205-66984-23

Ha ocHoBy unana 27. Craryra UncTuTyTa 32 dhursuxy 0801 6p. 285/4 on 30. maja 2011.
ronuHe (M3MeHe u JOMyHe Ha cenxuuama 17.06.2013.rox. i 23.12.2014.rox.), AUpeKTOp
WnctutyTa 3a dusuky nonocu

ONNVYKY

Y UncrutyTy 32 Qu3uKy ce Gpopmupa JlabopaTopuja 3a ONTOENEKTPOHUKY Kao CaCTaBHH €0
[{eHnTpa M3y3eTHAX BPETHOCTH 33 ()OTOHHKY.

¥ naGopaTopuju uMa 4 U3BpIIHONA NIOCJI0BA M PAJIHUX 3a7aTaKa H TO:

- Pyxoomunan JlaGoparopnje

- Pyxosomunan xamureta JlJaGopaTtopuje
- Texunuxu pykoBomunar Jlaboparopuje
- Crpyunu capaguuk Jlaboparopuje

Bpoj M3BpIIMNAIA MOCIOBAa 1 PajHHX 3ajaTaka yckuahyje ce carnacHo IIaHy H Nporpamy
paga MHCTHTYTa 32 QH3HKY H JlaGoparopuje 3a ONTOENEKTPOHHKY Kao u IlpaBuiHuKa 0
cucTeMaTH3anyju panHux Mecta MHCTHTYTa 32 Pu3HKy.

Osa oxityka je nomyna paruje omnyke oa 04.06.2015. ronune.
V Beorpany, 26. cenrem6ap 2016. ronune

,{”'{‘WEKTOP MHCTUTYTA 3A OU3NAKY
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PEAVENMKA CPBLUA
VRUMEEPIUTET Y SEOTPALY

UHCTITYT 3A (‘i‘.‘l")il"li\’\y
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UNIVERZITET U BEOGRADU

INS 0! - /05

INSTITUT ZA FIZIKU[BEOGRAD op. LACLLSIIE

T;grewca 118, 11080 Zemun - Beograd, Srbija -Q‘;“L :0&“(}@
:+381 113713000, Fax: +381 11 3162'190, \J/vww.ipb.ac_rs

PIB/VAT: 10 i¢ni
0105980, Mati¢ni broj: 07018029, Tekud¢i ratun: 205-66984-23

Ha ocHoBY una

(M3Mene Zl llOl:la]fZ. Cratyra MuctutyTa 3a ¢pusuxy 0801 6p. 285/4 on 30. maja 201 1. rojume

KBANHTETY Ha6oy Ha ceppuuama 17.06.2013.ron. n 23.12.2013.ron.) u [locnopuuka o

17025:2006 paTopuje 3a ONTOENEKTPOHMKY a y cknamy ca cranpapiom SRPS I1SO 1EC
* , aupekTop Mucturyra 3a dpusmky usnaje

OBJIALIIREA 3A PAJL

1) Jip Mapuna Jlexuh, opnawhyje ce na panu Ha MECTy pyKoBOAHOUA JlaGoparopuje 3¢
ONTOEJEKTPOHHUKY Ha MOCJIOBMMA KOJH CY 32 TY dyuxumjy Aedpunicann [OCIOBHIKOM 0
kBanurery JlaGopaTtopuje 3a ONTOENEKTPOHHUKY.

2) Ilpod. np Hejan [TanTenuh, opnamhyje ce aAa palau HA MECTY PYKOBOZHOUA KBAITETA

JlaGopaTtopwuje 3a ONTOENEKTPOHMKY Ha MOCIOBHMA Kojit €y 3a TY QyuKwijy nedurncati
Hetu ce osnawhyje u

[ToCTIOBHMKOM O KBAJIUTETY JlaGopatopHje 32 ONTOENEKTPOHHKY.
3a 3aMEHHKa pyKoBoAunona JlaGopaTopHje 32 ONTOCNEKTPOHHKY.

3) HywaH ['pyjuh, opnawhyje ce nHa pamH HA MECTY TEXHHUKOD  PYKOBOAHOUA
JIaGopaTopHje 3a OITOE/IeKTPOHNKY Ha TMOCTOBHMA KOjH Cy 3a TY dynxunjy acuuncani

[TOCIOBHMKOM O KBAJIMTETY JlaGopaTtopHje 3a OMTOENEKTPOHIIKY.

HA MECTY CTPYHHOT CapajiHitka JlaGoparopnje 38

4) Vieau Panoj yuuh, opnawhyje ce 1a paj
y 3a Ty QyHKUMjY pedurcai [10CIOBHUKON ©

OMTOEEKTPOHHKY Ha MOC/IOBUMA KOjH €
xpanurery JlabopaTopuje 3a ONTOENEKTPOHHKY.

upeKTop Huernrym 30 QUBNRY

Jlp Anexcpfinap Borojeul

VY Beorpany,

3A
PUNIHKY

01. 11.2017. ronuHe

a’.




AKpequTanioHo TeI0 Cponje 01533

Accreditation Body of Serbla

Beorpan

Belgrade
gonemyje

awards

CEPTU®HNKAT O AKPETUTAIININ

Accreditation Certificate

Kojum ce noTephyje fa Teso 32 OUEILHBALE ycarjameHoCTH
confirming that Conformity Assessment Body

HuctaTyT 32 pusuky, llenrap 3a (OTOHHKY
JlaGopaTopuja 3a 0NTOEJEeKTPOHHKY
Beorpaag-3emyH

aKpefuTANHONHA OpOj

accreditation number

02-067

3a7J0BOJbAaBa 3aXTE€BE CTaHAapya

fulfils the requirements of

SRPS ISO/IEC 17025:2017
(ISO/IEC 17025:2017)

TE je KOMIICTEHTHO 3a oOaBJbame MMOCIOBA eTaIIOHI/IpaH)a
and is competent to perform calibration activities

KOju Cy cnenucuippany y Baxehem nzgamy OOnMa akpefuTanyje
as specified in the valid Scope of Accreditation

Baxehe n3name O6MMa aKpeuTaLuje JOCTYIHO je HA HHTEPHET aipecu: Www.ats.rs
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Abstract

Experimental and theoretical investigations show the strong effect of the pump beam, spatially
separated from the probe beam, on the probe’s electromagnetically induced absorption (EIA)
and nonlinear magneto-optical rotation (NMOR). Linearly polarized pump and probe laser
beams are locked to the F; = 2 — F, = 3 transition of the 87Rb D, line and pass a vacuum Rb
gas cell coaxially. We show that the observed narrowing of EIA and NMOR resonances is due
to the Ramsey effect. Linewidths of the resonances decrease when the size of the dark region
between pump and probe lasers increases. Variation of the angle between pump and probe
linear polarizations strongly influences the phases of atomic coherences generated by the
pump beam and consequently the line-shapes of the probe EIA and NMOR resonances.
Complete change of the resonance sign is possible if the phases of the ground state coherences,
Amg = 2, are altered by 7. The central EIA fringe becomes less pronounced if the probe
intensity increases, due to the larger probe contribution to atomic evolution. Ramsey-like
interference is a manifestation of the evolution of ground state Zeeman coherences, required
for EIA, in the dark region in the presence of a small magnetic field.

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

1. Introduction

In the work of Akulshin et al [1], a new kind of resonance was
observed, one in which atomic coherence produces an increase
of laser absorption. This coherent phenomena is termed
electromagnetically induced absorption or EIA. Conditions
for observing EIA have been recently identified: a narrow
absorption resonance can be obtained when the laser frequency
is scanned across a degenerate two-level transition such that
F, — F, = F,+1, where F; and F; are total angular momentum
quantum numbers of hyperfine levels of ground and excited
states, respectively. It is worth mentioning that Kazantsev er al
[2] theoretically predicted that optical pumping in the case
of such transitions leads to an enhanced absorption of the
medium. It is now well known that EIA is a multilevel effect,
meaning that the degeneracy of the ground level is necessary. In
comparison to electromagnetically induced transparency (EIT)
[3] EIA has an opposite sign of resonance. Unlike EIT, which
is due to coherent population trapping (CPT) and ground level
dark states [4], EIA has not been associated with a particular
coherent superposition of atomic ground states. While both
EIT and CPT were intensely investigated over the past decade,

0953-4075/12/245502+-08$33.00 1

this is not the case for EIA. A better knowledge of the
phenomena is necessary, including a better understanding of
excitation and emission processes that lead to the development
of EIA.

The first observations of EIA were performed by
perpendicularly polarized pump and probe lasers, interacting
with a cycling degenerate two-level transition in which F, =
F,+ 1 and F, > 0 [1, 5]. In later experiments, EIA was
also found in non-cycling degenerate two-level systems [6,
7]. Both two-photon resonances in a bichromatic light field
(pump—probe spectroscopy) and magneto-optical resonances
in the Hanle configuration have been explored. The influence
of various parameters like laser intensity, light ellipticity and
magnetic fields on EIA amplitudes and linewidths was studied
in [8-11].

Assuming the simplest system presenting EIA, a four-
level N-atomic system of a near degenerate two-level atom,
Taichenachev et al [13] obtained an analytic expression for
the probe light absorption. A direct link between the efficiency
of spontaneous coherence transfer and the appearance of EIA
indicates that the Zeeman coherence, after being developed
in the excited level, is transferred to the ground level

© 2012 IOP Publishing Ltd  Printed in the UK & the USA
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by spontaneous emission. Analytic expressions of different
perturbation orders for Zeeman and optical coherences and
populations have shown such ordering of events in the
development of EIA [14].

EIA media have some similarities but also differences
from EIT media. Since these two coherent phenomena have
different origins, their temporal behaviour is different, as
given in [15]. Slower development of EIA and its consequent
narrowing after turning on the excitation pulse was notable
in comparison with EIT. EIA media have a steep anomalous
dispersion that is related to subluminal light propagation, as
demonstrated in [16]. As a consequence, in EIA media light
pulses can also be stored and retrieved like in EIT media,
but only the storage of a smaller part of the initial pulse is
possible [17]. In some open atomic systems, minor changes
of the pump laser Rabi frequency can transform EIT to EIA
(and vice versa) [18]. A modest change of the buffer gas cell’s
temperature can alter the sign of the transmission resonance
from positive (EIT) to negative (EIA) [12].

Ramsey’s method of separated fields is often used in
atomic and molecular beam experiments [19]. Ramsey fringes
that are induced by the two spatially or temporally separated
excitation fields lead to a considerable narrowing of the
corresponding resonances. In this work, we test if the Ramsey
effects of separated pump and probe laser beams can be
effective for narrowing EIA as they are for EIT. Repeated
interaction of coherently prepared alkali-metal atoms with
a pair of laser fields in Raman resonance leads to a strong
Ramsey narrowing of EIT in cells with buffer gas [20, 21],
and in vacuum gas cells if a specific pump—probe laser beam
geometry is used [22, 23]. The Ramsey effects on EIA were
recently explored in gas cells with anti-relaxation coating
experimentally [24] and, using a four-level N-atomic system,
theoretically [25]. We look for the Ramsey effects introduced
by separated excitation fields in an EIA medium in a vacuum
gas cell without anti-relaxation coating by measuring and
calculating the probe’s transmission and nonlinear magneto-
optical rotation (NMOR) when the laser fields couple the F, =
2 — F, = 3 transition of the ¥’ Rb D, line. In V atomic schemes
supporting EIA, polarization rotation has the opposite sign to
that in EIT atomic systems, e.g. A or M systems. There have
been numerous studies of NMOR in EIT media in buffer-gas-
free vapour cells and without anti-relaxation coating [26—29].
A change of the NMOR sign in the case of the closed transition
F, =4 — F, =5 of the Cs D, line was first reported in [27].

In our work, we use a pump laser beam to coherently
prepare the atoms and a spatially separated probe laser beam
to check the pump-induced atomic coherence. We studied the
Ramsey effects on narrowing EIA and NMOR, theoretically
and experimentally, using a similar pump—probe geometry as
in[22]. Both pump and probe laser beams are linearly polarized
and resonant to the closed transition, F, = 2 — F, = 3
in Rb. EIA measurements were carried out by monitoring
the probe beam’s transmission. NMOR of the linear probe
polarization, for a given pump polarization, is obtained using
a balanced polarimeter. The measurements were performed as
a function of the external axial magnetic field for different
angles between the electric vectors of the pump and probe
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Figure 1. Energy level diagram for D, line transitions considered in
the theoretical model. Solid arrows pointing up represent the
transitions induced by the laser, while dotted wavy arrows pointing
down correspond to possible spontaneous emission channels from
excited levels. Frequency differences between adjacent hyperfine
levels are shown.

beams. Obtained EIA and NMOR line-shapes are compared
with the results of the theoretical model. The model solves
time-dependent optical Bloch equations for the density matrix
elements for all sublevels of the F, = 2 — F, = 3 transition.
The atomic state evolution is calculated when an atom passes
the pump, the dark region and the probe beam. The probe’s
total transmission was calculated after averaging over all atom
velocity components parallel and perpendicular to the laser
beam and over all possible atomic trajectories. The probe
beam’s transmission and polarization rotation are obtained
from the calculated change of the probe’s electric field due
to the Rb vapour polarization.

2. Theory

We used a density-matrix formalism to model the dynamics
of the interaction between Rb atoms and spatially separated
pump and probe laser beams. Figure 1 shows a Rb D, line
atomic level diagram, the hyperfine levels either coupled by
the laser light, or populated via spontaneous emission.

The external magnetic field B, along the propagation
direction of the laser beam, splits the adjacent Zeeman
sublevels by the amount pupgrB, where pp is the Bohr
magneton and gr is the gyromagnetic factor of the level. The
temporal evolution of the atomic density matrix is obtained
from time-dependent optical Bloch equations for a moving
atom

Pty (B) + Hn(). 51+ (2 (1)
ar = n atom intZ), O ar SE»
where

Huom(B) = ) hwo;(B)lgj) (gl + Y hox(B)le)(exl,  (2)
j k

is the atomic Hamiltonian corresponding to ground (excited)
states |g;) (lex)) with Zeeman-shifted energies hw;(B)
(hwy (B)). The laser—atom interaction is given by

Hin (1) = =Y E@) - djpdlgjMex +lea) (gD, (3)

ok
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Figure 2. (a) The energy level diagram for magnetic sublevels of the F, = 2 — F, = 3 transition and (b) pump and probe laser beam radial
profiles used in the theoretical model. In (a) solid lines represent transitions induced by the linearly polarized laser fields, while dotted lines
correspond to possible spontaneous emission channels from excited levels.

where E(¢) is the time-dependent electric field of the laser
seen by the atom and d ; is the atomic electric dipole moment
for the transition between states |g;) and |e;). Spontaneous
emission is treated using the Lindblad-form term

dp S0 _TTT 45— I
— = 2r, o), =1L, 0 —pl') T, 4
<dt>SE;mpm Wb = PTNL,. @)
where I, are operators related to dipole transitions from
the excited to ground state manifold. Although the laser is
frequency locked to the F, = 2 — F, = 3 transition, due to
Doppler broadening, the excited hyperfine levels F, = 2 and
F, = 1 are also laser-coupled and therefore have to be included
in the calculations. Equations for density matrix elements
related to the F, = 1 ground level are excluded since that
level is not coupled by the laser. For additional details about
the resulting equations please refer to [30].

Both the pump and probe are linearly polarized, have
the same frequency wo and propagate along the z axis. As
schematically given in figure 2, the probe laser beam is at the
centre of the coaxial hollow pump beam. The initial probe
beam radial profile is a Gaussian

Lorobe (1) = 2I_probe: exp (_ 2}"2/}"5), ©)

where 7y is the 1/¢? radius of the probe beam and I_pmbe is the
probe beam’s intensity (total probe power divided by rgn).
The pump beam’s intensity profile along the radial distance r
is modelled as

Ipump(r) = _pumpa(erf(p(r —r)) —erf(p(r — rn))), (6)

where I_pump is the pump beam’s intensity, a is the normalization
constant, p affects the steepness of the profile near the beam’s
edge determined by the parameters r; and r».

It is assumed that every collision with the cell wall resets
the state of an atom. Therefore, the atoms entering the pump
beam from the direction of the wall have equally populated
Zeeman sublevels of both hyperfine levels of the ground state.
The density of the rubidium vapour at room temperature is low
enough, so that Rb—Rb collisions are negligible. Therefore, an
atom moves through the laser beams with constant velocity

v = v| + v., where v and v, are velocity components
parallel and perpendicular to the direction of laser propagation,
respectively. When calculating the density matrix at a given
value of z, we neglect longitudinal changes of the beam profiles
compared to the transverse ones so that only the transverse
direction of the trajectory matters. From the reference frame
of the moving atom, the electric field varies and the rate of
variation depends only on v,. Assume that the transverse
projection of the atomic trajectory at some z is given by
r (t) = rop + vit, where rg, is the transverse component
of the atom position vector at# = (. The temporal variation of
the laser intensity seen by the atom is given by

I(t,2) =1(r(t),2) = [(roL +v.t,2), (N

corresponding to the transverse laser intensity variation along
the trajectory of the atom in the laboratory frame. Additionally,
due to cylindrical symmetry of the beam profiles, the transverse
dependence becomes a purely radial dependence.

The observed experimental resonances are the probabilis-
tic average of contributions due to many individual, mutually
non-interacting Rb atoms. The atoms traverse the laser beams
at different paths with different velocities. The Maxwell—-
Boltzmann velocity distribution, diversity of atomic trajec-
tories and custom cylindrical symmetric radial beam profiles
are treated similarly as in [30]. Atomic trajectories having
different distances from the centre of the probe beam are
chosen so that the probe beam’s cross-section is uniformly
covered. For a suitable set of atomic velocities, the atomic
density matrix p(B; v; r) along a given trajectory is calculated
assuming constant magnetic field B during the atomic transit
through the laser beams. Numerical integration of the opti-
cal Bloch equations is carried out from the moment when the
atom enters the pump beam’s region until it exits the probe
beam. To obtain the atomic ensemble density matrix 6(B; 7, z)
across the beam’s cross-section at some z and for a set of radial
distances r, the calculated density matrices are averaged over
the Maxwell-Boltzmann velocity distribution and integrated
over trajectories containing points at given radial distance r.
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The velocity-averaged density matrix will possess cylindri-
cal symmetry arising from the cylindrical symmetry of the
laser beam profiles and the atomic velocity distribution. Thus,
the angular integral appearing in the averaging over velocity
v(f) = (8, v1, v)) can be replaced by an angular integral over
space

2 do 00 o]
p(B;1,2) =/ 2—/ dUJ_WJ_(UJ_)/ dvy W (vy)
0 T Jo —00

X p(B; 0, vy, v; rcosf, rsinb, z), ®)

with the Maxwell-Boltzmann velocity distribution given by

ZUL 2
Wi(vy) = 7 em /]

1
W) = ﬂe_(vu/mz’ )

u
where u = (2kzT /mgy)'/? is the most probable velocity.

In order to make a comparison with the experiment, we
calculate the transmission and the angle of the polarization
rotation of the linearly polarized probe laser’s light as a
function of the magnetic field. The effects of the probe beam’s
propagation and variation in its intensity along the Rb cell are
treated using

JE(B; r,2) iwg

9z - 2EQC

where €, is the vacuum dielectric constant and ¢ the speed

of light in vacuum. The accompanying initial condition is

given by (5) and by the angle of the probe’s incident linear

polarization. The Rb vapour ensemble density matrix 6 (B; 7, z)

at some values of z is computed using the electric field

E(B; r, z). The polarization of the Rb vapour is obtained from
the ensemble density matrix

P(B; 1, 2) = n(T)Tr(H(B; 1, 2)d), (11)

where the 8’Rb concentration n(7T') at absolute temperature 7T is
taken from [31]. Due to the trace operation including the dipole
operator d, the polarization P depends only on the optical
coherences between the ground and excited Zeeman sublevels.
Using the computed Rb polarization, we are able to calculate
the change of the probe’s electric field due to propagation
through the Rb vapour from (10). Following that procedure, we
calculate the transmitted electric field E(B; r, z = L), where L
is the cell length, used in the calculation of the transmission
and the angle of the polarization rotation of the probe laser
beam. During the calculation of the probe beam’s propagation,
we also treated the pump beam’s propagation effects in an
analogous manner.

The angle of the polarization’s rotation is calculated
in a similar manner as measured from signals of the two
detectors S; and S, behind the polarizing beam-splitter rotated
at 45° with respect to the incident probe’s polarization. The
polarization’s rotation angle is given by

P(B: 1, 2), (10

1 N )
= - . 12
@ > arcsin O (12)
Values of S| and S, were obtained from
Sia= f luis - E(B; .z = L)[d’r, (13)
SF

whereu; , = (\/5 /2)(e;%e,) are unity vectors corresponding
to the polarizing beam splitter’s, s and p, polarization axes and
S is the probe beam’s cross-section.

Tea[b N\
~ o1 Fo p
i A /2
BE
detection | L | I/ ﬂ ﬂ
system | csee ([ N | Qﬁm
I I P A/2 VNDF
u-metal
pump
cell wall —» dark region

probe d=1,2mm

Figure 3. Experimental setup: ECDL-external cavity diode laser,
Ol-optical isolator, DDAVLL-Doppler free dichroic atomic laser
lock, BS-beam splitter, F-optical fibre, M-mirrors, I-iris, P-polarizer,
VNDF-variable neutral density filter, BE-beam expander,
A/2-retardation plate. Inset: transverse cross-section of the Rb cell
with typical atomic trajectory.

3. Experimental setup

Figure 3 shows the experimental setup. An external cavity
diode laser with a linewidth of about 1 MHz was used in
the experiment. The laser frequency was locked to the D,
transition f, = 2 — F, = 3, in 87Rb, using the Doppler-
free dichroic atomic vapour laser lock (DDAVLL) technique
[33]. The Gaussian laser beam is split into two beams, the
pump beam and the probe beam. The diameter of the pump
beam is enlarged and sent through a 12 mm diameter iris.
The linear polarizations of the pump and probe beams, and
the angle between their polarizations, are adjusted by a linear
polarizer and A/2 retardation plate. The important element
for generating a laser beam like a hollow cylinder, as shown
in figure 3(b), is a mirror with a hole [34]. The diameter of
the hole thus determines the inner diameter of the hollow
pump beam. We used two mirrors with central holes of 5 and
7 mm in diameter, respectively. The probe beam, 1.2 mm in
diameter, comes from behind the mirror and passes through the
hole’s centre. The vacuum Rb gas cell is 85 mm long and its
diameter is 25 mm. The cell is at room temperature. A scanning
magnetic field along the laser beam’s propagation is generated
by the solenoid around the gas cell. Magnetic shielding from
stray laboratory fields is achieved by three layers of p-metal
cylinders around the Rb cell. Behind the cell, the probe beam
first passes through a pair of irises (in order to minimize the
contribution of the pump beam) and then passes through the
polarizing beam splitter with the fast axis oriented at 45° with
respect to the direction of the initial polarization of the probe
beam. Two beams emerging from the polarizing beam splitter
were detected with two photodiodes. The sum S} + S, and
the difference S; — S, of these two signals were recorded by
a digital oscilloscope, while B was scanned around its zero
value. The sum signal gives Hanle EIA, while the difference
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Figure 4. Calculated (a) and measured (b) probe NMOR for the F, = 2 — F, = 3 transition in 87Rb as a function of the axial magnetic field
B. Dashed and dotted lines are for two inner pump beam diameters of 5 and 7 mm (corresponding to the ‘dark region’ size of 2 and 3 mm),
respectively. Both pump and probe beams have the same linear polarization. The probe laser power is 10 u'W, while the pump laser power is
1.2 mW. Solid line in (b) is NMOR for single wide laser beam having power of 10 ©W and diameter of 7 mm. Inset in (b) shows the

recorded resonances near B = 0.

signal gives NMOR. In this configuration, the rotation angle
of the probe’s polarization is given by

1 .S =%
¢ = — arcsin .
2 S+

(14)

4. Discussion

In this section, we present results concerning the probe laser’s
transmission and polarization rotation when the probe laser
interacts with Rb atoms prepared into coherent superposition
of Zeeman sublevels of the F; = 2 ground hyperfine level by
the spatially separated pump beam. We intend to demonstrate
that the Ramsey effects play a role here as they do for dark
resonances [22] by measuring and calculating the line-shapes
of EIA and NMOR resonances for different sizes of the dark
region, and for different atomic states generated by the pump
beam. Both probe and pump beams are linearly polarized and
resonant to the F, = 2 — F, = 3 transition in 87Rb. The pump
beam fills almost the entire 25 mm diameter Rb cell except for
the hole at its centre, which is either 5 or 7 mm in diameter.
The probe beam of 1.2 mm in diameter is collinear with the
pump beam and passes along the axis of the hollow pump
beam. This configuration allows, like in the Rb cells with
anti-relaxation coating or buffer gas, repeated interaction of
atoms and laser fields. It provides higher influx of atomic states
prepared by the pump beam that reach the probe beam passing
through the central hole, in comparison with co-propagating
parallel but spatially separated Gaussian laser beams in [21].
In addition, the use of two separate laser beams gives the
ability to independently control the properties of the beams,
like polarization and power. Our experimental geometry is
similar to the geometry used in [32], where the sub-Doppler
feature was observed in the transmission of the hollow probe,

through the very thin (10 um) cell, while the pump beam is
placed in the centre of the probe.

We first present theoretical and experimental line-shapes
of the probe’s NMOR, calculated and measured from the
signals at the two detectors of the balanced polarimeter as
a function of the external magnetic field B. The direction
of the magnetic field is along the laser beam’s propagation.
In the experiment, the magnetic field varies slowly (50 Hz)
so that the period of a magnetic sweep is much longer than
typical atom transit time across the cell. This validates the
assumption made in the theoretical model that B is constant
while the atom passes through three regions of the Rb cell:
the pump laser beam, the dark region and the probe laser
beam. In all figures, spatially displaced pump and probe beams
have the same frequency. Figures 4(a) and (b) present the
calculated and measured angle of rotation of the linear probe
polarization as a function of the axial magnetic field. The linear
polarizations of the pump and probe beams are parallel. When
the pump laser is turned on, the probe’s NMOR resonance
has a central dispersive shape and a pair of much weaker
sidebands around the centre. Results are given for the two
inner diameters of the pump beam, 5 and 7 mm. The resonance
width decreases with the distance between the pump and the
probe laser beam, which is a characteristic of the Ramsey
effect. For dark regions of sizes 2 and 3 mm, the NMOR
width is 2.4 and 1.6 uT, respectively. The results given in
figures 4(a) and (b) show good agreement between theoretical
predictions and experimental measurements. The solid curve
in figure 4(b) corresponds to NMOR resonance of a single
wide laser beam of 7 mm in diameter and 10 W of power.
It is notably wider and has smaller amplitude than the probe
resonances obtained in pump—probe configuration, although
the probe beam’s diameter is much smaller, 1.2 mm. The
amplitudes of NMOR and EIA are larger than for an open
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Figure 5. Theoretical (a) and experimental (b) results for the angle of rotation of the probe polarization for different angles between linear
polarization of the pump and probe beams (0° black, 22.5° red, 45° green, 67.5° blue and 90° magenta). The pump and probe beams couple
the F, = 2 — F, = 3 transition in ®'Rb. The probe and pump laser powers are 20 W and 1.2 mW, respectively. The pump beam’s inner
diameter is 7 mm.
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Figure 6. Theoretical (a) and experimental (b) results of the probe’s absorption spectra for the F, = 2 — F, = 3 transition in 8’Rb, for
linearly polarized pump and probe beams and different probe beam polarization angles with respect to the pump beam’s polarization

(0° black, 22.5° red, 45° green, 67.5° blue and 90° magenta). The probe and pump powers are 20 W and 1.2 mW, respectively. The pump
beam’s inner diameter is 7 mm.

EIT transition [23] because the closed transition limits losses electric field vectors to ¢ = /2, we obtain the opposite sign
of population to the hyperfine level of the uncoupled ground for the probe beam’s polarization rotation (29 = ). For the
state. angle ¢ between O and 7 /2, the dispersion-like curves for
The initial phases of atomic ground state coherences the probe NMOR beam are centred at an external magnetic
created in the pump beam can be controlled by varying the field different from zero. The magnetic field corresponding to
relative angle between pump and probe beam polarizations. the centre of the NMOR resonance increases with the angle
Rotating the polarization of the pump beam by the angle ¢, between the polarizations of two beams because different
the phase between the circular components of the pump beam phases of the coherence require a different magnetic field
is changed by 2¢. This leads to the change of the phase of the for the constructive interference to occur. The comparison
atomic ground state coherences entering the probe beam by  between results in figures 5(a) and (b) shows that calculated
2¢, for a constant magnetic field. In figure 5, we present the and measured line-shapes have very similar behaviour.
results for the probe beam’s polarization rotation for several Figure 6 presents the Ramsey interference effects on
angles between the electric vectors of linearly polarized pump the shape of EIA resonances. It shows the probe beam’s
and probe beams. When we set the angle between the two transmission for several angles between the electric vectors



7. Phys. B: At. Mol. Opt. Phys. 45 (2012) 245502

Z D Grujic et al

1,001

100
0,999—-
0,998+
0,997—-

0,996

Transmission [arb. units]

0,995

0,994

10 0 10
Magnetic field B [uT]

20

0,9%4

-10 0 10
Magnetic field B [uT]

20

Figure 7. Theoretical (a) and experimental (b) results of the probe’s absorption spectra for the F, = 2 — F, = 3 transition in ®’Rb, for
linearly polarized pump and probe beams and different powers of the probe beam (10 uW solid, 20 uW dashed, 40 uW dotted, 60 uW
dash-dot, 80 W dash-dot-dot lines). The pump laser power is 1.2 mW. The inner pump beam’s diameter is 7 mm.

of linearly polarized pump and probe beams. Interference
between the coherently prepared atoms and the probe field will
give a probe transmission dip (for 2¢ = 0) or transmission
gain (for 2¢ = ) around the same magnetic field values.
These two cases are presented by solid and dash-dot-dot lines,
respectively. For other values of ¢, the transmission has a
dispersion-like shape. As the angle between two polarizations
increases, the main transmission dip shifts towards higher
values of B, since a larger magnetic field is necessary for
the occurrence of constructive interference. The comparison
between the results in figures 6(a) and (b) shows that calculated
line-shapes are very similar to the measured line-shapes.
Similar dispersion-like line-shapes for an arbitrary angle
between the linear polarizations of two laser fields have been
theoretically predicted for EIA in a bichromatic laser field [35].
The behaviour observed from figures 5 and 6 supports the fact
that the atomic ground state coherences essentially determine
the development of EIA and NMOR in the considered atomic
system.

The effects of the probe laser’s power on the probe’s
transmission are given in figure 7. Both theory and experiment
show that the increase of the probe beam’s power lowers the
amplitudes of the narrow central transmission dip. Higher
probe beam power increases the probe beam’s contribution to
EIA resonance and at the same time lowers the effects of the
pump beam induced atomic coherence. As long as the effect
of atomic coherence entering the probe beam dominates over
the probe’s contribution, the resonance width of the central dip
remains the same.

5. Conclusion

Experimental and theoretical evidences imply that probe ETA
and NMOR in a vacuum Rb gas cell at room temperature are
strongly affected by interference effects between the probe
beam and atomic states prepared by the spatially separated

pump beam in the presence of a small magnetic field. By
increasing the size of dark region between the pump and
probe, the resonances become narrower. By changing the
initial phase of the atomic coherence in the pump beam, fully
constructive interference with the probe beam can change into
fully destructive interference yielding the change of the sign of
the resonances. Moreover, the Ramsey effects seem to be even
more pronounced on the EIA linewidth and amplitude than
for EIT (developed on atomic transition F; — F, = F, — 1),
as found by comparing the results for both phenomena using
the same geometry of the laser beams [22, 23]. Among many
differences between EIT and EIA, these results show that the
response of ground state Zeeman coherences in an atomic
system showing EIA to Ramsey-type excitation is very similar
to the previously observed response of Zeeman coherences in
atomic systems showing EIT [22, 23].
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Formation of complex two-dimensional dissipative solitons via spontaneous symmetry breaking

V. Skarka,!>3-" N. B. Aleksié, >3 M. Lekié¢,2 B. N. Aleksié,>? B. A. Malomed,* D. Mihalache,® and H. Leblond*
L Laboratoire de Photonique d’Angers, EA 4464, Université d’Angers, 2 Boulevard Lavoisier, 49045 Angers Cedex 01, France
2Institute of Physics, University of Belgrade, 11000 Belgrade, Serbia
3Texas A&M University at Qatar, PO Box 23874, Doha, Qatar
4Department of Physical Electronics, Faculty of Engineering, Tel Aviv University, Tel Aviv 69978, Israel
SHoria Hulubei National Institute for Physics and Nuclear Engineering, 407 Atomistilor, Magurele-Bucharest, 077125, Romania
(Received 12 May 2013; published 25 August 2014)

We propose a complex Ginzburg-Landau equation (CGLE) with localized linear gain as a two-dimensional
model for pattern formation proceeding via spontaneous breaking of the axial symmetry. Starting from steady-state
solutions produced by an extended variational approximation, simulations of the CGLE generate a vast class
of robust solitary structures. These are varieties of asymmetric rotating vortices carrying the topological charge
(TC), and four- to ten-pointed revolving stars, whose angular momentum is decoupled from the TC. The four-
and five-pointed stars feature a cyclic change of their structure in the course of the rotation.

DOI: 10.1103/PhysRevA.90.023845

I. INTRODUCTION

The generation of self-organized dissipative structures
in nonlinear systems is driven by external energy and/or
matter supplies [1]. Various species of self-trapped localized
structures are represented by dissipative solitons acting as
attractors [2,3]. The self-organization is based on the bal-
ance of antagonistic effects, with gain compensating losses,
and nonlinearity-induced self-contraction arresting the linear
diffraction and/or dispersion. The ensuing formation of vast
varieties of patterns is apparently spontaneous, and in many
cases its origins are not yet understood well, in spite of the
great deal of work done on this subject. Generically, the
pattern formation proceeds via spontaneous breaking of an
underlying continuous symmetry, followed by the emergence
of novel forms which feature reduced symmetries [4]. Since
the pioneering work of Turing [5], many works have been
dealing with models for spontaneous pattern formation in
diverse settings; see, e.g., Refs. [6,7].

Complex Ginzburg-Landau equations (CGLEs) constitute
a class of ubiquitous models to describe the generation of
dissipative-solitonic structures in plenty of systems ranging
from nanophotonics, plasmonics, nonlinear optics, fluids, and
plasmas through superconductivity, superfluidity, quantum
field theory, and biological systems [2,3,8—11]. The great deal
of work done in this field has demonstrated cogently that
CGLE:s are appropriate models for studying the spontaneous
pattern formation per se.

In this work, we demonstrate that the above-mentioned
crucially important aspect of the pattern formation, viz., the
spontaneous breaking of the continuous symmetry, leading
to the emergence of localized structures featuring reduced
symmetries, may be adequately modeled by a suitably chosen
two-dimensional (2D) CGLE with the competing cubic-
quintic (CQ) nonlinear terms. We resort to the synergy of
the variational approximation (VA) and parallelized numerical
simulations to demonstrate spontaneous formation of pre-
viously unexplored solitonic structures, which have diverse
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counterparts in nature. Using the CGLE with a spatially
modulated linear loss, which features a minimum at the center,
we have previously demonstrated that vortices may spon-
taneously evolve into stably rotating ellipsoidal or crescent
vortical structures [12]. The CGLE model developed in the
present work offers a vast potential for modeling transitions
between different types of spontaneously established patterns,
through the generation a broad class of localized states, such as
periodically metamorphosing and rotating four- to ten-pointed
stars, which resemble complex natural objects, but were not
produced by previously studied models.

As mentioned above, the dissipative-soliton pattern forma-
tion is the result of the concurrent balance between losses
and gain, and between diffraction and cubic self-focusing,
which must be supplemented by the quintic self-defocusing,
to prevent the collapse in the 2D geometry. The creation of
(24+1)D optical solitons (two transverse coordinates x and
v, with +1 standing for the propagation distance z, which
plays the role of the evolutional variable) in a CQ medium
has been recently directly demonstrated in an experiment
[13]. Dissipative solitons have been found in many varieties
of CGLEs [2,3,8,14-16]. In particular, (241)D solitons with
embedded vorticity m, featuring zero intensity at the center,
carry the angular momentum, M = mP, where P is their
total power (norm); see Eq. (3) below [17]. As a result of the
spontaneous pattern change, the intrinsic angular momentum
can transmute into explicit rotation of solitonic patterns,
as shown in the movie in the Supplemental Material [18]
(examples of this are known, e.g., in the form of azimuthons
[19] and vortex gap solitons [20]).

II. MODEL FOR SELF-ORGANIZED PATTERN
FORMATION

The present model is based on the (2+1)D CGLE with the
CQ nonlinearity that governs the evolution of wave amplitude
E(x,y,z) in the nonlinear medium:

iE, + (1/2)(E,x + E,) + (1 — ig)|[EP’E — (v — iw)|E|*E
=ig(r)E, (D
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where positive coefficients ¢, i, and v, account, respectively,
for the cubic gain, quintic loss, and quintic saturation of the
cubic self-focusing. A crucially important ingredient of the
model is represented by an “iceberg of the gain,” g(r) =
y — T'r? (with radial variable r = \/x2 + y2, gain amplitude
y > 0, and gain curvature I" > 0) protruding above the surface
of the “loss sea,” contrary to the above-mentioned model with
the “submerged iceberg,” where the main control parameter y
is negative [12]. A straightforward physical implementation
of Eq. (1) is provided by optically pumped laser cavities
(especially end-pump solid-state ones). The pumped beam is
focused in order to increase the gain, hence the gain is localized
[21]. The transverse localization of the laser beam known
as “gain guiding” is used in titanium-sapphire, solid-state,
Raman, free-electron, and x-ray lasers [22]. The pump beam
is typically Gaussian with intensity 1(r) = Iy exp(—r?/R?),
where R is its waist. The gain curvature I oc 1/R? depends
mainly on R, so that the localized gain is determined by the
Taylor expansion of intensity / (r), which makes the model
generic [21-23]. The laser cavity can be adjusted by selecting
parameters of the saturable absorber [2,8,9,12,21-23]. Thus,
the pattern-formation scenarios reported below can be directly
realized in the lasers, as well as in other self-organized systems.

Barring rare exceptions [24], the CGLEs, due to their
complexity, do not admit exact solutions. Nevertheless, an
analytical approximation for dissipative solitons has been
developed using the VA adapted to dissipative systems
[11,12], see also Ref. [25]. The VA makes use of the following
Gaussian trial function representing the electric field of an
axisymmetric Gaussian laser beam with vorticity (topological
charge, TC) m = 1:

E = A(r/R)exp[—r?/QR>) +iCr* +i6 +iV], (2)

where amplitude A, radius R, wave-front curvature C, and
phase W have to be optimized. 6 is the angular coordinate.
The total power and angular momentum of the vortex are,
respectively,

o0 27
P = / rdr/ d6 |E(r,0))* = T A’R?,
0 0

] 00 2 QE*
M =1/ rdr/ do E.
0 0 a0

Skipping straightforward details, the following system of
evolution equations is produced by the VA (although formally
similar to the one derived in Ref. [12], it produces essentially
different results, as shown below):

dA/dz = yA —TR?A+5:A%/16 — 8uA’ /81 —2AC, (4)

3

dR/dz =2CR —TR> —e¢A’R/16 + 2 A*R/81, (5)

dC/dz = —=2C? + 1/(2R*) — A%/(16R%) + 2vA*/(81R?),
(6)

dV/dz = —2/R* + 3A%/8 — 10vA*/81, @)

with Eq. (7) decoupled from (4)-(6). Fixed points (FPs)
of these equations correspond to steady-state solutions
with a small wave-front curvature. Setting dR/dz =0
in Eq. (5) leads to C =TR?/2+eA?/32 — uA*/81. In
Eq. (6) with dC/dz =0, small C?> may be neglected
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giving R? = 8(A? — 32vA*/81)~!. The remaining relation
for the FP, following from Eqs. (4) with dA/dz =0, is
y +eA%/4 —2uA*/27 = 2T'R?, which gives rise to two
physically relevant steady-state solutions for amplitude A
(solutions for which both A and R are real and positive).
According to general principles of the analysis of dissipative
systems [24,11], the solution with larger A may be stable,
while the one with smaller A is always unstable. The former
solution satisfies condition C < 0, which is necessary for
the simultaneous stable balance of the diffraction and CQ
nonlinearity, and of the gain and loss, thus rendering the
dissipative solitons stable stationary modes [14,26].

The linear stability analysis of the FPs against small
perturbations of amplitude, radius, and wave-front cur-
vature within the framework of Eqs. (4)—(6) was per-
formed via the computation of eigenvalues produced
by the respective equation A3+ aA?+aoh —az =0,

0.04
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0.02

0.01

OODHODERR

FIG. 1. (Color online) Stability domains produced by the VA-
generated fixed points, which are used as the input for direct
simulations of Eq. (1), in the plane of the nonlinear-gain strength,
&, and the linear-gain curvature, I' (dimensionless units). Stable
axisymmetric vortices are established in region A. In region B, the
spontaneous symmetry breaking expels the vortical phase dislocation,
resulting in the transition to a bell-shaped axisymmetric mode without
the central crater. In intermediate area C, the vortex mutates into a
rotating crescent-shaped soliton that fills only half of the original
crater, thus breaking the inner circular symmetry. In region D, the
vortex crater gets slanted but remains centrosymmetric. In area E, the
modulational instability spontaneously breaks the axial symmetry,
converting the circular vortex into a rotating elliptic one. In area
F, the ring splits into two bell-shaped fragments. For larger I in
region G, they merge into a stable double-hump shape. In the region
of star-shaped patterns, S, small variations of I and & result in the
self-trapping of revolving four-, five-, six-, seven-, eight-, nine-, and
ten-pointed stars with zero TC (examples are shown on the right). The
strongly asymmetric steadily rotating “cobra” pattern, shown at the
bottom of the right column, appears in interstices between different
regions. Structure fails to form only in region U.
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stable FPs being identified by the Routh-Hurwitz
conditions [11]: o =2I'R? — 58A%/8 +32uA*/81 > 0,
o, = 8vA*R72/81 —TA’R?>(3¢/2 — 8011 A%/81) > 0, a3 =
(A2 —16R™2) — (¢ — 16uA%/9)A’R™ > 0, and «ajay —
a3 > 0. They cover the entire area charted in Fig. | in the plane
of the nonlinear-gain and linear-gain curvature parameters, &
and I', which are most essential for the control of the patterns
and transitions between them. For effective saturable absorbers
in laser cavities, such as those created by means of a Kerr lens,
nonlinear polarization rotation, or an appropriate dopant, these
parameters can be easily adjusted in the experiment [21-23].
For instance, different concentrations of the rhodamine dye
in ethanol, used as a dopant, can be used in order to recover
different values of the nonlinear-gain parameter, ¢ in Fig. 1.
The linear-gain curvature parameters I can be adjusted to
fit values in Fig. 1 by changing the pump-beam intensity.
Other coefficients are fixed here as v = 0.4, u = 1.4, and
y = 0.08, which adequately represent the generic situation
(varying these parameters does not entail essential changes).
Steady-state solutions do not exist in the white corners of
Fig. 1.

Next, Gaussian electric field (2) with parameters of the
stable FP adopted by the VA was used as the input for
parallelized [27] simulations of Eq. (1). As a result, a variety
of stable patterns have been generated, some of them similar
to the one assumed by Eq. (2), and some completely different,
as summarized in Fig. 1.

III. SELF-GENERATED DISSIPATIVE VORTEX SOLITONS

In area A of Fig. 1, stable axisymmetric vortex solitons
(shown by insets) quickly self-trap by z = 10. In fact, only in
this area does the model give rise to the simple vortex solitons
assumed by Eq. (2), while in other domains unique patterns
appear. First, in “filamentation” region F, the modulation
instability breaks the vortices into two fragments (see the inset
also labeled F), as the total power P given by Eq. (3) is not
strong enough to keep the vortex structure stable. In contrast, in
area G, the power and strength of the pinning to the localized
gain (provided by the pump laser) are much larger, leading
to coalescence of the fragments into a revolving double-hump
soliton above an “effective threshold” for the pattern formation
(see movie [18]); cf. Ref. [17]. An example of this stable
pattern is shown in inset G.

In region E adjacent to F, with larger cubic-gain coefficient
¢, the modulational instability is not strong enough to destroy
the vortex, but it breaks the axial symmetry and deforms it
into a stable elliptic rotating vortex. Adjacent to A, but on the
opposite side (region D), the vortex remains centrosymmetric,
but with a slanted shape (see inset D in Fig. 1). Atstill larger €,
in region C, the circular symmetry of the vortex is broken by
its transformation into a crescent mode, featuring a half-filled
vortical ring.

The common feature of these modes is that they start the
self-organization as axisymmetric vortices, and the sponta-
neous symmetry breaking sets in after a period of a quasistable
evolution, which may last for up to thousands of propagation
units (unless a symmetry-breaking perturbation is added
initially). The robustness of the finally established symmetry-
reduced modes has been confirmed by the propagation over
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T 18200 12400 18800 188ma 18d0a
FIG. 2. (Color online) The spontaneous formation of four-
pointed patterns. The input ring structure (a) evolves into a vortex
soliton at z = 40 (b), whose spontaneous symmetry breaking in (c)
produces a Celtic-cross structure (at z = 1400) that subsequently
transmutes into other varieties of cross patterns from z = 1440 until
~ 1560 (d)—(g). (h) After a half period (7y; = 400), a rotated
Celtic-cross reappears at z =~ 1600. Graph M shows oscillations
of the angular momentum between M = —0.18 and M = +40.18

(dimensionless units).

z > 20000. On the other hand, small gain curvature I" cannot
prevent quick destruction of vortices in the bottom region U
(“unstable”) of Fig. 1.

At larger values of T" and ¢ (in region B), the original mode
undergoes a faster transient evolution, lasting for several hun-
dreds of units, in the form of oscillating breathers, before losing
the intrinsic vorticity. Thus, a spontaneous change of the shape
occurs, expelling the phase dislocation [see also Fig. 4(a)]
and filling the corresponding “crater,” while the former vortex
transmutes into a stable fundamental (2+1)D soliton (with
m = 0), as seen in inset B (a detailed dynamical picture is
provided in the movie in the Supplemental Material [18]).

The most remarkable manifestation of the spontaneous
formation of complex patterns induced by the symmetry
breaking above the effective threshold is the transmutation
of vortices into various stars (see the right-hand-side column
inFig. 1), caused by small changes of I" and ¢ in region S. How
the circular symmetry is broken can be seen in detail in movies
S1-S6 [18] that display the dynamics of the spontaneous
emergence of four-, five-, six-, eight-, and ten-pointed stars, as
well as of double-hump localized structures. For instance, at
e=1.7and " =0.018, close to the junction of domains C and
D, the input vortex [Fig. 2(a)] at first self-traps into a vortex
soliton [Fig. 2(b)]. Then, the vortex loses its inner circular
symmetry at z = 140, transforming into a crescent, while the
phase dislocation continues to drift, until it escapes at z =~ 730
[18]. Therefore, the outer circular symmetry is gone too. At
z > 900, persistent oscillations commence, corresponding to
a robust breather with period T4 =~ 5 and a superimposed
beat period, T =~ 40. During another, much longer, beat
period, Ty = 400, the angular momentum oscillates between
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FIG. 3. (Color online) The evolution of the revolving five- and
six-pointed stars. The five-pointed star at z = 1000 (a) gets fatter
from z = 1010 until z = 1020 (b) and (c), before rotating by 30° at
z = 1040 (d). The period of the cyclic evolution is T¢ ~ 40. Angular
momentum M oscillates between M = —8.3 and M = —9.7, with
period Ty = 360 (dimensionless units). (¢) The transient six-pointed
star self-traps into the permanent shape. (f)—(h) The rotation of the
star in the course of 7/6 =~ 36 from z ~ 1080 until z ~ 1116 (only one
sixth of the period is displayed, as the symmetry of the star makes the
subsequent evolution tantamount to that shown here). Variations of
amplitude A in the course of the soliton self-formation are displayed
in the bottom plot (dimensionless units).

M = —0.18 and M = +0.18 (see graph M in Fig. 2). In the
course of beatings, a “Celtic-cross” shape transmutes into a
sequence of crosslike ones [see Figs. 2(c)-2(g)], and eventually
returns to a rotated “Celtic cross” [Fig. 2(h)] [18]. The
robustness of the cyclic shape transmutations in this regime
was tested up to z = 70000. Reducing the gain curvature to
I' = 0.014, at the same ¢ = 1.7, increases the number of arms
in the pattern, converting it into a five-pointed star, as shown
in Figs. 3(a)-3(d) [18]. The scenario of breaking the axial
symmetry to the reduced (fivefold) form is the same as in the
previous case. However, the angular momentum now oscillates
between M = —8.3 and M = —9.7, with period Ty = 360 as
in diagram M in Fig. 3. This star rotates and simultaneously
changes its shape, with period T¢ = 40, between four particular
five-pointed configurations.

Gradually decreasing the gain curvature (I'), and increasing
the nonlinear gain (¢), a sequence of six-, seven-, eight-,
nine-, and ten-pointed stars is generated. After a transient
period, each of them rotates at a constant angular velocity,
keeping a permanent shape, unlike the cyclic “metamorphosis”
featured by the four- and fivefold solitons. An example of a
revolving six-pointed star (which resembles snowflakes [28])
is displayed in Figs. 3(e)-3(h), for ' = 0.013 and ¢ = 1.75
(see movie in Supplemental Material [18]). The evolution of
amplitude A in the course of the soliton self-organization
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FIG. 4. (Color online) The evolution of the revolving eight- and
ten-pointed stars. To establish the reduced symmetry, the phase
dislocation is expelled from the vortical structure (a), and an
“octopus” soliton emerges at z = 960 (b), which rotates, in the course
of T /8 = 24, through (c) at z = 972 into an identical configuration
at z = 984 (d). Its spontaneous self-organization is illustrated by the
bottom plot displaying the evolution of the amplitude, A(z). (e)—(h)
The rotation of a ten-pointed star (“decapod”), from (e) at z = 1200
to (h) at z = 1248 in the course of 7/10~48. Its self-generation is
illustrated by the bottom plot for A(z).

is presented in the same figure. In this case, the angular
momentum, defined as per Eq. (3), is M = —24. Further, a
typical eightfold “octopus” is presented in Figs. 4(a)—4(d), for
the same ¢ but a smaller gain curvature, I' = 0.007, featuring a
smaller radius of the pattern’s core [18]. The self-formation of
the eight-pointed soliton star is shown in diagram A. Finally,
the spontaneous self-organization of a ten-pointed star for
e = 195 and T = 0.01 is shown in Figs. 4(e)—4(h), and
additionally illustrated by the plot for amplitude A versus
propagation distance z, which is displayed beneath panels
4(e)—4(h) [18]. All the stars are stable objects with a nonzero
angular momentum but zero TC.

Structures with more than ten rays turn out to be transients
evolving towards axially symmetric bell-shaped solitons in
area B of Fig. 1. Lastly, at borderlines between B, S, and
U areas there occur strongly asymmetric steadily rotating
structures in the form of “cobras” (shown in the right bottom
corner of Fig. 1).

It is precisely the spatially inhomogeneous linear gain
(y > 0) protruding above the loss sea, which drives, above
an effective threshold, in synergy with the nonlinear gain, the
spontaneous transition from vortices with topological charge
m = 1 to the various species of fundamental solitons with m
= 0, including the above-mentioned class of the star-shaped
solitons. Such a spontaneous transition is not possible with the
gain submerged into the sea of loss, which was the distinctive
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feature of the model considered in Ref. [12]. Therefore, the
two models are substantially different, although they include
similar terms. As aresult, in the model with y < 0, i.e., without
the explicit linear gain, the stability chart in the same parameter
plane is totally different [12].

Itis relevant to stress the difference of the variety of patterns
produced by the spontaneous breaking of the axial symmetry
in systems of the CGLE type from their conservative coun-
terparts, based on nonlinear Schrodinger equations (NLSEs).
In the latter case, the angular momentum is always related to
the TC, while the CGLE allows decoupling of the momentum
from the TC, and (2+1)D NLSEs do not give rise to star-shaped
patterns [29].

IV. CONCLUSIONS

In conclusion, we have established that the evolution of the
2D complex Ginzburg-Landau equation with the cubic-quintic
nonlinearity and localized linear gain gives rise to spontaneous
formation of many species of patterns, including asymmetric
vortices, modes which feature cyclic metamorphosis, and
revolving stars without intrinsic TC (topological charge). Start-
ing from the input provided by the variational approximation,
systematic simulations have generated the localized structures
whose stability areas are charted in Fig. 1 (only in a small
part of the parameter space, the input decays without initiating
the pattern formation). The instability-induced spontaneous
reduction of the continuous rotational symmetry to a discrete
subsymmetry is the generic route to the pattern formation in
the present setting. In particular, the modulational instability
breaks the vortex into two fragments, which fuse into a

PHYSICAL REVIEW A 90, 023845 (2014)

double-hump pattern above an effective threshold for the
pattern formation, depending of the pump-beam intensity.
More sophisticated species of the robust localized modes
include four- and fivefold ones, which evolve through cycles of
periodically changing forms. On the other hand, six-, seven-,
eight-, nine-, and ten-pointed stars steadily revolve, keeping
the constant shape and constant angular momentum, with zero
TC, unlike vortices, whose angular momentum is proportional
to the TC. Stable, oddly shaped rotating patterns (cobras) occur
ininterstices between stability domains of the different species.

The proposed (2+1)D CGLE model establishes the com-
plex pattern-formation phenomenology in laser cavities and
other nonlinear photonic systems. As a consequence, it may
be used to monitor real-time stability, and to detect fluctuations
causing slight changes of the cavity (¢) and pump (I") control
parameters in operating lasers, that can be visualized by the
change of patterns (e.g., the increase of the number of arms in
the star structures). The model may also help in understanding
generic features of the pattern formation in other areas, with
potential applications to the design of information-processing
analog schemes [30].
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Counterpropagating, spatially separated hollow pump and coaxial probe laser beams generate narrow Zeeman
electromagnetically induced transparency (EIT) resonances in the vacuum Rb cell. The lasers are locked to D,
line transition F, =2 —» F, = 1 of Rb. For the probe laser beam intensity between 0.1 and 3.0 mW/cm? this
Ramsey-type configuration yields dual-structured resonances having a narrow peak on top of a broader pedestal.
Linewidths of the narrow peak are nearly independent of the probe laser beam intensity and of the probe diameter
(for diameters 0.8 and 2.7 mm), provided that the dark region between the pump and the probe beams is fixed. At
the probe laser beam intensities below 0.1 mW/cm? Zeeman EIT is a single narrow resonance. With this geometry
of laser beams, and at low probe intensity, the presence of the pump enables the probe EIT, i.e., the probe
transmission becomes enhanced in a narrow spectral window. Accompanying theoretical model showed good

quantitative agreement with the measurements. © 2015 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/JOSAB.32.000426

1. INTRODUCTION

Electromagnetically induced transparency (EIT) is a laser(s)
transmission peak due to coherences between atomic levels
induced by the same laser(s) whose transmission is monitored
[1]. EIT as a quantum phenomenon has its classical analog
[2]. In a typical interaction scheme, two lasers couple two
hyperfine levels (hyperfine coherence) or Zeeman sublelevels
(Zeeman coherence) with the common excited-state hyper-
fine level. Hyperfine (Zeeman) level (sublevels) are long lived
and degeneracy of the ground-state angular momentum is
larger or equal to that of the excited state. Alkali atoms with
two long-lived hyperfine levels in the ground state, and optical
transitions to excited-state hyperfine level in a suitable wave-
length region are most often used in EIT experiments. Quantum
EIT, the subject of this investigation, is a manifestation of the
coherent superposition of Zeeman sublevels of the ground
hyperfine level due to interactions with the laser field.
Superposition called dark state [3-5] is decoupled from the in-
teraction and presents foundation of EIT. EIT has gained con-
siderable interest because of nonlinear response and steep
dispersion around the atomic resonance at reduced absorption.

A method analog to the Ramsey method of separated oscil-
latory fields [6] can be utilized for narrowing dark resonances
in alkali atoms using thermal atomic beam [7-9] or atoms
contained in vacuum glass cells, by spatially separating pump
and probe beams [10,11]. Ramsey-like mechanisms yield very
narrow EIT resonances in alkali-metal vapor cells with buffer
gas (or with antirelaxation wall coating), even with a single
laser beam [12,13].

0740-3224/15/030426-05$15.00/0

(270.1670) Coherent optical effects; (300.3700) Linewidth.

In experiments with vacuum gas cells it is necessary to
apply a particular geometry of a hollow pump and a narrow
coaxial probe in order to see narrow fringes on the probe EIT
[14], or to implement a multizone spectroscopy like in [15].
Instead of spatially separating continuous wave pump and
probe, pulses of the pump and probe were used in a Ramsey-
like method for narrowing EIT by switching the laser beams
on and off. Hyperfine EIT produced in the double A scheme
with the pump and the weak probe pulse have produced high
contrast, very narrow fringes (%100 Hz) in the probe EIT in Cs
buffer gas cell [16,17].

In this work we use counterpropagating pump and probe
beams to study Ramsey effect on linewidths and amplitudes
of the probe Zeeman EIT in Rb vacuum cell. Zeeman coher-
ences are generated in the F, = 2 hyperfine level of the
ground state of 8’Rb by the pump beam, made in the form of
a hollow cylinder. The atomic coherence is carried by the
atomic thermal motion to a small-diameter probe beam that
passes through the center of the hollow pump laser. There
is dark region between the pump and probe beam, which
we keep constant in the study. This counterpropagating
geometry allows EIT with much weaker probe intensity as
opposed to the copropagating pump and probe [14] due to
reduced multiple scattering of pump light into the direction
of the probe and toward the photodetector. Therefore in this
work we cover much lower probe laser beam intensities than
in [14]. Also, differently than in [14], here we investigate EIT
line shapes for D, line of 8’Rb. We examine how different
probe diameters, for the same dark region, change the shape

© 2015 Optical Society of America
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of the dual-structured probe EIT resonances having a nar-
rower central peak (due to atomic coherence coming from the
pump) and a wider pedestal (due to probe beam influence).
The dependence of narrow resonances as a function of
the probe laser beam intensity and diameter is studied.
Experimental results are compared with the detailed theoreti-
cal model based on time-dependent optical Bloch equations
(OBEs). We determine the range of the probe intensity when
Zeeman EIT has only narrow structure, i.e., the transmission
of the probe beam becomes enhanced when the pump is
turned on. EIT resonances in vacuum cells, even with the
Ramsey method, are wider than EIT in buffer gas cells.
However, there is an interest for narrow EIT in vacuum cells
at room temperature because atomic collisions, and temper-
ature fluctuations are reduced, which is important for EIT
applications.

2. EXPERIMENTAL SETUP

The schematic of the experiment, given in Fig. 1, describes the
geometry of laser beams we have used to investigate effects of
spatially separating the probe and pump beam on the EIT line
shapes. A large-diameter hollow pump beam and narrow co-
axial probe beam counterpropagate through the Rb cell. The
two beams are generated from the same external cavity diode
laser (ECDL). Employing counterpropagating probe and
pump beams requires precise laser frequency tuning to the
optical transition; otherwise the probe and pump will not
be able to interact with the same atoms (atomic velocity is
not expected to change in the region between the pump
and probe). The laser is locked using the Doppler free dichroic
atomic laser lock (DDAVLL) technique [18] on D; line transi-
tion F, =2 — F, = 1 of 8Rb, and is linearly polarized. The
vacuum Rb cell, 85 mm long and of 25 mm in diameter, is kept
at room temperature. The Rb cell is inside cylindrical solenoid
that provides longitudinal magnetic field. The triple layers of
u-metal, around the cell, minimize effects of stray magnetic
fields. In the experiment we measure the probe transmission
as a function of the external magnetic field. Pump intensity is
1.5 mW/cm?® and the probe intensity varies from 0.1
to 3.0 mW/cm?.

We have measured Zeeman EIT by sweeping the magnetic
field for two probe 1/e? diameters, 2.7 and 0.8 mm. The pump
beam inner diameter is changed from 5 to 7 mm when the
probe diameter is changed from 0.8 to 2.7 mm, respectively.

BS OF BS "
ECDL |— A \
4 ol P
A2
|- boavLL
BE
M/ .
A2
M (]
NF PB B
p metal & cellwall
dark region
pump
probe

Fig. 1. Experimental setup: ECDL, external cavity diode laser; O,
optical isolator; DDAVLL, Doppler free dichroic atomic laser lock;
BS, beam splitter; OF, optical fiber; M, mirrors; P, polarizer; NF,
variable neutral density filter; BE, beam expander; 1/2, retardation
plate; B, blade iris diaphragm; D, photodetector.
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Thus, the distance between pump and the probe, or “dark
region,” is the same and equals 2.1 mm.

3. THEORY

The model is similar to one described in more detail in [19].
The difference stems from the fact that in this case the pump
and probe are counterpropagating. The evolution of Rb atoms
interacting with spatially separated pump and probe laser
beams is described using time-dependent OBEs for the atomic
density matrix

i R ) dp
— = ——[Hyon(B) + I, a dt !
di h[ atnm( ) + mt(t)’p] + (dt)SE + (dt relaX7 ( )
where

Hyonm(B) = Y _hay(B)lg;)(g;l + Y _hap(B)le) (e ()
j k

is the Hamiltonian of an atom in the external magnetic field B,
aligned with the laser beam propagation direction. Zeeman-
shifted energies nw;(B) (hwy(B)) correspond to ground (ex-
cited) states |g;) (|e;)). The interaction of an atom with laser
is treated in dipole approximation

Hy(t) = —ZE(t) d(lg5) (ex| + lex) (g5, (€)]
I

where E(?) is the laser electric field (in the atomic reference
frame) and d;; is the atomic electric dipole moment for the
transition between states |g;) and |e;). Spontaneous emission
is given by

dp L i e
(%) = 328,085, — P Fp - AT, @
SE m

where fm are Lindblad operators related to dipole transitions
from the excited- to ground-state manifold. In order to obtain
good agreement with experimental line shapes, and in addi-
tion to [19], we include relaxation of ground-state populations
toward the equilibrium

dp 1-x,
(d_/;) relax N _7; (pgj'gj B Tﬂ) |gj ) <gj | ’ ®)

where 7, is the total excited-state population. When consider-
ing D, line transition F; = 2 - F, = 1, the excited hyperfine
levels F, =2 and F, =3 are also populated due to the
Doppler broadening and therefore have to be taken into
account. Equations for F; = 1 ground-level density matrix
elements are disregarded since that level is not laser-coupled.
OBEs are numerically integrated for a collection of atoms
passing through the laser beams at different trajectories
with velocities sampling Maxwell-Boltzmann distribution.
The cylindrical symmetric atomic ensemble density matrix
is obtained after averaging over velocities and suitable angular
integration. This enables the calculation of atomic vapor
polarization, the laser electric field after propagation through
the Rb cell and, eventually, Zeeman EIT resonances.
Additional details can be found in [20,21].

Pump and probe laser beams have linear polarization
and the same frequency. Their propagation directions are
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Fig. 2. Radial profiles of counterpropagating hollow pump and
coaxial probe laser beams used in the theoretical model.

opposite. As schematically presented in Fig. 2, the probe laser
beam passes coaxially through the center of the hollow pump
beam. The probe beam profile along radial distance r at the Rb
cell entrance is modeled by a Gaussian,

I probe (7') = 2] probe exp(—Z'r'z / 7%) > (6)

where 7, is 1/¢* the radius of the probe beam and I probe 1S the
probe beam intensity (total probe power divided by 1"(2)7[). The
pump beam radial intensity profile is taken to be the same
along the cell length and ring-shaped:

Ipump(/r) = jpumpa’(erf(p(r - Tl)) - erf(p(’r - 7/.2)))» (7)

where T pump 18 the pump beam intensity and a is the normali-
zation constant. Parameter p controls the steepness of the
profile near the beam inner and outer edge that are deter-
mined by the parameters r; and 75, respectively.

4. RESULTS AND DISCUSSION

We show results of interactions of the probe beam with atoms
prepared in the dark state by the spatially separated pump
beam. Both the pump and probe have linear and mutually
parallel polarizations. Sweep of the magnetic field provides
detuning of two circular components from the two photon
resonance among Zeeman sublevels for which Amp = 2. In
the following we present EIT line shapes, amplitudes, and
linewidths obtained by measuring the probe transmission at
different magnetic fields. In this work we are not concerned
with absolute values of the probe transmission. Therefore, we
present EIT line shapes normalized such that maximal trans-
mission is set to unity.

Figure 3(a) shows measured and Fig. 3(b) calculated
Zeeman EIT resonances for two probe laser beam intensities,
0.2 mW/cm? (upper rows) and 1.4 mW/cm? (lower rows),
and two probe laser beam diameters, 0.8 mm (left column)
and 2.7 mm (right column). EIT line shapes for both laser
beam intensities have dual structure, a narrow peak with
fringes appearing on top of a broader pedestal. A broader ped-
estal is generated by the probe itself, while narrow peak and
fringes result from Ramsey interference. Ramsey fringes are
well pronounced for the narrower probe beam because of the
shorter interaction time of Rb atoms with the probe light, i.e.,
smaller probe influence. When the probe laser beam intensity
is increased, or its diameter is increased, the Ramsey fringes
lose their visibility. Theoretical results in Fig. 3(b) are in quite
good agreement with the experiment.

EIT widths and amplitudes of the narrow and wide struc-
tures are obtained after resolving the two structures in EIT
line shapes. Figure 4 presents widths of the narrow structure
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Fig. 3. (a) Experimental and (b) theoretical Zeeman EIT at D; line,
for two probe laser beam intensities, 0.2 mW/cm? (upper rows) and
1.4 mW/cm? (lower rows), and two probe laser beam diameters,
0.8 mm (left column) and 2.7 mm (right column).

of EIT resonances, for two probe laser beam diameters.
Experimental results are in Fig. 4(a), and theoretical in
Fig. 4(b). The linewidth of the narrow structure in our experi-
ment is ~#15 mG or ~18 kHz. This is similar to the narrowest
EIT obtained in vacuum alkali gas cells with multizone
Ramsey technique [15]. As seen from Fig. 4, the narrow struc-
ture EIT linewidth is narrower and also more robust against
probe intensity for the narrower probe beam. The behavior of
the pedestal width is as expected for a single beam EIT [22]: it
is narrower for the wider probe, and it changes much more
rapidly with the probe laser beam intensity. Calculated line-
widths follow the same trend and the narrower probe beam
also gives narrower linewidth.

In the experiment with a single laser beam and coated cell
[13], EIT has also dual structure. Similar to our result, narrow
structure of EIT in [13] is narrower for the smaller laser beam
diameter. Moreover, intensity dependence of the linewidths of
the narrower peak is similar as in our setup: EIT linewidth
obtained with the narrower beam is less dependent on the
laser intensity. Such intensity dependence given in [13] is
due to the geometry of the cell and the Ramsey effect of a
multiple interaction of atoms with the same laser beam—
narrowing the laser increases the dark region, i.e., time that
the atom spends in the dark. The similar behavior of the
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Fig. 4. (a) Experimental and (b) theoretical full width at half-
maximum of the narrow structure of EIT as a function of the probe
laser beam intensity, for two probe laser beam diameters, 0.8 and
2.7 mm.

narrow peak of the EIT in our work has a different explana-
tion. The probe laser beam, apart from probing the atoms
coherently prepared in the pump beam, influences the atomic
evolution, which affects the narrow structure linewidth.
During atomic passage through the laser beams the atomic
state changes due to competitive effects of the laser electric
field and the external magnetic field. The laser field continu-
ously prepares the atoms into the dark state. The external
magnetic field causes oscillations of the atomic ground-state
coherences at the corresponding Larmor frequency and alters
the atoms from the dark state. When the external magnetic
field is zero the atoms reach the dark state inside the strong
pump beam, which consequently leads to a maximum in the
probe transmission. At nonzero magnetic field the state of the
atoms passing through the probe beam differs from the dark
state, so that the probe transmission decreases. However, this
decrease in probe transmission due to the influence of the mag-
netic field is partially compensated by preparation of the atoms
into the dark state within the probe beam. Hence, the actual
probe transmission at some magnetic field is somewhat larger
than the one expected without the probe influence. This causes
broadening of the narrow structure in Zeeman EIT resonances
that becomes more pronounced as the probe intensity and/or
diameter increases.

Figure 5 shows measured and calculated amplitudes of the
narrow structure of EIT resonances, for probe laser beam
diameters 0.8 mm [Fig. 5(a)] and 2.6 mm [Fig. 5(b)]. As both
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Fig. 5. Experimental and theoretical results for the amplitudes of

the narrow structure of EIT resonances for two probe laser beam
diameters: (a) 0.8 mm and (b) 2.7 mm.

experiment and theory show, amplitudes of narrow peaks of
the probe EIT are nearly independent on probe beam diam-
eter. Their dependence on the probe intensity and diameter
is different than the amplitude of the wide structure EIT.
Amplitudes of the narrow peak of the probe EIT (obtained
when the pump laser beam is turned on) have different
dependence on the probe laser beam intensity than a single
beam EIT, tuned to the same Raman resonance and with
the same diameter. This is demonstrated in Fig. 6 where
we plot amplitudes of both narrow and wide structure as a
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Fig. 6. Amplitudes of the probe EIT with and without pump laser
beam, for two probe laser beam diameters: 0.8 and 2.7 mm.
Amplitudes of wide (narrow) structures are shown for the pump laser
beam turned off (on).
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Fig. 7. Probe beam Zeeman EIT at D, line, with and without the
pump beam. Intensities of the probe and pump beams are
0.1 mW/cm? and 11.5 mW/cm?, respectively.

function of probe intensity, for two probe diameters. The
maximum of the narrow structure of the probe EIT in the
Raman-Ramsey configuration is at very low laser intensities,
below values that we can detect in the experiment.

At very low probe laser beam intensities, below 0.1 mW/
cm?, the probe EIT has only narrow structure. The transmis-
sion of the weak probe can be controlled in a narrow spectral
range around zero magnetic field by switching the pump beam
on/off. For small magnetic fields and when the pump laser
beam is present, the atoms coming into the probe beam are
already coherently prepared into the dark state. This leads
to the increase of the probe transmission, as presented in
Fig. 7, where we show probe EIT for 0.8 mm probe beam
diameter and for probe beam intensity of 0.1 mW/cm?2,
without or with pump beam of intensity 11.5 mW/cm?.
Enhancement of the probe transmission is better for larger
pump beam intensities.

5. CONCLUSION

We presented effects of the counterpropagating spatially sep-
arated pump and probe laser beam configuration on the probe
Zeeman EIT. Both pump and probe beams are tuned to the D,
line of 8"Rb. For the geometry of the experiment, with the
probe coaxial with the surrounding hollow pump and small
dark region between the pump and probe, we showed that
in the vacuum cell, like in cells with antirelaxation coating,
resonances can be narrower when the probe diameter is
smaller. For the probe of (0.8 mm in diameter we observed
and calculated narrower linewidths, almost independent of
the probe laser beam intensity. Also, for this small probe diam-
eter, when its intensity is below 0.1 mW/cm?, dual structure
of Zeeman EIT turns in to a single narrow EIT. Probe trans-
mission is enhanced in a narrow range of small magnetic fields
when the pump laser beam is present, which is akin to optical
switch behavior.
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B. Laser annealing

C. Raman spectroscopy
D. Optical properties
D. Color centers

beam-incident side of the sample became almost amorphous, whereas the side opposite to the incident
can be indexed to the Bi;;GeOo compound. Irradiation caused increase of Raman spectra peaks with the
exception of crystal peaks of type E, which disappeared. The femtosecond pulsed laser irradiation can be
used to improve bismuth germanium oxide single crystal optical properties.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction discussed in detail for Bi;;M** 0,0 (M =Si, Ge, Ti, Mn), Bi12(A7 ;B3 ;)
020 (A =Fe, B= P), Bi12M2+020 (M=Zn, CO), Bi12M3+020 (M=Al, Ga,
Fe, Tl), Bi3gB,039, y-Bi;03, and Bi;2VO2..s. A more recent study of
sillenites Bi;,Si0,q, BixsFeOsg, and BiysIn0O3q gave a representative
sillenite structure using Si*", Ti**, Fe®*, and In>* as examples for M
cation [5] and refered to [6] for more details about the sillenite
structure. In [6], a general structural formula for the stoichiometric
sillenites, Biy(Bis/s_nMay )O19.24nx Was developed and discussed
in detail for sillenites with M?* ions (Cd, Co, Zn), M>* ions (Ga, Fe, Cr,
T, In, Al), M** ions (Si, Ti, Ge, Mn, B3P 2), and M°* ions (V, As, P).

For BGO, BSO, and BTO crystals the structural formula becomes
Bi{2MO,0, where M is Ge, Si, and Ti, respectively. The cubic cell unit
of Bi;2GeO,q is composed of two formula units, namely 24 Bi, 40 O
and 2 Ge. The Ge atoms occupy the center and the vertices of a cube
and are tetrahedrally coordinated by oxygen atoms. The Bi atoms,
due to their massiveness, constitute the core of the cell, they are

Bismuth germanium oxide (Bi;;Ge0O5q), commonly abbreviated
as BGO, or more specifically as s-BGO, belongs to the sillenite group
of cubic crystals of the 123 space group. The chemical formula of
cubic crystals with the sillenite-type structure is Bi;pM™ 03914
where M may be an element from the II-V group of the Periodic
Table or a combination of such elements [1-3]. Analysis of the
experimental data on the component interaction and the phase
equilibrium in the Bi,0s-M,0, systems revealed the possibility to
achieve phases of the sillenite-type structure with oxides of Rb,
Mg, Zn, Cd, B, Al, Ga, In, Tl, Si, Ge, Ti, Pb, P, V, As, Nb, Cr, Mo, W, Fe, Co,
Ni, Ry, and Ir [4]. In [2], the atomic structure of Bi;;,M™ 0505 was
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photochromism, photorefractivity, piezoelectricity, as well as to
electro-optic and magneto-optic effects it supports [7,8], Bi;2GeOxq
is suitable for a broad range of applications and devices such as
optical limiting, holography, spatial light modulation, optical phase
conjugation, optical memories, fiber optic sensors, Pockels cells [8-
12]. The properties of non-doped as well as doped Bi;>GeO,o were
investigated and reported in a number of studies, for example in
[13-21]. Characteristics of Bi;;GeO, single crystals after exposure
to thermal treatment [16-19,22], to beams of electrons [23],
uranium ions [24], fluorine ions [15], «y-ray [19] or light
[9,18,22,25-28] were investigated. Nonlinear properties of
Bi;2GeOyq crystals were measured with pulsed laser beams in
the nanosecond range in [9], whereas in [26-28] BGO crystals were
irradiated by picosecond laser pulses. Transmission, absorption
[16,19], and Raman spectra [19] were found to be significantly
influenced by doping and annealing. Thermally stimulated
currents as a function of both the temperature at which the
crystals are photoexcited and the density of energy used to
photoexcite them were reported in [18]. Influences of laser
irradiation, thermal treatment [22], and electron beam [23] on
luminescence of Bi;;GeO,q are reported. Photo-induced absorption
in Bi;2TiO29 was thoroughly studied in [29], whereas significant
influence of doping and annealing on transmission and absorption
of BGO were addressed in [16] and [19]. However, to the best of our
knowledge, photo-induced increase in BGO transmission has not
been reported so far. Therefore, following the determination of
magneto-optical quality and refractive index of BGO single crystals
presented in [20], we studied the influence of the femtosecond
laser irradiation on Bi;;GeO,q single crystals. The irradiation
caused permanent changes visible to the naked eye, as can be seen
in Fig. 1. In order to quantitatively define visually observed
changes, we measured the transmittance, transmission spectra,
color, Raman spectra, X-ray diffraction patterns, Verdet constant,
absorption coefficient, and magneto-optical quality of Bi;2GeO2q
single crystals.

2. Experimental
2.1. Preparation of crystal samples

Single crystals of Bi;»GeO,o with diameters of 12-13 mm and
length of 70-80 mm were grown by the Czochralski technique. As
explained in detail in [20], the critical crystal diameter and critical
rotation rate were calculated to be 12 mm and 20 rpm, respectively,
whereas the pulling rate was determined experimentally to be 2.8-
3 mm/h. The crystal puller MSR 2 combined with the Eurotherm
temperature controller was used to grow the crystals. The crystal
diameter size was controlled by monitoring the crucible weight,
and its deviation from the chosen value was kept below 0.1 mm.
The system as a whole provided protection from excessive

Fig. 1. Photographs of unirradiated and laser irradiated samples. The photographs
are taken without (left) and with (right) a flash. In each photo the irradiated sample
is placed to the right. The femtosecond laser irradiation was incident to the upper
base of the prism. The visible laser induced changes span to approximately one
quarter into the sample depth.

radiative heat losses and granted melting temperature fluctuations
typically smaller than 0.2 °C. The crystals were grown in the air,
without crucible rotation during the growth, using the Bi;»GeO5q

seed oriented in the <111> direction, and a mixture of Bi;O3 and

GeO, in the stoichiometric ratio 6:1 as a charge. After its growth,
the crystal boule was cooled to room temperature at the rate of
approximately 50 °C/h. The crystals were not annealed after the
growth. Crystal samples of size 4 mm x 4mm x 10 mm were cut
from the boule and mechanically as well as chemically polished.
The crystal samples were chemically etched using the solutions HF
+ HNOs in the ratio 2:1, HCl + H,0 in the ratio 1:2, and HCl + H,0 in
the ratio 1:5, whereas chemical polishing was performed with the
solution HCI+HNOs+H,0 in the ratio 1:1:5. Observance of the
polished crystal surfaces under polarized light confirmed the
absence of the core. The purity of Bi,03 and GeO, was 99.5 wt.% and
99.98 wt.%, respectively. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [20].

2.2. Crystal irradiation and characterization

Crystal samples were exposed to a femtosecond laser irradia-
tion of increasing power. The femtosecond pulsed laser beam was
produced with the Coherent Mira 900 F femtosecond laser using as
an input a 532 nm continuous wave pump beam obtained with the
Coherent Verdi V-10 pump laser, Fig. 2. The irradiating beam
wavelength of 800 nm was determined with the spectrometer
Ocean Optics HR2000CG UV-NIR. Crystal samples were irradiated
along their longest axis, z, i.e., along the crystal growth direction.
The beam radius provided partial irradiation of the exposed crystal
facet. The beam power on a sample was adjusted by a graded filter
and was increased from 50 mW to 950 mW, which corresponds to
the fluence range of 75-1425 nJ/cm?. The samples were irradiated
by each beam power for 3s, which was measured by a stopwatch
with 0.2's accuracy. The repetition rate of 90 fs long laser pulses
was 76 MHz. The total irradiation time and energy were
intentionally kept low to avoid significant contribution of an
accumulative process caused by repopulation of the traps [28]. The
Ophir powermeter with thermal and photometric heads was used
to perform beam power measurements.

Sample transmittance in the wavelength range between 200
and 1100 nm with the resolution of 1 nm was determined in the
spectrometric device Beckman Coulter DU 720 General Purpose
UV/VIS spectrometer. The obtained transmission spectra were
used to calculate sample color, as well.

The X-ray diffraction patterns were measured with the Rigaku
Ultima IV Multipurpose X-ray diffraction system. The system was
operated at 40kV and 40 mA to produce nickel-filtered CuKoq
X-ray with A =0.1540 nm. The XRD data were collected in the 20

FB SM.
PM
sanple MPY

DDDDDBRE
MPZ

FS

pB”

PL MPX

Fig. 2. Experimental setup for sample irradiation and power transmission
measurements. PL — pump laser, PB — pump beam, FS — femtosecond laser, FB
— femtosecond beam, MPX, MPY, MPZ — micro-positioners in x, y, and z direction
respectively, SM — spectrometer, PM — powermeter.
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range between 20 and 70° at the scanning rate of 5°/min. The phase
analysis was performed using the PDXL2 software, version 2.0.3.0
[30], with reference to the patterns of the International Centre for
Diffraction Database (ICDD), version 2012 [31].

Using the backscattering configuration and the 532 nm line of
Verdi G optically pumped semiconductor laser as an excitation
source, the micro-Raman spectra of crystal samples were obtained
with the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector. The spectra were recorded
at room temperature in the spectral range between 100 and 1100
cm~! with 1 cm™! resolution.

Optical activity and Faraday rotation were measured at the
wavelength of 632.8 nm by an orthogonal polarization detection
polarimetric method described in detail in [20]. Output signal
voltages U; and U,, obtained respectively from vertically and
horizontally polarized component of the laser beam transmitted
by the Bi;;GeOy crystal sample, after transimpedance stages are

kI kI’
U1:]20 :220

where I is the beam irradiation, k; and k, are constants that
include optical losses and optoelectronic conversion efficiency. The
linear polarization rotation angle 6 was determined using the
difference over sum method that is independent of light source
fluctuations. Use of the birefringent crystal instead of polarizing
prism led to parallelism of separate optical paths that allowed
employment of quadrant photodiode and further enabled match-
ing of optoelectronic conversion gains as much as possible. Setting
ki =k,, the angle 6 can be calculated as

1. 1/U;-U,

0= 5sin <m>

In the absence of magnetic field component parallel to the laser
beam, the angle 6=60, represents the optical activity. When
Bi12GeO,q crystal sample is placed in a magnetic field generated by
an alternating current through the Helmholtz coils, the angle 9
becomes the sum of the optical activity and Faraday rotation, and
can be used to calculate the Verdet constant [32]. The Hall probe
was used to measure magnetic induction and to establish its linear
relation to the coil current, namely

B[T] = 0.001282 x IA]

(1 +sin(26)), U, (1 - sin(20)),

The Verdet constant is calculated from

Ooac 1 . (Ui -U,

V= Bol Elsm (Ul + UZ)OAC’

where fguc is the amplitude of the AC signal and By is the amplitude
of magnetic induction. The coils were powered by a 50Hz sine
wave constant amplitude current that creates magnetic induction
of the same frequency. Consequently, FFT was used to separate
spectral components of U; and U,. The Faraday rotation was
determined from the magnitude of 50 Hz component.

Bulk absorption measurement was normalized using the
reference beam created by the CaCOs birefringent crystal that
was used for beam separation. Absorption coefficients were
obtained by measuring the difference in beam intensities at the
quadrant photodiode with and without Bi;»GeO,q crystal in the
beam path. Background light influence was eliminated by
measuring the photodiode output without the laser beam and
subtracting it from the two previous measurements.

3. Results and discussion

The change of sample transmittance with the increase of
irradiating laser power for the two considered crystal samples is

I, [nd/ecm?]
0 300 600 900 1200

'? 26 T T T T T T T 26
X .
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Fig. 3. Change of crystal transmittance during increase of irradiating laser power.
Each data point corresponds to a 3s long sample irradiation by the femtosecond
laser beam with the incident power Py, given in the bottom axis, and the
corresponding incident fluence, I, depicted in the top axis. The transmittance is
given as P;/Py, where P, is the transmitted power. The irradiating beam wavelength
was 800 nm.

shown in Fig. 3. The error bars were calculated from the
uncertainties of measured values of the incident and transmitted
power, APy and AP;. The transmittance generally undergoes initial
growth followed by a decrease. The maximal transmittance of
25.1% occurs at the irradiating laser power of 455 mW. It seems
that curve exhibits local irregularities which occur at 197.4-
249.7mW, 552-605mW and 800-857 mW. Similarly to our
findings about transmittance dependence on the irradiating laser
power, initial growth followed by a decrease in transmittance is
found to be an outcome of annealing, as well [ 16]. Skorikov et al. in
[16] reported that annealing of Bi{2Si0,0, Bi;2GeO5q, and Bi;2TiOzg
crystals in vacuum or inert atmosphere at 500-750 °C for 2-12h
typically raises the transmittance near the intrinsic edge and
observed the most pronounced effect for Bi{,SiO,g annealed at 650
°C for 2h. Increase in temperature and/or annealing time was
found to be associated with a decrease in transmittance to its initial
or an even lower level, particularly in Bi;;GeO,q and Bi;,SiO5o.
Transmission spectra of samples were determined along both
directions of the longest sample axis and are shown in Fig. 4. In
addition to the treated samples, i.e., the samples irradiated by the
femtosecond laser beam of increasing power, the unirradiated
samples were examined, as well. The unirradiated crystal exhibits

60 - Irradiated, z
— 50k Irradiated, -z
X Unirradiated, z
8 0V Unirradiated, -z
‘»
@0 30
&
2 20t
@©
—
= 10

900 400 600 800 1000 1200

A [nm]

Fig. 4. Transmission spectra of irradiated and unirradiated samples. The
transmission spectra of all samples were measured in the direction of crystal
growth as well as in the direction opposite to it. The unirradiated sample exhibits
significant anisotropy, which disappears after irradiation. Irradiation also causes
transmission increase.
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noticeable anisotropy. The transmissions of the crystal have small
irregularities, which are probably caused by impurities, at 655 nm
and 800 nm and a steep growth after 850 nm. For the unirradiated
crystal the transmission corresponding to the z direction is larger
than the one in the —z direction. For wavelengths larger than
1000 nm the transmission is larger than 37 % and 24 % in the z and
—z direction, respectively. After irradiation the anisotropy dis-
appeared, and the transmission of the crystal increased becoming
larger than 51 % for wavelengths above 1000 nm. Measurements
repeated after prolonged period of time confirmed full reproduc-
ibility of the obtained results and verified that the detected light-
induced changes are permanent.

Our results are in agreement with the conclusion given in [16]
that doping as well as annealing has significant effect on
transmission and absorption spectra. They found that annealing
at 650°C for 12h and at 740°C for 2h each cause decrease of
absorption spectra throughout the considered range of 300-900
nm, when compared to the absorption spectrum of non-annealed
Bi;2GeO,q crystal. However, after absorption decrease in the low-
wavelength range, annealing at 650 °C and 700 °C for 2 h resulted
in local absorption minimum at approximately 450 nm and local
maximum around 530 nm, followed by the absorption values
somewhat larger than those of non-annealed case for wavelengths
larger than 530 nm. The absorption spectra of untreated, annealed
in N, for 8 h at 450 °C and 550 °C, «y-ray irradiated, and Mo doped
Bi;2GeO,o were studied in [ 19]. They found that the absorption was
higher for annealed and yet higher for doped crystals. The
absorption peaks for all studied cases were located at 390 nm
followed by local maxima around 400 nm, steep linear decreases
between 400 and 500 nm, and approximately constant absorbance
values above 550 nm. Absorbance values above 550 nm listed in
the increasing order correspond to the untreated, annealed in N,
for 8 h at 450 °C, annealed in N, for 8 h at 550 °C, y-ray irradiated,
and Mo doped Bi;2GeO,o. Consequently, it can be concluded that
annealing can be used to alter absorption of Bi;»GeO,q crystals;
however, nature and intensity of the change depend on the
temperature and duration of annealing [16,19]. An asymmetric
transmission through a photorefractive crystal, shown in Fig. 4,
could be attributed to the nonlinear interaction between a beam
and its own reflection from the back face of the crystal, as
suggested in [33]. Impurities along the beam path, such as defects
or color centers, surface irregularities caused by cutting and
polishing, as well as mechanical imperfections and structural
changes confirmed by XRD measurements given in Fig. 6, may
contribute to the asymmetry detected in transmission spectra.

Changes in sample color caused by irradiation were quantified
by calculating CIE chromaticity coordinates. The obtained results
given in Fig. 5 revealed that the change of crystal color was
significant.

The X-ray diffraction (XRD) patterns of prismatic unirradiated
and irradiated single crystal samples, as well as of powdered
samples taken from unirradiated and irradiated Bi;»GeO5q crystals
are given in Fig. 6. The XRD patterns of the two prism-shaped
samples shown in graphs (a) and (b) in Fig. 6 were recorded along
the z as well as along the —z direction, i.e., using both bases of the
prism as the incident facet. The relative shift between the XRD
spectra that correspond to the z and —z direction indicates that
there is an offset between the prism axis and the crystal axis,
regardless of the parallelism between the prism’s bases, i.e.,
between the facets used as incident for XRD measurements. In
addition, the z XRD spectrum of laser irradiated prism sample
reveals that the side of the crystal sample that was not incident
with regard to the laser beam, can be indexed to the Bi;2GeOaq
compound. The XRD spectrum of irradiated prism sample that
corresponds to the —z direction implies that the laser-beam-
incident side of the sample is almost amorphous, indicating
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Fig. 5. Sample colors in CIE chromaticity diagram. The change in the crystal color
was visible to the naked eye.

fragmentation of a monocrystal into disoriented fractals. This is in
good agreement with the defect structure of Bi;»GeO,q crystal [1],
which is sensitive to any extreme conditions.

All the peaks in the powdered unirradiated Bi;;GeO,o XRD
pattern given in Fig. 6(c) correspond to the denoted Bi;»GeO5q
phases, which is in good agreement with the JCPDS Cards No. 34-
0096. More details about this spectrum are given in [20].

The comparison between X-ray diffraction patterns of the
powdered slices of irradiated prism, collected from the laser-
beam-incident side, —z, and from the side opposite to it, z, shows
significant general decrease in peak intensity as well as disappear-
ance of some peaks in the —z spectrum, with the exception of peaks
(222), (622), and (613) that are somewhat stronger, see Fig. 6(d).
This may be explained by an amorphization caused by laser
irradiation. The lattice parameter values calculated for unirradiat-
ed and irritated materials confirmed this assumption. Namely, the
lattice parameter of the laser-beam-incident side of powdered
irradiated sample, ap=10.1411, is smaller than the one of the
powdered unirradiated sample, ap=10.1456, whereas the lattice
parameter of the z-side of powdered irradiated sample,
ao=10.1454, is very close to that of the powdered unirradiated
sample.

The Raman spectra of Bi;;GeO,o single crystals at room
temperature in the spectral range from 150 to 800 cm™' are
shown in Fig. 7. The results obtained for unirradiated crystals are in
agreement with those given in [2,20]. Irradiation of the crystal
caused all the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6 cm™!, to disappear and intensity increase of all other
peaks. The change in the same Raman spectrum peaks of Bi;»GeO»q
was reported in [19]; however, the most, medium, and least
intense peaks discussed there correspond to the annealed, doped,
and untreated samples, respectively.

The dominant role in formation of peaks at 234, 454 and
619.6cm ™! is played by oxygen. Generally, it has been shown that
all the peaks in the low-frequency region, i.e., below 650 cm ™, are
caused by excitations of the bismuth-oxygen sub-lattice, whereas
the main contributors to the high-frequency region, i.e., above 650
cm™}, are oscillations of [GeO,4] tetrahedron [2]. In sillenites all E
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Fig. 6. X-ray diffraction spectra of Bi;;GeOyo. The XRD patterns correspond to the
(a) unirradiated prism, (b) irradiated prism, (c) powdered unirradiated prism slice,
and (d) powdered irradiated prism slices of Bi;;GeO5o. The —z and z spectra in (d)
correspond to the powdered slices taken from the laser-beam-incident side of the
irradiated sample and the side opposite to it, respectively. The relative shift between
spectra recorded in the zand —z direction in (a) and (b) indicates offset between the
prism and crystal axes. The laser-beam-incident side of the irradiated sample
became almost amorphous, as can be seen from the —z spectrum in (b) as well as
from a significant decrease in —z spectrum peaks in (d). From the spectra
corresponding to the z direction in (b) and (d) it can be concluded that this side of
irradiated crystal prism can be indexed to the Bi;;GeO»9 compound.

modes consist of oxygen vibrations, which elongate the cluster by
stretching, rocking, and bending of Bi—O bonds [34-36]. Our
results indicate that, under the influence of femtosecond laser
irradiation, bonds of this kind are broken, some others are newly
formed, and some oxygen have evaporated from the surface,
causing the E type peaks at 234, 454, and 619.6 cm ™! to disappear.
Similarly, high pressure is reported in [37] and references therein
to cause breakage of some of the bonds and formations of new
ones. Note that these conclusions are confirmed by the XRD
measurements given in Fig. 6.
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Fig. 7. Raman spectra. The E type peaks at 234, 454, and 619.6 cm ™' disappeared

after irradiation, whereas all other peaks, i.e., A and F type peaks, underwent a small
enhancement.

Table 1
Optical properties at 632.8 nm.

Property Unirradiated sample Irradiated sample
Verdet constant (rad T"'m™!) 4734 62.64

Absorption coefficient (cm™") 33 2.7
Magneto-optical quality (radT~1!) 0.143 0.23

Optical properties of unirradiated and irradiated Bi;;GeO3g
crystal samples are compared in Table 1. The unirradiated sample
has 24.38% lower Verdet constant compared to the irradiated
sample. The absorption coefficient of unirradiated sample is
22.22% higher than the one of the irradiated crystal. The increased
Verdet constant and lower absorption of irradiated sample led to
its better magneto-optical quality, which is by 37.8% higher than
the magneto-optical quality of the sample that has not been
irradiated.

Previous work [38] suggests that Bi;;GeO,q crystal exhibits
continuous decrease in Verdet constant with increasing wave-
length, which begins with 140 rad/(Tm) at 480 nm and drops down
to 50 rad/(Tm) at 700 nm. A typical value for the Verdet constant is
around 60 rad/(Tm) at 632.8 nm. Another study [39] suggests an
increase in the Verdet constant for undoped and Cr doped BSO and
BTO:Cu crystals when exposed to white light for 20 min. The
Verdet constant dependence on the wavelength remains mono-
tonically decreasing with illumination causing a few percent
increase of the Verdet constant at lower visible wavelengths.

All measurements were performed several months after
irradiation, i.e., long after full post-irradiation relaxation of crystal
samples; therefore, all the detected changes are stable and
permanent.

4. Conclusions

The 800 nm, femtosecond pulsed laser irradiation of increasing
power caused significant permanent changes in optical properties
of Bi;2GeO,q single crystals. The transmittance dependence on the
applied irradiation power undergoes initial growth, reaches
maximum, and then decreases. The maximal transmittance of
251% occurred at 455mW. In the transmission spectra of
unirradiated sample anisotropy was detected. After irradiation,
the transmission increased, whereas the anisotropy disappeared.
To the best of our knowledge, photo-induced increase in BGO
transmission has not been reported before. The XRD measure-
ments performed on the prismatic crystal samples as well as on the
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powdered slices taken from the crystal facets confirmed mechani-
cal imperfections as well as femtosecond laser induced structural
changes. The laser-beam-incident side of the sample became
almost amorphous, indicating fragmentation of a monocrystal into
disoriented fractals, whereas the side of the crystal sample that
was not incident with regard to the laser beam, can be indexed to
the Bi;;GeO,o compound. The Raman spectra peaks became
somewhat stronger, except for the E type peaks at 234, 454, and
619.6 cm~!, which disappeared. Irradiation also caused significant
change of the crystal color. The irradiation improved magneto-
optical quality by 37.8%, and resulted in 24.4% increase of the
Verdet constant as well as 22.2% decrease of the absorption
coefficient. Optical properties of Bi;;GeO,q single crystals can be
improved by irradiation with the femtosecond pulsed laser beam.
For the best results, the wavelength, duration, and power of
irradiating laser beam, need to be optimized.
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Improvement of magneto-optical quality of high purity
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Femtosecond pulsed laser irradiation can improve optical properties of Bi1oGeO2 single crystals. We investigate if the effect
occurs if the crystals are grown from high purity components. The samples are irradiated by a femtosecond pulsed laser
beam of increasing power. The maximal transmittance of 44% occurs at the irradiating laser power of 451 mW. After
irradiation, intensity of Raman spectra peaks increase, except for the peak at 203 cm™, whose intensity decreases. The
irradiation also changes the sample colour. Although the Verdet constant does not change, the absorption coefficient
decreases significantly, which leads to magneto-optical qualityimprovement of approximately 70%.
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1. Introduction

Bismuth germanium oxide (Bi2GeOy) from the
sillenite group of cubic crystals is commonly abbreviated
as BGO or s-BGO. Due to its fitting optical characteristics,
such as photoconductivity, photochromism,
photorefractivity, piezoelectricity, as well as to electro-
optic and magneto-optic effects it supports [1, 2], it has
been used in a wide range of optical applications and
devices [2-6]. Its cubic cell unit is composed of two
formula units, namely of 24Bi, 400 and 2Ge. The Ge
atoms positioned in the centre and the vertices of a cube
are tetrahedrally coordinated by the oxygen atoms,
whereas the Bi atoms are heptacoordinated [7-9]. There
are numerous studies that considered properties of doped
and un-doped BGO, see for example [10-18], as well as
those investigating property changes induced by a wide
variety of exposure types such as thermal treatments,
particle beams or light treatments [3, 12-16, 19-25].

BGO is a good example of a Faraday rotator crystal
possibly applicable in sensor systems. In order to evaluate
usability of a crystal for sensing purposes not only its
Faraday rotation capability, but its ability to be integrated
into a sensing optical system must be considered. In
general, in fiber-optic sensing systems optical beams used
to sense the measured quantity are guided through the
fibers, giving rise to the absorption coefficient as the most
important optical property. Crystals with high absorption
coefficient are in general less useful for sensor systems
because they absorb much of the light and cause low
signal-to-noise ratio at the receiving photo diode. If the
magnetic field is to be detected, the intensity of light
caused by magnetic field modulation is proportional to the
Verdet constant, whereas the intensity of light reaching the

photodiode as well as the photocurrent is inversely
proportional to the crystal absorption. The noise in a fiber
optic sensing system is predominantly determined by the
noise in the processing electronics and can be expressed as
the noise present in the photocurrent. Therefore, the
signal-to-noise ratio of the magnetic field sensor is
proportional to the Werdet constant and inversely
proportional to the absorption coefficient of a crystal.
Consequently, due to its proportionality to the signal-to-
noise ratio, the magneto-optical quality of a crystal defined
as a ratio of the Faraday rotation, which is proportional to
the Verdet constant, and the absorption coefficient can be
used as a measure of a crystal’s applicability in a magnetic
field sensing system.

When Biy»,GeO, crystals were exposed to pulsed laser
beam irradiation, there are examples of laser beam
operating in the nanosecond [3], picosecond [23-25], or
femtosecond range [26]. In [26] it was determined that
femtosecond pulsed laser irradiation of increasing power
causes significant changes in the transmittance,
transmission spectra, sample colour, Raman spectra, X-ray
diffraction pattern, Verdet constant, magneto-optical
property, and absorption coefficient of lower quality black
Bi;,Ge0,q single crystals. Here we analyze if the same
increasing power pattern of femtosecond pulsed laser
irradiation has similar effect on the high quality yellow
Bi;,Ge0,q single crystals, i.e., on the crystals that were
grown from the components whose purity is higher than
that of the black crystals, and whose magneto-optical
quality is the maximal obtainable by the applied crystal
growth technique.
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2. Experimental procedure
2.1. Preparation of crystal samples

Single crystals of Bi;,GeO,q were grown in the air by
the Czochralski technique using the MSR 2 crystal puller,
Eurotherm temperature controller and the calculated
critical crystal diameter, critical rotation rate and pulling
rate, as explained in detail in [17, 26]. The system
provided small fluctuations in crystal diameter size as well
as in melting temperature. The Bi;;GeO, seed was
oriented in the (111) direction and the charge was a
mixture of Bi,O3 and GeO; in the stoichiometric ratio 6:1.
The light yellow crystal samples were obtained using the
Bi,O3 and GeO, purity of 99.999 wt.% and 99.9999 wt.%,
respectively. Crystal samples of size 4mm x 4mm x
10 mm were cut from the boule and mechanically as well
as chemically polished. The technique used to prepare the
samples insured maximal sample quality within the limits
corresponding to their purity [17].

2.2.Crystal irradiation and characterization

The equipment used to produce the femtosecond
pulsed laser beam and establish its wavelength was the
Coherent Mira 900F femtosecond laser, Coherent Verdi V-
10 pump laser that provided a 532 nm continuous wave
pump beam, and Ocean Optics HR2000CG UV-NIR
spectrometer. Crystal samples were irradiated along the
crystal growth direction (2), i.e. along the samples’ longest
axis. The irradiating laser beam radius provided partial
irradiation of the exposed crystal facet. The beam
wavelength was 800 nm, whereas its power was increased
from 50mW to 950 mW and was adjusted by a graded
filter. The pulses were 90 fs long and had repetition rate of
76 MHz. The samples were irradiated by each beam power
for 3s. The beam power was measured with the Ophir
power meter with the thermal and photometric heads. In
order to enable comparison of the irradiation effects on the
single crystal samples of different purity, i.e., on yellow
and black Bi;,GeO,o samples, the irradiation conditions
were intentionally chosen to be identical to those applied
to the lower purity black crystals in [26].

The sample colour was calculated from the
transmission spectra measured by the Beckman Coulter
DU 720 General Purpose UVIVIS spectrometer.

The micro-Raman spectra were recorded at room
temperature in the spectral range between 100 and
1100 cm* with 1cm? resolution using the backscattering
configuration and the 532 nm line of Verdi G optically
pumped semiconductor laser as an excitation source, and
the Jobin Yvon T64000 spectrometer, which has nitrogen
cooled charge-coupled-device detector.

The Faraday rotation and optical activity were
measured by A/Y method at the wavelength of A = 632.8
nm. After the BGO crystal the orthogonal polarizations of
the light beam were separated by the CaCO; crystal into
two parallel beams 3 mm apart. The quadrant photodiode
connected into transimpedance stages was used for

optoelectronic conversion. This method is described in
more details in [26].

3. Results and discussion

The irradiation pattern applied here to the higher
purity yellow crystals is identical to the one utilized in [26]
to irradiate black crystals grown from the components of
lesser purity. Consequently, the obtained results can be
compared and the differences can be attributed solely to
different sample purity. With the increase of irradiating
laser power, the transmittance of irradiated sample
undergoes initial growth followed by a decrease, as can be
seen in Fig.1l. Comparison with the dependence
corresponding to the black crystal given in [26] reveals
that the transmittance curves for the black as well as for
the yellow crystal has the same shape and that the slopes
of the two curves appear to be approximately equal. The
curve corresponding to the yellow crystal is shifted to the
larger values by approximately 18.8% compared to the
curve corresponding to the black crystal. For the yellow
crystal, the maximal transmittance of 44.0% occurs at the
irradiating laser power of 451 mW, whereas the lower
purity black crystal was reported in [26] to have the
smaller ~maximal transmittance value of 25.1%
corresponding to 455mW. It seems that both curves
exhibit local irregularities which occur at 197.4-
249.7mW, 552-605mW and 800-857 mW for the black
crystal and at 593-641 mW for the yellow crystal. It is
possible that the irregularity in the yellow sample curve
for large values of incident power Py is not visible because
it is outside the considered range of irradiating laser
power, or due to insufficient measurement accuracy
achieved for yellow crystal data points above 700 mw.
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Fig. 1. Change of crystal transmittance with increase of

irradiating laser power. For each value of the incident

power Py, a sample is irradiated by the femtosecond

laser beam for 3s. The transmittance is given as P/Py,

where P, is the transmitted power. The error bars were

calculated from the uncertainties of measured values of
the incident and transmitted power, APy and AP;.
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The sample colours before and after irradiation were
calculated using the CIE chromaticity coordinates and are
given in Fig. 2. Comparison with the results corresponding
to the black crystal given in [26] revealed that the change
of black crystal colour was more pronounced than that of
the yellow crystal presented here.

The Raman spectra of unirradiated and irradiated
samples are recorded at room temperature in the spectral
range from 150 to 800 cm* and are shown in Fig. 3. The
results obtained for unirradiated crystals are in agreement
with those given in [8, 17]. After irradiation the intensity
of the F(TO) peak at 203 cm* decreased, whereas all other
peaks became more pronounced. Despite the difference in
purity between the yellow samples studied here and the
black crystals considered in [26] the Raman spectra of
unirradiated crystals do not differ significantly. As
reported in [26], irradiation of the black crystal caused all
the peaks of symmetry type E, i.e., the peaks at 234, 454,
and 619.6cm !, to disappear and intensity increase of all
other peaks. The change in the same Raman spectrum
peaks of Bi;,GeO,, was reported in [16]; however, the
most, medium, and least intense peaks correspond to the
annealed, doped, and untreated samples, respectively.

520
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Fig. 2. Colours of irradiated and unirradiated samples
in CIE chromaticity diagram.
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Fig. 3. Raman spectra. Irradiation caused a small
upward shift of the crystal spectrum except for the F(TO)
type peak at 203 cm™.

The Verdet constant is calculated from

vV :00AC = 1 sin ‘l(ﬁj Q)
B, 2Bl U, +U, ) ac

where @,,c is the amplitude of the AC signal, B, is the

amplitude of the magnetic induction, whereas U; and U,,
are the output signal voltages obtained after
transimpedance stages from the vertically and horizontally
polarized components, respectively. The FFT was used to
separate spectral components of U; and U,. The Faraday
rotation was determined from the magnitude of the 50 Hz
component.

The absorption coefficients were obtained by
measuring the difference in beam intensities at the
quadrant photodiode [26] with and without BGO crystal in
the beam path. The reflection on the BGO crystal was
calculated using the normal incidence and BGO refraction
index of nggo = 2.55.

The absorption coefficient, «, was calculated fromthe
beam intensities with and without the crystal present in the
beam path, I(x) and 1(0), and the known crystal length | =
9.8 mm as

1) = 1,8 :»a:_lmQ @

The magneto-optical quality is calculated by dividing the
Verdet constant by the absorption coefficient. The
obtained results are given in Table 1.
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Table 1. Magneto-optical properties of irradiated and
unirradiated high purity crystal samples.

Property Unirradiated Irradiated
sample sample
Ve(::gtTC?::tle;m 72 72
conki)csigmu(znml) 0.58 0.34
ety (20 T 120 ”

The data given in Table 1 show the effects of
femtosecond laser irradiation on the magneto-optical
properties of the high purity BGO crystal. The irradiation
caused 41.4% decrease in the absorption coefficient and
did not influence the Faraday constant. Consequently, the
increase in crystal transparency resulted in a significant
70% increase in the magneto-optical quality. As explained
earlier, increase in crystal transparency is an important
gain from the point of view of a sensor system since the
system-level signal-to-noise ratio is directly proportional
to the magneto-optical quality of a crystal. Therefore, it is
expected that the signal-to-noise ratio of a sensor system
would be improved by the same amount as the
improvement in the magneto-optical quality induced by
the irradiation. Consequently, it can be concluded that the
femtosecond pulsed laser irradiation affects the crystal in a
positive manner.

4. Conclusions

Femtosecond pulsed laser irradiation of increasing
power caused significant changes in optical properties of
Bi;,Ge0, single crystals grown from the components of
high purity, as was the case in [26] when the component
purity was not so high. The transmittance dependence on
the applied irradiation power had the same shape
regardless of the purity of the components the crystals
were grown from. The curve corresponding to the higher
purity crystal, ie., the yellow crystal, is shifted to the
larger values by approximately 18.8%. For the black and
yellow crystal, the maximal transmittance of 25.1% and
44.0% occurred at 455mwW and 451 mW, respectively.
The Raman spectra peaks became somewhat stronger,
except for the E type peaks at 234, 454, and 619.6 cm * in
the lower purity black crystal, which disappeared and the
yellow crystal peak at 203 cm * whose intensity decreased.
Irradiation also caused slight colour change of the yellow
crystal and significant change of the black crystal colour.
The Verdet constant did not change; however, the
absorption coefficient significantly decreased leading to
equally significant increase of the magneto-optical quality
of the sample. Consequently, it can be concluded that
optical properties of high quality Bi;,GeO, single crystals
can be improved by irradiation with the femtosecond
pulsed laser beam.
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1 Introduction

Dissipative structures far from the thermodynamic equilibrium, need external energy and/
or matter supply in order to be self-organized (Nicolis and Prigogine 1977). The self-
trapping of robust localized structures, i.e., solitons is based on the balance of antagonistic
effects, with e.g. nonlinearity-induced self-contraction arresting diffraction and/or dis-
persion (Kivshar and Agrawal 2003; Crasovan et al. 2000; Mihalache et al. 2006). The
complex nonlinear Schrédinger equation (NLS) adequately models the solitons generation
and propagation in plenty of systems including nonlinear optics, nanophotonics, and
nanoplasmonics (Aranson and Kramer 2002). The focusing cubic nonlinearity (e.g. Kerr
nonlinearity) conpensates either difraction or dispersion generating stable spatial or tem-
poral solitons in conservative (1 + 1)-dimensional systems (one standing for the transverse
coordinate x or t, while the remaining one for the propagation coordinate z). However, the
same focusing cubic nonlinearity dominates the diffraction and/or dispersion leading to the
catastrophic collapse in (2 4 1)- and (3 4+ 1)-dimensional systems (two and three standing
for the transverse coordinates). The collapse can be prevented in media having, for
instance, negative quintic nonlinearity in addition to the positive cubic one, as it was
established using synergy of variational method and numerical simulations (Skarka and
Aleksi¢ 2006; Skarka et al. 2010, 2014, 2017). Such Kerr solitons are hard to obtain
experimentally especially in solid state systems.

The experimental generation of two-dimensionnal (2D) spatial optical solitons in a
cubic-quintic medium has been recently directly demonstrated only in liquid carbon
disulfide (CS,) (Falcao-Filho et al. 2013). The excitation beam at 920 nm was obtained
from an optical prametric amplifier pumped by a Ti:sapphire laser (100 fs, 1 kHz).

We present here the theoretical, experimental, and numerical investigations of Kerr
solitons generated by self-organization in black and yellow high quality bismuth germa-
nium oxide (Bi;2GeO,p) single crystals. A laser beam of increasing power induces com-
peting cubic and quintic nonlinearities. The numerical evolution of (2 + 1)D complex
cubic-quintic nonlinear Schrédinger equation (CQNLS) with measured values of nonlin-
earities shows the compensation of diffraction by competing cubic and quintic nonlin-
earities of opposite sign, i.e., the self-generation and propagation of stable solitons.

2 Theoretical model

Self-organization, propagation, and stability of solitons can be adequately modelled by the
(2 + 1)D CQNLS that governs the evolution of normalized slowly-varying complex
envelope E of electic waves in nanophotonic or nanoplasmonic media (Skarka et al.
1997, 1999):

i (az—E+az—E) + kE + o|E’E —V|E|'"E =0 (1)

a2 \ae " oy -

where 7, g, and v are respectively the parameters characterizing the diffraction, cubic Kerr
nonlinearity, and quintic nonlinearity. Barring rare exceptions, the (2 + 1)D CQNLS, due
to it complexity, do not admit exact solutions. Nevertheless, an analytical approximation
for solitons has been developed using the variational method adapted to dissipative systems
(Skarka et al. 1997, 1999; Skarka and Aleksi¢ 2006). The variational method makes use of
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the following Gaussian trial function representing the electric field of an axisymmetric
Gaussian laser beam:

E = Aexp[—r*/R* +iCr* + iV (2)

where amplitude A, radius R, wave-front curvature C, and phase ¥ have to be optimized.
Skipping straightforward details, the following system of evolution equations is pro-
duced by the variational method:

dA/dz = —74CA, (3)

dR/dz = 7yACR, (4)

dC/dz = —4yC* +y/R* — (cA> — (8/9)vA*) /(4R?), (5)
d¥/dz = —27/R* + 30A% /4 — 5vA* /9 + k, (6)

with Eq. (6) decoupled from (3) to (5). Fixed points of these equations correspond to
steady-state solutions with a zero wave-front curvature. Setting dA/dz = dR/dz = 0 leads
to the expression for radius

R=2./7(cA% - 8vA4/9)‘1/2 (7)

and the limitation of amplitude

9
O0<A<y/—. 8
= (8)

3 Experimental results

We present here not only theoretical but also experimental investigations of Kerr solitons
generated by self-organization in black and yellow high quality bismuth germanium oxide
(Bi;2GeO,) single crystals. Although yellow and black crystals have the same chemical
formula, their properties may be quite different (Lazarevi¢ et al. 2012; Kovacevic et al.
2016; Abudagel et al. 2017). At 1064 nm a Neodymium Yag (17 ps, 10 Hz). laser of
increasing power induces competing cubic and quintic nonlinearities into samples. Taking
into account that intensity I ~ |E \2 the corresponding output beam intensity can be deduced
from Eq. (1)

Lo = &I + o> — VPP 9)

(Skarka et al. 2017).

Increasing incoming beam intensity /;, the outgoing beam intensity /,,, for yellow and
black crystals are charted respectively in Figs. 1 and 2. Fitting these experimental curves
by cubic polynomial we obtain the values of parameters in Egs. (1) and (9). The fit for
yellow semi transparent crystal yields

Lo = 1.003 + 0.64921 + 0.46361% — 0.02421°. (10)

Due to the opacity of the black crystal the values of nonlinear parameters are increased

Lus = 1.6201 + 1.47311 + 0.71861* — 0.07097°. (11)

@ Springer
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Ly [GW/m?]

5 175 1.95 2.15 2.35
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[
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Fig. 1 Increasing of output beam intensity out of yellow crystal as a function of the increase of input laser
intensity

Lo [GW/m?]

L5 L7 1.9 2.1 2.3 2.5 2.7 2.9
L, [GW/m?]

Fig. 2 Increasing of output beam intensity out of black crystal as a function of the increase of input laser
intensity

Notice that the positive sign of quadratic intensity in both equations means the self-
focusing of the laser beam induced due to the Kerr effect. In contrast, the negative sign of
cubic intensity corresponds to the self-defocusing effect of negative quintic nonlinearity in
CQNLS in agreement with our theoretical modeling.
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Therefore, experimental results demonstrate that the propagation of laser beam across
both yellow and black samples induces positive cubic and negative quintic nonlinearity. In
turn, the light beam is modified due to this crossing as can be seen on the output intensity in
Figs. 1 and 2. Such a behavior is the example of the control and structuring of light by light
due to its crossing of nonlinear medium. The corresponding light-mater interaction leads to
the self-organized structuring of laser beam. Following the pioneering work of Prigogine
and his team, the self-organization far from thermodynamic equilibrium causes the
appearance of dissipative structures (Nicolis and Prigogine 1977). In the case of the
structuring of light by light, such a dissipative structure is a soliton. Solitons are completely
localized in space and in time. They propagate long distance without altering.

In an experiment long distance propagation cannot be achieved in some solid sample, in
particular if it is a crystal. Long crystals are simply not available. However we can resort to
a numerical propagation that, under same conditions, may mimic real experiment.

The nonlinear effects are enhanced in black crystal due to its opacity with respect to
yellow one, as can be concluded comparing curves in Figs. 1 and 2, as well as the results of
their fits [see Eqs. (10) and (11)].

4 Confirmation of experimental results by numerical simulations
of the Schrodinger model

In order to identify a pattern as a soliton, this structure has to be self-maintained during a
long distance propagation. Obviously, such a drastically restrictive condition cannot be
satisfied in an experiment. Both crystals we used for experiment are only 1 cm long.
However, even such short samples allow the determination of linear and nonlinear
parameters that enter in CQNLS [see Eqgs. (1) and (9)—(11)]. Therefore, it is enough to
perform numerical simulation of Eq. (1) with experimentally obtained parameters in order
to investigate long distance propagation. If during such a evolution the beam profile
presents the same form without the alteration, it can be concluded that it is a soliton. In
Figs. 3,4, 5 and 6 are charted results of the numerical propagation in black sample with the
parameters from Eq. (11). Following the condition in Eq. (8) imposed by the variational
method, the input amplitude is chosen to be three (A = 3) in dimensionless units. The
input laser beam is initially always Gaussian and it is given by the trial function Eq. (2). In

Fig. 3 The Gaussian output
beam for z = 0
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Fig. 4 The output beam
becomes a soliton after z = 40

Fig. 5 The beam is still soliton
after z = 10,000 steps

Fig. 6 Even after z = 20,000
steps the soliton remains stable

the beginning of propagation, e.i. for propagation step z = 0 this Gausian beam profile is
given in Fig. 3.

The initial Gaussian laser beam is modified evolving through the nonlinear medium that
itself alteres. This is precisely the effect of self-organization (Skarka and Aleksi¢ 2006;
Skarka et al. 2010). Already after z = 40 propagation steps, such a laser beam becomes
soliton.
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The laser beam is still soliton after 10,000 propagation steps, as in Fig. 5.

No changes even after 20,000 propagation steps (see Fig. 6).

Such an extraordinary stability of laser beam during numerical propagation without any
alteration is the confirmation of its solitonic nature. Taking into account that the numerical
propagation is performed with parameters obtained from an experiment, this confirms that
in black Bi;;GeO,q crystal a stable soliton is self-trapped. The numerical propagation of
the laser beam in yellow sample gives sensibly the same results, so that on the figures no
difference can be notified.

5 Conclusions

In order to study theoretically the propagation of the laser beam through yellow and black
Bi;,Ge0O, single crystals the Schrédinger model is used. The variational method gives the
conditions for stable propagation of spatial solitons. Indeed, a balance between the
diffraction and the competing cubic and quintic nonlinearity insures the self-organization
of a soliton. Experimental investigations using propagation of Neodymium Yag laser beam
through crystals allow charting of input output-power curves. Fitting these experimental
curves, parameters in Schrodinger equation are determined showing cubic-quintic non-
linearity. Very long numerical propagations of beams through crystals are performed
demonstrating self-trapping of robust spatial solitons. Consequently, in turn in the
experiments, the self-generation of solitons is confirmed. Self-organization of solitons in
solid samples open many possibilities for applications.
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