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Hayunom Behy UncTuTyTa 32 usuky y Beorpan

IIpeamer: Ilokperame MocTynka 3a H300p v 3Batbe HAYYHH CapaJHHK

Monum Hay4uro Behe MHcTuTyTa 33 dhzmky y Beorpangy na nokpene nocrynak 3a moj nsbop
Y 3BaE HAY4YHH CapajHUK.

V npunory nocrarieam:

1. Mubere pykoBoauola nabopaTtopHje ca NpeuloroM KOMHUCH]e 3a U360p y 3Bambe:
2. buorpadcke U cTpyuHe noaaTke;

3. Ilpernen HayyHe aKTHBHOCTH;

4. EnemenTe 3a KBaJIMTaTUBHY OLEHY HAY4HOT AOTNPUHOCA;

5. EnemeHTe 3a KBAHTUTaTUBHY OLIEHY HAY4YHOT JONPHHOCA;

. Cnucak o6jaB/seHHX pasoBa;

. Iloparke o unTHpaHocTy;

. Konuje objaBmenux panora;
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. Konujy nokropcke auceprauuje;

10. YBepeme o credyeHoM BHMCOKOM 00pazoBamy Tpeher crernieHa JOKTOPCKHX CTyHja.

beorpan,
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Hayuynom Behy HHcTHTYTa 32 dHusuky y Beorpany

IIpeamer: Muubere pyxoBoanona Jgabopatopuje o u36opy ap Bojane Bokuh
y 3Bahe HAYYHH CapajAHHK

Hp bojana bokuh je 3anocnena y JlabopaTtopuju 3a xBautHy Guodoronuky MHcruTyTa 3a
¢uznky y bBeorpany. Y ucTpakMBaukoM paly GaBM ce KBAaHTHOM OITHKOM €a MoceGHHM
MHTEPECOBAEM 33 HENMHeapHy (OTOHMKY M TNpUMEHY KOMIUIEKCHMX CTPYKTypa Y
UCTpaKHBamMMa M3 obnacti (Qu3MKe MaTepHjaja M ONTHYKMX TeleKkoMyHukaumja. C
003MpoM Ja ucnywapa cBe npeasubeHe ycnoee y ckiuaay ca IIpaBHIHHKOM O MOCTYIKY,
HaYyuMHY BPEJHOBalbA W KBAHTHMTATHBHOM HCKa3WBalby HayYHOMCTPAKHUBAYKHX pe3yliTara
uctpaxusaua MITHTP, carnacan cam ca nokperamem nocrynka 3a uzbop ap bojane Bokuh y
3Bakb€ HAYYHH CapaHHK.

3a cacra KoMHcHje 3a u3bop ap bojane bokuh y 3pame HayuyHH capaJHUK NPEATIaKEM:

[1] ap bpanko Konapuh, nayunu capetHuk, MHcturyT 3a ¢usuky y Beorpany,
[2] np dparana Josuh Capuh, Hayunu caBetHuk, MHcTuTYT 32 duzuky y Beorpany,
[3] ap Aywan Apcenosuh, HayuyHu caBeTHUK, MHCTUTYT 3a dusuky y beorpany,

[4] mpod. np Bophe Cnacojeruh, penosuu npodecop @uznukor paxynrera YHuBep3uTeTa y
Beorpany.
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ap Hywan ApcerHosuh

Hay4HH caBeTHHK / pykoBoaunall JlaGopatopuje 3a kBaHTHY 6UOPOTOHHKY



2. BUOTPA®CKHU U CTPYUYHHU NIOJALIN

Kanmunar bojana bokuh pohena je y beorpamy 05.07.1981. OcHOBHY HIKOTY ¥ TUMHA3H]y,
NIPUPOHO-MAaTEMAaTHUKU cMep, 3aBpiimia je y Herotuny 2000. romune. Mcre rogune ymucyje
Enexrporexunuku ¢axynrer YHusepsurera y beorpany. Aummomupa 2008. roguHe Ha CTYIH]CKOM
nporpamy EnexkTpoTexHuKa M padyyHapcTBO — MoAyl HaHoenekTpoHHKa, ONTOENEKTPOHHKA U
jJacepcka TeXHHKa, OAOpaHMBIIM AMIJIOMCKU pajl Ha Temy Illpumena nacepa y MeOuyuHu —
Jlujaenocmuuke mexnuke, YAME CTUYE 3BarbE€ JUIJIOMUPAHOT MHKEHepa enekrporexHuke. 2010.
rofvHe 3aBpiaBa Macrep akagemcke ctynuje Ha EnekrporexHuukoM (akynreTy YHHUBEp3UTETa y
Beorpany, Ha ctyaujckom nporpamy EnekTpoTexHHKa U padyyHapCTBO — MOAYJ buoMeuimacKky 1
€KOJIOLIKY MH)KEHEPUHT, 0JJOpaHUBILN MacTep paja Ha TeMy [lpumena nacepa u Opy2ux CHONHUX
MexXHUKa y OujacHocmu4ke u mepaneymcke cepxe y 6UOMeOuyuHu.

On 1l.oxrobpa 2010. je 3amocnena y Llentpy 3a doronuky MHcTUTyTa 32 (QHU3HKY, KAO
UCTpaXUBaY-IIpUNIPpaBHUK y JIabopaTopuju 3a aTOMCKY ¥ KBaHTHY OITHKY, Ca aHTa)KOBambEeM Ha
MPOjeKTy OCHOBHUX HcTpakuBama OM 171038 MuHucTapcTBa NpocBeTe, HayKe M TEXHOJIOUIKOT
pa3Boja o1 Ha3uBoM Xotoepaghcke memooe ceHepucara cneyupuuHux maiacHux poumosa 3a
epukacty KoHmpoay KoxepeHmHux egpekama y UHmepaxKyuju amoma u iacepa, 1oji pyKoBoJACTBOM
np Jejana Ilanrenmha. 2011. rogune xanaumaar ymucyje JJOKTOpcke akajeMcke CTyadje Ha
dusnukom ¢akynrery YHuepsurera y beorpany, Ha cmepy KBanTHa onrTuka u jacepu, mon
MeHTOpcTBOM Jp bpanucnasa Jenenxouha. Onx 2013-2014. ronune Oumna je aHraxoBaHa Ha
ounatepaaHoM mpojekty ca Caesnom PemyOinkom Hemaukom mon HaszuBoM [Iponacayuja u
JIOKAMU3AYUja C8emioCmu y CUCMemMumda ca KOMNJIEKCHUM (QOMOHUYHUM peuemKkama TOJ
pykoBojicTBoM ap [parane Josuh CaBuh.

Bena oOmact ucTpakuBama je KBAaHTHA ONTHKA ca IOCEOHMM HHTEPECOBAHEM 3a
HeJIMHeapHy (OTOHMKY M TPUMEHY KOMILJIEKCHE CBETJIOCTHM Yy HCTpakKMBamuMa M3 00JacTH
¢u3uKe MaTeprjaa U ONTHYKKUX TeJIeKOMyHUKannja. PesynraTte cBOr ucTpakuBama MmyOIuKoBaa
jey mect pagoBa kateropuje M21, nBa paga kareropuje M23, mecT caonirema ca Mel)yHapoJHOT
ckyna kateropuje M33 u M34, u Tpu caoniurema ca CKyna oJ HallMOHAJIHOT 3Hayaja KaTeropuje
Mo64.



3. IIPEI'VIEJl HAYYHE AKTUBHOCTH

Kangunat bojana bokuh ce y cBom HayuHOM pagy 6aBu mpobieMaTHKkama HCIUTUBamba PeHOMEHA
KOjH Ce OJJHOCE Ha MPOIIEC MHTEPAKIIH]je JJACEPCKOT 3padetha U CIeHUPUIHNX TaJacHUX (ppoHTOBa
ca MaTepHjaiuMa pa3IMdyUuTOr MOPEKIIa.

VY oxBupy npojekra OM171038 nmox HazuBoM Xonoepaghcke memode cenepucarba cneyupuunux
MAanacHux gponmosa 3a epukachy KOHMpPOLY KOXePEeHMHUX epekama y UHMepaKyuju amoma u
nacepa bojana boxuh je Owia aHraxoBaHa Ha HCTpaKMBamMMa (OTOHCKHX CTPYKTypa
OMOJIOIIKOT TOPEKJIA I/I€ je UCIIUTHBAHA CIIEKTPATHA M TPOCTOPHA CEJICKTUBHOCT HAHOMETAPCKUX
CTPYKTypa Ha MOBPIIMHHK Kpuiia aenrtupa Apatura ilia u Apatura iris. ITokasano je 1a Kpuiio Beoma
MHTECH3UBHO pe(IIEKTyje CBETIIOCT Y YCKOM CIIEKTPATHOM U YTaOHOM MHTEPBAY M Jaje IMyTOKa3
3a pean3alnjy CIeKTPaIHO U YTaOHO CeNIEKTUBHUX (uiiTepa. OBO HCTPAXKHUBAKE j& pa3yITHPAIIO
pasoM Koju je o0jaBsbeH y Bojehem melyHapoHOM Yacomnucy:

e D. Panteli¢, S. Curéi¢, S. Savié-Sevi¢, A. Koraé, A. Kovadevié, B. Cur¢ié, and B. Bokié,
“High angular and spectral selectivity of purple emperor (Lepidoptera: Apatura iris and
A. ilia) butterfly wings*, Optics Express 19, 5817 (2011).
DOI: 10.1364/0OE.19.005817
ISSN: 1094-4087; IF: 3.669;

VY okBupy ucror mpojekra bojaHa je panmia M Ha EKCIEPUMEHTY HCHHMTHBama edekaTa
(eMTOCeKyHJHOT JIaCepPCKOT CHOMA, TajJacHe MYXHWHE W3 YITpabyOMuYacTor Jena CIEeKTpa U
¢bpexBennuje 76 MHz, na n1Ba Tumna TaHKUX QUIMOBA HA CYNICTPATy CHIIMIIM]yMa — J€THOCIOJHOM
TaHKOM (HUIMY aTyMHUHHjyMa, W BHILIECIOJHOM TaHKOM (GWIMY KOjU C€ CacToju OJ HeT
alyMMHU]yM/TUTaHUjyM OucnojeBa (ykynue ae6spuae 130 nm). Moauduxkanuja noBpivHa MeTa
je ypaheHa cHOmoBHMMa HUCKUX (DITySHIIM U pa3IMuUTUM BpeMEHNMa o3padaBama. DopmMupase cy
NEepUOJIMYHE TOBPILIMHCKE HAHOCTPYKType, mepuojga oko 315 nm u Bucune 45 nm. Osu
eKCIIEPUMEHTAJIHH pe3yJITaTu cy 00jaBibeHH y BoJicheM MelyHapoAHOM 4aconmucy:

e Aleksander G. Kovacevi¢, Suzana M. Petrovi¢, Bojana M. Bokié¢, Biljana M. Gakovic,
Milos T. Bokorov, Borislav Z. Vasi¢, Rados B. Gaji¢, Milan S. Trtica, Branislav M.
Jelenkovi¢, ,,Surface nanopatterning of Al/Ti multilayer thin films and Al single layer by a
low-fluence UV femtosecond laser beam*, Applied Surface Science 326, str. 91-98 (2015).
DOI: 10.1016/j.apsusc.2014.10.180
ISSN: 0169-4332; IF: 6.182;

VY okBupy OunatepanHor npojekra ca Hemaukom, nmoa HazuBoM ,,/Iponaeayuja u noxaruzayuja
C8EemMIOCMU Y CUCEeMUMA CA KOMNJLeKCHUM pomonuynum pewemrxama* bojana bokuh je paguna
Ha eKcrepuMeHTy ca EupujeBuM cHonmoBuMa.

I'maBHM 1MJb mpojexTa OMO je HMCNUTHBAWE Mpornaranyje W Jokanuzauuje Henudparyjyhux
CHOIIOBA, KpEHPAhE PA3TUUUTHX (POTOHCKUX CTPYKTYpa ca AeeKTuMa M KiacTepuma Jedexara
Ka0 M pa3MYUTHX HeypeheHMX W KBa3u-NEepUOJAMYHUX PEIIeTKH a y [WJbY H3ydaBama
nponaraiyje 1 JOKaJIu3alrje CBETJIOCTH Y TaKBUM CTPYKTypaMa, U CTBapama JUPEKTHE Be3e ca
MPOIIECOM TpOIleCynpama nHpopMaruja.

bojana je wu3yuaBasa, TEOPUJCKH U EKCIIEPUMEHTAIHO, AKTUBHY KOHTPOJIY caMmoyOp3ama
EupujeBux cHomoBa ca ONTUYKK MHAYKOBAaHUM TaJacOBOAMMA, KOjU CaJIp:Ke U pa3INUUTE THUIIOBE



nedekara. UcrnutuBama cy paleHa mpBo ca jeIHOAMMEH3WMOHATHUM EupujeBUM CHOMOM Yy
KpUCTaTy JUTUjyM OapujyM HHOOaTa. Y KpHCTaly Cy JJaCepOM YIHCHBAHU PA3IMYUTH TATACOBOIH
ca MepUOIMYHOM MTPOMEHOM HHJECKCa IpeiaMama U oaroBapajyhum nedexruma. Pazmarpana je
KaKO TO3UTUBHU M HETAaTHBHU JePEeKTH YTHUy Ha 3aKpUBJBEHC Ka0 M Ha yOp3ame 3paka.
Pesynratu cy mokaszanu na ca oaroapajyhoM MomuukaiujoM WHAEKCA MpeliamMama, yop3ame
EupujeBux cHomoBa Moxke OUTH pelyKoBaHO 10 (hopMHpama IUCKPETHUX 3paka. Pesynratu cy
00jaBJbEHHU y jeTHOM paay U TPH CAOIIITEHa ca Mel)yHapOIHHUX CKYIIOBa:

e Nemanja M. Lugi¢, Bojana M. Boki¢, Dugan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Aleksandra Piper, Dragana M. Jovi¢, Dejan V. Timotijevi¢, ,,Defect-guided
Airy beams in optically induced waveguide arrays*, Physical Review A 88, br. 6 (2013).
DOI: 10.1103/PhysRevA.88.063815
ISSN: 2469-9934; IF: 2.777,

e Nemanja M. Lu¢i¢, Bojana M. Boki¢, Dusan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Darko M. Vasiljevi¢, Dejan V. Timotijevi¢, Aleksandra Piper, Dragana M.
Jovi¢, ,,Defect controlled Airy beam acceleration in optically induced waveguide arrays®,
PHOTONICA 2013, 1V international School and Conference on Photonics, Beograd,
Srbija, Avgust 26-30. (2013).

e Nemanja M. Ludi¢, Bojana M. Boki¢, Dusan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Aleksandra Piper, Dragana M. Jovi¢, Dejan V. Timotijevi¢, ,,Guiding of Airy
Beams with Optically Induced Waveguide Arrays in the Nonlinear Crystal®, 16th
International Conference On Transparent Optical Networks (ICTON), Graz, Austria, July
06-10. (2014).

e Nemanja M. Luci¢, Bojana M. Boki¢, Dusan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Aleksandra Piper, Dragana M. Jovi¢, Dejan V. Timotijevi¢, ,,Airy beam
propagation along one dimensional optically induced photonic lattice with defect «, Oasis
5th Conference and Exhibition on Optics and Electro-Optics, MEDINANO, pp. 74-74,
Izrael, March 03-04. (2015).

Hakon wcTtpaxkuBama ca jeTHOAMMECH3WOHAIHUM EHpHjeBUM CHOMOBUMA TMpeina3d Ha
UCTpaKMBamka ca JBOAMMEH3MOHATHUM EWpHjeBMM CHOMOBUMA y HEJIMHEAPHOM KpHUCTaTy
CTPOHIIMjYM OapHjym HHOOATA.

HcnutuBana je KOXEpeHTHY U HEKOXEPEHTHY CYIEPIIO3UIIN]y Ba U YETUPH JBOJIMMEH3MOHAIIHA
Eupujea cHona, kana cy y ¢a3u kao u kana cy y pazauuutum (pazama. [lokazana je qa 3a pa3nuky
O]l TMHEapHe CyNepIo3ulirje, HeTnHeapHa HHTEpakKIfja GopMupa CTPYKType HAJIMK COTUTOHUMA,
JEIHO COJHMTApHO CTame KaJa Cy CHONOBHM y (a3 M CONWTApHU Tap Kaga Cy CHONOBU Yy
paznumuutuM (pazama. Y HacTaBKy npojekTa bojana je paguna u Ha ekcriepuMeHTy ca EupujeBum
CHOIOBUMA Y (POTOHCKUM CTPYKTypaMma ca pazIuduTUM JepeKTuMa.

Hakon noOujeHHMX eKCHepUMEHTATHHX pe3yliTaTa, W HUXOBOT mopehema ca HyMEpUUIKUM
pesyaTaTuMa, ycienuia je oopaaa pe3yJitata Kao U MpUIlpemMa 3a MmyOJIMKoBame. Y OKBHUPY OBOT
HCTpaKMBama HaMKCaHa Cy JIBa pajia ¥ jeIHO CAOMNIITeHe ca Mel)yHapoIHOT cKyma:

e Falko Diebel, Bojana M. Bokié¢, Martin Boguslawski, Aleksandra Piper, Dejan V.
Timotijevi¢, Dragana M. Jovi¢, Cornelia Denz, ,,Control of Airy-beam self-acceleration by
photonic lattices”, Physical Review A 90 br. 3 (2014).

DOI: 10.1103/PhysRevA.90.033802



ISSN: 2469-9934; IF: 2.777;

e Bojana M. Boki¢, Falko Diebel, Dejan V. Timotijevi¢, Aleksandra Piper, Martin
Boguslawski, Dragana M. Jovi¢, Cornelia Denz, ,,Airy beams propagation in optically
induced photonic lattices”, Nonlinear Optics And Its Applications VIII; And Quantum
Optics 111, vol. 9136 (SPIE), Brussels, Belgium, April 14-16, (2014).

e Falko Diebel, Bojana M. Bokié, Dejan V. Timotijevi¢, Dragana M. Jovi¢ Savié¢, Cornelia
Denz, “Soliton formation by decelerating interacting Airy beams”, Optics Express 23, br.
19, str. 24351-24361, (2015).

DOI: 10.1364/0OE.23.024351;
ISSN: 1094-4087; IF: 3.669;

[Tocne ucrpaxuBama ca Eupujesum cHonoBuma bojana bokuh mounme capaamy ca np bpankom
Konapuhem Ha paznmnuuTuM mpojekTuMa u3 oonactu ¢poronuke u ouodoronuke. 2019. rogune je
YYeCTBOBaJa y AHM3ajHYy E€KCIEpUMEHTa KOjU je MpoydaBao MHTEPAKIH]y yMpeKeHUX (HOTOHA U
TUIA3MOHCKUX HAHOCTPYKTypa ca LuibeM Ja oOjacHHM edeKaT IUIa3MOHCKE pEe30OHAHIE Ha
mponaramujy yBse3aHux (oroHa (Tj. IOCTOjaHOCT KBaHTHe Kopenarwuje). Ilopen nu3ajHa
eKcriepuMenTa bojaHa je akTMBHO y4yecTBOBala M y aHaNW3u pesynrara. OBO UCTpaKHBAE je
00jaBJpeHO y crieeheM 4acomucy  jeJHOM CaoNIITe’hy ca Mel)yHapoaHoT cKyma:

e M. Remy, M. Cormann, W. Kubo, B. Bokic, Y. Caudano and B. Kolaric, “Transmission
of entangled photons studied by quantum tomography: do we need plasmonic
resonances?”, Journal of Physics Communications, 3, 065011, (2019).

DOI: 10.1088/2399-6528/ab292f;
ISSN: 2399-6528: 1F(2019) = 1.13;

e M. Remy, B. Boki¢, M. Cormann, W. Kubo, Y. Caudano, and B. Kolaric, ,,Survival of
guantum entanglement in transmission without plasmonic resonance®, 26th Central
European Workshop on Quantum Optics, Paderborn University, Germany, June 3-7,
(2019).

bojana bokuh je mpoyyaBana W paaujalliOHy ITUHAMHUKY NUTMEHATa HHKOPIOPHPAHUX Y
TpaHCIapeHTHa Kpuiia KoJ pasHux Bpcta Cicada. YV pany my6nmkoBaHoM kao mpenpuHT (Arxiv)
a mocnatom y Proceedings of Royal Society B (tpenytHo y periensuju ) nonpunoc bojane bokuh
je Omo aHanmM3a JMHAMUKE EKIMTOBAHOI CTama M YCIOCTaBJbama Kopenauuje usmelhy
Mopdororuje/nanoctpykrype kpwia Cicada wu onTuykor oarosopa (TpaHCMHCHjE |
¢nyopecuieniyje). Y OKBHPY OBOI HCTpaXKHBama HAMKCAH j€ jeJaH paj U jeHO CAOIIITEHHE ca
mehyHapoHoOT cKyma:

e Sébastien R Mouchet, Charlotte Verstraete, Bojana Bokic, Dimitrije Mara, Louis Dellieu,
Albert G Orr, Olivier Deparis, Rik Van Deun, Thierry Verbiest, Pete VVukusic, Branko
Kolaric, ,,Naturally occurring fluorescence in transparent insect wings®, arXiv preprint
arXiv:2110.06086

e Dimitrije Mara, Bojana Bokic, Rik Van Deun, Pete Vukusic, Thierry Verbiest, Sébastien
R. Mouchet and Branko Kolaric, Linear and Nonlinear Optical Response from Cicadas
Transparent Wings, Belgium Photonics Online Meetup - bePOM, 10-11 September 2020,
Namur, Belgium, Virtual Poster Session, Link: http://hdl.handle.net/1854/L. U-8674507



http://hdl.handle.net/1854/LU-8674507

VYcnocraBibeHa capagma ca gp Komapuhem pesynatupana je u pagoBuma 00jaB/bEHUM
2022.ronuHe. Y mpBoM paay bojaHa je ydecTBoBasia y aHAIM3HM paadjalliOHE TUHAMHKE
pa3IMYNTHX HAHOEMHUTEpa Ha 0a3M PETKUX 3eMajba ca IUJbEM Ja ce pasyMme Be3a u3mel)y mrxoBe
HAHOCTPYKTYpPE U pajHjalliOHe JUHAMUKE.

e D. Mara, F. Artizzu, J. Goura, M. Jayendran, B. Bokié¢, B. Kolaric, T. Verbiest and R. V.
Deun, ,,Molecular dysprosium complexes for white-light and near-infrared emission
controlled by the coordination environment®, Journal of Luminescence 243, 118646,
(2022).

DOI: 10.1016/j.jlumin.2021.118646
ISSN: 0022-2313; IF: 3.599;

bojana bokuh je yuecTBoBasa u y xosorpad)ckoM npoydaBamy TUCUITIATUBHUX CTPYKTYpa, KOje je
pesyntupaiio pagoM o0jaBjbeHHM Yy ciieachem gaconucy:

e Marina Simovic-Pavlovic, Maja C. Pagnacco, Dusan Gruji¢, Bojana Bokic, Darko
Vasiljevic, Sebastien Mouchet, Thierry Verbiest, and Branko Kolaric, ,,Uncovering
Hidden Dynamics of Natural Photonic Structures using Holographic Imaging®, J. Vis.
Exp. (181), 63676, (2022).

DOI: 10.3791/63676
ISSN: 1940-087X; IF: 1.355;

Kao u pagom y wacornucy Symmetry y kome je IpBHU ITyT OMKMCAHO CIOHTAHO LENambe CUMETPHUje
KOJI HEepaBHOTEXHe xemujcke bpurs-Paymepose peaknuje u nuHamuke (asHor mpernasza. Y oba
pana bojaHa je akTHBHO y4ecTBOBaa y aHAJIM3H JTOOMjEHUX pe3ysTaTa ca IUJbEM JIa Ce TIOBEKE
OIITUYKHU OATOBOP CUCTEMA Ca CTPYKTYPOM U JTUHAMHUKOM CHCTCMaA.

e Maja C. Pagnacco, Jelena P. Maksimovi¢, Marko Dakovi¢, Bojana Bokic, Sebastien R.
Mouchet, Thierry Verbiest, Yves Caudano, and Branko Kolaric, ,,Spontaneous Symmetry
Breaking: The Case of Crazy Clock and Beyond*, Symmetry, 14(2), 413, (2022).

DOI: 10.3390/sym14020413
ISSN: 2073-8994; IF: 2.713;

Takohe, bojana bokuh je akTMBHO yuyecTBOBaja M y MHUCalky PEBHjATHOT paja U3 00JiacTu
0610(pOTOHHKE U ONITOMEXAHHUKE KOjH je 00jaBJbEH ca IIUJBEM J1a C€ CKPEHE akKiha HayYHE JaBHOCTH
Ha Moryhe npumene 6uogpotonckux crpykrypa y HEMC texnonoruju.

e Marina Simovic-Pavlovic, Bojana Boki¢, Darko Vasiljevic, and Branko Kolaric,
,.Bioinspired NEMS-Prospective of Collaboration with Nature“, Appl. Sci., 12(2), 905,
(2022).

DOI: 10.3390/app12020905
ISSN: 2076-3417; IF: 2.679;



4. EJIEMEHTH 3A KBAJIMTATUBHY OHEHY HAYYHOTI" JOITPUHOCA KAHIAUJATA

4.1 KpaqnTeT Hay4YHHUX pe3yJaTara

4.1.1 Hayunu nueo u 3nauaj pezyimama, ymuyaj Hay4uHux paoosa

Kanpumatkuma je y nocagammoj kapujepu obOjaBuia 11 Hayynwx pamoBa, oa yera 6 pamoBa
kareropuje M21, 2 paga kareropuje M22 u 3 paga kareropuje M23. CBoja UCTpakuBama je
NpeJCTaBUa Ha BUIIE KOH(EpeHIHja, W TUME ocTBapwia | gompuHoc Kareropuje M33, 6
norpuHoca kareropuje M34 u 3 monpuHoca kareropuje M64.

Jlo cajia HajyTHIIAJHUjH PAIOBU KaHIUIATKHELE CY

e Falko Diebel, Bojana M. Bokié¢, Martin Boguslawski, Aleksandra Piper, Dejan V.
Timotijevi¢, Dragana M. Jovi¢, Cornelia Denz, ,,Control of Airy-beam self-acceleration by
photonic lattices”, Physical Review A 90 br. 3 (2014).

DOI: 10.1103/PhysRevA.90.033802
ISSN: 2469-9934; 1F(2014) = 2.777; SNIP(2014) = 1.15;

e Falko Diebel, Bojana M. Boki¢, Dejan V. Timotijevi¢, Dragana M. Jovi¢ Savié, Cornelia
Denz, “Soliton formation by decelerating interacting Airy beams”, Optics Express 23, br.
19, str. 24351-24361, (2015).

DOI: 10.1364/0E.23.024351
ISSN: 1094-4087; 1F(2015) = 3.669; SNIP(2015) = 1.65;

PanoBu ce OaBe m3ydyaBameM (QyHIaMEHTATHUX (EHOMEHA KOjU Cy MOBE3aHU Ca MPOCTHPAHEM
JTBOAMMEH3MOHATHUX EHpHjeBUX CBETIOCHUX CHOIOBAa y HeJIWHeapHO] ¢GoTopedpakTUBHO]
cpenunu, CbH kpuctany nonupanom 1nepujyMom.

[To3naro je 1a je KOHTpoJMcame 0COOUHA Mpomnaraiuje CBETIOCTH CaMOM CBETJIONIhY KJbYYHO 3a
peanu3aiujy HarmpeIHuX MOTIYHO ONTUYKUX TeXHosoruja. [IocToju MHOTO HauKMHA KOJU C€ MOTY
KOPUCTUTH Kako O ce oHe yHampeawie. Jegan ox ooehaBajyhux nmpuctyna oBoM IUJbY KOjU C€
npeaxke y OBUM paioBUMa jecTe MpuMeHa EnpujeBux cHOmoBa 1 MOTYRHOCT Aa ce MOy IaliijoM
TpaHCBep3alHOT yOp3ama EupujeBUX CHOMOBa KOHTPOJMIIE MPOCTHPAHE CBETIOCTH Y
¢doropedpakTUBHOM MaTepHjaly.

UctpaxxuBamwe o0yxBaTa JABa Iujba: 1) mpoyyaBame JUHAMHKE MPOCTUPamka BHILE
CYNEpIIOHUPAHUX JBOJUMEH3HOHATHUX EWpHjeBHX CcHoOMoOBa pacropeheHuXx y CHMeTpudHe
KOH(UTypalyje oj] ABa U YeTUPU CHOMA, Ca UCTUM WM Pa3IMYUTHUM (a3HUM AUCTpUOylLMjaMa, y
JMHEApPHOM M HEJIMHEAPHOM pPEXHMY Kao M 2) MpOoy4yaBame MNPOCTUpPama I0jeANHAYHOT
JIBOJIMMEH3HOHAIHOT EnpujeBor cHoma y ONTHYKUA MHAYKOBAaHO] KBaJApaTHO] (POTOHCKO] pelIeTn
ca u 6e3 onTHYKUX Aedekara.



[IpBu Mk ce 3acHUBA Ha (HOpMUpPaY ONTHYKUX COJMTOHA, KOJU TPEICTaBIhajy JTIOKATU30BAHE
CTPYKType KoOje ojapxkaBajy cBoj obOmuk Oamancupajyhu wusmely edekara nudpakuuje u
HenuHeapHor camodoKycupama. Heja je 1a ce KoxepeHTHOM CyIepno3uliijoM Buie EupujeBux
CHOITOBa MOJIYJIHIITY FbUXOBA TPAHCBep3aiHa yOp3ama Tako Ja aohe 10 GopMupama COITUTOHA HITH
COJIMTapHHUX CTPYKTypa. 3a peanu3aliyjy HpBOT IMJba KaHIUAAT je Hajupe reHepucao Eupujese
CHOIIOBE, a 3aTUM H3y4aBao BUXOBY JIMHEAPHY U HEJIMHEAPHY Iponaraiujy y ¢oropedpakTuBHOM
Matepujairy. KpeHyo je o1 mojequHAaYHHX CHOMOBA, a OHJA HACTaBHO Ca CHUMETPUYHOM
KOMOMHAIMjOM JBa U 4eTupu EupujeBa cHoma pasznuunte (asHe AUCTPUOYIHje, ¢ IUbEM Ja
npoHalhe edekre MHTEpaKIIMje BUIIIE CHOMIOBA U ()OPMHUPAE COTUTAPHUX CTPYKTYpa.

JIpyryu b ce OJIHOCH Ha KOHTPOJIMCAE MPOCTUPaka EUpHjeBUX CBETIIOCHUX CHOMOBA MoMohy
¢dotoHckux pemetku. [lo3HATO je 1a TPHCYCTBO MHUCKPETHUX (OTOHCKUX CTPYKTypa ¥y
doropedpakTUBHOM Marepujaly ApaMaTHYHO MeHha JIWHAMHKY IpomNaraiyje CBETIOCTH.
@DOTOHCKE pemIeTKe Cy jellaH O]l HAaYMHa peanm3anuje (OTOHCKUX KpHCTala W IMPEACTABIbAjY
OINTHUYKE TAJIACOBOJIC Ca MEPUOJUYHOM IMPOMEHOM HHJICKCA NpeiaMama CPeIMHE y Kojuma ce
(OTOHM TMOHAIIAjy TMOMYT EJNEKTPOHA Y MOJIYNPOBOIHUKY. 300T CBOjUX OCOOMHA IOTOAAH CY
OINTUYKH CHCTEM 3a MAHHMITYJIAIK]y U KOHTPOJIY MPOCTHparma CBETI0CTH. DOTOHCKE pelIeTKe ce
MOTY KpernpaTy MOJIYJIAINjOM HHAEKCA MpellaMama CPEANHE MITO YKIbYUYyje JUPEKTHO JIACEPCKO
VIHCHUBAKE, ONTUYKY JUTOTpadujy WM TEXHUKY Oyiiema. Beoma mpakTnyHa MeToa je TEXHUKA
onTUYKe MHAYKIHUje Y doTopedpakTUBHOM Marepujany kopuithewmem Hemudparyjyhux 3paka,
KOja cTBapa TpajHe, peBep3uMOMIHE (OTOHCKE CTPYKTYpE pENpe3eHTOBaHE MPOdUIOM
WHTEH3UTeTa Heaudparyjyher CBeTJIIOCHOT MOJba.

3a peanmzanujy Apyror ujba, KaHIUIAT je TEXHUKOM ONTHYKE WHAYKIHje (GopMHUpao KBaapaTHy
pemietky y dortopedpakTuBHOM Marepujaly momohy nuckpeTHor Hemudparyjyher choma
(moOujeHor Cymnepno3WIMjoM YEeTHPH paBaHCKa Tajaca), a HAKOH YIHCHBamba MPOIarupao
MIPETXO0/IHO TeHepucaHu EupujeB cHOM Kpo3 ynucaHy pemieTky. Kanauaar je nCuTUBao y K0joj
MepU pa3IMyUTe jaunHe KBaJpaTHE pemieTke (OAHOCHO pa3IMYWTe BPEIHOCTH HHIEKCA
npenamMama y TalacoBOAMMA PEIIeTKe) MOTY J1a MOIYJHUITY TpaHCBEp3aHO yop3ame EupujeBor
caona. Jlasbe, momohy TeXHUKE MYNITHUIUIEKCHPama, KaHIUAAT j€ HEKOXEPEHTHOM
cyneprno3unujoM becenoBor cHoma u Heaudparyjyher cHoma KBaJIpaTHE pemieTke, GopMupao
KBQJIpaTHY PpEHIETKYy ca IMO3UTHBHUM/HETATHBHUM ONTHYKHM JCPEKTOM Yy IEHTPATHOM
TajgacoBoay peuieTke. McmUTHBAaHO je Kako JOKallHA MpOMEHa MHJEKca Mpejamama yTHYe Ha
nuHamuKy EupujeBor cHona.

[IpBU ekcriepuMEeHT je HEWTO jeAHOCTaBHUjU o] Apyror. CBeTsIocT M3 Jlacepa ce Iajbe Ha
MIPOCTOPHU MOAYJIATOP CBETJIIOCTH Ha KOM je reHepucana (pasza xesmeHor EupujeBor cBeTI0CHOT
CHOIAa WJIM CyIeprio3ulvje Buie EnpujeBux CHONOBa, KOjU C€ HAKOH Mpojlacka Kpo3 ONTHYKE
eleMeHTe Imajbe Ha Kpuctal. [loMepameM kamMepe W MaKpPOCKOICKOT oO0jekTmBa Moryhe je
CHMMam-€ U3JIa3He CTPaHe KPUCTajla Kako OU ce UCIUTAJIO J1a JIU j€ 3paKk TOKOM MIPOCTHpama 0CTao
HeTpoMemeH. JIpyru eKCIEpUMEHT je HEIITO KOMIUICKCHUJH jep Ce TapajielTHO YMHCYje pemeTka
TEXHUKOM ONTHUYKE MHIYKIIM]je U cTBapa NpoOHU EnpHjeB cHOM KOjU ce MPOCTUPE KPO3 PELIETKY.

3a peanu3zaliijy CBUX HaBeJIEHUX I[UJbEBA pa3BHjeHE Cy oJroBapajyhe Hymepuyke METo/e Kao U
eKCIIepUMEHTAJIHE ITOCTAaBKe 3a CBAaKy OJ1 HABEJCHMX TeMaTuka. Hymepuuku pesynraTu Oumm cy
0]l BEJIMKE KOPUCTH 3a OpKy U epUKaCHU]y pealin3aliijy eKCliepuMeHara, MollTo ¢y 3axBasbyjyhu
I00pOoM HYMEpPHUYKOM amapary NpoHal)eHH YCIIOBH IMOJ KojuMma je 6uno moryhe peanuzoBatu
KeJbEeHE eKCIIEPUMEHTE.



4.1.2 Ilapamempu Keanrumema paooea u 4aconuca

Kanaumarkuma je o6jaBmna 11 pagoBa y yaconmucuma:

1 pan y waconucy Optics Express (ISSN: 1094-4087),

kareropuja M21, IF(2011) = 3.669; SNIP(2011) = 2.55;

1 pan y waconmcy Physical Review A (ISSN: 2469-9934),
kareropuja M21, IF(2013) = 2.777; SNIP(2013) = 1.17,

1 pan y waconmcy Physical Review A (ISSN: 2469-9934),
kareropuja M21, IF(2014) = 2.777; SNIP(2014) = 1.15;

1 pan y wacormcy Optics Express (ISSN: 1094-4087),
kareropuja M21, IF(2015) = 3.669; SNIP(2015) = 1.65;

1 pan y wacomucy Applied Surface Science (ISSN: 0169-4332),
kateropuja M21, IF(2015) = 6.182; SNIP(2015) = 1.27;

1 pan y wacomucy Journal of Luminescence (ISSN: 0022-2313),
kateropuja M21, IF(2020) = 3.599; SNIP(2020) = 0.95;

1 pan y wacomucy Appl. Sci. (ISSN: 2076-3417),

kateropuja M22, IF(2020) = 2.679; SNIP(2020) = 1.07;

1 pan y wacomucy Symmetry (ISSN: 2073-8994),

kateropuja M22, 1F(2020) = 2.713; SNIP(2020) = 1.10;

1 pan y wacomucy Nuclear Technology and Radiation Protection (ISSN: 1451-3994),
kateropuja M23, IF(2017) = 0.429; SNIP(2017) = 0.63;

1 pan y wacomucy Journal of Physics Communications (ISSN: 2399-6528),
kateropuja M23, 1F(2019) = 1.13; SNIP(2019) = 0.70;

1 pax y gaconucy J. Vis. Exp. (ISSN: 1940-087X),

kareropuja M23, IF(2020) = 1.355; SNIP(2020) = 0.44;

JlonaTHy OMOIMOMETPH]CKU MTOKa3aTeJbi KBAJIUTETa Yacoluca y KOjuMa je KaHAUIaTKUba
o0jaBJprBala pajioBe MPUKa3aHU Cy Y TaOeH:

no M CHUIl
YKynHO 30.98 67 12.68
YcepeameHo 1o 4wiaHKy 2.82 6.09 1.15
YcpeameHo 1o ayropy 4.61 10.27 2

4.1.3 Humupanocm nayunux padoea Kanouoama

[Ipema mogamuma o IMUTHPAHOCTH ayTopa W3BEACHUX U3 Oa3e Scopus 12.04.2022, paiosu umju je

KaHIUIATKUba Ko-ayTop nutupanu cy 100 myra, ox gera 96 myra O6e3 ayronurara, a XUpIioB
¢axTop je y oba ciryuaja 5.



4.1.4 Mehynapoouna capaora

Kangunat uma mehynapoany capaamy. AxtuBHO capalhyje od 2018. ca Yuuepsureruma KUL
(Thierry Verbiest) 1 UNAMUR (Yves Caudano) u3 benruje, kao u ca Ecole Central
[Yuusepsurerom y Mapcejy (Thomas Durt).

4.2 HopMupame 0poja KoayTOPCKHX Paj0Ba, NaTeHATA M TEXHHYKHUX peliermha

CBH pajioBU KaHAMATa Cy 3aCHOBAHU HA MPUMEHU HYMEPUYKHX IPOpadyHa WA KOMIT)YTEPCKUX
CHMYyJIalija y KOMOWHAIM]H ca eKCIEPUMEHTATHUM PE3yJITaTHMA T1a j& MPUIMKOM HOpMHUpama M
00/10Ba y3UMaHO y 003Hp Jla C€ HOPMHUPAKE BPIIU KOJ pajoBa KOjH MMajy BHUIIIE 0j 7 KoayTopa.
Kox pamoBa xkanaumarta kareropuje M21, 4 oxg 6 pamoBa cy HOpMHUpaHa Koja UMajy 8 wiau 9
koaytopa. Kon pagosa kareropuje M22 nopmupas je 1 oa 2 pana koju uma 8 koayTopa 0K j€ KOJ
pamoBa kareropuje M23 Hopmupan 1 ox 3 pama Koju mMa BHIe 0] 7 KoayTopa. YKymaH Opoj
octBapeHnXx M 60/710Ba y pajoBuMa y MelhjyHapOAHUM yaconucuMma je 67, 10K je HopMUpaHu Opoj
octBapeHux M 0onoBa y oBuM pagoBuma 60.72.

4.3 Yuemhe y npojekTuma, NoTHpojeKTHMA U NPOjeKTHUM 3aJalMMa

VY oxBupy npojexta OM171038 nox HasuBoM ,.Xorozpaghcke memooe eenepucarba cneyupuunux
MAaniacHux Gponmosa 3a eqpuKkacHy KOHMpOy KOXepeHMHUX epekama y UuHmMepaKyuju amoma u
nacepa ““ xanauaat bojana bokuh je 6miia anraxxoBaHa Ha HCTpakuBambUMa (POTOHCKUX CTPYKTYpa
OMOJIOUIKOT TOopekyia. Y OKBHpPY HCTOr mpojekta bojaHa je paauia M Ha EKCIEPUMEHTY
UCIHUTHBamka edexata HeMTOCEKyHIHOT JJACEPCKOT CHOMA, TaJacHe JIy>KUHE U3 YATpasbyOrnuacTor
nena crnektpa u gppexsennuje 76 MHz, Ha n1Ba Tuna TaHKUX (UIMOBA Ha CYNCTpaTy CHIMLUjyMa
— JEHOCIIOJHOM TaHKOM (HJIMY alyMUHHUjyMa, U BHUILIECIOJHOM TaHKOM (UMY KOjHU CE€ CacTOjH
O]l TIeT aTyMHUHUjyM/TUTaHUjyM OucIojeBa (ykymHe neospunae 130 nm).

VY oxBupy OunarepaiaHor npojekta ca Hemaukom, noa pykoBoactsoM fAp [parane Jouh Casuh,
10J] HA3UBOM ,/Iponazayuja u J10KAIU3AYUJA CEEMIOCMU Y CUCMEMUMA €A KOMNIEKCHUM
gpomonuunum pewemrxama* bojana bokuh je paauna Ha exkcnepuMmeHTy ca EupujeBum
cHomoBuMMa. [7aBHM 1WJb TpojeKkTa OWO je HUCHUTHBAkE Ipolaraiuje M JOoKajJu3aluje
Henudparyjyhux CHOMOBa, Kpeupame pasInduTUX (POTOHCKUX CTPYKTypa ca JeeKTHUMa WU
KiactepuMa aedekara Kao U pa3TUuuTHX HeypeheHnX U KBa3H-TIEPUOANIHUX PEIIETKH a Y IAJbY
u3ydaBama Ipomnaranyje M JIOKalu3aluje CBETIOCTH y TaKBUM CTPYKTypama, M CTBapama
JTUPEKTHE BE3€ ca MPOIECOM Mpollecyrupama HHPOpMaIrja.

Pamguna je m Ha mpojekty @panmyckor mmuHucrapctBa (STSM), koju je pesynrar capaame
npodecopa bpanka Konapuha u nmpodecopa Tomaca [lypra ca Yuusepsutera y Mapcejy. Ha3us
npojekra: ,,Etude expérimentale de la fluorescence émise par des quantum dots: Aspects
fondamentaux et appliqués.” / “Experimental study of the fluorescence emission from quantum
dots: Fundamental and applied aspects.”. PykoBoammarn mnpojekra: bpanko Komapuh;
Wucrutynuja koopaunarop: Institut Fresnel, Yuusepsuter y Mapcejy.




4.4 AKTHBHOCT Y HAYYHUM M HAYYHO-CTPYYHHUM JAPYyIITBHUMA

4.4.1 Opzanu3ayuja nayynux cKynoea

Kanaunar bojana bokuh yuecTBoBana je y opranu3anuju mMehyHapoIHOT OHJIAJH CHMIIO3HjyMa
Kao Kpeatop BeOcajTa, Kao WiaH HaydyHOT 0J00pa U jeslaH of enutopa Kmure ancrpakara (ISBN-
978-86-902910-0-7 (pdf)). Mehynapoauu oHmajH cuMIO3MjyM moa HasuBom: Casimir
Interaction: Where Physics Meets Chemistry and Biology, oapxas je y beorpazy, 29.10.2020.

YdecTBOBasa je y opranusanuju mehynapoate konpepeniuje 14th Photonics Workshop, 14-17.
March 2021. Kopaonik, Serbia http://www.photonicsworkshop.ipb.ac.rs/14/index.php

VYuecTBoBaja je v 'y opranusanuju Mehynapoaue kondepenmuje 15th Photonics Workshop, 13-
16. March 2022. Kopaonik, Serbia http://www.photonicsworkshop.ipb.ac.rs/15/index.php

4.5 YTuuaj Hay4YHuX pe3yJiTaTra

3Havaj HAYYHHX pe3yJiTaTa KaHHuIaTa je onucaH y Tauku 4.1, ToOK ce ’UXOB YTHIIA] Orjiea y
Opojy uTaTa Koju ¢y HaBeJneHu y Tauku 4.1.3.

4.6 KonkpeTaH J0NPHHOC KAHAMIATA y peaju3aluju paioBa y HAYYHUM LHEHTPpUMA Yy
3eMJbH U HHOCTPAHCTBY

Kannunar je cBoje uctpaxuBame peanuzoBasia y MHctuTyTy 3a pusuky y beorpany u nemom y
rpynu 3a HenuneapHy (QOTOHHMKY Ha YHHBEp3UTETy Yy MUHCTEpY NPUIMKOM OuIaTepasHOor
npojekra ca Penybonmukom HemaukoMm. Hben mompunoc ce orsiena y usBohemy MaTeMaTHUKUX
u3pasza Koju cy KOpuIINeH! y KOMIjYTepPCKUM KOJOBUMa MPUIMKOM CUMYJalllja eKCliepuMeHTa
KAao U eKCIIEPUMEHTAIHUM MepemuMa, 100Mjamby U UHTEpIpeTalyju pe3yirara y HyMEpHUYKUM
cHUMyJIallijamMa U eKCIIEpUMEHTY, IUCaky pajioBa U KOMYHHUKAIM]H ca pelieH3eHTHMa YacoIuca.


http://www.photonicsworkshop.ipb.ac.rs/14/index.php
http://www.photonicsworkshop.ipb.ac.rs/15/index.php

5. EJIEMEHTHU 3A KBAHTUTATUBHY OLEHY HAYYHOI' JOITPUHOCA KAHAUJATA

OcTBapeHu pe3yaTaTu:

Kareropuja M 6omoBa 1o Bpoj paziosa Ykynmao M H(?pMI/IpaHI/I
pajy 0ox0Ba 6poj M 6o10Ba

M21 8 6 48 43.05
M22 5 2 10 9.17

M23 3 3 9 85

M33 1 1 1 1

M34 05 6 3 3

Mo64 0.2 3 0.6 0.6

M70 6 1 6 5

Hopehe}be ¢ca MUHUMAJIHUM KBAHTUTATHBHUM YCJIOBHMaA 3a I/I360p Yy 3Balk€ HAYYHM CapaJHUK:

OcTtBapeHo,
6p0i M Gorosa OcTtBapeHo,
Munumansau 6poj M 6ozoBa Heonxonno PO 6 HOPMUPaHU
6poj M 6o010Ba
HOpMHpamba
VYkymnHo 16 77.6 71.32
M10+M20+M31+M32+M33+M41+M42 10 68 61.72
M11+M12+M21+M22+M23 6 67 60.72




6. CIIMCAK OBJAB/bEHUX PAJIOBA

6.1 PagoBu y Bpxynckum mehynapoanum yaconucuma (M21):

e D. Panteli¢, S. Cur¢ié, S. Savié-Sevié, A. Koraé, A. Kovacevié, B. Curti¢, and B. Boki¢,
“High angular and spectral selectivity of purple emperor (Lepidoptera: Apatura iris and
A. ilia) butterfly wings*, Optics Express 19, 5817 (2011).
DOI: 10.1364/0E.19.005817
ISSN: 1094-4087; 1F(2011) = 3.669; SNIP(2011) = 2.55;

e Nemanja M. Lu¢i¢, Bojana M. Bokié, Dusan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Aleksandra Piper, Dragana M. Jovi¢, Dejan V. Timotijevi¢, ,,Defect-guided
Airy beams in optically induced waveguide arrays*, Physical Review A 88, br. 6 (2013).
DOI: 10.1103/PhysRevA.88.063815
ISSN: 2469-9934; 1F(2013) = 2.777; SNIP(2013) = 1.17;

e Falko Diebel, Bojana M. Bokié¢, Martin Boguslawski, Aleksandra Piper, Dejan V.
Timotijevi¢, Dragana M. Jovi¢, Cornelia Denz, ,,Control of Airy-beam self-acceleration by
photonic lattices”, Physical Review A 90 br. 3 (2014).

DOI: 10.1103/PhysRevA.90.033802
ISSN: 2469-9934; 1F(2014) = 2.777; SNIP(2014) = 1.15;

e Falko Diebel, Bojana M. Boki¢, Dejan V. Timotijevi¢, Dragana M. Jovi¢ Savi¢, Cornelia
Denz, “Soliton formation by decelerating interacting Airy beams”, Optics Express 23, br.
19, str. 24351-24361, (2015).

DOI: 10.1364/0OE.23.024351
ISSN: 1094-4087; 1F(2015) = 3.669; SNIP(2015) = 1.65;

e Aleksander G. Kovacevi¢, Suzana M. Petrovi¢, Bojana M. Bokié¢, Biljana M. Gakovi¢,
Milos T. Bokorov, Borislav Z. Vasi¢, Rados B. Gaji¢, Milan S. Trtica, Branislav M.
Jelenkovi¢, ,,Surface nanopatterning of Al/Ti multilayer thin films and Al single layer by a
low-fluence UV femtosecond laser beam*, Applied Surface Science 326, str. 91-98 (2015).
DOI: 10.1016/j.apsusc.2014.10.180
ISSN: 0169-4332; 1F(2015) = 6.182; SNIP(2015) = 1.27;

e D. Mara, F. Artizzu, J. Goura, M. Jayendran, B. Boki¢, B. Kolaric, T. Verbiest and R. V.
Deun, ,,Molecular dysprosium complexes for white-light and near-infrared emission
controlled by the coordination environment®, Journal of Luminescence 243, 118646,
(2022). M21
DOI: 10.1016/j.jlumin.2021.118646
ISSN: 0022-2313; 1F(2020) = 3.599; SNIP(2020) = 0.95;



6.2 PagoBu y ncrakuyrum MelhyHapoaaum yaconucuma (M22):

Marina Simovic-Pavlovic, Bojana Boki¢, Darko Vasiljevic, and Branko Kolaric,
,.Bioinspired NEMS-Prospective of Collaboration with Nature“, Appl. Sci., 12(2), 905,
(2022). M22

DOI: 10.3390/app12020905

ISSN: 2076-3417; 1F(2020) = 2.679; SNI1P(2020) = 1.07;

Maja C. Pagnacco, Jelena P. Maksimovi¢, Marko Dakovi¢, Bojana Bokic, Sebastien R.
Mouchet, Thierry Verbiest, Yves Caudano, and Branko Kolaric, ,,Spontaneous Symmetry
Breaking: The Case of Crazy Clock and Beyond*, Symmetry, 14(2), 413, (2022). M22
DOI: 10.3390/sym14020413

ISSN: 2073-8994; 1F(2020) = 2.713; SNIP(2020) = 1.10;

6.3 PagoBu y mehynapoanum yaconucuma (M23):

Monika M. Zivkovi¢, Milesa Z. Sreckovi¢, Tomislav M. Stoji¢, Bojana M. Boki¢,
,.Influence of electromagnetic and nuclear radiation in medicine for therapy and diagnosis
through processes, facts and statistical analysis“, Nuclear Technology and Radiation
Protection 32, br.1, pp. 91-98, (2017).

DOI: 10.2298/NTRP1701091Z

ISSN: 1451-3994; 1F(2017) = 0.429; SNIP(2017) = 0.63;

M. Remy, M. Cormann, W. Kubo, B. Bokic, Y. Caudano and B. Kolaric, “Transmission
of entangled photons studied by quantum tomography: do we need plasmonic
resonances?”, Journal of Physics Communications, 3, 065011, (2019).

DOI: 10.1088/2399-6528/ab292f;

ISSN: 2399-6528: 1F(2019) = 1.13; SNIP(2019) = 0.70;

Marina Simovic-Pavlovic, Maja C. Pagnacco, Dusan Gruji¢, Bojana Bokic, Darko
Vasiljevic, Sebastien Mouchet, Thierry Verbiest, and Branko Kolaric, ,,Uncovering
Hidden Dynamics of Natural Photonic Structures using Holographic Imaging*, J. Vis. Exp.
(181), 63676, (2022). M23

DOI: 10.3791/63676

ISSN: 1940-087X; 1F(2020) = 1.355; SNIP(2020) = 0.44: ;

6.4 Caommreme ca Mel)ynapoanor ckyna mramnano y neaunn (M33):

Bojana M. Bokié, Falko Diebel, Dejan V. Timotijevi¢, Aleksandra Piper, Martin
Boguslawski, Dragana M. Jovi¢, Cornelia Denz, ,,Airy beams propagation in optically
induced photonic lattices”, Nonlinear Optics And Its Applications VIII; And Quantum
Optics 111, vol. 9136 (SPIE), Brussels, Belgium, April 14-16, (2014).

DOI: 10.1117/12.2052272



6.5 Caonmmrema ca Mmel)yHapoaHor ckyna mrammnasa y uzsoay (M34):

M. Srec¢kovi¢, Z. Tomié, Z. Fidanovski, S. Ostoji¢, P. Jovanié, Lj. Vulidevié, A.
Bugarinovi¢, and B. Boki¢, “The correlation between the initial ceramic particles and final
products®, 1st Conference of the Serbian Ceramic Society, Belgrade, Serbia, March 17-18.
(2011).

Nemanja M. Luci¢, Bojana M. Boki¢, Dusan Z. Gruji¢, Dejan V. Panteli¢, Branislav M.
Jelenkovi¢, Darko M. Vasiljevi¢, Dejan V. Timotijevi¢, Aleksandra Piper, Dragana M.
Jovi¢, ,,Defect controlled Airy beam acceleration in optically induced waveguide arrays®,
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High angular and spectral selectivity of purple
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Abstract: The iridescent features of the butterfly species Apatura iris
(Linnaeus, 1758) and A. ilia (Denis & Schiffermuller, 1775) were studied.
We recognized the structural color of scales only on the dorsal side of both
the fore and hind wings of males of both of the aforementioned butterfly
species. The scale dimensions and microstructure were analyzed by a
scanning electron microscope (SEM) and transmission electron microscope
(TEM). The optical properties were measured and it was found that the peak
reflectivity is around 380 nm, with a spectral width (full width at half
maximum) of approximately 50 nm in both species. The angular selectivity
is high and a purple iridescent color is observed within the angular range of
only 18 degrees in both species.

©2011 Optical Society of America
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1. Introduction

The diurnal active members of the order Lepidoptera (butterflies) are considered to be the
most attractive insects, together with representatives of the order Coleoptera (beetles). The
delicate beauty of butterfly wings is a consequence of several phenomena: selective
absorption by pigments, scattering, fluorescence and iridescence. The phenomenon of bright
iridescence attracted much attention [1-7] and is observed in a great number of butterfly
species, mostly tropical ones. Butterflies are known as the masters of mimicry (the type of
camouflage which serves to avoid predators) and aposemy (warning coloration which is
usually associated with an unpleasant taste to potential predators). In some species sexual
dimorphism is observed, as in the two species analyzed in this paper.

Structural coloration investigations have been very popular in the last few decades and
butterfly microstructure has been thoroughly investigated [8-10]. The following aspects have
been studied as well: nanostructure and optical properties of wing scales [1, 11, 12],
interference and diffraction in butterflies [2], ultraviolet reflection [13], structural blackness
and whiteness in butterfly scales [14], fluorescence emission [15], and coherent scattering-
induced structural color of scales [4]. The optical properties of butterfly scales have been
thoroughly measured and modeled [16] and their nanoscale structures could encourage further
developments in artificial material manufacturing [17].

The butterfly species Apatura iris (Linnaeus, 1758) and A. ilia (Denis & Schiffermdiller,
1775) (Fig. 1a and b) are distributed from Europe to Eastern Asia (China). The most obvious
difference between the two species is an extra eye spot on the fore wings of A. ilia. The males
of Apatura spp. possess the iridescent color on the dorsal side of their wings [18, 19]. This is
probably connected with intrasexual communication between males, rather than intersexual
communication and attraction [20]. The structural color of males is visible in flight when the
movements of the wings are noticeable within a certain range of angles. This kind of
iridescent coloration represents an excellent contrast to forest canopy — a natural habitat of
Apatura spp. Apart from structural coloration, pigment coloration is present as well.

The flight behavior of male Apatura iris was recently studied and it consisted mainly of
perching and patrolling flights. The daily aggregation of males at favored landmark sites from
approximately midday was observed as well [21].

Here we present a detailed study of two Apatura species with respect to their optical
properties and the relationship of these properties to the microscopic structure of the wing
scales.
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Fig. 1. a) Apatura iris; b) Apatura ilia. Observe that A. llia has an extra eye spot on fore wings.

2. Materials and methods
2.1 Collecting data

Specimens of the species Apatura iris and A. ilia were used for optical investigations (Fig. 1).
Both species were collected from the Balkan Peninsula: A. iris — Mt. Stara Planina,
Southeastern Serbia (July 2009, leg. D. Stojanovi¢), and Apatura ilia — Mt. Fruska Gora,
Northern Serbia (July 2009, leg. D. Stojanovi¢). The specimens were kept in the collection of
the Institute of Zoology, Faculty of Biology, University of Belgrade, Serbia.

2.2 SEM procedure

The specimens of Apatura iris and A. ilia were rinsed with diethyl-ether to obtain a clear
surface of the wings. The wings of the males were cut into rectangular shape (surface area of
several mm?). This was followed by dehydration in order to obtain dry samples, fixed on a
test-bed and subsequently covered with gold. Prepared samples were analyzed by a scanning
electron microscope (SEM) (JSM-6460LV, JEOL, Tokyo, Japan).

2.3 TEM procedure

Wings were cut into small pieces, fixed in 3% glutaraldehyde in 0.1M phosphate buffer (pH
7.2) and postfixed in 1% osmium tetroxide in the same buffer. The specimens were
dehydrated with serial ethanol solutions of increasing concentration and embedded in Araldite
(Fluka, Germany). For electron microscopic examination, the tissue blocks were trimmed and
cut with diamond knives (Diatome, Switzerland) on an UC6 ultramicrotome (Leica, Austria).
The thin sections were mounted on copper grids, stained with uranyl acetate and lead citrate
(Ultrastain, Leica, Austria) and examined on a Philips CM 12 transmission electron
microscope (TEM) (Eindhoven, the Netherlands) equipped with a Megaview Il digital
camera (Soft Imaging System, Minster, Germany).

2.4 Spectrometric measurements

A HR2000CG-UV-NIR Fiber spectrometer was used (Ocean Optics Inc., Dunedin, USA) to
collect the reflection spectra of the investigated butterflies. Wing samples were positioned on
a computer-controlled rotation platform and illuminated with a tungsten halogen lamp. Thus,
we were able to record the reflection spectrum of the wings as a function of the angle of
incidence. A MIRA titanium-sapphire laser with frequency doubler (Coherent Inc., USA) was
used to investigate the spectral dependence of the wing scattering pattern in the blue and UV
part of the spectrum. A diode-pumped Nd-YAG laser at 532 nm and diode laser at 630 nm
were used as well. The wings were irradiated with a laser beam and the scattered radiation
was photographed on the cylindrical screen by Canon EOS 50D camera. Rigorous coupled-
wave analysis was used to calculate the spectral reflectivity.
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3. Results

As in all butterfly species, the scales are positioned like roof tiles covering the entire dorsal
and ventral sides of the wing (Fig. 2a). We recognized two types of scales on the dorsal side
of both the fore and hind wings of Apatura iris and A. ilia. The cover scales are on top, while
ground scales are situated below. We found that the cover scales are responsible for the blue
iridescence of these two butterfly species (Fig. 2b) due to their much denser microscopic
structure in comparison to the ground scales. We have found that iridescent scales are
pigmented (see brownish scales in lower half of Fig. 2c).

Ground scak

]L Cover scale

L } :

b) c)

Fig. 2. Apatura iris: a) the cover scales on the dorsal wing side have a much denser structure in
comparison to ground scales (SEM image); b) the blue iridescence of the cover scales
positioned in regular rows. White scattering scales can be seen as well. The photograph is
recorded in reflection; c) scattering scales have a glass-like appearance, while the iridescent
scales are pigmented. Overlapping areas of glass-like scales are dark, indicating that the
scattering is intensified. Microscope image is recorded in transmission.

The white areas of the dorsal wing side are also interesting. Examination of the reflective
property revealed that the scales uniformly scatter light (Fig. 2b), while in transmission they
look completely transparent (Fig. 2c). Scale overlapping increases the scattering, which can
be seen as dark areas in upper half of Fig. 2c. We have found that there is a cumulative effect
of overlapping. A single scale transmits around 90% and we measured the transmission of the
overlapping scales to be about 60%.

By magnifying the iridescent butterfly scale surface of Apatura iris we observed long
parallel ridges, each having a number of lamellas positioned one over another (see Fig. 3 for
SEM images in two different views). The rows are mutually connected with orthogonally
positioned cross ribs. TEM images were used to obtain the exact morphological and
dimensional characteristics of each ridge and its lamellae (Fig. 4). The lamellae in cross
section exhibit a multilayer structure, conifer-like, with six pairs of lateral projections which
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are not widened distally and are triangularly pointed. The scale structure of Apatura ilia is
similar, except that the ridge density is slightly higher.

; :
% 3

b)

Fig. 3. SEM of the highly-magnified structure of a) Apatura iris cover scale in dorsal view; b)
A. iris cover scale in dorso-lateral view. A stacked lamellar structure is apparent.

Tum

Fig. 4. TEM image of cover scale cross section of Apatura iris.

Electron microscope images were used to construct a geometrical model of the structure
which was further utilized for theoretical analysis of the optical properties. Characteristic
dimensions can be seen in Fig. 5. Ridges form a surface relief diffraction grating, with an 820
nm period and approximately the same depth (830 nm). On the other hand, the lamellae form
a volume Bragg grating, with a roughly 75 nm period, with each lamella being 40 nm thick.

Butterfly wings were studied spectroscopically in relation to the illumination and
observation angles. Several spectra were recorded for different angular orientations (Fig. 6a).
Maximum reflectivity is observed in the UV part of the spectrum (380 nm) and does not
depend on the observation angle. Spectral width is small (50 nm FWHM) compared with
more visually spectacular species, such as Morpho butterflies [22]. There is a slight spectral
shift (in the order of 10-20 nm) as a function of the angle of illumination. All of this
apparently provides an evolutionary advantage when the butterfly reflectivity spectra (with
UV maximum) are compared with the canopy spectra (with almost no reflectivity in UV
region, a peak at 550 nm, and a plateau in the IR region) [23]. UV reflectivity makes the
butterfly very visible to its own species and considerably less visible to all other animals,
especially potential predators. The intensity of reflected light at visible and IR wavelengths is
much lower, making the butterfly appear dull brown from almost all directions — an excellent
camouflage in forest, where Apatura species is living.

#141253 - $15.00 USD Received 19 Jan 2011; revised 1 Mar 2011; accepted 1 Mar 2011; published 14 Mar 2011
(C) 2011 OSA 28 March 2011/ Vol. 19, No. 7/ OPTICS EXPRESS 5821



750

470

i
V
!

300
820

@/
\//

Jlﬂ
75

Fig. 5. Geometry of the microscopic structure of the Apatura iris wing scale (three orthogonal
projections of the upper scale surface). All dimensions are in nanometers.

The iridescence of Apatura iris is observed in a rather narrow angular range (18 degrees);
this is much narrower compared to other butterfly species [24]. Iridescence at 380 nm as a
function of the angle of incidence is shown in Fig. 6b. Nearly identical spectral properties
were observed in Apatura ilia.
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Fig. 6. a) Reflection spectra of the Apatura iris wing, with the angle of incidence as a
parameter; b) iridescence at 380 nm as a function of the observation angle.

In order to observe the spatial distribution of iridescent light, we irradiated the butterfly
wing with a laser beam from a tunable Ti-Sapphire laser coupled to frequency doubler. We
were able to continuously tune the laser wavelength from 365 to 450 nm. A simple
experimental setup is shown in Fig. 7a and 7b, and the typical spatial distribution of
iridescence can be seen in Fig. 7c. It should be emphasized that the images were recorded by
virtue of the natural fluorescence of the paper screen. In order to obtain an improved spatial
distribution we applied pseudo-coloring of the recorded images.
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Fig. 7. a) Experimental setup used for the detection of the spatial distribution of Apatura iris
wing iridescence (TL — titanium sapphire laser, SHG — frequency doubler, C — CCD camera, S
— reflective cylinder, W — butterfly wing, M — mirror); b) a butterfly wing inside a reflective

cylinder c) typical pattern of iridescence.
BN .

High
intensity

intensity

d)

©)
Fig. 8. Pseudo-colored images of iridescence recorded at: a) 365 nm; b) 387 nm; c) 405 nm; d)
450 nm. Patterns were recorded using a Ti-sapphire laser with frequency doubler. Light

intensities are color coded according to the bar at the top of the figure.
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Four images recorded at 365, 387, 405 and 450 nm are shown in Figs. 8a-8d. In
comparison to other wavelengths, the spatial distribution at 387 nm is much narrower,
indicating that at this particular wavelength the radiation is very directional. At 532 nm the
directionality of scattered radiation is almost completely lost, as can be seen in Fig. 9, which
was recorded by a diode-pumped Nd-YAG laser at 532 nm.

High
intensity

Low
intensity

Fig. 9. Radiation at 532 nm is almost uniformly scattered at the wing of Apatura iris. The
pattern was recorded by Nd-YAG laser. Light intensities are color coded — yellow representing
the highest intensity, and blue the lowest.

4, Discussion

The results presented in this study show that the iridescence of Apatura spp. butterflies is
spectrally and directionally constrained. With respect to the butterfly body, the radiation is
directed as shown in Fig. 10 in three orthogonal projections. This particular feature is a
consequence of the mutual orientations of lamellae with respect to the scale, and the scale
with respect to the wing membrane (Fig. 11). There is a critical angle of incidence (y + 2a +
2B = n/2) when the radiation is Bragg-reflected along the wing surface. At a greater angle, the
radiation cannot be further reflected (i.e., it is directed inside the material). In the case of
Apatura butterflies, the angle o of the scale is large (~20°), as can be verified by the strong
shadow cast by each scale in Figs. 2a and 2b.

White light

380 £ 27 nm

Ll &&K

‘ ‘ =

Fig. 10. Directions in which the blue iridescence can be observed (purple arrows). The
butterfly is schematically presented in three orthogonal projections.
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Fig. 11. Directionality of Apatura butterfly wing iridescence is a consequence of inclination of
both lamellae (angle B) and the scale as a whole (angle a). v is the angle of incidence of light
with respect to the wing membrane. Axes x and z are in agreement with Fig. 10.

Reflectivity [%]
o
o
@

0.06
0.04
0.02
0.00 T T T T T T T T T T 1
400 500 €0 700 800 900
Wavelength [nm]
a) b)
0.154
=)
£
5
2 0104
®
=
=
3
= 0.054
0.00 T T T T T T
10 20 30 40

Angle ofincidence [deg]
<)
Fig. 12. a) Geometry of the butterfly cover scale in cross section, used for the calculation of the

spectral reflectivity of Apatura spp.; b) spectral reflectivity as obtained by exact analysis using
rigorous coupled-wave analysis; c) angular dependence of iridescence at 380 nm.
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The spectral selectivity of the Apatura spp. scale was analyzed using rigorous coupled-
wave analysis using simplified geometry as shown in Fig. 12a. We were able to correctly
reproduce the spectral reflectivity (as shown in Fig. 12b) using dimensions presented in Fig. 5
and the refractive index of 1.56 for chitin [25]. Angular dependence of iridescence was
calculated too and presented in Fig. 12¢c. Theoretical results slightly depart from experimental
data, but this is due to idealized nature of calculation. In reality the butterfly grating is
stochastically distorted, and the effect is averaged among many scales, inside illuminated
wing area.

This phenomenon is in contrast with the reflection of Morpho butterfly wings, which
direct radiation sideways and in a broad angular range. Also, the spectral maximum of
iridescence shifts significantly with the angle of observation [22]. The difference between
Morpho spp. and Apatura spp. is due to the different orientations of butterfly scales with
respect to wing membrane. In Morpho butterflies the scales are almost parallel to the
membrane (for example, Morpho aega), while in the Apatura species the scales are strongly
inclined. On the nanoscopic level, ridges on the Apatura scale are not as dense as in Morpho
butterflies. Even though the number of lamellas is almost the same in Morpho helenor [22]
and Apatura, their cross sectional profile (as seen in TEM) is quite different. All these factors
lead to radically different optical properties - Apatura iridescence is spectrally very pure, and
the angular pattern is narrow.

5. Conclusions

Apatura ilia and Apatura iris are visually quite similar. Apatura ilia males have an iridescent
purple color on the wings that dorsally arise from a fully ordered 3D structure, and a
yellowish-brown color produced by pigments on the wings ventrally. On the other hand the
males of A. iris have the same purple iridescent color on the dorsal side of the wings and a
brownish color on the ventral side.

The photonic-type nanostructures consisting of chitin, occurring in the butterfly wing
scales of the male individuals of the species Apatura iris and A. ilia, were investigated by
both scanning and transmission electron microscopy and reflectance spectroscopy. A tunable
laser was used to analyze the variation of spatial distribution of iridescence.

As in all butterfly species, the architecture of the scales is complex. They possess
numerous alternating air and cuticle layers responsible for iridescence. From an optical point
of view, both analyzed species behave similarly. Maximum reflectivity is observed in the UV
region of the spectrum for both species and depends to a certain extent on the observation
angle. We have found that the scale iridescence is remarkably narrow, both spectrally and
angularly, in the studied butterfly species. This is the consequence of the interplay between
scale structure and inclination with respect to the wing membrane. Iridescence is observed in
a rather narrow angular range (18 degrees for both analyzed Apatura species while it is much
greater in other butterfly species previously studied). The spectral width of the iridescence is
small (around 50 nm FWHM for both analyzed Apatura species and is much greater in
tropical Morpho butterflies).
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We demonstrate both theoretically and experimentally that a finite Airy beam changes its trajectory and shape
in optically induced waveguide arrays consisting of different kinds of defects. The propagation dynamics and
beam acceleration are controlled with positive and negative defects, and appropriate refractive index change. An
additional class of discrete beams and Airy defect modes are demonstrated.
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I. INTRODUCTION

Self-accelerating Airy beams were first demonstrated in
quantum mechanics [1] as a dispersion-free solution of the
Schrodinger equation. By means of an important link between
quantum mechanics and paraxial wave optics, Airy beams
have been recently transferred into an optical field [2,3]. They
remain invariant along parabolic trajectories and attract a great
deal of interest because of their unique properties, including
transverse acceleration [4,5], nondiffraction [6,7], and self-
reconstruction [8,9]. Such features make these beams useful
for applications ranging from guiding and manipulation of
microparticles [5] and producing curved plasma channels [10]
to dynamically routing surface plasmon polaritons [11,12] and
frequency generation [13].

One reason for interest in these beams is their potential
application in nonlinear optics regimes: nonlinear interaction
of light with some material and a study of accelerating beam
dynamics inside nonlinear media. The behavior of Airy beams
propagating from a nonlinear medium to a linear medium was
studied in Ref. [ 14]. Formation of self-trapped accelerating op-
tical beams is demonstrated with different self-focusing non-
linearities [15], ranging from Kerr and saturable to quadratic
[16,17], and also with an optically induced refractive-index
gradient [18]. Recent experimental realization of electron
Airy beams [19] opens a novel ways of manipulating Airy
beams with various magnetic or electric potentials. Although
nondiffracting beams are not stationary solutions of the
Schrodinger equation with introduction of uniform waveguide
arrays, their modified counterparts are shown to exist and
remain nondiffracting [20]. Similarly asymptotic preservation
of a free accelerating property is observed [21] with Airy
beam introduced in uniform waveguide arrays. This gave us
motivation to study the impact of defects in waveguide arrays
on uniform waveguide array counterparts of Airy beams.

In this paper, we investigate and analyze both theoretically
and experimentally the active control of self-accelerating Airy
beams with an optically induced waveguide array consisting
of different kinds of defects. Various laser-written waveguide
arrays are produced in Fe:LiNbOj crystal, with periodic refrac-
tive index change and appropriate defect guides. We consider
how the positive and negative defects [22] influence the beam
self-bending as well as reduction of the beam acceleration.
In general, we find that with a modification of the refractive
index change, Airy beam acceleration can be reduced to the
discrete beams. However, close to the defect guides, the beam
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dynamics changes completely: the beams experience a strong
repulsion from the negative defect, while in the presence of
the positive defect they form simple localized waves.

II. EXPERIMENTAL REALIZATION AND THEORETICAL
MODELING OF AIRY BEAM PROPAGATION IN
WAVEGUIDE ARRAYS

We use an iron-doped (0.05%) Fe:LiNbOj3 crystal with
0.5 x 3 x 10 mm® dimensions. Waveguides are fabricated
using the laser-writing system at a laser wavelength of 473 nm,
which induces an appropriate structure change in the material
[see the schematic diagram in Fig. 1(a)]. By moving the sample
with respect to the perpendicular laser beam, a continuous
modification of the refractive index is obtained enabling light
guiding. The beam is focused by the 50 x microscope objective
with a numerical aperture (NA) of 0.55. Our sample has
waveguides of approximately 10 um width, with spacing
between the centers of the adjacent waveguides of d = 20 um.
We fabricate various one-dimensional waveguiding systems
with a refractive index change of An ~ 1 x 10~*, while two
of the guides are fabricated with either a lower (negative defect)
or higher refractive index change (positive defect), achieved
by a variation of the writing velocity. Experimental setup for
the investigation of Airy beam propagation in such waveguide
arrays is shown in Fig. 1(b). For the creation of the Airy beam,
an initial Gaussian beam from a 532 nm laser is projected
through a cubic phase mask onto a spatial light modulator
(SLM). The beam is then Fourier transformed and the 8 uW
input Airy beam, roughly 10 um wide in the main lobe, is
launched to the front face of the crystal. The output intensity
pattern, appearing at the end face of the crystal, is real time
observed by means of a charge-coupled-device (CCD) camera.
The intensity pattern evolution along the propagation direction
(z axis) through the crystal is obtained with another CCD
camera mounted above the sample, parallel to the x-z crystal
plane. The camera records scattered light from the crystal, with
the integration time of about 2 min.

To theoretically model Airy beam propagation in a waveg-
uide array, along the propagation distance z, we consider the
nonlinear Schrodinger equation

OE  10°E
"9z T 20x
where E is a slowly varying envelope, V(x)=n; —
An cos’(rx/d) is the periodic refractive-index profile of the

—V)E, (1)
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FIG. 1. (Color online) Experimental setup for an investigation
of Airy beam propagation effects in waveguide arrays. (a) Scheme
of the laser-writing waveguide arrays process in LiNbOj; crystal.
(b) Schematic of the experimental setup. Light from a 532 nm laser is
expanded and phase modulated by a spatial light modulator (SLM).
The beam is Fourier transformed and input into an LiNbOj; crystal,
and imaged into a CCD camera. L-lens, PH- pinhole, M-mirror,
O-objective, PC-computer.
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LiNbO,

array with the lattice period d, n; is a bulk material refractive
index, and An is the optically induced refractive index change.

We investigate the propagation dynamics of Airy beams
in optically induced waveguide arrays, with emphasis on
the competition between the acceleration and self-bending
propagation properties of Airy beams, and the trend of waveg-
uide arrays to form discrete wave filaments. The propagation
characteristics of Airy beams in waveguide arrays with and
without defects are considered both theoretically and experi-
mentally. We compare our experimental results to numerical
simulations, carried out by the split-step Fourier method
with the parameters of our experiment. All theoretical results
are confirmed experimentally. First, to compare appropriate
effects we test the Airy beam propagation in our crystal
with no waveguide arrays fabricated. There is a typical Airy
beam bending with a transverse displacement at the output,
with no diffraction evident in the main lobe, observed both
experimentally [Figs. 2(a) and 2(b)] and theoretically Fig. 2(c),
after 10 mm of propagation.

Next, keeping all conditions unchanged, the Airy beam
is launched in the waveguide arrays fabricated in our

Homogeneous

Waveguide arrays

FIG. 2. (Color online) Airy beam propagation in homogeneous
LiNbOs; crystal (top row) and waveguide arrays optically induced in
the same crystal (bottom row). Intensity plots of Airy beam structures
in longitudinal direction during the propagation: (a), (d) experiment;
(c), (f) theory. (b), (e) Corresponding intensity distributions at the
back face of the crystal. Physical parameters: the crystal length L =
10 mm, lattice constant d = 20 um, width of the main Airy lobe
10 pm.
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crystal, with the main lobe positioned in one waveguide (an
incident waveguide). When refractive index change is optically
induced, the Airy beam, which remains self-similar during
propagation and has a ballistic trajectory, can interact with
the neighboring waveguides. One can see that the bending of
the main lobe of the Airy beam is weaker [Figs. 2(d)-2(f)],
in comparison with the uniform case [Figs. 2(a)-2(c)]. Also,
the presence of the waveguide arrays leads to a creating beam
that propagates similar to the discrete waves. With appropriate
refractive index change the output position of the Airy beam
moves downward, indicating suppressed acceleration of the
Airy beam, and it forms the various kinds of discrete structures.
A series of numerical investigations are also performed to
manipulate Airy beam acceleration with different refractive
index change (see Sec. IV, Figs. 4 and 5).

III. DEFECT-CONTROLLED AIRY
BEAM ACCELERATION

We also study the influence of various defect guides on the
Airy beam propagation, and active control and manipulation
of the beam acceleration with such defects. We show that
the balance between self-acceleration properties and defect
plays an important role in the evolution of the Airy beam. Our
results are shown in Fig. 3, obtained with the same Airy beam
as before, but using two different classes of waveguide arrays:
containing a single defect with a lower refractive index defect
guide (negative defect) and with a higher refractive index
defect guide (positive defect). In both cases the main Airy
lobe is positioned into the defect guides, at the input. First, we
consider waveguide arrays with negative defects and observe
strong beam repulsion from such defects [Figs. 3(a)-3(c)].
But, shifting the main lobe position to the waveguide close to
the defect channel, one can observe a typical discrete surface
waves (not shown). However, the Airy beam propagation is
drastically changed in the presence of a positive defect guide
so the formation of simple localized waves is possible with
appropriate positive defects [Figs. 3(d)-3()].

Negative defect

Positive defect

FIG. 3. (Color online) Airy beam propagation in waveguide
arrays with negative (top row) and positive (bottom row) defects.
Intensity plots of Airy beam structures in longitudinal direc-
tion during the propagation: (a), (d) experiment; (c), (f) theory.
(b), (e) Corresponding intensity distributions at the back face of the
crystal. Defect refractive index change is O for negative and 2An for
positive defect. Other parameters are as in Fig. 1.
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FIG. 4. (Color online) Dependence of the percentage of the Airy beam power in the incident waveguide (P, ) on refractive index change
An and propagation distance for (a) waveguide array, (b) negative defect, and (c) positive defect. Physical parameters are as in Fig. 3.

IV. DEPENDENCE OF AIRY BEAM PROPAGATION
ON THE REFRACTIVE INDEX CHANGE

Finally, we study numerically the dynamics of Airy beam
propagation in waveguide arrays with various refractive index
changes An. Again, we compare three cases with positive
and negative defects and with no defects. We show that
beams exhibit shape-preserving acceleration inside a low
refractive index change, but discrete diffraction and formation
of various discrete beams occur with an increasing refractive
index change, and very rich beam dynamics and amplitude
modulations are seen with further increasing of An. We
monitor a percentage of the Airy beam power in incident
waveguide (P,y), as the ratio between the power of the beam
in the incident waveguide (or defect channel in the case with
defect waveguides) and the total power of the Airy beam,

waveguide array
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FIG. 5. (Color online) Airy beam propagation dynamics in
different waveguide arrays. Typical intensity distributions of Airy
beam structures in longitudinal direction during the propagation
for waveguide arrays with (a), (d) no defects; (b), (e) negative
defect; and (c), (f) positive defect. (a)~(c) An =3 x 107*; (d)—(f)
An =5 x 107*. (g) Airy beam power in incident waveguide (P,,)
at the crystal exit as a function of refractive index change An.
A vertical dotted line shows experimental refractive index change.
Physical parameters are as in Fig. 4.

at appropriate propagation distance. A dependence of P,
on the refractive index change An and propagation distance
is presented in Fig. 4 for all three cases: (a) waveguide
array, (b) negative defect, and (c) positive defect. Figure 4
clearly demonstrates the impact of waveguide arrays on the
formation of discrete beams [Fig. 4(a)]. Also, it demonstrates
the impact of the defect inclusion on the acceleration beams,
the shape-preserving nature of these beams, and the refractive
index change caused with the defect inclusion [Figs. 4(b) and
4(c)]. One can see that discrete beam diffraction is more visible
in the case of waveguide arrays without defects. However,
an energy localization in the incident waveguide is more
pronounced in the waveguide arrays with the negative defect
[Fig. 4(b)], and the most with the positive defect [Fig. 4(c)].

Figure 5 presents some typical examples of the Airy beam
propagation along the longitudinal direction for An higher
than in our experimental sample. Intensity distributions for
two values of refractive index change are shown: An =
3 x 10~* (first row) and An =35 x 10~* (second row) for
waveguide arrays [Figs. 5(a) and 5(d)], negative defects
[Figs. 5(b) and 5(e)], and positive defects [Figs. 5(c) and 5(f)].
In the case without defects, discrete beam formation starts
at shorter propagation distance while the refractive index
change is increased. With the negative defect guide, increasing
An, amplitude modulations take place, and they are more
pronounced with higher An. The beam repulsion from defect
guide is also visible. At last, inclusion of a positive defect
leads to a more localized energy in the defect guide, but also
with some kind of amplitude modulations for higher refractive
index change. We monitor Airy beam power in the incident
waveguide (P;y,) at the crystal exit as a function of refractive
index change An [Fig. 5(g)]. For waveguide arrays with no
defects, P, after 10 mm propagation distance is slightly
changed, decreases with lower, but increases with higher An.
In the case of a negative defect, P, has maximal values at
An ~ 3 x 107%. The percentage of the Airy beam power in
incident waveguide is higher for positive defect guides, and
for parameters we used in our investigation it has maximum
at An ~ 1.3 x 107*. Also, we investigate defect guides with
different refractive index change, as well as different defect
size (not shown). Our analysis provides a very good tool for
manipulation and controlling of Airy beam acceleration and
self -ending properties, as well as appropriate conditions for
the formation of discrete, surface or localized waves produced
using Airy beams.
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V. CONCLUSIONS

In summary, we have demonstrated the propagation dynam-
ics of Airy beams in optically induced waveguide arrays. We
have analyzed experimentally and numerically how various
waveguides modify acceleration and self-bending properties
of such beams, resulting in the discrete beams or Airy defect
mode formation. We have demonstrated that the presence of
various defect types, their sizes, as well as the refractive index
change could drastically change the initial Airy beam shape.
The experimental results fully agree with the theoretical

PHYSICAL REVIEW A 88, 063815 (2013)

analysis. A similar method can be used for control of other
accelerating beams, such as parabolic beams. While we
performed all our analysis in one-dimensional waveguide
arrays, all our findings should also hold in two-dimensional
photonic lattices.
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Control of Airy-beam self-acceleration by photonic lattices
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We demonstrate control over the acceleration of two-dimensional Airy beams propagating in optically induced
photonic lattices. Depending on the lattice strength, we observe a slowing-down and suppression of the self-
acceleration of Airy beams, as well as a formation of discrete lattice beams. Moreover, we explore the effects of
different artificial single-side defects on the propagation and acceleration. For positive defects, the localization
of the Airy beam to the defect site is further enhanced, while for negative defects most of the power is repelled

from this site.

DOI: 10.1103/PhysRevA.90.033802

I. INTRODUCTION

Since their discovery in 1979 by Berry and Balazs [1], the
fascinating class of Airy beams has attracted huge interest
in different fields of physics. Originally, Airy beams were
introduced as wave functions, solving the one-dimensional
Schrodinger equation for free particles. Their probability
density remarkably stays nonspreading under time evolution,
while being transversely accelerated to follow a parabolic
trajectory. Due to the formal equivalence between the
Schrodinger equation in quantum mechanics and the paraxial
equation of diffraction in optics, the concepts and solutions
can be transferred to optics, where Airy beams can be directly
observed and explored in experiments.

The first realization of optical one- and two-dimensional
Airy beams [2] initiated an active field of research, leading
to a number of systematic investigations of the generation,
the manipulation, and the general properties of Airy beams in
linear and nonlinear regimes [3—8]. The unique nonspreading
and self-accelerating features of Airy beams moreover led to a
huge variety of applications, including so-called autofocusing
beams [9], optical snowblowers [10], and optical routers [11].
Also the influence of inhomogeneous potentials and the
presence of dielectric interfaces on the propagation of Airy
beams have been studied in the past [8,12—17].

Controlling the propagation behavior of light with light
itself is the key requirement to realize new all-optical guiding
and switching architectures. It is well known that the presence
of discrete photonic lattice structures dramatically changes the
propagation dynamics of light. Thus, one promising approach
towards this goal is to tailor the transverse acceleration of
two-dimensional optical Airy beams using photonic lattices.
Recently, defect guided Airy beams in optically induced one-
dimensional waveguide arrays were observed [18]. Despite
the fact that Airy beams have been subject to many research
activities, the propagation of such accelerated beams inside a
two-dimensional optically induced photonic lattice has only
been studied numerically with an isotropic refractive index
potential assumed [19].
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In this paper, we investigate and analyze the propagation
dynamics of self-accelerating Airy beams in two-dimensional
photonic lattices including defects, both theoretically and
experimentally. The lattices were fabricated by optical in-
duction [20] in photorefractive strontium barium niobate and
the refractive index modulations are numerically calculated
in the anisotropic model [21]. We consider how the discrete
lattice changes the shape of the Airy beam and influences
its self-acceleration. The propagation dynamics and beam
acceleration are controlled by varying the lattice strength. We
find that increasing the refractive index modulation reduces
the Airy beam acceleration and leads to the formation of
discrete lattice beams. Additionally, we realize different defect
lattices by embedding two types of single-site defects into
the regular lattice and investigate the impact onto the Airy
beam. The defects remarkably change the beam dynamics. For
the negative defect the beams experience a strong repulsion,
while in the presence of the positive defect they form strongly
localized waves or defect modes.

II. THEORETICAL BACKGROUND AND
EXPERIMENTAL SETUP

To study the propagation characteristics of Airy beams in
an optical system with induced photonic lattices, we consider
the scaled paraxial equation of diffraction for the electric field
W

0w 1 (82\11 R

1
3z "o > + Sk wiAn* (finga) ¥ = 0. (1)

"9 T2

Here, x = x/wo and v = y/wq are the dimensionless
transverse coordinates scaled by the characteristic length wy.
L=z /kw% represents the dimensionless propagation distance
with k = 27n/A. The photonic lattice enters this equation
in terms of an intensity-dependent refractive index modu-
lation An?(linaw), Which is described by the full anisotropic
model [21] and precisely models the optical induction process
in an externally biased photorefractive crystal. Moreover,
Eq. (1) is also suitable to cover nonlinear light propagation
when the inducing intensity becomes a function of the field
U itself. In this contribution, however, we restrict ourselves to
linear effects.

©2014 American Physical Society
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For the case of linear light propagation in homogenous
media, where An? = 0, the wave equation (1) can always
be separated into two parts, each depending only on one
transverse coordinate, x or v, respectively. Consequently, also
the solution W separates and can be written as product in the
following form: W(x,v,¢) = ¥ (x,¢)¥(v,¢), where ¢ is the
longitudinal coordinate. As first shown in Ref. [1], each part
of the wave equation can be solved by a nondispersive one-
dimensional Airy function Ai(X). Thus, the overall solution
of Eq. (1) in two dimensions reads as

V(xv,8) =9y x.OPWm,0) 2)
with
Y(X,0) = AilX — (¢/2)]expli(X£/2) —i(C*/12)]  (3)
and X = {x,v}.

The solution W(x,v,¢) describes a nonspreading, two-
dimensional optical Airy beam which is transversely accel-
erated while propagating along the longitudinal coordinate
¢. At first glance, the acceleration of the wave packets in
homogeneous media without any index gradient seems to
contradict the Ehrenfest theorem, which states that the center
of mass of a wave function moves with constant speed if there
is no force acting. Since W is not square integrable, the center
of mass cannot be defined. This also implies that the wave
function contains infinite energy and extends over the whole
space, both being nonphysical [6,22].

We instead have to consider a truncated solution with finite
extent and energy, written as ¥ (X,0) = Ai[X]explaxX],
with the positive decay length ay, typically ay < 1. It has
been shown that this truncated solution still solves the wave
equation (1) and that the distinguished properties of two-
dimensional Airy beams are mostly preserved [23]. Although
the truncated intensity pattern is now nonspreading only over a
limited propagation distance, this easily covers the longitudinal
range which is necessary to observe sufficient transverse
displacement of the Airy beam.

The characteristics of a two-dimensional optical Airy
beam propagating inside a homogeneous medium are shown
experimentally in Fig. 1. The transverse intensity distributions
of the Airy beam at the front and the back faces of the
photorefractive crystal are shown in Figs. 1(b) and 1(c),
respectively. In addition, the intensity profile is recorded for a
huge set of transverse planes along the crystal to demonstrate
the accelerated transverse shift of the Airy beam during
propagation. A cross section through this three-dimensional
intensity volume along one vertical axis is shown in Fig. 1(a).
This picture reveals that the experimentally realized Airy beam
follows the expected accelerated trajectory and it proves that
the unavoidable truncation with a, , # 0 in the experiment
only negligibly affects the beam propagation compared to the
ideal case of infinite beams.

A. Optically induced photonic lattices

To experimentally realize the photonic lattices for control-
ling the acceleration of the Airy beam we use the technique
of optical induction [20], which in the past has proved its
flexibility to create various types of two- and three-dimensional
photonic lattices [24-26]. Moreover, this approach provides a
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versatile platform to study different fundamental linear and
nonlinear propagation effects, such as Anderson localiza-
tion [27] or discrete lattice and vortex solitons [28,29].

The optical induction method relies on the property
of photorefractive materials, e.g., strontium barium niobate
(SBN), to locally change their refractive index according to the
intensity distribution the crystal is illuminated with [30]. For
this reason the resulting refractive index structure is directly
linked to the intensity of the induction beam. In all experiments
presented in this contribution we require two-dimensional
photonic lattices, implying that the induction beam may be
conveniently realized by choosing from the wide class of
nondiffracting beams [31,32].

For the realization of photonic lattices with the optical in-
duction technique, we use nondiffracting beams characterized
by optical fields whose intensity distributions are modulated
in the transverse plane and stay unchanged in the longitudinal
dimension. Such beams share the property that in Fourier space
all contributing field components lie on an infinitely small ring
with radius k, defining the structure size of the transverse
pattern in real space. In particular, we consider a photonic
square lattice which would be constituted from superimposing
four tilted plane waves. The electric field E,gp then reads as

4
Enap(x,y,2) = ) EpeltCeomtysinmeiic (4

n=1

with ¢, =7 (2n 4+ 1)/4 and k= kt2 + kzz. To minimize
the anisotropic response of the photorefractive effect, the
induction beam is rotated by 45°.

Figure 1(d) shows the recorded intensity distribution of
the experimentally realized nondiffracting beam which is used
to optically induce the two-dimensional square lattice. The
lattice period A = m/k; &~ 25um is chosen to exactly match
the distance between the main and the next neighboring lobes
of the Airy beam. To realize different lattice strengths An, we
utilize that the optically induced refractive index modulation
in SBN builds up with time. By illuminating the crystal with
the writing beam intensity for different times we thus are
able to control the depths of the index modulation. To verify
that the appropriate photonic lattice is actually induced, we
illuminate the front face of the crystal with a plane wave after
the writing process was completed. The initially homogeneous
intensity of the plane wave is redistributed by the imprinted
refractive index modulation to be locally increased at regions
of higher refractive index. Thus, by recording the intensity
at the back face of the crystal we can visualize the written
photonic structure [Fig. 1(e)] [24].

B. Experimental setup and numerical methods

All experiments were carried out using the experimental
setup sketched in Fig. 1(f). The beam from a frequency-
doubled, continuous wave Nd: YVO, laser emitting at a
wavelength of A = 532 nm is divided into two separate beams,
each illuminating a high-resolution, programmable phase-only
spatial light modulator (SLM). The first modulator (SLM1),
in combination with the following two lenses and the Fourier
mask, is employed to shape the nondiffracting induction beam.
We address a specially calculated phase pattern to this SLM
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FIG. 1. (Color online) Experimental realization of two-dimensional Airy beams and photonic lattices. (a) Experimentally recorded
profile during propagation, (b) intensity distribution of the Airy beam at the front face, and (c) intensity distribution at the back face.
(d) Intensity pattern of the induction beam; (e) picture of the induced refractive index using wave guiding. (f) Experimental setup: (P)BS,
(polarizing) beam splitter; FM, Fourier mask; L, lens; MO, microscope objective; SBN, strontium barium niobate crystal; and SLM, spatial

light modulator.

which allows us to modulate the phase and the amplitude
of the incident plane wave simultaneously [33]. Thereby, we
obtain the complex field of the desired nondiffracting beam.
Afterward, this modulated beam illuminates the 20-mm-long
photorefractive Sty goBag40NbyOg (SBN:Ce) crystal, which is
externally biased with an electric dc field of Ey &~ 2000V /cm
aligned along the optical ¢ axis. To minimize the feedback
of the written refractive index structure onto the induction
beam itself, the induction beam is set to be ordinarily
polarized with respect to the crystal’s optical ¢ axis. The
high polarization anisotropy in the electro-optic coefficients of
SBN:Ce [34], however, allows us to induce sufficient refractive
index modulations to substantially affect the propagation of the

extraordinarily polarized Airy beam. The Airy beam is realized
in the same manner by directly encoding the complex field
calculated in real space with Eq. (2) onto the second modulator
(SLM2). To accurately overlay the two beams in the crystal,
a beam splitter is placed directly in front of the SBN crystal.
In addition, by illuminating the crystal homogeneously with
white light, we can erase written refractive index modulations.
By means of an imaging lens and a camera mounted on a
translation stage we can record the intensity distribution in
different transverse planes.

We support our experiments with comprehensive numerical
simulations by solving the paraxial wave equation (1), which
models the light propagation in media with inhomogeneous
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FIG. 2. (Color online) Airy beam propagation in a regular diamond lattice. (a), (f) Input Airy beams at the front crystal face in experiment
and numerics [the layout of the lattice beam is indicated by open circles in panel (a)]. (b)—(e) Experimental recorded intensity distributions at
the back face for different refractive index change An; (g)—(j) corresponding numerical results. (k) The shaded area represents the mask for
the calculation of power ratio. (1) Dependance of the percentage of the Airy beam power in the incident waveguide on refractive index change

An and propagation length z.

refractive index modulations. The resulting optically induced
index modulation in the photorefractive material is represented
by An?(Iinay), which can be calculated in the full anisotropic
model [21] with a relaxation method. Since only linear effects
are considered, the inducing intensity [jg, is solely given
by the intensity of the nondiffracting beam, lipg, = |EndB|2
[cf. Eq. (4)]. Even though the paraxial wave equation stays in
the linear regime, it is not solvable analytically and we need
to rely on proven beam propagation methods. The propagation
equation (1) is solved numerically, using a split-step Fourier
method described earlier in Ref. [35,36].

III. TWO-DIMENSIONAL AIRY BEAMS
IN PHOTONIC LATTICES

In this section, we investigate the influence of an optically
induced photonic lattice onto the self-acceleration of two-
dimensional optical Airy beams. We set our focus on the
competition between the self-bending propagation of Airy
beams and the waveguiding and discrete diffraction effects
of the photonic lattice. Therefore, we successively increase
the strength of the induced refractive index modulation and
observe the effect on the beam acceleration. While increasing
the lattice strength, the Airy beam more efficiently excites
different linear Bloch modes of the lattice which hinders the
acceleration during propagation of the undisturbed Airy beam.
This results in an effectively slowed down acceleration, which
for a certain value was effectively stopped completely.

Figure 2 summarizes our results with respect to the propa-
gation of the Airy beam inside a regular photonic lattice. The
top row [Figs. 2(a)-2(e)] contains our experimental results,
while the corresponding numerical simulations are shown in
the second row [Figs. 2(f)-2(j)]. The first two columns recap
the typical transverse displacement of the Airy beam that
propagated between the front face [Figs. 2(a) and 2(f)] and
the back face [Figs. 2(b) and 2(g)] of the homogenous crystal.
Now, the Airy beam is launched into the induced photonic
lattice with the main lobe exactly located at one lattice site.
As the refractive index modulation strength growths, the
interaction of the Airy beam with the lattice sites becomes
stronger and consequently the bending of the Airy beam is
decreased. Our experimental results [Figs. 2(c)-2(e)], as well
as our numerics [Figs. 2(h)-2(j)] clearly show the frustration
of the self-acceleration of the Airy beam. Depending on the
different lattice strengths, various kinds of discrete structures
arise until the lattice finally suppresses the acceleration of the
Airy beam completely. Most of the energy then stays in the
lattice site, where the main lobe of the Airy beam was initially
launched.

To get a more detailed insight into the propagation dynam-
ics, we monitor the ratio between the power guided in the
central waveguide and the total power of the Airy beam as a
function of the lattice strength and the propagation distance. In
Fig. 2(1) the numerical results for this power ratio are shown.
With this reduced representation we are able to illustrate the
key signature of the complex evolution of the Airy beam during
the propagation for the different lattice strengths. It illustrates,
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spatially resolved, how much energy is guided in the central
lattice site and thus how strong the Airy beam acceleration is
frustrated by the lattice. The shaded area in Fig. 2(k) represents
the mask to calculate the power in the central waveguide. This
graph clearly demonstrates the impact of optically induced
photonic lattice on the formation of discrete structures, as well
as suppression of the acceleration and bending of the Airy
beam. For certain values of An one can see oscillations of the
beam power in the central waveguide along the propagation
distance. This is due to the self-bending property of Airy beams
and the influence of the central waveguide not only on the main
lobe but also on other lobes that overlap with this particular
waveguide along the propagation. As a result, the part of
their power is monitored in the central waveguide for some
propagation distances. For higher refractive index modulations
An, one can observe the localization of most of the beam power
to central waveguide as the beam leaves the crystal. Again,
to experimentally control the index modulation depth we take
advantage of the time-dependent buildup of the induced lattice,
which grows monotonously with the writing time.

In contrast to a corresponding situation of one-dimensional
Airy beams propagating in a waveguide array [18], here the
localization of the two-dimensional Airy beams at the output
strongly depends on the strength of the photonic lattice,
which also can be seen at the right edge of Fig. 2(1). This
different behavior can be explained by the fact that in two
dimensions each lattice site has four next neighbors (in the
one-dimensional case only two). Thus, here the interaction of
the Airy beam which is launched with its main lobe exactly
placed at one lattice site is more pronounced.

This dependency of the beam localization on the lattice
strength, for example, can be harnessed to realize a fast switch
or router for Airy beams based on their polarization. The
optical induction in SBN leads to an internal space charge field
that modulates the refractive index via the linear electrooptic
effect. Because of the strong polarization anisotropy of the
electrooptic coefficients, rj3 < r33 [34], the lattice strength
experienced by the Airy beam strongly depends on the
polarization. Consequently, the shape as well as center of mass
of the intensity distribution that leaves the photonic lattice
can be controlled solely by changing the polarization of the
incoming Airy beam.

We also study the transition of the Airy beam that leaves
the SBN crystal with the inscribed photonic lattice to a linear
medium (e.g., air) and its further propagation. It has been
shown recently that only an Airy beam initially driven by a
particular self-defocusing nonlinearity experiences anomalous
diffraction and can maintain its shape over a long distance after
exiting the nonlinear medium [37]. In our crystal with optically
induced photonic lattice we could not observe that the exiting
field pattern propagates robustly with the properties character-
istic for Airy beams over a long distance after the crystal.

IV. AIRY BEAM PROPAGATION IN PHOTONIC LATTICE
WITH DIFFERENT DEFECTS

Besides the influence of regular photonic lattices on
the behavior of two-dimensional Airy beams, we investigate
the propagation effects caused by defects embedded in
these lattices. In particular, we consider two-dimensional
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single-site defect lattices with positive or negative variable
defect strengths.

To realize the different defect lattices, we use a well-
localized zero-order nondiffracting Bessel beam to locally
increase or decrease the refractive index modulation at one
selected lattice site. It is important that the resulting defect
lattice remains two-dimensional. Therefore, the lattice is
induced by an effective intensity distribution resulting from
an incoherent superposition of the discrete and the Bessel
nondiffracting beam. This incoherent superposition is essential
to get rid of the phase relation between both beams, which
otherwise would lead to additional undesired intensity mod-
ulations due to interference. To avoid the coherent effects,
we illuminate the crystal one after the other with the discrete
and the Bessel beam, respectively. Thereby, we utilize the
high dielectric response time of the SBN crystal for the used
intensities that allows for switching frequencies in the order
of seconds. As shown in the past, this multiplexing method
is capable of fabricating a whole set of two-dimensional
aperiodic structures, superlattices, and defect lattices [38—40].
In order to realize negative defects, the index modulation at one
selected lattice site is decreased by switching to defocusing
nonlinearity while the crystal is illuminated with the Bessel
beam. This is achieved by applying the static electric field
antiparallel to the optical ¢ axis [40].

Figure 3 illustrates the basic scheme of the defect realization
using multiplexed nondiffracting beams. The regular lattice is
induced with the intensity distribution shown in Fig. 3(a).
Simultaneously, the Bessel beam intensity shown in Fig. 3(b)
increases or decreases the induced refractive index at one
lattice site, depending on the direction of the applied electrical
field. The resulting effective intensity distributions for the
positive and negative defect lattices are shown in Figs. 3(c)
and 3(d), respectively. Figures 3(e) and 3(f) show the numer-
ically calculated refractive index modulations that result for
both types of defect lattices.

Once the defect lattices are realized, we finally study how
the different defects influence the Airy beam propagation
and acceleration. We keep all parameters from the previous

numerics

oo
=
[}
£

=
@
o
b3
[}

FIG. 3. (Color online) Defect generation in optically induced
photonic lattice. (a) Experimental realization of the diamond lattice,
(b) the Bessel beam, (c) the positive defect lattice, and (d) the negative
defect lattice. Numerical realization of (e) positive and (f) negative
lattice defects.
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FIG. 4. (Color online) Airy beam propagation in different positive defect lattices. (a) Numerical results for the dependance of the Airy
beam power propagating in defect site on refractive index change An and propagation length z. (b) Experimentally observed percentage of
the Airy beam power propagating in the defect site as a function of the refractive index change An and defect strength Sq4. (¢), (d) Exemplary
numerical results of Airy beam intensity distribution at the back crystal face. (e), (f) Experimentally recorded output intensity distributions.
The letters in panels (a) and (b) indicate the corresponding intensity pictures.

experiments, but change the sign of the defect to both positive
and negative. The Airy beam is positioned with its main lobe
exactly located at the defect site. For the different defects,
we record the intensity profiles of the propagated Airy beam
at the back face of the crystal and monitor the percentage
of the power guided in the central waveguide, as described
previously.

power ratio (numerics)

In Figs. 4 and 5 we show our results for the positive and
negative defects, respectively. The numerical results for the
power ration as a function of the propagation distance ¢ and
the refractive index modulation An are presented as panels
(a) in both figures. We picked two particular cases with An =
0.75 x 10~* [panel (c)] and An = 2.25 x 10~* [panel (d)] for
representation and show the intensity profile at the back face

defect strength

power ratio (experiment)

FIG. 5. (Color online) Airy beam propagation in different negative defect lattices. (a) Numerical results for the dependance of the Airy
beam power propagating in defect site on refractive index change An and propagation length z. (b) Experimentally observed percentage of
the Airy beam power propagating in the defect site as a function of the refractive index change An and defect strength S. (¢), (d) Exemplary
numerical results of Airy beam intensity distribution at the back crystal face. (e), (f) Experimentally recorded output intensity distributions.
The letters in panels (a) and (b) indicate the corresponding intensity pictures.
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of the crystal. The positions corresponding to these intensity
profiles are indicated with the letters (c) and (d) in the power
ratio plot (a).

Because in experiments it is not possible to record the
intensity pattern inside an inhomogeneous crystal, we are
restricted to the profiles at the back face. In Figs. 4(b) and 5(b)
the experimentally measured power ratio at the back face is
plotted as a function of the refractive index modulation and the
defect strength. Therefore, we have repeated the experiments
for five different defect strengths for both positive and negative
defects and recorded the intensity profile at the back face. The
modulus of the defect strength Sy is given by the ratio of the
peak intensities of the discrete and the Bessel nondiffracting
beam, while the sign is determined by the direction of the
applied electric field. In the experiment, we also select the two
representative lattice strengths An to show the intensity profile
at the output of the crystal [panels (e) and (f)]. Again, their
positions in the experimental power ratio plot (b) are indicated
with the letters (e) and (f).

These results illustrate the strong dependence of the
propagation and acceleration properties of the Airy beam on
the lattice depths, as well as the defect strength. The positive
defect [Fig. 4(a)] strongly enhances the localization of the
Airy beam, while for the negative defect [Fig. 5(a)] the power
guided in the defect site is significantly reduced and finally
completely repelled. A similar behavior was reported earlier
for one-dimensional Airy beams propagating in a waveguide
array with defects [18], and it was predicted that it qualitatively
agrees with the results in two dimensions.

PHYSICAL REVIEW A 90, 033802 (2014)

V. CONCLUSION

In summary, we have demonstrated the control over the
propagation dynamics of two-dimensional Airy beams in
optically induced photonic lattices. We have shown, both the-
oretically and experimentally, that depending on the depths of
the induced lattice, the acceleration and the bending of the Airy
beam are strongly affected. For increasing refractive index
contrast, different discrete patterns arise and for a certain value
the acceleration of the beam is effectively stopped. Moreover,
we demonstrated the influence of various single-side defects
on the propagation dynamics of the Airy beam. The defect
strength as well as the lattice depth dramatically change the
initial Airy beam shape and its self-bending. For positive
defects, the localization is remarkably increased, while for
negative defects, the situation is changed to transport nearly
no power along the defect site. All presented experimental
results fully agree with the supporting numerical simulations.
Our results can readily be generalized to other kinds of
optically induced lattices and defect types, including more
complex or even three-dimensional lattices. Also other classes
of self-accelerated optical beams can be controlled using the
presented ideas and methods.
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Soliton formation by decelerating
interacting Airy beams
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Abstract: We demonstrate a new type of soliton formation arising from
the interaction of multiple two-dimensional Airy beams in a nonlinear
medium. While in linear regime, interference effects of two or four
spatially displaced Airy beams lead to accelerated intensity structures
that can be used for optical induction of novel light guiding refractive
index structures, the nonlinear cross-interaction between the Airy beams
decelerates their bending and enables the formation of straight propagating
solitary states. Our experimental results represent an intriguing combination
of two fundamental effects, accelerated optical beams and nonlinearity,
together enable novel mechanisms of soliton formation that will find
applications in all-optical light localization and switching architectures. Our
experimental results are supported by corresponding numerical simulations.
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1. Introduction and motivation

Airy wave packets, first predicted by Berry and Balazs [1] as free-particle solutions of the
Schrodinger equation are remarkable objects within the framework of quantum mechanics. The
envelope of these wave packets is described by Airy functions, centered around a parabolic
trajectory. Their unique ability to freely accelerate during propagation — even in the absence of
any external potential — stands out the Airy wave from any other known solution. Airy wave
packets were also predicted [2], and then realized [3] in the optical domain. Their special self-
healing properties — self-restoration of their canonical form after passing small obstacles —
were demonstrated theoretically and experimentally [4]. The unique ballistic-like and self-
accelerating properties of the Airy beam made it ideally suited for various applications ranging
from particle and cell micromanipulation, optical snow-blowers [5,6], laser micromachining [7]
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and self-bending plasma channels [8] to ultrafast self-accelerating pulses [9].

While the potential of tailored light fields, especially Airy beams, is well recognized in these
fields, they are also of significant importance for advances in discrete and nonlinear modern
photonics. On the one hand, the influence of inhomogeneous refractive index potentials on
Airy beams has been investigated theoretically to design the beam caustics [10—12], on the other
hand it was experimentally demonstrated that a linear refractive index gradient or a photonic
lattice can be used to control and compensate the Airy beam self-acceleration [13—15]. Another
inventive idea shifts the perspective and uses two-dimensional Airy beams itself to optically
induce light guiding structures for optical routing and switching of signals [16].

By considering nonlinearity a new degree of freedom is added to the system which leads to
interesting new effects of Airy beam propagation investigated in several theoretical and exper-
imental studies [17-20]. One of the most fundamental effect in nonlinear systems is the exis-
tence of spatial solitons which represents localized structures that always preserve their shape
by the balance between diffraction and nonlinear self-focusing. In optics, they have extensively
been studies in various systems, including bulk nonlinear media or discrete systems [21-23],
where fundamental solitons or even vortex solitons [24,25] have been found. The interesting
question now is if solitons or solitary structures can arise from the interaction of initially accel-
erated beams such as Airy beams. Very recently, first numerical studies have started to explore
the interaction between two one-dimensional Airy beams in an isotropic idealized nonlinear
model [26-28].

In this paper, we investigate the nonlinear interaction of two-dimensional Airy beams ex-
perimentally, as well as numerically. Therefore, we introduce advanced experimental methods
to synthesize multiple accelerated Airy beams with fully controllable parameters and observe
the nonlinear dynamics of this compound optical field in a photorefractive nonlinear crystal, an
ideal experimental testbed for nonlinear light-matter interaction. We demonstrate that these in-
teractions lead to solitary structures that arise from nonlinear interaction of two or four involved
accelerated Airy beams. Depending on the beam intensity and on different phase configurations
of the synthesized beams (in phase or out of phase), either one solitary solution or a pair is ob-
served that propagates almost stable with small intensity modulations (breathing). Moreover,
we demonstrate how the synthesized beams propagate in the linear regime, where interference
leads to interesting intensity modulations, including tight-focus structures. To precisely de-
scribe all our experimental observations in a theoretical framework, we extend and generalize
existing concepts to handle multiple Airy beams, as well as nonlinear propagation in the more
realistic anisotropic photorefractive model.

2. Theoretical model and numerical methods

To study the propagation characteristics of Airy beams in a nonlinear optical system with in-

tensity dependent refractive index modulations, we consider the scaled paraxial equation of

diffraction for the envelope A of the optical field:
0A 1 (82A 82A> 1

a2 L2 op 2mva
1(9€ +5 + 2kowoAn (DA=0. (1)

a2 Tav

Here, y = x/wo and v = y/wy are the dimensionless transverse coordinates scaled by the
characteristic length wg. §{ = z/ kW% represents the dimensionless propagation distance with
k=2mn/A.

In this equation, the nonlinearity is given by an intensity-dependent refractive index mod-
ulation An?(I), with I < |A|2, which is caused by the nonlinear response of a photorefractive
medium. Theoretically, it is well described by the electro-optic effect combined with the band
transport model, which in our case can be approximated by the full anisotropic model for the
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optically induced space charge potential ¢, [29]

V29 +Vin(1+1) Vo = Eext% In(1+1) + "B; (Vzln(l +1)+(Vin(1 +1))2) )
where the refractive index modulation results from the electro-optic effect as An? = néreffz?x(f),
and rfr s the effective electro-optic coefficient.

This model precisely describes the optical induction process in a photorefractive nonlinear
medium with applied electric field E.x along the crystal’s c-axis and accounts for the orientation
anisotropy caused by the resulting directed transport of charge carriers. Moreover, this model is
capable to describe the effect of charge carrier diffusion in the internal space charge field. This
effects plays an important role for non-zero temperatures 7" and non-zero dark conductivity of
the crystal, and leads to effects such as nonlinear soliton steering in bulk nonlinear media.

2.1. Two-dimensional Airy beams

In the linear regime, where An(I) = 0 holds, the wave equation can be solved by two-
dimensional truncated Airy beam solutions that reads as

V’(%vvag) :Ao(p(X7C)(p(vaC)a (3)

with

p(X,0) = Al [x—f+iaxc]

i

exp {12 (6ax & — 12iaxX +6iax§* +6X¢& — &%) |, with X = {x, v} 4)

Here, Ai(X) is the Airy function, A¢ the amplitude and ax a positive decay length that truncates
the solution to become physically relevant. In the focal plane ({ = 0) the one-dimensional
Airy functions reads as ¢(X,0) = Ai[X]explaxX], where the exponential decay clearly can
be seen. Without this truncations the solution will extended over the whole space and contains
infinite energy. These truncated solutions still solves the wave equation (1) and the distinguished
properties of Airy beams are mostly preserved [2]

2.2.  Numerical methods

Due to the inhomogeneous refractive index modulation An? (Iingu ), Which here is caused by
the nonlocal, anisotropic photorefractive nonlinearity, the paraxial wave equation (1) cannot be
solved analytically. Thus, we have implemented comprehensive numerical methods to solve this
equation and model the light propagation in nonlinear media. The propagation equation (1) is
evaluated numerically, using split-step Fourier methods. In the nonlinear regime, the inducing
intensity f,q, = JA|? is given by the intensity of the propagating wave field itself (cf. equa-
tion (1)). Therefore, it is crucial to calculate the optically induced refractive index modulation
for each propagation step. This index modulation, represented by An?(linqy), is calculated in
full anisotropic model [29] using a relaxation method.

3. [Experimental realization of interacting Airy beams in photorefractive media

All the experiments presented here are performed using the setup sketched in Fig. 1(a). The
light from a frequency-doubled Nd:YVO, laser continuously emitting light at a wavelength of
A =532nm is expanded and illuminates a programmable, high-resolution phase-only spatial
light modulator (SLM). The plane wave that enters the modulator experiences a spatial phase
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Fig. 1. Experimental setup and single Airy beam characteristics. (a) Experimental setup
(SLM: Spatial light modulator, BS: beam splitter, FM: Fourier mask, SBN: strontium bar-
ium niobate crystal, MO: microscope objective). (b—d) Linear propagation of a single two-
dimensional Airy beam through the homogeneous crystal. (b),(d): Intensity at the input and
output face of the crystal, (c) cross-section during propagation.

modulation, which in combination with two following lenses and a Fourier filter leads to any
desired complex light field at the input face of the nonlinear photorefractive medium. Therefore,
we address an explicitly designed phase pattern to the SLM that allows us to modulate phase
and amplitude of the light field at the same time [30]. In this way, we realize different complex
light fields as combination of multiple displaced two-dimensional Airy beams, whose field
distributions are calculated with equation (3).

This structured beam then illuminates the 20 mm long photorefractive Sty goBag.40Nb2Og
(SBN:Ce) crystal which is externally biased with an electric dc field of Eex ~ 1000V em™!
aligned along the optical c-axis. We take care that the input face of the crystals coincides with
the plan corresponding to the SLM’s surface. To maximize the nonlinear self-action of the writ-
ten refractive index structure onto the beam itself — in other words the nonlinearity — the beam is
set to be extraordinarily polarized with respect to the crystal’s optical c-axis. The high electro-
optic coefficient of SBN:Ce [31] facilitates sufficient nonlinearity to substantially change the
propagation of the Airy beam. By illuminating the crystal homogeneously with white light, we
can erase written refractive index modulations. This reversibility make our experimental ap-
proach highly flexible to perform series of experiments using the same nonlinear material. By
means of an microscope objective and a camera mounted on a translation stage we can record
the intensity distribution in different transverse planes.

4. Linear propagation of multiple Airy beams

The propagation characteristics of single Airy beams have been subject to many experimental
and numerical studies in the past years, considering linear and nonlinear effects, or propagation
in inhomogeneous or periodically structured media. As it is well known, for linear propagation
in a homogeneous environment the Airy beams follows a parabolic trajectory while propaga-
tion. This behavior can clearly be seen from the experimentally recorded intensity profile of one
single Airy beam (Figs. 1(b)-1(d)) realized with the presented experimental setup (Fig. 1(a)).
Although the main scope of this work is the interaction of multiple Airy beams, these basic
result are presented to demonstrate that our experimental approach and setup allow to realize
two-dimensional accelerated Airy beams with very high accuracy. These results serve as a good
starting point for the following experimenters about multiple interacting Airy beams.

To systematically investigate the propagation and interaction of multiple two-dimensional
Airy beams, we start our studies with considering the most fundamental case of two co-
propagating Airy beams in the linear regime. The beams are coherently superimposed with
an initial distance of d ~ 50um and are rotated by 180°, so that their accelerated trajectories
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Fig. 2. Interference of multiple Airy beams in homogeneous linear medium. (a—d) Evo-
lution of two Airy beams in experiment and numerics. (a,b) in phase, (c,d) with 7 phase
difference. (e~h) Evolution of four Airy beams in experiment and numerics. (e,f) in phase,
(g,h) with 7 phase difference. Each panel is normalized individually.

will intersect during propagation. The longitudinal position of this intersection point strongly
depends on the curvature of the Airy beams which is determined by their size, but also depends
on their initial separation. We aim to observe this defined intersection inside the volume of
the 20 mm long SBN crystal. Therefore, we set the Airy beam size, measured as the distance
between the main lobe and the next neighbor, to s ~ 25 um.

To visualize the complex evolution of the intensity distribution during propagation, we ex-
tract cross-sections through the experimentally recorded intensity volume along the coordi-
nate in which the acceleration happens. Our experimental setup allows to retrieve this three-
dimensional intensity volume by automatically recording the transverse intensity distribution
in many (here 100) different planes along the crystal and stacking them. It is worth to mention
that recording the intensity at planes inside the crystals is only possible if the refractive index
between this plane and the camera is uniform, in other words, if the crystals in homogeneous.

The experimental results for two Airy beams are shown in Figs. 2(a) and 2(b), with the
corresponding numerical simulations in Figs. 2(c) and 2(d). Thereby, we consider two cases
where the beams are either in phase, or 7 out of phase. These different initial conditions re-
sult in distinguishable transverse intensity profiles during propagation due to interference. For
the in-phase configuration, depicted in Fig. 2(a) and 2(c), a well-pronounced focus is formed
by constructive interference of the beams in the intersection region of both accelerated trajec-
tories. This feature of a very high local intensity compared to the surrounding was previously
emphasized as the key advantage of so-called autofocusing beams [32,33]. For the out-of-phase
case, shown in Figs. 2(b) and 2(d), the phase difference of 7w between the beams at the input
leads to the vertical separation by a dark line of destructive interference which is preserved
during the whole propagation. In both cases, the parabolic trajectories of the two superimposed
Airy beams can clearly be identified. Since so far the propagation is completely linear, the
complex intensity patterns results only from interference, but the beams do not interact and in-
fluence each other. Therefore, their initial general accelerated trajectories are preserved, albeit
the beams trajectories intersect.

By increasing the number of the superimposed beams, the next symmetrical configuration
can be constructed with four displaced Airy beams each rotated by 90°, as shown in Figs. 2(e)—
2(h). In principle there are more possibilities to set the relative phases of the beams, but we
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want to limit our studies to the following two cases: either all beams are in phase (Figs. 2(e)
and 2(g)), or neighboring beams are 7 out of phase (Figs. 2(f) and 2(h)). While the trans-
verse intensity profiles now look quite different compared to the situation where two beams
are superimposed, the longitudinal cross-sections reveal a similar propagation behavior. Again,
a well-pronounced high-intensity focus is formed in the region where the four in-phase Airy
beams interfere constructively, while the dark line of destructive interference always separates
the beams in the out-of-phase case. Due to the fact that now four beams are interfering, the
relative strength of the focus for constructive interference is much higher than for two beams.
The number of interfering Airy beams could be further increased while the contrast between
the focal intensity and the background continuously grows to the limit achieved by radially
distributed Airy beams [32].

All presented experimental results are supported by corresponding numerical simulations.
For the propagation of multiple Airy beams in the linear regime the numerical results perfectly
fits to the experimental measurements. Although the wave equation (1) for homogenous media
(An(I) = 0) has analytical solution in form of truncated Airy beams which can be explicitly
calculated for any distance z, we already here employ the numerical beam propagation method
to prove and emphasize that the simulation methods we developed precisely describe the real
experimental conditions.

5. Nonlinear interaction of multiple two-dimensional Airy beams

From the above presented results we see, that during linear propagation of multiple Airy beams
interference alone already leads to interesting intensity distributions, even as the beams do not
interact and influence each other. If such an interdependency mediated by a nonlinear light
matter interaction is included into the theoretical models and experiments, interesting novel
effects can be expected, as for example soliton formation as predicted numerically in [26,27].

In the following, we will investigate and analyze the nonlinear propagation and interaction of
multiple Airy beams experimentally in photorefractive SBN. As introduced above, the refrac-
tive index of the nonlinear crystal depends non-locally on the incident intensity distribution and
leads to a self-focusing, saturable nonlinearity. This complex nonlinearity completely changes
the propagation dynamics of the Airy beams and leads to fascinating new types of beam evo-
Iution that depends amongst others on the number of superimposed beams, their relative phase
and intensity. The experimental and numerical results for two and four superimposed Airy
beams are presented in the following sections.

5.1. Interaction of two Airy beams

We start our investigations about the nonlinear interaction with the most fundamental configu-
ration of two displaced Airy beams. We use the same beam parameters as described above for
the linear case (cf. Fig. 2). At the input, the two beams that are separated by d ~ 50 um and are
orientated to accelerate towards each other. Thereby, the trajectories of the undisturbed Airy
beams would intersect and the beams strongly interact. In contrast to the linear experiment,
we now increase the beam power, as well as the writing time to gain sufficient nonlinearity. To
observe the intensity dependency of the propagation dynamics we set four different probe beam
powers: Py = {237, 475, 950, 1.425} nW and perform the experiment for each value, while
keeping all other parameters such as external field, induction time, and background illumination
unchanged.

The experimental results for the in-phase beams are shown in Fig. 3(a). While increas-
ing the probe beam power we can see the transition from the almost linear interference pat-
tern Fig. 3(al) to a well-localizes, solitary output state for higher nonlinearities Figs. 3(a3)
and 3(a4). This localized state origins at the intersection point of the beam trajectories, where
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Fig. 3. Formation of solitary states from the interaction of two in-phase Airy beams. (a) Ex-
perimental results for different probe beam power. Each panel shows the intensity pattern
at the output face of the SBN crystal (individually normalized). (b) Results from corre-
sponding numerical simulations. (c) Volumetric plot of the numerically calculated three-
dimensional intensity distribution (three times longer crystal) for strong nonlinearity. The
position of the marked plane corresponds to the length of the used SBN crystal, L =20 mm
and to Figs. (a4),(b4).

the constructive interference of the in-phase Airy beams leads to a strongly increased local
intensity. Afterward, it propagates almost unchanged, except small breathing, due to the com-
pensation of the diffraction by nonlinear self-focusing. The merged localized state further prop-
agates straight obviously without any transverse momentum remaining from initial accelerated
beams. The nonlinearity allows for this complex interaction between the two beams that in con-
sequence compensates the acceleration. The peak intensity of the resulting state at the output of
course is higher than the peak intensity at the input where the individual beams do not notice-
ably overlap. The factor r = Inax out/Imax.in (see insets in Fig. 3) represents the ratio between
the maximal intensity at the output and the input, respectively. Due to the principal limitation
that direct imaging through a non-homogeneous medium is not possible, only the output face
of the SBN crystal is accessible for all nonlinear experiments throughout this paper. The factor
r helps to compare experiments and numerics also quantitatively.

The comparison between the experimental results Fig. 3(a) and the numerical simulation
presented in Figs. 3(b) and 3(c) shows a very good overall agreement. According to the different
probe beam powers in the experiment, we simulated the nonlinear propagation for different
corresponding input intensities i, & {0.33,0.65,1.30,1.95}. The output profiles, as well as
the intensity factor r perfectly matches the real observations in experiment. This verifies that
our implemented numerical methods exactly describe the real situation and justify to employ
numerical simulations to get a detailed impression what dynamics happens during nonlinear
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Fig. 4. Formation of solitary states from the interaction of two out-of-phase Airy beams.
(a) Experimental results for different probe beam power. Each panel shows the intensity
pattern at the output face of the SBN crystal (individually normalized). (b) Results from
corresponding numerical simulations. (c¢) Volumetric plot of the numerically calculated
three-dimensional intensity distribution (three times longer crystal) for strong nonlinearity.
The position of the marked plane corresponds to the length of the used SBN crystal, L =
20mm and to Figs. (a4),(b4).

propagation in the SBN crystal. As mentioned above, in the experiment these data are not
accessible due to principle physical reasons.

Figure 3(c) shows a volumetric rendering of the numerically retrieved intensity distribution
during nonlinear propagation. The formation of the solitary state is clearly visible. While during
the build-up process noticeable modulations in the shape and the intensity of the solitary state
occurs (i.a. due to the passing of the remaining side lobes of the initial Airy beams), after some
propagation distance the situation stabilizes and the solitary state propagates almost unchanged,
except small breathing. The marked plane in Fig. 3(c) corresponds to the length of the SBN
crystal and the pictures shown in Figs. 3(a) and 3(b).

A similar localization behavior was also found numerically for simpler idealized isotropic
Kerr, and saturable Kerr nonlinearities [27]. For the presented experimental and numerical re-
sults in a realistic photorefractive SBN crystal, the situation is much more complicated, due
to the anisotropic, saturable and drift-dominated nonlinearity. The slight shift of the intensity
peaks in horizontal direction can be explained by additionally taking into account diffusion
effects in the numerical model.

In the opposite case where the two Airy beams are 7 out of phase, the situation is completely
changed, as can be seen from the results shown in Fig. 4. The two main lobes do not merge (c.f.
Figs. 2(b) and 2(d)) due to the separating line of destructive interference in the middle between
the beams. As a consequence, two localized solitary spots build up and stably propagate as a
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Fig. 5. Interaction of four Airy beams. (left) Formation of solitary state for the case where
the beams are in phase. (right) Nonlinear propagation for 7 phase difference. (a),(d) Experi-
mental results for different probe beam power. Each panel shows the intensity pattern at the
output face of the SBN crystal (individually normalized). (b,e) Results from corresponding
numerical simulations. (c,f) Volumetric plot of the three-dimensional intensity distribution
(from numerics) for strong nonlinearity.

pair over large distances. Again, the build-up process is accompanied by intensity modulations,
but after a certain distance only small breathing remains. Introduced by the initial phase dif-
ference, these two solitons also have a phase difference of 7 and hence repel each other, as
reported for fundamental solitons [34]. Therefore, they propagate on straight lines but with a
small divergence, as can bee seen in Fig. 4(c). The remaining side lobes of the initially launched
Airy beams further follows their parabolic trajectory and quickly depart out of the volume.

5.2.  Interaction of four Airy beams

After investigating the nonlinear processes for the fundamental case of two interacting Airy
beams, we now turn towards the more advanced case where four beams are synthesized. The
four Airy beams are combined in the way that their trajectories will intersect, as described
above (c.f. Fig. 2). In general, four beams allow more than two different phase configuration
with integer values in units of 7, nevertheless we restrict ourselves to the two cases: either all
beams are in phase, or with 7 phase difference between neighboring beams. These two cases
leads to completely different results.

For the case where all beam are in phase, the results are shown in Fig. 5 (left). Although
the transverse intensity structure at the input face of the crystal looks different since now four
beams are superimposed, the general nonlinear behavior is similar to the case where two Airy
beams were launched in phase (c.f. Fig. 3). With increasing nonlinearity, the intensity localizes
in the middle and forms a stable solitary state that emerges from the constructive interference of
the beams in the region where their trajectories intersect. The experimental results for three dif-
ferent beam intensities P, ~ {0.5,1.0,3.0} uW (Fig. 5(a)) clearly show the described formation
of the solitary state as the transition from the four separated Airy main lobes (see Fig. 5(al)) to
the high-intensity localized state (see Fig. 5(a3)). Here, the ratio r between the maximal inten-
sity at the input and the peak intensity of the built-up solitary state is much higher compared to
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the two-beam case, which is understandable because four beams are merging.

The situation is completely changed for the configuration with a phase difference of 7 be-
tween neighboring beams. The corresponding results are shown in Fig. 5 (right). In contrast to
all other presented cases, here neither a straight soliton nor a soliton-pair or cluster is forming.
Owed to the phase differences, no pronounced high-intensity spot arises from interference at
the intersection of the beam trajectories that could develop into a soliton. Moreover, the remain-
ing side lobes of the four Airy beams prevent the build-up of a solitary states or clusters, like it
was observed in the previous case for two beams (Fig. 4). For higher intensities, the intensity
tends to localize predominantly on one side (cf. Fig. 5(d3)) and keeps traveling away from the
center.

Comparing all results of the nonlinear interaction of two and four Airy beams, we could
identity three different types of nonlinear dynamic. First, in all cases where the synthesized
beams are in phase, the interaction leads to the formation of one single stable spatial solitary
state initiated by the high intensity resulting from constructive interference of the main lobes.
The second type, the formation of a solitary pair, could be observed if two beams are super-
imposed with a phase difference of 7. For these two types the acceleration of the initial Airy
beams is exactly compensated, leading to straight propagating solutions. Interestingly, there is
a third type where no solitary structures appears, even for the same intensities and nonlineari-
ties. This could be observed if four Airy beams are superimposed with 7 phase difference, as
it was done in the last example. For this configuration the nonlinear dynamic shows symmetry-
breaking behavior that depends critically on small perturbations and asymmetries in the system.
The directed diffusion of charge carriers inside the photorefractive SBN crystals causes such
an asymmetry, that is also responsible for the horizontal shift of the other solitary solutions, as
reported above.

Conclusion

In summary, we have presented the first experimental and numerical study about nonlinear
interaction of multiple two-dimensional Airy beams. As the most important result, we could
demonstrate the build-up of solitary structures from the nonlinear interaction of multiple accel-
erated beams. By investigating the nonlinear dynamic of the superimposed Airy beams for dif-
ferent configurations (numbers of beams, phase relations), we could demonstrate the intensity-
dependent formation of straight propagating solitary states or pairs. These fundamental results
could be achieved using a highly-developed experimental platform to perform nonlinear exper-
iments which allows us to precisely shape the input beam as requested and reproducibly control
all relevant parameters, such as input beam power, external electric field, and illumination time.
Our experimental results and methods enable further investigations about the interaction of
other types of tailored optical beams (e.g. nondiffracting beams) and moreover could find ap-
plications in modern optical information processing architectures as a basis for light guiding
and switching approaches.
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The effects of UV femtosecond laser beam with 76 MHz repetition rate on two types of thin films on Si
substrate - the Al single layer thin film, and the multilayered thin film consisted of five Al/Ti bilayers (total
thickness 130 nm) - were studied. The surface modification of the target was done by low fluences and
different irradiation times, not exceeding ~300 s. Nanopatterns in the form of femtosecond-laser induced
periodic surface structures (fs-LIPSS) with periodicity of <315 nm and height of ~45 nm were registered
upon irradiation of the thin films. It was shown that: (i) the fs-LIPSS evolve from ruffles similar to high
spatial frequency LIPSS (HSFL) into a low spatial frequency LIPSS (LSFL) if a certain threshold of the fluence
is met, (ii) the number of LSFL increases with the exposition time and (iii) the LSFL remain stable even
after long exposure times. We achieved high-quality highly-controllable fabrication of periodic structures
on the surface of nanosized multilayer films with high-repetition-rate low-fluence femtosecond laser
pulses. Compared to the Al single layer, the presence of the Ti underlayer in the Al/Ti multilayer thin film
enabled more efficient heat transmittance through the Al/Ti interface away from the interaction zone
which caused the reduction of the ablation effects leading to the formation of more regular LIPSS. The
different outcomes of interactions with multi and single layer thin films lead to the conclusion that the
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Periodic surface structures
Femtosecond beam
Multilayered thin film
Surface modification

behavior of the LIPSS is due to thin film structure.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of periodic structures on material surfaces
induced by pulsed laser irradiation (LIPSS) has been attracting
attention due to potential and interesting applications [1-10].
Various materials have been used, ranging from metals and semi-
conductors to dielectrics and compounds, as well as from bulk to
thin films. Moreover, lasers with different operation modes and
beam parameters have been used [1,2,4,11-14]. Two types of peri-
odic structures generally occur, high spatial frequency LIPSS (HSFL)
and low spatial frequency LIPSS (LSFL) [15,16].

In the femtosecond range, near infrared (NIR) irradiation
(around 800nm) with fluences >100 mJ/cm? is commonly used
with the tendency that produced periodic structures disintegrate
after a great number of pulses [4,7,9]. For many metals, the

* Corresponding author. Tel.: +381 11 3713 008; fax: +381 11 3162 190.
E-mail address: Aleksander.Kovacevic@ipb.ac.rs (A.G. Kovacevic).

http://dx.doi.org/10.1016/j.apsusc.2014.10.180
0169-4332/© 2014 Elsevier B.V. All rights reserved.

absorption for normal incidence is low in the infrared (IR) and NIR,
rising in the visible (VIS) and being high in the ultraviolet (UV) part
of the spectrum. However, by showing low absorption (high reflec-
tivity) in the UV, Al surpasses all the others, posing challenging
difficulties for laser-induced surface modifications [17-20]. Using
UV beams would in return lead to the formation of periodic struc-
tures of lower spatial period [16], which gives more opportunity
for finer nanopattening. The interaction of femtosecond laser beam
with surfaces leads to the adsorption of the oxygen and nitrogen
from the atmosphere, which changes the surface properties [21].
Formation of periodic nanostructures influences the tribolog-
ical properties of the surfaces [22]. Aluminum-titanium (Al/Ti)
multilayer thin films have been attractive for structural coatings
in mechanical applications, due to their extraordinary wearing
behavior and corrosion resistance. Adding a Ti to Al alloy can
lead to the formation of a fine scale, equiaxed grain structure,
which reduces hot tearing, increases feeding to eliminate shrink-
age porosity and thus improves the mechanical properties [23].
The fs-beam nanostructuring of Al surface has been present in
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the literature [24-27]. The interaction of femtosecond laser beam
with Al/Ti multilayer structures on silicon has not been sufficiently
described in literature, especially for low laser intensities, below
the ablation threshold. Therefore, it is expected that exposing the
Al/Ti multilayer to fs beam would change the tribological and
chemical properties of the surface. We have irradiated the Al/Ti
multilayer and Al single layer thin films with femtosecond UV
(390 nm) laser pulses of low single pulse fluence (<100 mJ/cm?)
and demonstrated the emergence of femtosecond-laser induced
periodic surface structures (fs-LIPSS) on the top surface of the mul-
tilayered structure. The evolution of initial nanoroughness to the
LSFL has been interpreted and the causes of the LSFL formation
have been suggested. The difference in surface modifications after
fs laser interactions with Al/Ti multilayered and Al single layered
thin films has been demonstrated.

2. Experimental setup

We have irradiated two types of targets. The target/specimen of
the first type was comprised of the silicon (100) wafer on which
five Al/Ti bilayers were deposited reaching the total thickness of
~130nm (each layer of ~13nm). The second type was Al single
layer of ~130 nm of thickness on the wafer of same type. The depo-
sitions were performed by the Balzers Sputron Il apparatus using
1.3keV argon ions and with 99.9% of Al and Ti targets purity.

The irradiations were performed in air with focused femtosec-
ond laser beam under normal incidence at the top layer (Al). The
beam was generated by the Coherent Mira 900 Ti:Sapphire sys-
tem, frequency-doubled by the Inrad 5-050 ultrafast harmonic

SHG

MPZ

PL

FB

generation system (as a second-harmonic generator, SHG), and its
wavelength monitored with the Ocean Optics HR2000CG-UV-NIR
fiber-optic spectrometer (Fig. 1). The beam properties at the tar-
get were: wavelength 390 nm, pulse duration ~150fs, repetition
rate 76 MHz (corresponding to ~13 ns of interpulse time), power of
160-260 mW, linear polarization in the horizontal plane, Gaussian-
like elliptic profile. The exposition times were between 1 and 300s.
The results have been analyzed by scanning electron microscopy
(SEM): the JEOL JSM 6560 LV system with the Oxford Instruments
EDS analyzer (typical spatial resolution ~2 wm?) and atomic force
microscopy (AFM) by the NT-MDT NTEGRA Prima system in the
tapping mode with NSGO1 probes (tip curvature radius 6 nm).

3. Results and discussion

Selected results of the surface changes after laser irradiation
(SEM micrographs) are presented in Figs. 2-5. Changing the beam
power resulted in the single pulse fluence range between 8.6 and
14 mJ/cm?2. The irradiation time was between 1 and 300s.

In Fig. 2(a), the illuminated area (IA) on Al/Ti multilayer thin film
sample generated by the beam of single pulse fluence14 mJ/cm?
during 1 s of exposition time is shown. This corresponds to effective
delivered power per spot of 1.06 MW/cm?2. The time between two
consecutive pulses (the interpulse time) was ~13 ns for all cases of
irradiation. The elliptically-shaped modified area (MA) of dimen-
sions 2.07 pm x 3.40 wm stands out from the surroundings by its
ruffles (the form of regrouping of the surface material), i.e. a noise
in which a certain periodicity can be recognized similar to high
HSFL [16]. For the same single pulse fluence but longer exposition

MPY

sample

MPX

Fig. 1. Experimental setup; PL - pump laser, PB - pump beam, FS - femtosecond laser, FB - femtosecond beam, SHG - second-harmonic generator, FL - focusing lens

(f=5mm), MPX, MPY, MPZ - micropositioners, SM - spectrometer.

Lniu,

Fig. 2. SEM micrograph of the spots generated on the Al/Ti sample by the beam of: (a) 14 mJ/cm? single pulse fluence and 1 s exposition time (effective delivered power per
spot 1.06 MW/cm?); (b) 14 mJ/cm? and 2 s (1.06 MW/cm?); (c) 13.6 mJ/cm? and 10's exposition time (1.03 MW/cm?). White bar represents 1 wm.
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Fig. 3. SEM micrograph of the spot on the Al thin film specimen, generated by the beam of 8.6 mJ/cm? single pulse fluence (effective delivered power per spot 654 kW/cm?):
(a) exposition time 1s; (b) exposition time 4s; (c) exposition time 10 s. White bar represents 1 pm.
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Fig. 4. SEM micrograph of the spot on the Al thin film specimen, generated by the
beam of 8.6 mJ/cm? single pulse fluence and exposition time of 2 s (effective deliv-
ered power per spot 654 kW/cm?). Detailed view with the dimensions of ripples.
White bar represents 1 pm.
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time, besides ruffles two prominent ripples were formed in the MA,
as seen in Fig. 2(b). The ripples, having the shape of a string of
nanoparticles, were 130 nm wide, 2 wm long and perpendicular to
the direction of the beam polarization. For even longer exposition
times, greater number of ripples was formed; however, the ripples
remained limited inside the MA, Fig. 2(c). The periodicities of the
LSFL have been determined from the extracted profile of the pixel
brightness and are given in Table 1.

Having the spatial period ~320 nm close to the incident wave-
length (390nm), the ripples are the LSFL. Comparing the LSFL
formed for different expositions, Fig. 2(b) and (c), both shape and

Table 1

LSFL periodicities over number of samples.
Sample  Fig. Number of pulses Number of Periodicity

LSFL stripes

AlTi 2(b)  152x10° 2 (~310+20)nm
AITi 2(c)  760x 108 8 (314+£20)nm
AlTi 5(a) ~23x10° and scanning  68-70 (320+20)nm
Al 5(b)  Scanning >50 (~350+20)nm
Al 3(a)  76x10° 5-6 (~260+20)nm
Al 3(b) 304 x 108 7-8 (~262+£20)nm
Al 3(c) 760 x 108 6-7 (~314+20)nm

polarization direction

Fig.5. SEM micrograph ofirradiated areas, white bar represents 5 um, the samples were translated during the irradiation (arrows indicate the direction of beam traversing over
the sample), exposition time ~300s: (a) Al/Ti specimen, single pulse fluence14 mJ/cm? (corresponding to 1.06 MW/cm?); (b) Al thin film sample, 8.6 mJ/cm? (654 kW/cm?).

Inset in (b) shows enlarged part.
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width of the LSFL seems to remain unchanged with exposition time.
The ruffles are the precursor to the formation of the ripples - the
strings of nanoparticles.

The specimen of the second type, the Al single layer thin film,
was exposed to 8.6 mJ/cm? of the single pulse fluence and the same
exposition times (for (a), (b) and (c), respectively) and the results
are presented in Fig. 3. For 1s of irradiation, Fig. 3(a), the material
in the MA regrouped in the form of ripples. For longer exposition
times, Fig. 3(b) and (c), ablation took part in the central part of the
MA (dark spot) and ablated material accumulated around in the
form of ripples (LSFL). The width of the ripples could be determined
to ~200-220 nm and approximate spatial period to ~260-314 nm
(Fig. 4). The ripples, with the direction perpendicular to the polar-
ization direction of the beam, show lower regularity compared to
the ones of the Al/Ti samples.

Inorder to see whether the relative movement between the laser
beam and the samples influences the occurrence of the LSFL, the
samples were slowly translated with estimated speed between 1
and 4 p.m/s while exposed; the irradiation lasted ~300s.

For 14mJ/cm? of the single pulse fluence (corresponding to
1.06 MW/cm?2), the Al/Ti sample was translated in parallel (Fig. 5(a),
zone 1 arrow) and both perpendicular and parallel (Fig. 5(a), zone
2 arrows) directions in respect to the beam polarization direction.
It is apparent that the arrangement of the LSFL is independent on
the sample translation. This suggests that the interaction between
the incident laser beam and induced surface wave [8,9], the surface
plasmon polariton (SPP), together with dewetting [28,29] plays an
important role in the formation of the LSFL. It should also be noted
that, in spite of the long exposition times (~300s while scanning),
the disintegration of the LSFL has not occurred for the Al/Ti sample.
From the extracted profile of the pixel brightness in Fig. 5(a), the
spatial period of the LSFL has been determined to be (315 +20) nm.
The sample was moved in such manner that the laser beam, after
being switched on, first traversed over the sample in the direc-
tion to the left and stopped. The rightmost group of the stripes
represents the position where the laser beam was shut off. Next
movement of the sample positioned the beam for next ~2 um to
the left, where the sample stopped and the beam was switched
on for ~300s. While the laser beam still being switched on, the
next movement with the speed of ~1-2 um/s led the beam for
next 10 wm (the long white arrow pointing to the left, Fig. 5(a)),
along the polarization direction, where the sample stopped and
the laser beam was left on for ~300s. Without switching the laser
beam off, the beam traversed (by sample movement) to the left
(the long white arrow pointing to the left) with speed ~3-4 pm/s
for next 10 wm, entered the zone 2, stopped and left for ~300s. The
discrepancies in the thickness of the ripple trace might come for
the reasons of the speed instability of the sample movement. Then
the beam traversed with ~2 pm/s in the direction of the small up-
pointing arrow for 5 wm, then back down for ~5 pwm, then to the
left ~5 wm and in the end back to the right and stopped, remain-
ing in the zone 2 for ~300s. In all cases of the movement, the
polarization direction was as shown in the Fig. 5(a), i.e. horizon-
tal.

The implementation of the low single pulse fluences
(~14mJ/cm?2, corresponding to 1.06 MW/cm?2) enables the
generation of permanent high-quality LSFL tracks (ripple trace)
on the multilayer film for the length of ~20 wm, indicating the
potential of LSFL fabrication, covering of large surface areas
without loss of quality. This is in contrast to the case of the Al
single layer sample, where obtained LSFL structure is loose and
contains bifurcations (Fig. 5(b)). The sample was translated along
the polarization direction (arrow in the Fig. 5(b), with the scanning
speed of 5 um/s). The LSFL are less prominent, but still noticeable
- see inset in Fig. 5(b). Fig. 5 demonstrates that the regularity of
LSFL is highly improved with using the multilayer configuration.

Table 2
EDS analysis (in weight %) of non-irradiated area and modified area (MA) irradiated
with single pulse fluence of 14 mJ/cm?.

Element (%) Non-irradiated area MA during 1s MA during 300's
Si 88.6 70.72 51.33
Al 3.58 3.05 217
Ti 8.36 6.52 4.53
N 0 19.70 31.25
¢} 0 0 10.72

The influence of the femtosecond laser beam irradiation to the
chemical modification of the surface has been investigated. The
adsorption of N into Al surface under the irradiation of femtosec-
ond laser pulses has been reported [21]. In Table 2, the EDS results
obtained from three spots of the Al/Ti sample are presented: (1)
from non-irradiated area (unmodified surface), (2) from MA irradi-
ated with 14 mJ/cm? single pulse fluence during 1 s (corresponding
to 1.06 MW/cm?) — where only the HSFL-like noise appeared, and
(3) from MA irradiated with 14 mJ/cm? single pulse fluence during
300 (corresponding to 1.06 MW/cm?) - where the LSFL appeared.
The results after short exposures show the appearance of N, but
not of O in the MA. The results of longer exposition, where the
LSFL occurred, show the increased content of N and the occurrence
of O in the MA. The adsorption of N is likely to occur for shorter
exposition times (smaller accumulated energies), while additional
oxides appear for longer expositon times (greater accumulated
energies). Due to the constraints of the EDS (spatial resolution,
i.e. great volume from which the information is obtained, and the
detection from the deep of the interaction volume) neither oxy-
gen nor nitrogen has been detected in non-irradiated spots. Their
common presence (particularly of natural oxides) is of much lower
contribution compared to irradiated spots.

The profile of structures developed on irradiated multilayer 5 x
(Al/Ti)/Si sample, together with 2D FFT (see Fig. 2), is shown as
the AFM images in Fig. 6. The irradiation by 14 m]/cm? during 2 s
(corresponding to 1.06 MW/cm?) changes the surface RMS rough-
ness from 0.5 nm (in non-irradiated area, mirror-like surface) [23]
to 6.8 nm (HSFL). The existence of the periodicity could be deter-
mined from the 2D FFT image, Fig. 6(c), where the orders are linked
to periodicities of LSFL (1st order) and also to HSFL-like ruffles (2nd
order), which approximate value of ~130nm could be estimated
from Fig. 6(b). Moreover, in the central part, the height of the LSFL
reached avalue of about (45 + 0.5) nm above the mean. On the other
hand, the irradiation during 10s produced a clearly regular peri-
odic topography of eight ripples (Fig. 2(c), AFM images with 2D FFT
and profile in Fig. 7). The average ripple height given by the AFM
in Fig. 7 is 45 nm above the mean, which is similar to the height
after 2 s of irradiation (Fig. 6). This may lead to the conclusion that
the height of the LSFL is not influenced by the exposition time;
increasing time of laser irradiation only increases the number of
the LSFL inside the MA. The SEM and AFM images indicate that
each ripple has a fine granular structure (the average granule size
is about 130 nm), which could be attributed to the formation and
self-arranging of nanoparticles. The growth of the LSFL could also
be explained by considerable nitriding and oxidation of the sample
material [28,30-34] with possible forming of intermetallic mixture
of Al and Ti [35].

The penetration depth, Iy, for the 390 nm laser beam in Al is
about 3 nm, and in Ti is about 9.3 nm, calculated by using the for-
mula [3] Iy =1/ = \[47k, for picosecond pulses [23,35,36], where
A is a laser beam wavelength, « is an absorption coefficient and «
is an extinction coefficient.

There are various explanations of the occurrence of nanostruc-
tures (ripples) on the surfaces irradiated by laser beam depending
on the laser type, beam characteristics (repetition rate, wavelength,
power ...) and the target material. The generation and evolution
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Fig. 6. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(b)): single pulse fluence14 mJ/cm?, exposition time 2 s (corresponding to 1.06 MW/cm?); (b) profile

along the dashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

of the LSFL as surface ripples on metals (Pt, Ag, Au, Cu, W) under
the irradiation of femtosecond beam of 160-480 mJ/cm? fluences
and small repetition rates (1 kHz) have been reported in Refs. [7-9],
showing that the incident wavelength influences the periodicity of
the LSFL and that the LSFL gradually disappear in the central area of
the spot for further increase of the number of shots. Our SEM anal-
ysis has shown that the beam of ~10.3 mJ/cm? single pulse fluence
(corresponding to 783 kW/cm?) induced the occurrence of small-
amplitude ruffles, the HSFL-like noise, on the Al/Ti samples. The
beams of both 13.6 and 14 mJ/cm? (1.03 and 1.06 MW/cm?, respec-
tively) induced the occurrence of the HSFL-like noise for shorter
exposition times and the LSFL for longer exposition times. It could
be concluded from Fig. 7(b) that the number of the LSFL (ripples)
increased with the increase of the exposition time while their width
and height did not change. The damage threshold of the Al topmost
layerisincreased and the surface electron temperature is decreased
due to the presence of the Ti underlayer. The lattice temperature
is formed through the interplay between two competing mech-
anisms: electron-phonon (which induces heat localization) and
carrier transport linked to the electron heat conductivity (which
transfers heat away from the laser-exited region) [37]. The dif-
ference in electron-phonon coupling between the two materials
leads to the steep change of the lattice temperature inside the
inner (Ti) layer. Top layer electrons can quickly transfer energy to
the next inner layer (Ti). In this way thermal energy is transmit-
ted through the Al/Ti interface, it is then coupled to the lattice and
transferred away from the interaction zone [38]. On the other hand,
when the ratio between the interpulse time (~13 ns in our case)
and pulse duration (~150fs in our case) is more than five, more
energy from the surface is available to be transferred towards the
lattice before it dissipates to the bulk through transport mecha-
nisms. For even greater ratio, mass removal and phase transition
are less pronounced. This could be one of the possible causes of the
material regrouping in the form of ruffles/ripples on the surface of
Al/Ti system without ablation [39].

For the Al samples, the LSFL also occurred with similar spatial
period close to the irradiation wavelength. However, the LSFL show
much better regularity in Al/Ti samples compared to the single Al

films, that is most probably linked to the presence of the Ti layers
in the target. Ablated material re-deposited around the ablation
zone in the form of ripples (LSFL). For longer expositions, Fig. 3(c),
total accumulated energy prevented the regular formation of the
ripples. If compared to the Al/Ti case, the absence of the underlayer
(Ti) in the single Al layer case has the result that the temperature
of the top layer lattice is not reduced and in that way the damage
threshold is not increased [38].

Single pulse ablation threshold for various materials at applied
wavelength depends on the surface reflectivity, which in turn
depends on the number of accumulated pulses. Also, substan-
tial heat accumulation should take place for very high repetition
rate, providing decrease of the ablation/melting threshold. For the
mirror-like surface the ablation threshold should be slightly higher.
Following our results, the evolution of the surface morphology
could be explained. The laser beam changes the initial random-
ruffle state of the surface in the way that initial ruffles evolve
into the HSFL-like noise. For higher fluences the HSFL amplitude is
higher. If the fluence is above the threshold of ~13 mJ/cm?, corre-
sponding to 988 kW/cm?, the primary condition for the occurrence
of the LSFL is met. The exposition time is the secondary condition
for the LSFL generation. Thus, for the values above the threshold,
the exposition time of ~2 s (corresponding to ~150 million pulses)
is required for the generation of the LSFL (in the form of the strings
of nanoparticles), which is the cumulative effect. Possible explana-
tion is that there is a fluence threshold for the LSFL formation and -
moreover - that there exists the threshold in the number of pulses,
effective if the fluence threshold is reached.

Our results show that the beam induces the formation of
nanoparticles and their clusters, which regroup or redeposit on the
surface in the shape of the string of nanoparticles (the LSFL). The
possible driving mechanism in multilayer system may be dewet-
ting upon melting [28,29]. Also, dewetting possibly may occur only
in external Al layer, and continue to lower layers. Due to heat accu-
mulation effect, the ablation occurred in single layer configuration.
Absence of the ablation in the multilayer sample could be possibly
caused by dewetting. According to the measurements (Fig. 6), the
LSFL are grown well above the initial surface that can be explained
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Fig. 7. (a) AFM micrograph of the irradiated spot (SEM presented in Fig. 2(c)): single pulse fluence13.6 mJ/cm? and 10 s exposition time (1.03 MW/cm?); (b) profile along the

dashed line, captured by AFM; (c) 2D FFT of the area shown in (a).

by considerable nitriding and oxidation of the material in the irradi-
ated zone (consuming material not only from the sample depth but
also from atmosphere) [28]. However, dewetting is not pronounced
for single Al layer system of thickness >100 nm.

The dimensions of the individual nanoparticles were in the
interval from ~50 to ~150 nm. In the periphery of the MA, that is,
in the boundaries of the Gaussian laser beam profile, lower fluence
on the Al/Ti target generates nanoparticles of smaller dimension. In
the Al single layer sample, Fig. 3(a), the nanoparticles disintegrated
(due to melting) and the LSFL formed. In both the Al/Ti and Al single
layer samples, the LSFL were most probably caused by the surface
plasmon polariton (SPP).

The subwavelength spatial period of the LSFL seems to be
dependent on the implemented wavelength. The period of 280 nm
was obtained for the laser light at 400 nm, and of 542 nm for the
800 nm laser light [9]. Taking into consideration the previous inves-
tigations of the generation, evolution and disintegration of the LSFL
under high fluences, low repetition rates and specific wavelengths,
one could see different explanations for their occurrence, pointing
to various causes, but the most probable is the interaction between
the incoming beam and induced surface wave [9,12,40-41].In spite

of using low fluences, our results are consistent with [9], which
suggests similar causes of the LSFL generation. It is possible with
low-fluence beam - with high repetition rates - to generate HSFL
on the irradiated surface, and to induce and control their evolution
to the LSFL (subwavelength fs-LIPSS). Moreover, the implementa-
tion of low fluence will preserve the LSFL from disintegration even
after the great number of pulses, Fig. 5(a). The dielectric constant
variation leads to the increase of the optical penetration depth
[16,37]. Compared to the Al/Ti multilayer case, the optical pene-
tration depth in the single Al layer case is lower, having higher
values of heat accumulation (and absorbed energy) as a conse-
quence. Melting and ablation is induced and more pronounced, and
the ruffle/ripple structure is formed. On the other hand, in the Al/Ti
multilayer case, the dielectric constant of Ti leads to different val-
ues of optical penetration depth and absorbed energy, which means
that the mechanism of ruffle/ripple formation is different due to the
presence of the Ti layer. Also, due to higher concentration of the
laser-induced carriers in single Al layer case, the ripple structure
periodicity is lower compared to the Al/Ti case. In the Al/Ti case, the
observed monotonicity of the ripple period could be attributed to
the constant value of the laser-induced carrier concentration [16].
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Moreover, two competing forces (recoil and surface tension) would
squeeze the originally produced profile and therefore decrease the
period [39]. The presence of Ti underlayer would affect the squeez-
ing, resulting in different values of the periodicity for the two cases
(single layer Al and multilayer Al/Ti).

4. Conclusion

The study of surface modifications induced at two types of thin
films - five (Al/Ti) bilayers (total thickness of 130nm) on Si as
well as Al single layer (130nm thickness) on Si - by femtosec-
ond laser beam at 390 nm and repetition rate of 76 MHz (~13 ns of
interpulse time), is presented. Morphological changes of the sur-
face were induced with single pulse fluences of 10.3-14 mJ/cm?
in Al/Ti multilayer samples and with 8.6 mJ/cm? in Al single layer
samples. We have shown that the fs-LIPSS occur as periodic strings
of both nanoparticles and nanoparticle clusers (LSFL) and can be
generated on the surface if both the fluence and the exposition
time are above certain thresholds. For Al/Ti multilayered thin film,
the threshold single pulse fluence is 13 mJ/cm? and the exposition
time should be >2s. While - at this relatively low-fluence regime
- shape, height and width of the strings show no dependence
on the exposition time, the number of strings of this permanent
grating strictly depends on it. We can generate different num-
bers of lines of this permanent grating by varying the exposition
time. We achieved high-quality highly-controllable production of
surface periodic structures on nanosized multilayer films with
high-repetition-rate low-fluence femtosecond laser pulses.

The LSFL formation could be explained by regrouping of the
material under the influence of the SPP. The subwavelength spac-
ing (periodicity) is different for the two cases, the Al single layer
and the Al/Ti multilayer, due to the presence of the Ti underlayer.
For Al thin film samples, the ablation occurred in the central part of
the irradiation area and the material deposited around in the form
of the LSFL. The regularity of the ripples (LSFL) is higher at the sur-
face of the Al/Ti multilayer samples due to the presence of the Ti
underlayer. The LSFL occurring in laser-based nanopatterning pro-
cesses could be of interest — for example - in medical, tribological,
photovoltaic or decorative applications.
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A series of single-molecule dysprosium (Dy**) complexes consisting of p-diketonate ligands, L, = 4,4,4-trifluoro-
1-phenyl-1,3-butadionate and Ly = 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadionate, as water-containing
complexes, and the auxiliary triphenylphosphine oxide (tppo) ligand as water-free complexes were investi-
gated as potential white-light emitters. The coordination environment and choice of the ligands play an
important role in the behavior of the yellow/blue emission of the Dy3+ complexes (Y: 4F9/2 - 6H13/2 - yellow,
and B: *Fo/5 — ®Hys/2 and ligand phosphorescence — blue) based on the sensitization efficiency of the Dy>* ion by
the ligands. By introducing the auxiliary tppo ligand in the complex, the relative intensity of the Dy>* emission
increases due to a more efficient sensitization of the Dy34r ion. The CIE (Commission International d’Eclairage)
coordination at room temperature for water-containing, DyL;H,0 (0.340, 0.333), and DyL;H>0 (0.270, 0.249),
and for water-free complexes, DyLitppo (0.364,0.391) and DyLstppo (0.316, 0.331), are close to the co-
ordinates of ‘ideal” white light (0.333, 0.333). The CCT (Correlated Color Temperature) values at room tem-
perature for DyL;H20 (5129 K), DyLyH20 (18,173 K), and DyLatppo (6319 K) correspond to ‘cold-white-light’
emitters, while the DyLjtppo (4537 K) matches a ‘warm-white-light” emitter. Beside emitting in the visible (Vis)
region, the Dy3+ complexes also show emission in the near-infrared (NIR) part of spectrum, which has been
studied in detail.

1. Introduction

The growth of the global energy consumption has accelerated
development and usage of energy-saving smart devices and energy-
efficient solid-state lighting (SSL). Solid-state white-light-emitting ma-
terials posses exceptional properties such as energy saving and long
operational lifetime, which has already led to their widespread appli-
cation covering large-panel displays to ambient lighting [1-3]. First, the
SSL sources can be subdivided based on the materials, from which they
are made of, either inorganic phosphors (LED) or organic molecule
semiconductors (OLDE). From another perspective, the SSLs are sub-
divided in two categories based on the way they are stimulated to emit
light, that is, by UV excitation (LEDs) or by electrical excitation (OLEDs).

* Corresponding author.
** Corresponding author.

SSLs are much more efficient compared to the classical incandescent
lamps, or environmentally friendly as compared to fluorescent and
mercury lamps [4-6].

In general, there are two different approaches to obtain white-light
emission (WLE): using dichromatic emitters (blue and yellow (B/Y) or
blue and red (B/R)), or by using trichromatic emitters which combine
the three primary colors (red, green, and blue (RGB)) [1,7-19]. White
light is obtained by using separate dopants or multiple phase matrices
such as organic compounds, metal complexes, nanomaterials, hybrid
organic-inorganic materials or inorganic phosphors. All these types of
materials have some unique characteristics to exploit their advantages in
obtaining white light, but sometimes it is necessary to mix different
types of materials to achieve the intended goal. On the other hand,
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white-light emission (WLE) from single molecules can also be achieved,
spanning the whole visible (Vis) spectrum [20-25]. The advantage of
such systems is that they consist of a single phase single emitter, and this
simplifies the production of lighter and thinner materials, which is
highly favorable for the implementation of optical devices [26].

Additionally, because of the unique properties of the lanthanide
(Ln®") ions, lanthanide complexes, are interesting platforms for appli-
cations in lighting technologies. The Ln®>* luminescence arises from 4f —
4f transitions, which correspond to characteristic colors (wavelengths)
from the ultra-violet (UV) across the Vis to the near-infrared (NIR)
spectral region. Unfortunately, the 4f — 4f transitions are difficult to
excite directly according to Laporte’s rule and a way to overcome this
disadvantage is by using organic chromophores which act as antenna to
sensitize the Ln>" ions [27]. B-Diketonate complexes are well known in
lanthanide coordination chemistry and have been studied in extent [28,
29]. Their ability to excite virtually every spectroscopically active Ln>*
ion to obtain the pure Ln®* luminescence colors, as well as their pro-
cessability into more complex matrices creates the opportunity for a
wide range of applications, such as lighting, ion sensing, temperature
sensing, telecommunications, etc. [30-33] The organic chromophores in
this case should be designed or chosen to act as antennas for the Ln®",
but at the same time they should be able to emit by themselves to yield
the blue component necessary to obtain white light. The design of such
WLE Ln®" complexes is in fact typically based on the combination of an
organic chromophore which emits in the blue region, with a Ln>" ion
that emits in the yellow (Dy>*) or in the red (Eu®") region [34-50].

Here, we present a series of single-molecule WLE tris Dy>" p-diket-
onate complexes of two different f-diketonate ligands (4,4,4-trifluoro-1-
phenyl-1,3-butadionate and 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-
butadionate), with either coordinated water molecules or triphenyl-
phosphine oxide (tppo) as co-ligand, which can be excited at 365 nm
[50,51]. Simultaneous emission from the ligand and Dy3+ has been
observed, giving rise to WLE, which by modifying the coordination
environment, could be altered from deep cold (blue) to warm (yellow)
white light. In addition to white emission in the Vis region, the series of
Dy>* complexes also showed emission in the NIR spectral region.

2. Experimental Section
2.1. Materials

DyCl3+6H20 (99.9%), 4,4,4-trifluoro-1-phenyl-1,3-butadione (Hbfa)
99% and triphenylphosphine oxide 98% were purchased from Sigma
Aldrich. The 4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadione 98% was
purchased from TCI Europe. Methanol (laboratory grade, 100%) and
NaOH were purchased from Fisher Scientific. All chemicals were used
without further purification. All reaction were carried out under atmo-
spheric conditions.

2.2. Synthesis of [Dy(Li2))3(H20)2] and [Dy(L12))3(tppo) 2] complexes

The synthesis procedure has been previously reported in detailed and
will be only discussed in short [51]. The synthesis of [Dy(L1(2))3(H20)-]
was done in methanol by first dissolving an appropriate amount of
ligand L; and Ly (0.9 mmol), which were then deprotonated with an
equimolar amount of NaOH prior to the addition of methanol solution of
DyCl3+6H>0 (0.3 mmol). The obtained crystals were recrystallized from
methanol solution and used for further analysis. The synthesis of [Dy(L,
2))3(tppo)2] was done in methanol, by addition of a methanol solution
of [Dy(Li(2))3(H20)2] (0.1 mmol) to dissolve triphenylphosphine oxide
(tppo) (0.2 mmol) and the complexes were used without any additional
purification. No crystals suitable for single crystal X-ray diffraction
could be obtained due to the formation of twinned crystals during
crystallization.

[Dy(L1)3(H20)2] DyL;H20: Elemental analysis (%) calculated for
C30H22F90gDy (847.00): C 42.54, H 2.98, found: C 42.45, H 2.93. FT-IR
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(KB1) Vmax (cm’l)): 3657 (s; vst O-H, free), 3449 (w; vst O-H, H-
bonded), 3083, 2774, 2601, 2525 (w; vst C-H and Fermi resonance),
2482, 2381, 2321, 2273, 2229, 2137 (w; aromatic overtone), 2085
2044, 1985, 1908, 1863, 1820, 1775 (w; comb, aromatic), 1667 (w; vst
C=0, keto form), 1628, 1571, 1532, 1493, 1467 (w; vst ar C-C), 1379,
1288 (w; vst C-F, CF3), 1249, 1197, 1144 (w; vst C-F, CF3 and &ip ar
C-H), 1096 (w), 1027 (s; dip ar C-H), 996 (s; doop C-H), 817 (w; y ar
C-C and vst C-Cl), 773, 721 (w; & C-F, CF3, 8oop C-H and y ar C-C and
vst C-Cl). ESI-MS (negative mod, -), m/z: 868.00 [M + Na-2H]’, 1023.97
[M+2Br + H] Isotope used for calculation is 164Dy.

[Dy(L2)3(H20)2] DyLoH20: Elemental analysis (%) calculated for
C30H19Cl3F9OgDy (950.33): C 37.92, H 2.33; found: C 37.88, H 2.25. FT-
IR (KBr) vmax (ecm™): 3657 (s; vst O-H, free), 3434 (s; vsy O-H, H-
bonded), 3072, 2779, 2677, 2591 (w; vss C-H and Fermi resonance),
2508, 2434, 2389, 2327, 2286, 2232, 2133 (w; aromatic overtone),
2096, 2051, 1911, 1796 (w; comb, aromatic), 1681 (w; v C=0, keto
form), 1627, 1574, 1536, 1487, 1463 (w; vs ar C-C), 1401, 1359, 1294
(w; v C-F, CF3), 1248, 1191, 1146 (w; vs; C-F, CF3 and &;, ar C-H), 1096
(w), 1014 (s; &;p ar C-H), 944 (s; Soop C-H), 849 (w; y ar C-C and vg;
C-CD), 799, 738, 705, 664 (w; & C-F, CF3, 8o0p C-H and y ar C-C and vg
C-Cl). ESI-MS (negative mod, -), m/z: 972.00 [M + Na-2H]", 1159.00
[M+2Br + HJ'. Isotope used for calculation is 164Dy.

[Dy(L1)3(tppo)2] DyLjtppo: Elemental analysis (%) calculated for
CesHagFoOsP2Dy (1367.54): C 57.97, H 3.76; found: C 57.88, H 3.70. FT-
IR (KBr) Vmax (em™): 3267, 3147 (w; vst C-O, enol beyond the range),
3061 (s; vst ar C-H), 2965, 2913, 2771, 2710, 2599 (w; vst C-H and
Fermi resonance), 2520, 2471, 2434, 2381, 2323, 2278, 2129 (w; aro-
matic overtone), 2088, 2030, 1969, 1895, 1820 (w; comb, aromatic),
1776, 1713 (w; vst C=0, keto form), 1656, 1577, 1535, 1491, 1442 (w;
vst ar C-C), 1376, 1323 (w; vst C-F, CF3), 1290 (w; vst P—=0), 1244,
1199, 1146 (w; vst C-F, CF3, dip ar C-H and vst R3P—0), 1094, 1075,
1026 (s; dip ar C-H and vst R3P—=0), 997, 972 (w; vst R3P—=0), 943 (s;
Soop C-H and vst R3P—=0), 848, 807, 795 (w; y ar C-C and vst P-C), 758,
725, 635 (w; 8 C-F, CF3, oop C-H and y ar C-C). ESI-MS (positive mode
+), m/z: 1428.00 [M + Na + ACN]*, 1150.00 [M-tppo + Na + ACN]™,
870.00 [M-2tppo + Na]*. Isotope used for calculation is *¢*Dy.

[Dy(L2)3(tppo)2] DyLotppo: Elemental analysis (%) calculated for
C66H45C13F908P2Dy (1470.87)2 C 53.89, H 3.29; found: C 53.80, H 3.25.
FT-IR (KBr) vmax (em™b): 3265, 3146 (w; vst C-O, enol beyond the
range), 3060 (s; vst ar C-H), 2961, 2920, 2829, 2768, 2714, 2586 (w; vst
C-H and Fermi resonance), 2467, 2380, 2327, 2286, 2249, 2129 (w;
aromatic overtone), 2088, 2039, 1964, 1898, 1820 (w; comb, aromatic),
1776 (w; vst C=0, keto form), 1627, 1594, 1533, 1483, 1438 (w; vst ar
C-C), 1380, 1318 (w; vst C-F, CF3), 1288 (w; vst P—0), 1240, 1187,
1141 (w; vst C-F, CF3, 6ip ar C-H and vst R3P—=0), 1088, 1067, 1030 (s;
8ip ar C-H and vst R3P—=0), 1014, 972 (w; vst R3P—=0), 930 (s; doop
C-H and vst R3P—0), 849, 783 (w; y ar C-C and vst P-C), 725, 693, 660
(w; & C-F, CF3, 8oop C-H and y ar C-C). ESI-MS (positive mode +), m/z:
1497.87 [M + Na + ACN]™, 1218.87 [M-tppo + Na + ACN]™, 980.00
[M-2tppo + Na]™. Isotope used for calculation is 164Dy.

2.3. Characterization

Luminescence measurements were performed on an Edinburgh In-
struments FLSP920 UV-Vis-NIR spectrometer setup. A 450 W Xe lamp
was used as steady-state excitation source. Time-resolved measurements
were recorded using a 60 W Xe lamp operating at frequency of 100 Hz. A
Hamamatsu R928P photomultiplier tube was used to detect emission
signal in the visible region. A Hamamatsu R5509-72 multiplier tube was
used to detect emission in the NIR region. The absolute quantum yield
(QY) of the complex was determined using an integrating sphere coated
with BENFLEC (provided by Edinburgh Instruments) and calculated
using Equation (1):

_ J LemissiondA
J Eviancdd = [ Eampied

n @
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Where Lemission iS the integrated area under the emission spectrum (dA =
400-700 nm), Epjank is the integrated area under the “excitation” band of
the blank, and Esanple is the integrated area under the excitation band of
the sample (as the samples absorbs part of the light, this area will be
smaller than Epjani). All luminescent measurements were recorded at
room temperature. Crystals were put between quartz plates (Starna
cuvettes for powder samples, type 20/C/Q/0.2). The time-resolved data
were fitted with a biexponential function where the short component (in
the range from 1.4 to 1.9 ps) is attributed to the Xe lamp signal, while the
longer component is associated to the emission signal of the Dy>*
complexes and are presented in Tables 1 and 2. Only for the samples
DyL;tppo and DyLatppo the emission signal at ~995 nm, with a signif-
icantly longer decay time, was fitted with a monoexponential function.

Fourier Transform Infrared (FTIR) spectra were acquired in the re-
gion of 400-4000 cm™! with a Thermo Scientific Nicolet 6700 FT-IR
spectrometer equipped with a nitrogen-cooled Mercury Cadmium
Telluride (MCT) detector and KBr beam splitter; samples were measured
in KBr pellets. Elemental analysis (C, H, N) was performed on a Thermo
Fisher 2000 elemental analyzer, using V.Os as catalyst. ESI-MS was
performed on an Agilent 6230 time-of-flight mass spectrometer (TOF-
MS) equipped with Jetstream ESI source and positive and negative
ionization modes were used.

3. Results and discussion
3.1. Synthesis and characterization of Dy>" complexes

The complexes were synthesized using mild reaction conditions,
where the p-diketonate ligand was deprotonated with an equimolar
amount of sodium hydroxide and reacted with the Dy>" ion in a stoi-
chiometric ratio in methanol. The high reactivity of the B-diketonate
ligand toward coordination to Dy>* ions prevents the formation of
highly insoluble lanthanide hydroxides, which could be formed under
basic conditions. The complexes with formula [Dy(L;)3(H20)2] (L; =
4,4,4-trifluoro-1-phenyl-1,3-butadionate) and [Dy(L)3(H20)2] (Lp =
4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-butadionate) were isolated. The
synthesis of water-free complexes was performed by introducing tppo in
methanol solution in a stochiometric ratio to the [Dy(L1(2))3(H20)2]
complex to form and isolate the water-free complexes with formula [Dy
(L1)3(tppo)2] and [Dy(Ly)s(tppo)z2]. These complexes have been char-
acterized by FT-IR, ESI-MS (see SI Figs. S1-S8) and elemental analysis
which confirmed that all the complexes have the same composition as
the previosly reported analogs [51,52].

3.2. Steady-state and time-resolved photoluminescence (PL) studies

3.2.1. Steady-state and time-resolved PL of Dy>" complexes in the visible
region

Upon excitation into the p-diketonate ligand absorption band (see SI
Figs. 59-S12) with UV light all studied Dy>* complexes showed emission
in the Vis and NIR spectral range displaying the characteristic Dy>"
peaks. In Fig. 1, the PL emission spectra of DyL;H0, DyLitppo (a),
DylL,H,0 and DyLytppo (c) are presented. The Dy *Fg/5 — ®His/o
transition appearing at 480 nm, the 4F9 /2 — 6H13 /o transition at 575 nm
and the 4F9 /2 — %H,; /2 transition at 660 nm are clearly observed. Besides
the emission peaks of the Dy3+ ion, a broad band (400-450 nm) with a
peak maximum at ~ 430 nm is observed, which is assigned to ligand-
centered emission. In water-free complexes the relative intensity of
this broad band is lower as compared to its intensity in water-containing
complexes. The advantage of the introduction of the tppo ligand into the
water-containing complexes brings two benefits: first, the exclusion of
water molecules from the first coordination sphere around the Dy** ion
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Fig. 1. (a) PL emission spectra of DyL;H,O and DyL;tppo, excited at 365 nm
and measured at RT; (b) decay profile of DyL;H,0 (blue) and DyL;tppo (or-
ange) observed at 575 nm; (c) PL emission spectra of DyL,H,0 and DyL,tppo,
excited at 365 nm and measured at RT; (d) decay profile of DyL,H>O (blue) and
DyLotppo (orange) observed at 575 nm * Contamination of the DyCl3+6H,0 salt
with europium salts not influencing the photophysics of Dy>*. (For interpre-
tation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

(reducing quenching) and second, a more efficient energy transfer from
the tppo ligand to Dy>*, increasing the relative intensity of the metal
peaks in the emission spectra in comparison to the ligand band (Fig. 1 a
and ¢).

Time-resolved measurements (Fig. 1 and Table 1) show that the
decay dynamics of the Dy>* “Fy,5 level is monoexponential and that the
water-free complexes have slightly longer luminescent lifetimes
compared to the water-containing complexes, likely because of the
reduced quenching efficiency by high-energy oscillators related to the
water molecules in the first coordination sphere. The sensitization effi-
ciency of the Dy>" ion in the water-free complexes is estimated to be
slightly higher as well, because of the possible contribution of the tppo
co-ligand to the process. In fact, to realize an efficient energy transfer
(ET), the difference between the energy donor, being the triplet state
(T1) of the ligand, and the acceptor, being the emitting level of the Ln®*
ion, should be ideally between 2500 and 3500 cm~'. While an energy
match between the donor and acceptor states is key to an efficient ET, a
small energy gap, which could easily be overcome in molecular com-
plexes by a vibrationally assisted ET, is also desirable to prevent
collateral back energy transfer (BET) which could reduce the efficiency
of the metal-to-ligand sensitization process (Fig. 2) [53]. This issue is

Table 1
Luminescence lifetimes and absolute quantum yields in the visible range for the
Dy>* complexes.

Compound T (ps) R? QY [%]
DyL;H,0 9.85 0.996 4.94
DyL tppo 11.41 0.996 5.32
DyL,H20 9.38 0.995 3.00
DyLytppo 10.49 0.996 3.58
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Fig. 2. Jablonski diagram for the Dy>" complexes with the ligand L, (a) and
with the ligand L, (b). Sp - singlet ground state, S; — singlet excited state, Ty —

triplet state, ISC — inter system crossing, ET — energy transfer, BET — back en-
ergy transfer, Abs — absorbance, FS — fluorescence, PL — photoluminescence.

particularly relevant in Dy3+ compounds where the long-lived main
emitting *Fo 5 level is placed at ~21,000 cm ™}, an energy that is rela-
tively high with respect to the triplet energy level of most organic li-
gands. In the water-free compounds, the tppo co-ligand has a higher
triplet state (T; = 23,800 cm™') compared to the triplet states of ligands
L; (T; = 22,500 em V) and L, (T; =21,500 em Y and is expected to be a
more effective antenna towards Dy3+ [54,55]. These observations
explain the increased relative intensity of the ligand-centered emission
in the derivatives with ligand Ly, particularly with coordinated water,
indicating a less effective ligand-to metal sensitization (Fig. 1).

3.2.2. Steady-state and time-resolved PL of Dy>* complexes in the NIR
region

When exciting into the absorption bands of the ligands, the investi-
gated complexes, DyL;H20 and DyL;tppo (Fig. 3a and b), DyLaH20 and
DyLatppo (Fig. S13a and 13b in SI), show NIR luminescence. The PL
spectrum in the range 800-1650 nm is dominated by the characteristic
emission peaks of Dy>* corresponding to the following transitions: “Fg/5
— 6H7/2 + 6F9/2 (846 nm), 6H5/2 + 61:“7/2 — 6H15/2 (~ 994 nm), 6F3/2 —
®Hy3/3 (1066 nm), *Fo 2 — °Fs2 (~ 1170 nm), °F11/2 — ®His 2 and *Ho,z
— SHy5/2 (~ 1320 nm), *Fg/2 — Fy /2 (1404 nm) and ®Fs/5 — ®Hyy/2 (~
1500 nm) [56]. However, the DyLaH20 complex (Fig. S13a) only shows
a clear emission peak at 1317 nm while the other peaks in this region are
not visible. This is likely ascribable to a significant quenching effect on
the Ln®" ion to NIR-emission by high-strength oscillators such as C-H (v
C-H at 1650 nm and 3v C-H 1130 nm) and O-H (2v O-H at 1400 nm),
especially for water molecules directly bonded to the emitter [50].

The luminescence decay traces of the Dy complexes in the NIR
have been recorded at 994 nm and ~ 1320 nm corresponding to the ®Hs,
2+°F; 2 and %H, /2 + oF1; /2 levels, respectively. All decay traces are well
fitted with a monoexponential function (see Experimental Section for
details), pointing to the existence of one population of emitters and
confirming the purity of the samples.

As expectable, for both series of complexes with ligands L; and Lo,
the emission signal can be only barely detected in water-containing
complexes (Fig. 3c and S13c). This effect can be attributed to vibra-
tional quenching through the third harmonic of the OH stretching, as
was previously observed in analogous yb3+t complexes [51].
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Fig. 3. NIR PL emission spectra of DyL;H,0 (a) and DyL;tppo (b), excited at
365 nm and measured at RT; (c) decay profile of DyL;H,0 (blue) observed at
846 nm, DyL,tppo (orange) observed at 994 nm; (d) decay profile of DyL;H,0
(blue) and DyL;tppo (orange) observed at 1320 nm. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Table 2
Observed luminescence decay time constants and corresponding Dy®*
transitions.

Compound A (nm) Transition T (ps) R?
DyL;H,0 846 *Fg/5 = ®Hy o + Fo)n 10.82 0.998
1320 ®F11/2 — ®His/n 10.34 0.997
®Hg,» — ®His/z
DyL1tppo 994 5F;/5 — ®His/n 15.07 0.997
®Hs/3 — ®His/z
1320 ®F11,5 — ®Hys/n 10.71 0.998
®Ho,5 — ®His/»
DyL,H,0 1320 F11/2 = ®His/o 10.73 0.996
®Hoy» — ®His 2
DyLatppo 994 *Fo/3 — °F7 s 16.33 0.998
1320 ®F11/2 — ®His/n 10.34 0.997

6 6
Ho/2 — "His/2

Interestingly, the decay dynamics of the 6F1; 2+ 6H9 /2 — 6H15/2 tran-
sition at 1320 nm is very similar for the water-containing complexes and
the tppo derivates of the same ligands. This finding seems apparently in
contrast with the expected shortening of the lifetimes in the presence of
bound water molecules and with observation made for the relaxation of
the 4F9/2 level. However, the change of the coordination environment,
following the replacement of water molecules by tppo ligands, is likely
to induce a significant variation of the oscillator strength of the transi-
tion, possibly leading to a decrease of the radiative lifetime in the
water-free compounds [51,57]. This could therefore explain the similar
observed lifetimes despite the envisaged quenching effect by water
molecules. It should be also noted that the discrepancy of the observed
lifetime values between the complexes with ligands L; and Ly (Table 2),
despite the similar amount of quenching sites, is attributed to a differ-
ence in the radiative lifetime dynamics induced by the subtle differences
in the ligand structure, further highlighting the relevant role of the co-
ordination environment of the emission properties of these compounds.

3.3. White-light emission (WLE) of Dy** complexes

The CIE chromaticity diagram (Fig. 4) shows that the Dy>*
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Fig. 4. The CIE chromaticity diagram with the color coordinates of the Dy>"
complexes excited at 365 nm. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Table 3

CIE color coordinates (x,y) and CCT for the Dy>* complexes in the solid state.
Compound X y CCT (K)
DyL,H,0O 0.340 0.333 5129
DyLitppo 0.364 0.391 4537
DyL,H,0 0.270 0.249 18,173
DyLatppo 0.316 0.331 6319

complexes with both ligands, L; and Ly, are emitting in the region from
cold to warm white light upon excitation with UV light (365 nm).
Exciting by different wavelengths in the ligand absorption bands did not
result in significant emission differences. According to the CIE co-
ordinates (Table 3) obtained for the DyL;H20 and DyLatppo complexes,
the emitted white light is close to the pure white light (CIE 1931 chro-
maticity x = 0.333, y = 0.333) with Correlated Color Temperatures
(CCT) of 5470 K. Instead, the CIE coordinates for the DyL;tppo complex
are more situated toward the warm white light region leaning toward
yellow-white light and the DyLoH20 complex shows emission in the
cold-white light region, corresponding to blueish-white light. As it can
be seen in the CIE diagram, color tunability was achieved by changing
the coordination environment by introducing the auxiliary tppo ligand.
This resulted in tuning the color for the complexes with ligand Ly from
blue to white light, while for the complexes with ligand L; the color was
tuned from white to yellow-white light. The observed tunability is in
accordance with the decrease of the intensity of the residual blue
emission from the p-diketonate ligand upon introduction of the tppo co-
ligand, as previously discussed.

4. Conclusions

A series of water-containing and water-free Dy B-diketonate
complexes were prepared with two ligands, L; and Ly, with similar
chemical properties but with a slight structural difference. In the ligand
Ly the H-atom of the phenyl ring in para-position to the p-diketonate
group was substituted with a Cl-atom. The water-free complexes have
been prepared with a neutral tppo co-ligand that excludes water mole-
cules from the first coordination sphere of the Dy®>" ion and acts as an
additional sensitizer for energy transfer to the nearby Dy>* ion. All the
complexes showed emission with characteristic transitions in both Vis
and NIR region. The proximity of the energies of the triplet (T) states of
ligands L; and L; to the emitting level of Dy>" (*Fg/2) led to a partial
depopulation of the ligand excites states and resulted in the observation
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of ligand emission in the visible blue in addition to the emission of the
Dy>" ion in the yellow-green region. This was exploited to obtain white-
light emission. The observed WLE of DyL;H20 (x = 0.340, y = 0.333)
and DyLatppo (0.316, 0.331) is close to ideal white light with CCT in the
cold white-light region. Interestingly, the complexes also yield the rarely
observed Dy®™ - centered NIR emission with a peak at 1320 nm falling in
the O-band region of interest in optical telecommunications. The careful
design of a ligand that would promote the emission in the NIR region,
without enhancing the quenching of Dy>* emission in this region, could
introduce Dy>" as an alternative to the commonly used NIR-emitting
lanthanide ions, such as Er* and Nd3*, that are currently exploited
for optical telecommunications. Also the possibility of wider use such as
multifunctional molecular materials such as optical applications (light-
ing) and molecular magnets can be interesting for further design.
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Abstract: The fields of micro- and nanomechanics are strongly interconnected with the development
of micro-electro-mechanical (MEMS) and nano-electro-mechanical (NEMS) devices, their fabrication
and applications. This article highlights the biomimetic concept of designing new nanodevices for
advanced materials and sensing applications.

Keywords: NEMS; bio photonics; biomimetics; bioinspiration; nanotechnology

1. Introduction

Nowadays, technology of any kind is faced with the constant need to minimalize
gauges as an imperative for lowering the energy consumption and reduction in materials
utilization. The most contributing aspect in this technological revolution is science. By
emulating nature’s patterns, science seeks sustainable solutions for everyday human chal-
lenges. It is vital to harness biomimetic concepts to develop advanced bio-inspired devices
for various applications. This article describes the potentials of biomimetic concepts for the
design of future nanodevices, especially NEMS, which could have a plethora of potential
applications. A practical representation of the order of magnitude of nano devices is given
in Figure 1.

After a short introduction, we discuss the state-of-the-art bioinspired NEMS from
a fundamental and design perspective, especially highlighting bio-oriented applications.
We hope that this article will increase the awareness of the engineering community for
biomimetics and highlight biomimetic-inspired concepts and solutions.
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Figure 1. Different scales in nature.

2. The Emergence of Bioinspired NEMS

Bioinspired devices are nanodevices with structure and functions designed to mimic
examples from the natural world. Biomimetics is based on mimicking biological principals
and patterns as a recipe for creating new materials and structures and integrating them into
functional devices. The functionality of these devices also relies on the combined power of
optics and nanoengineering. Figure 2 shows the synergy between nanoengineering, optics
and biomimetics, which creates the new field of bioinspired NEMS.
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Devices inspired by nature can be classified into two categories: (1) devices that incor-
porate natural biological structures within their systems and (2) biomimetic (bioinspired)
devices that mimic structures and functions from the natural world.

The primary aim of this paper is to attract the interest of the broad material science
community towards the bioinspired NEMS concept, which could be used to open new
horizons in physical and material research. The authors of this article are confident that
soon, in order to reach a cellular economy-driven society, we must develop technology
that will be able to harness perfect engineering solutions designed by billions of years
of evolution. For this approach to succeed, we must understand the complexity of the
biological functions and patterns and their interconnections.

Biomimetics, to begin with [1-3], has a great potential for solving human problems by
imitating the natural environment or learning from it. For example, an extensive review of
bioinspired triboelectric nanogenerators includes a comparative analysis of structures and
materials that draw inspiration from nature [4]. Additionally, a comprehensive review of
nanomembranes and their application can be found in MDPI papers [5].
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3. Fabrication of Bioinspired NEMS

Most of techniques for the fabrication of bioinspired NEMS use the lithographic
method (Figure 3), which proved very suitable for processing nanoelements [6].
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Figure 3. Simplified scheme of a lithography process.

Fabrication of Bioinspired Nano-Structures

Recently, the additive engineering, i.e., 3D printing [7], is used for NEMS fabrica-
tion [8].

The future of bioNEMS technology is strongly connected with the development of new
fabrication techniques (3D printing, self-assembly, etc.) and opens up many possibilities
for potential applications in various fields, such as photonics, biomedicine, nanoelectronics,
and sensing.

Micro molding is one of the most widely used techniques. The fabrication of replicas
that perfectly match biostructure geometry is an enormous challenge for NEMS fabrication.
The most straightforward technique used for replication consists of two-step process.

The development of a negative mold from a biopattern is the first step, and the
second is making the positive replica. Kumar et al. [9] presents a precise micro-replication
technique, as shown in Figure 4, to transfer surface microstructures of plant leaves onto
a highly transparent, soft polymer material to design smooth surfaces with specific nano-
corrugation. Structuring surfaces is beneficial for designing materials with controllable
properties such as wetting, heat transfer, fluid flow, optical effects, etc.
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Figure 4. Schematic sketch of the two-step replication process: (a) Fresh plant leaf glued on a plastic
Petri dish, filled up with epoxy resin. (b) Curing of epoxy mixture for 15 h to produce negative
epoxy mould. (c) Epoxy sample (which adhered with leaf surface) is kept for chemical treatment
in potassium hydroxide solution on magnetic stirrer (at 60 £ 3 °C for 20 h). (d) Chemically treated
sample washed in deionized water using an ultrasonicator. (e) Negative epoxy mould separated from
the leaf surface. (f) Negative epoxy mould filled up with PDMS mixture. (g) Degassed in vacuum
chamber to remove air trapped at the interface. (h) PDMS-positive replica peeled off from the epoxy
mould. Reproduced with permission [9].

The unification of biostructures and nanosystems requires simple but reliable tools
and techniques. The limited knowledge regarding materials leave us with just a few
types of micro- and nanodevices. Modern technologies such as nanopatterning provide an
excellent potential to obtain a new class of customized energetic materials for MEMS/NEMS
application [10]. These materials allow advances in the processing of microscopic systems
that are energy-demanding and may be even more important for bioinspired NEMS.
An even more fascinating proposal is based on the utilization of so-called Pavlovian
materials [11]. These materials are specially adapted to respond to certain stimuli, and they
are proposed for application in integrated devices. As far as materials science is concerned,
the inevitable dominance of bioinspired materials in technological applications will happen
soon [12].

Recently, Shanker et al. designed melanin nanoparticles for new printable inks with
a high boiling point to manage stable jetting and a high-printing efficiency [13]. The
advantages of inkjet printing are mainly the reduction in processing times and materials
requirement. An even more interesting example of nanofabrication is presented through the
method of roll-to-plate (R2P) ultraviolet nanoimprint lithography (UV-NIL). This method
uses the combined power of Nickel mold and transparent polycarbonate substrates [14].
The operation simplicity, high efficiency and low-cost fabrication make this antireflection
technique promising. The imprint of nanostructures is also described elsewhere [15].

4. Bioinspired NEMS—The State of the Art

Here, we present a few exciting applications based on mimics of natural structures.
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4.1. Hair-like Structures

Structures that resemble the hair are widespread in the living world. In biology,
organisms often use these body parts to communicate with the environment [16]. Regarding
the relatively simple shape of the hair, functional devices that mimic hair structures are
constructed with the capability to mold mechanical responses as a function of the slightest
changes in their environment. Inspired by the clavate hair-based sensory system used by
crickets to sense gravitational acceleration and obtain information on their orientation, a
one-axis-biomimetic accelerometer was developed and fabricated using different micro-
machining processes [17,18]. Clavate hair is a receptor that is most sensitive to positional
changes, while in practical terms, it can be seen as a pendulum subjected to external
influences or accelerations from the environment. Staring at the halters of flies that serve
to maintain balance based on Coriolis forces, a biomimetic gyroscope was made with the
help of MEMS technology [19]. These are tiny organs by which flies sense the rotation
of the body, practically opposing the orientation of wings during flight. The oblong
extensions that are an integral part of most hair cells receive an external impulse and
generate displacement to neurons as a mechanical response. The remarkable abilities of
the fish and many sophisticated functions of their organs have led to the development of
micro-biomimetic sensors made of artificial materials that resemble hair cells in shape and
dimensions [20]. Practically, and in the physiological sense, sensory units are distributed
throughout the body of the fish. These units receive flow rate information and convert it to
electrical signals that pass through the innervated fibers directly to the brain for further
processing. In the end, there are plenty of attractive models from nature to mimic, that
could be used for the design of new functional devices.

4.2. BioMEMS: Medical Perspective

A significant subset of MEMS/NEMS devices is biomedical MEMS/NEMS or bioMEMS
/bioNEMS. BioMEMS/BioNEMS refers to devices developed for biomedical and medical
applications [21]. The potential for the applications of MEMS/NEMS in medicine is
practically unlimited [22-24]. Scuor et al. [22] described a new appliance as MEMS-based
in-plane biaxial cell stretcher used to study the influences of biaxial stresses on an individual
living cell. By exploiting stretchable tools of the described device, the authors [22] recorded
a displacement of several micrometers. Using this MEMS approach, it is possible at the same
time to actuate and sense at a length scale comparable with single cells. In combination with
biological microscopy techniques such as fluorescence, it is possible to visualize the effect of
the stress. Parallel with Scuor research, Wang et al. [23] described the new micro-fabrication
method for designing micro and nanosize artificial biocompatible capillaries.

Additionally, Tsuda et al. [24] observed a large multi-nuclear, single-cellular organism
with no nervous system. The objective of his research was to make an integrated local
sensor system that relies on intercellular information exchange. In search of an alternative to
control and monitor the functioning of autonomous robots, Tsuda developed a system that
works for an extended period without a power supply. This bio-hybrid creation is based
on circuitry from amoeboid plasmodia of the slime mold, Physarum polycephalum. The
circuits are connected to a hexapod robot that drives the system and exchanges information
with the environment.

Soft robotics is an example of a field that has great potential for applications in
medicine. Recently Kim et al. [25] developed an artificial micro-muscle fiber crafted from
coiled shape-memory alloy (NiTi) springs.

4.3. The Last Decade—an Age of Great Promise

Ten years ago, an exciting moment occurred in materials science. The ability of all
complex biological organisms to self-repair minor damages [26] was described, as well as
the prospect of mimicking this feature in nanodevices.

“We continually learn things and borrow ideas from nature, but we design devices
beyond nature” [27]. This beautiful, harmonious quote as well as the whole book by Di
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Zhang [27] represents a useful and exciting introduction to biomimetics. During this period,
one gets the impression that thinking begins with a look at biomimetics; biomimetics finally
gains its true meaning and becomes officially recognized.

Bioinspired NEMS can play a crucial role in curing or preventing disease. There are
currently many NEMS applications in biology and biomedicine, and thus many articles in
this field [28,29].

An example of such an application is a silicon micro-channel, used to provide an im-
proved blood plasma separation from whole blood by acoustophoresis. Karthick et al. [30]
harnessed the theory of acoustophoresis of dense suspension to understand the acoustic
focusing of cells within blood capillaries. Such works are not only inspiring but also have
promising applications.

A new lab-on-a-chip (LOC) technology is a kind of bioinspired nano system, recently
described elsewhere [31-33]. It is a device that integrates one or several laboratory functions
on a single integrated circuit. LOC can be defined as a subset of complex MEMS/NEMS
devices. LOC is designed as a sensor capable of detecting different chemicals in bodily fluids
and providing information about the current health condition. Currently, many MEMS
are customized and programmed within LOC devices for various sensing applications.
However, the ultimate goal is to detect any health issue without using expensive techniques
and to stop the disease before it progresses. The potential uses of LOC in medicine and
health application are unlimited. Recently, the New York Post highlighted LOC technology
for non-specialists [33].

An exceptional example is a prototype of a 3D-printed artificial lung [34]. In brief,
lungs are a mechanical sensor that reacts to the external effects, which is analogous to mi-
crosystems. Potkay [34] foresaw this product for short- and long-term respiratory support.
In the beginning, it was used as a temporary measure while waiting for transplantation or
another healing process, but it could become a permanent solution in the future. Although
it does not look like an original organ overall, the structure is perfectly imitated. Thanks
to the flexibility enabled by 3D printing, the variation in dimensions and shape is a huge
advantage and a step towards new possibilities. Biomimicry is a constant inspiration to
researchers and engineers, and now with new 3D technology, better production possibilities
are affordable.

The successful replication of organ functions by natural materials, or biocompatible
materials, represents the future of medical technology [35]. The possibility of replacing the
lung is mind-blowing, with the potential to drastically change many patients’ lives.

Aside from that, You et al. [28] studied a self-organization of sessile bacteria within a
controlled and closed environment. The ability of bacteria to sense the environment and its
gradients and to adjust their movements to them, in combination with the hydrodynamic
properties, has a significant impact on the bacterial colonization and management of
nutrient resources [29] and could have a substantial impact on understanding complex
ecological interactions.

Finally, the MEMS/NEMS applications reach the realm of pharmacy. The main chal-
lenge in pharmaceutical analytics is to find a fast and accurate test for sensing in the nano
domain at a single-molecule or -particle level. Recently the PMTA method (Particle Me-
chanical Thermal Analyses) [36] was developed and uses a single particle as a resonator
to determine changes in their mechanical properties. The PMTA opens the possibility of
the characterization of materials at the single-particle level, which is crucial for developing
future nano medicine devices. This achievement represents a remarkable advancement in
pharmaceutical science. In recent years, various nanosystems targeting the drug delivery
of different anticancer drugs were proposed and based on biomimetic approaches [37].

5. Biomimetics Meets Photonics and Nanomechanics

Recently, Pris et al. [38] and Zhang et al. [39] showed an interesting usage of biostruc-
tures. In their papers, the unique example of the management of thermal radiation by bio-
photonic structures of a Morpho butterfly is described. Additionally, the research described
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by Grujic et al. [40], pointed out the exciting mechanisms of thermophoresis/photophoresis
within biophotonic structures, which could be harnessed for thermal radiation detection.
Grujic et al. shows that, in the case of the Morpho butterfly, nature exploited natural pho-
tonic structures and their optical properties to develop IR detectors much more advanced
than currently fabricated ones. Grujic et al.’s [40] experiment revealed a complex functional
relationship between biological patterns and their functions. By imitating butterfly wing
scales by polymer or composite materials, the thermophoretic effect can be further ampli-
fied for different sensing applications and the large-scale production of sensing devices.
Polymers are particularly promising materials for infrared sensing applications because of
their high IR absorption due to their organic bonds’ vibrational resonance modes and their
high thermal expansion coefficient compared to metals and semiconductors [41]. Figure 5
shows a portion of a circular section of a sample, the microscopic image, and a holographic
image of the investigated butterfly’s wing, accompanied with holographic reconstruction.

(c) (d)

Figure 5. Circular section of a butterfly’s wing: (a) A photograph, (b) a microscope image, (c) a
hologram reconstruction and (d) a holographic image. Reproduced with permission [40].

In the end, to advance in nanoscience and biomimetics, it is imperative to understand
the physics of the studied systems. When the microscale is reached, for example, when
the distance between two structures or surfaces corresponds to the molecule-free path,
thermal forces can occur [42]. Due to the temperature gradient, the surrounding gas causes
the formation of a force that creates mechanical displacement at the microscale level. This
phenomenon is called thermophoresis. These forces are mechanical forces that scale almost
linearly with pressure and temperature. In their paper, Passian et al. [43] described the
study of the pressure dependence of Knudsen forces by exploiting MEMS devices.

Moreover, when downscaling from the MEMS to NEMS level, forces between system
elements cannot be described by using a classical physics framework. The quantum effect
must be considered and controlled, which is one of the most challenging tasks for the
development and applications of future NEMS. Figure 6 shows the cartoon image of
“strangeness” of quantum mechanics [44].
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Figure 6. Cartoon sketch of the limitations of classical physics and “strangeness” of quantum mechanics.

6. Conclusions

The possibility of harnessing biomimetics for the design of advanced NEMS devices
is highlighted in this account. The topic discussed here is interesting from a fundamental
perspective, with practically unlimited applications in the areas of photonics, sensing, and
biomedicine. Even though, at the moment, bioinspired NEMS is still in its infant stage of
development, the primary aim of this article is to attract the interest of the broad material
and photonics science community for the biomimetic concept, which could open new
horizons in material research.
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Abstract: In this work, we describe the crazy-clock phenomenon involving the state I (low iodide
and iodine concentration) to state II (high iodide and iodine concentration with new iodine phase)
transition after a Briggs—Rauscher (BR) oscillatory process. While the BR crazy-clock phenomenon is
known, this is the first time that crazy-clock behavior is linked and explained with the symmetry-
breaking phenomenon, highlighting the entire process in a novel way. The presented phenomenon has
been thoroughly investigated by running more than 60 experiments, and evaluated by using statistical
cluster K-means analysis. The mixing rate, as well as the magnetic bar shape and dimensions, have
a strong influence on the transition appearance. Although the transition for both mixing and no-
mixing conditions are taking place completely randomly, by using statistical cluster analysis we
obtain different numbers of clusters (showing the time-domains where the transition is more likely
to occur). In the case of stirring, clusters are more compact and separated, revealed new hidden
details regarding the chemical dynamics of nonlinear processes. The significance of the presented
results is beyond oscillatory reaction kinetics since the described example belongs to the small class
of chemical systems that shows intrinsic randomness in their response and it might be considered as
a real example of a classical liquid random number generator.

Keywords: crazy clock; Briggs—Rauscher reaction; state I to state II transition; symmetry breaking;
iodine; K-means analysis; random number generator

1. Introduction

The presence of symmetry around us inspired many scientists to search for beauty,
harmony, order, and regularity in nature and her fundamental laws [1,2]. Additionally,
phase transitions with and without spontaneously broken symmetries are widespread
concepts through different areas of physics and physical chemistry. The applications of
spontaneously broken symmetries cover a wide range of condensed matter science topics,
such as superconductivity, super-fluidity, Bose-Einstein condensation, nucleation physics,
self-assembly processes, morphogenesis, and chemical kinetics. In this account, we describe
spontaneous symmetry breaking in the case of the nonlinear Briggs—Rauscher reaction. We
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highlight the importance of symmetry breaking, in non-equilibrium and pattern formation
processes, which is of vital meaning to the understanding of the morphogenesis process
and for applications in several areas of biomimetics and nanoscience.

The Briggs—Rauscher (BR) [3] reaction is a hybrid oscillating reaction formed by
coupling two chemical oscillators, Bray—Liebhafsky [4,5] and Belousov—Zhabotinskii [6].
Since its discovery in 1973, the Briggs—Rauscher oscillating reaction has been one of the
most investigated oscillatory systems. It is probably due to its simplicity and exciting colour
alternation caused by changes in reaction kinetics (when starch is used as an indicator) [7].

BR reaction typically occurs within mixtures of HyO,, HySO4, and KIO3. Additionally,
Mn(II) ions are added as a metal catalyst and malonic acid (HMA) as an organic substrate.
Substitutions of chemicals are possible; different acids, organic substrates, and ions, such as
Ce(III) instead of Mn(II) catalyst, can be used to generate BR oscillations [7-10]. However,
the oscillatory behavior is not the only one that attracted the attention of non-linear scientists
in the Briggs—Rauscher reaction [11-15].

Indeed, as described elsewhere [16], after the well-controlled initial oscillatory behav-
ior, the reaction becomes chaotic. Depending on the initial conditions, particularly on the
ratio [HyMA]y/[IO37]p [16,17], the reaction exhibits a sudden and unpredictable phase
transition. This transition, from state I (low concentration of iodide and iodine) to state II
(high concentration of iodide and iodine), happens randomly in practice, as the time spent
by the system in the state I is irreproducible (see Figure 1). The transition is characterized
by a “sharp and sudden” increase of iodine and iodide concentration, followed by the
formation of solid iodine. The observed stochastic feature, called a crazy clock (due to
the unpredictable time needed to provoke the transition), is linked to imperfect mixing
that affects convection and diffusion dynamics. The imperfect mixing results in extremely
complicated phenomena, which occur on multiple length and time scales [18]. Possible
kinetical consequences are the appearance of bifurcation, chaos, intermittent behavior, and
symmetry-breaking [18,19]. In the experiments of our previous paper [16], the mixing was
stopped after an intensive homogenization (stirring at 900 rpm) of the Briggs—Rauscher
solution in the oscillatory period. Herein, the experiments carried out with or without
specific mixing were maintained all the time. Additionally, we apply the statistical cluster
K-means analysis for the first time, by processing more than 60 experiments. Therefore, this
paper further studies the mixing effects in connection to the crazy-clock phenomenon in
the Briggs—Rauscher oscillatory reaction. It compares and processes statistically more than
#60 experiments obtained under identical initial concentrations of all reactants. Although
the BR crazy-clock phenomenon was previously detected [16], this behavior is linked
for the first time to symmetry-breaking, highlighting the entire process in a novel way.
Furthermore, the investigated crazy clock exhibits a truly random behavior that might be
considered as an example of a classical, liquid random number generator. Additionally,
the investigated system also belongs to the particular class of classical systems that shows
intrinsic randomness in their response (as also observed in colloid particles placed on an
oscillating surface) [20,21].
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Figure 1. Two independent measurements (a,b) of iodide potential vs. time obtained for BR reac-
tion under experimental conditions: [HyMA]y = 0.0789 mol/ dm?, [MnSOy,], = 0.00752 mol/dm3,
[HCIO4]g = 0.03 mol/dm?3, [KIO3], = 0.0752 mol/dm?3, [HyO,]g = 1.176 mol/dm?3, T = 37.0 °C. The
experiments were performed without stirring and without protection from light. T* denotes the time
from the end of the oscillatory mode to the occurrence of state I—state II transition.

2. Materials and Methods
2.1. Briggs—Rauscher Experimental Setup

Since the time of the transition between state I and II is unpredictable, great attention
must be paid to the experimental procedure. Only analytically graded reagents without
further purification were used for preparing the solutions. Malonic acid was obtained from
Acrds Organics (Geel, Belgium), manganese sulphate from Fluka (Buchs, Switzerland),
perchloric acid, potassium iodate, and hydrogen peroxide from Merck (Darmstadt, Ger-
many). The solutions were prepared in deionized water with specific resistance 18 M(}/cm
(Milli-Q, Millipore, Bedford, MA, USA).

All experiments were done in a container not protected from light. Reactions were
monitored electrochemically (unless specified in the text). An I-ion-sensitive electrode
(Metrohm 6.0502.160) was used as the working electrode and an Ag/AgCl electrode
(Metrohm 6.0726.100), as the reference. During the experiments, the temperature of the
reaction container was regulated by a circulating thermostat (JULABO GmbH, Seelbach,
Germany) and maintained constant at 37 °C. The reaction mixture was stirred by magnetic
stirrer (Ingenieurbtiro, M. Zipperrer GmbH, Cat-ECM5, Staufen, Denmark).

Five independent series of measurements were carried (they differed in stirring bar size
and shape, as well as mixing rate) with the identical solution composition
[HoMA]) = 0.0789 mol/dm3, [MnSOy4]y = 0.00752 mol/dm3, [HCIO,]o = 0.03 mol/dm?,
[KIOs]p = 0.0752 mol/dm?® and [H,O5]p = 1.176 mol/dm? in 25 mL volume:
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(1) without mixing (number of conducted experiments #30);

(2) with mixing 100 rpm using cylindrical stirring bar 10 mm length, 4 mm diameter
(BRAND magnetic stirring bar, PTFE-coated cylindrical), (number of conducted ex-
periments #30);

(3) with mixing 300 rpm using cylindrical stirring bar 10 mm length, 4 mm diameter
(BRAND magnetic stirring bar, PTFE-coated cylindrical), (in triplicate);

(4) with mixing 100 rpm using cylindrical stirring bar 20 mm length, 6 mm diameter
(BRAND magnetic stirring bar, PTFE-coated cylindrical) (in triplicate);

(5) with mixing 100 rpm using triangular stirring bar 12 mm length, 6 mm diameter

(BRAND magnetic stirring bar, PTFE-coated triangular) (in triplicate).

2.2. Statistical Processing and Cluster Analysis

The obtained experimental results were analyzed in the open-source statistic software
“R” using “hclust” algorithm for the hierarchical cluster analysis (HCA) [22,23].

3. Results and Discussion
3.1. Effects of the Stirring Bar Shape and Dimensions on the State I—State II Transition

The BR oscillatory period is strongly reproducible, while the transition from state
I to state II occurred practically randomly (Figure 1), as previously reported by our
research group [16].

It is imperative to emphasize that in our measurements (Figure 1), unlike in other
crazy-clock reactions found in the literature [18,19,24], large time fluctuations (the order of
magnitude could be more than two hours) occur after a highly reproducible oscillatory pe-
riod. Two independent measurements and consequently obtained BR oscillograms exhibit
identical trends in oscillation amplitude and time between two neighboring oscillation
maxima Tp_(n—1) = fn — tn_1, as it can be observed in Figures 1 and 2a,b. Conversion from
higher to lower potential of iodine electrode (or from low to high iodide concentration)
marks the transition from state I to state II (state [—state II). Furthermore, the choice of the
working electrode affects only the transition shape. However, the transition itself is very
noticeable due to the intense color change of the system from colorless to yellow accompa-
nied by solid iodine formation. This allows monitoring the state I—state II transition with
the naked eye.
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Figure 2. Briggs—Rauscher oscillation amplitude (a) and time between two neighboring oscillation
maxima Tp_(n—1) = fn — fn—1 (b) in the two independent measurements presented at Figure 1. The
resulting BR oscillograms have the same number of oscillations (Nosc = 33) and identical oscilla-
tion period, however the time of state [—state II transition differs more than 10 times (as shown
at Figure 1).

The cause of this unexpected transition is still unknown. Previous work highlighted
the significance of mixing conditions for the appearance of state [—state II transition and
crazy-clock behavior [13,16]. Therefore, we want to reveal in detail the effect of mixing on
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the transition, by using stirring bars of different sizes and shapes and applying various
mixing rates (Figure 3).
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Figure 3. Typical measurements with iodide-sensing and reference electrodes with different mixing
rates and different shapes of magnetic bar: (a) 100 rpm with magnetic stirring bar, PTFE-coated cylin-
drical, 10 mm length, 4 mm diameter (in inset), (b) 300 rpm with magnetic stirring bar, PTFE-coated
cylindrical, 10 mm length, 4 mm diameter (in inset), (c) 100 rpm with magnetic stirring bar, PTFE-
coated cylindrical, 20 mm length, 6 mm diameter (in inset), and (d) 100 rpm with magnetic stirring
bar, PTFE-coated triangular, 12 mm length, 6 mm diameter (in inset). The reactant concentrations are

identical as in Figure 1.

The transition from the state I to state II occurs only with a low stirring rate and a
stirring bar of small dimensions (namely, 100 rpm and a magnetic stirring bar made of PTFE-
coated cylindrical with a length of 10 mm and a diameter of 4 mm, Figure 3a). The results
also underline the importance of the particular magnetic bar shape and mixing rate that was
used (Figure 3a—d). Even with a low stirring rate (100 rpm), the transition does not occur
with a bar exhibiting a triangular section (bar 12 mm length, 6 mm diameter) (Figure 3d).
This result implies that the transition is strongly connected a particular diffusion conditions
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and vortex type behavior created by using specific stirring rods. Furthermore, we perform
a detailed statistical analysis to reveal the connection between the state [—state II transition
and the mixing rate (using the 10-mm long and 4-mm large cylindrical stirring bar). A set
of 60 experiments were performed without stirring and with stirring at a 100-rpm mixing
rate (30 experiments, each). The results (7Tosc and 7*) are tabulated (Tables S1 and S2) and
presented in Supplementary Materials. The 7* mean value with 95% confidence limit is for
no-mixing ™, mix = (12 &£ 4) min and for mixing conditions, T nyix = (17 & 5) min.

3.2. Statistical Analysis of Experimental Results and Evidence of Clustering

Is there a connection between the time that the system spends in the oscillatory regime
(Tosc) and the time when the state I to state II transition occurs (t*)? Or, in other words, are
the minor differences in oscillatory period duration responsible for a significant deviation
in transition appearance? The detailed exploration of the relation between BR oscillatory
time, Tosc, and the time 7 of the occurrence of the state [—state II transition (Figure 1), with
and without stirring of the solutions, was performed by statistical cluster analysis (CA).
Cluster analysis performs subdivision of datasets based on the relationships among their
members (in our case datasets of Tosc and 7*). The application of CA allows the separation
of data in clusters (namely, in groups) based on mutual distances, which reflect a degree of
similarity among data [25]. The greater the similarity in the cluster, the higher the distance
between the clusters, and hence the better the clustering. Our results combine a total of
60 experiments, obtained with no-mixing conditions (30 experiments) and with a mixing
rate of 100 rpm (30 experiments). They were analyzed in the open-source statistic software
“R” using “hclust” algorithm for the hierarchical cluster analysis (HCA) [22,23]. The HCA
divided the ratios Tosc/ T into three clusters for both mixing and no-mixing measurements
(Figure 4a,b). It can be noticed that the number of members of a particular cluster slightly
changes upon alteration of experimental conditions (Table 1).

It appears that the stirring effect causes an increase in the members of Cluster 1 and
Cluster 3, as well as decreasing in members in Cluster 2. The increase of members in Cluster
3 suggested that stirring has prolonged time for the state I—+state II transition taking place
(Figure 4b.). It can be also seen from the T mean value for no-mixing T™no mix = (12 & 4) min
and mixing conditions, T*nix = (17 £ 5) min. Furthermore, all clusters are more compact
and separated, in the case of stirring (if compared with those obtained without stirring).

The results presented in Table 1 clearly indicate that the investigated crazy-clock
exhibits a truly random behavior. The shift (Figure 4a,b, Table 1) in the position of the
cluster centroids towards higher t* values (i.e., a delaying time to transition to happen)
can be observed for the case of applied stirring conditions. Due to a small number of
members, the centroid of Cluster 3, in both cases, was not calculated. Furthermore, there is
no significant change in the cluster’s centroid position regarding Tosc oscillatory coordinate
for clusters. That leads to the conclusion that the transition from state I to state II is
independent of oscillatory time duration or, in other words, that the minor differences
in oscillatory period duration are not responsible for a significant deviation in transition
appearance. Therefore, we calculated the optimal number of clusters by a one parameter
(by parameter 7*) K-means analysis, for no-mixing and mixing conditions (Figure 5a,b,
respectively). The determination of optimal numbers of clusters was performed using
gap method in fviz_nbclust alghoritm [26]. In brief, the gap statistic compares the total
within intra-cluster variation for different values of k with their expected values under null
reference distribution of the data. The estimate of the optimal clusters will be value that
maximizes the gap statistic (i.e., that yields the largest gap statistic) [27].

As it can be seen from the Figure 5 the optimal number of clusters obtained by us-
ing one parameter K-means analysis is changed. The BR system which is not stirred
has one cluster (Figure 5a), while the stirring induces differentiation of two clusters
(see Figures 5b and 6). The dimensions refer to the first two components. The fitviz_cluster
function has been used to analyze the main components, after which the cluster is repre-
sented in the dimensions of the first two Principal Component Analysis (PCA) components.
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The clusters are well separated. This indicates that mixing introduced additional effects
responsible for a significant cluster separation revealing the existence of time domains
where the state I to state II transition is more likely to occur.
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Figure 4. Clusters obtained for thirty experiments run without stirring of the reaction mixture (a) and
clusters obtained for thirty experiments run with stirring of reaction mixture in the vessel, stirring
rate was 100 rpm (b). Tosc is the BR oscillatory time, while 7* denotes the time from the end of the
oscillatory mode to the occurrence of state I—state II transition (see Figure 1).
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Table 1. Clusters and Cluster centroids.

.- Number of s .
Exp. Condition Cluster Cluster Members Cluster Centroids in Minute
Tosc T*
1 15 1.686 3.036
without stirring 2 13 1.691 16.672
3 2 / /
1 16 1.681 5.893
with stirring 2 10 1.658 26.536
3 4 / /

3.3. The State I—State II Phenomenon and Its Relation to (Spontaneous) Symmetry Breaking

The appearance of clusters indicates the existence of time domains where the state I to
state II transition is more likely to occur. The stirring of the reaction mixture has a strong
indirect influence on the state [—state II transition, delaying the crazy-clock behavior,
shifting cluster centroids toward higher 7* values, and increasing the cluster separation
(i.e., time domain separation), as well. The existence of clusters could be connected to
different nucleation and growth mechanisms of iodine crystals in the case of mixing [28],
and further examination of solid iodine products would be the subject of future work.
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Figure 5. The optimal number of clusters for one parameter analysis by parameter t* (time when
state I to state II transition occurs) for non-mixing conditions (a) and mixing conditions 100 rpm (b).
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However, if we assumed that state I (low iodide and iodine concentration) is the
symmetric state, which under some conditions becomes absolutely unstable, then, reaching
the state II (high iodide and iodine concentration, with a new I, solid phase) could be
considered as spontaneous symmetry breaking [29], see Figure 7. Such an observation of
state I to state II transition could also explain the persistence of the BR system “indefinitely”
in the state I, as obtained for strong mixing condition (see Figure 3).

Cluster plot
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Figure 6. The evidence of two clusters for state I—state II transition obtained for mixing condition in
BR system. Clusters are plotted in two dimensions (Dim1 and Dim?2).

Namely, in the case of the symmetry-breaking process, the system must overcome
a sufficiently large energy barrier (as shown in Figure 7). Therefore, the system’s state
(state I, low iodide and iodine concentration) will remain unchanged until a sufficiently
large perturbation throws it over the energy barrier, AV, which separates the states. We
assume that AV corresponds to the energy threshold of the formation of solid iodine from
chemical reactions that principally occur in the BR solution after the oscillatory period.
It is well-known that the post-oscillatory period could be excitable [30,31], meaning that
a nonlinear system can be shifted (perturbed) from one state to another. It is usually
achieved by the addition of some stable intermediate or reactants, playing the role of an
external perturbation, to the reaction mixture [32]. Since, in our case, there is no external
perturbants/stimulus (all experiments are conducted under identical conditions, and the
system remained under constant temperature), the BR system should find an internal
stimulus to overcome the energy barrier. The mixing itself should not influence activation
energies of chemical reactions responsible for state I to state II transition. In other words, the
energy threshold (AV) should be identical for mixing and no-mixing condition. However,
the system has behaved differently, and the state I to state II transition strongly depends
on the mixing conditions. Therefore, some phenomena related to mixing are accountable
for the obtained behavior. Figure 7 is a cartoon view that links thermodynamics (far from
equilibrium) with kinetic processes driven by the gradient of diffusion/concentration.
The changes in time of these local gradients are probably a source of fluctuations. When
fluctuations reach a certain threshold (such as a critical number of interacted dissipative
structures), a new order/phase spontaneously appears. Cluster analysis (Figures 4-6)
allows us to group different dissipation architectures as a function of time.
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Figure 7. Possible symmetry breaking during the transition from the state I (low iodide and iodine
concentration) to state II (high iodide and iodine, with segregation of solid iodine) in Briggs-Rauscher
oscillatory reaction after an oscillatory period. Energetic consideration and symmetry breaking
depending on control parameter, u and ordering parameter, p. AV corresponds to the energy
threshold of the formation of solid iodine from chemical reactions that occur in the BR solution after
oscillatory period.

The diffusion-driven instability combined with nonlinear chemical reactions (with
autocatalytic steps and radical reactions) is a broad concept and it could be responsible
for the “internal stimulus” necessary for passing the energy barrier. The diffusion-driven
instability is intensified by gaseous oxygen and carbon dioxide/carbon monoxide, which
are released in the BR solution during the oscillatory period [33]. Additionally, the possible
energetic coupling between physical and chemical processes, such as the nucleation of
gaseous phase (O, and/or CO,), nucleation of solid iodine and particular chemical reac-
tions, could also be considered as an “internal stimulus” necessary for overcoming the
energy barrier and breaking symmetry [34-36].

This proposal is actually a reformulated original idea of Turing [37], where the inter-
play of chemical reactions and diffusion are responsible for pattern formation in living
systems. As suggested by Prigogine, the spontaneous appearance of a spatial organization
via diffusion-driven instability can be considered as a spontaneous symmetry-breaking
transition [38]. In the presented work, we deal with a bulk solution and there is no visible
spatial organization, but the spatial organization (spatiotemporal patterns) of the identical
process (state I—state II transition in Briggs—Rauscher reaction) in a thin layer, is very
recently found by Li and coworkers [15]. Therefore, this work indirectly links spontaneous
symmetry breaking and crazy-clock behavior (stochastic nature) in the bulk. The stochastic
nature of state I to state II transition and its relation to symmetry breaking (and pattern
formation), introduced a new approach in the investigation of crazy-clock behavior. On
the other hand, the investigation of chemical systems with stochastic nature and symme-
try breaking could improve our understanding of more complex phenomena in living
organisms, such as morphogenesis.

Additionally, this paper nominates state I—+state II transition as an easily available
chemical system for intrinsic random number generator and thus, expands the potential
application of this crazy-clock reaction.
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4. Conclusions

In this work, we further investigated the crazy-clock phenomenon (state I to state II
transition) which occurs after a strongly reproducible Briggs—Rauscher oscillatory reaction.
The mixing rate, as well as the magnetic bar shape and dimensions, have a strong influ-
ence on the transition appearance. In order to better understand the stochasticity of the
mentioned process, we ran more than 60 experiments (30 experiments with mixing and
30 experiments with no-mixing conditions), and we applied the statistical cluster K-means
analysis. Although the transition for both mixing and no-mixing conditions are taking
place completely randomly, by using statistical cluster analysis, we obtained different
number of clusters pointing to different time-domains where the transition is more likely
to occur. Two-parameter analysis (by oscillatory time duration, Tosc and by the moment
when the transition occurs, T¥) suggests that the state [—state II is independent of the
oscillatory time duration. Therefore, we performed a one parameter analysis (by 7¥). In
the case of no-mixing, we found one cluster, while the statistical analysis of the results
for mixing conditions revealed two compact and well-separated clusters. The clustering
method reveals new hidden details regarding the chemical dynamics of nonlinear processes.
The state I to state II transition could be explained through a symmetry breaking approach,
and the necessity of the BR system to overcome a sufficiently large energy barrier. This
is the first link of the crazy-clock behavior to the symmetry breaking phenomenon. The
investigation of chemical systems with stochastic nature and symmetry breaking could
improve our understanding of more complex phenomena in living organisms and therefore
the scope of the presented results goes beyond oscillatory reaction kinetics. Furthermore,
the described example belongs to the small class of chemical systems that shows intrinsic
randomness in their response and it might be considered as a real example of a classical
liquid random number generator.
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(t*) when 100 rpm mixing conditions is applied: [Malonic acid]y = 0.0789 M, [MnSO4]y = 0.00752 M,
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Contemporary medicine (biomedicine) cannot be imagined without diagnostics and thera-
peutic methods based on nuclear, laser, acoustical and other processes. The application of
these methods is linked to common computer support, signal processing, measuring moni-
toring techniques, high degree of automatization, and image analyses. The paper analysed
contemporary technical issues related to neonatology, ophthalmology, based on the influence
of nuclear radiation and laser beams. Some statistical processing and presentations of results
obtained in the IGA KCS Hospital, Belgrade, Serbia, in curing vision of prenatal type new-
borns with a different degree of pathological state of retinopathy of prematurity are pre-
sented. The general conclusion is that, in spite of the good results, a multidisciplinary ap-
proach is needed for a deeper understanding of the role of lasers and laser techniques in
medicine as well as possible couplings. Potential new applications of lasers important for the

fields of neonatology and ophthalmology were also considered.

Key words.: retinopathy of prematurity, neonatology, laser, nuclear radiation, damage,

dosimetry

INTRODUCTION

Among diagnostic and therapeutic applications
of electromagnetic (EM) and nuclear radiations in med-
icine, the basics are the mechanisms of beam interac-
tions with material. Techniques of magnetic resonance
(MR), tomography (nuclear and optical), holography
with non-linear systems are the areas where the answers
should be found. Not involving the mechanisms of nu-
clear magnetic resonance (NMR), the obtained signals
and signal processing deserve specific attention, as well
as the signal/noise (S/N) ratio, image generation, recon-
struction, and selective excitation. Pulse sequences, the
influence of microcentres moving, correction of mov-
ing through the image series, imaging flow, MR spec-
troscopy and system design are also of interest, too [1].
An approach to the new energy resources combines la-
sers and nuclear physics and techniques, as well as biol-
ogy. This applies to therapy, diagnostics, for power

* Corresponding author; e-mail: bojana@ipb.ac.rs

sources through plants, bioconversion and biological
sensors, as well as optical recording through bacteria.
World catastrophes such as Chernobyl, accidents,
Three Miles Island, Fukushima, provoke discussions
about doses, caused biological effects of radiation and
genetics (early and late effects). Unfortunately, new
facts are provided through accidents in nuclear and la-
ser technologies [2-14]. In tab. 1 the levels of
radiobiological processes [9-13] are presented. Biolog-
ical entities and hardness of organic/inorganic materials
and systems are connected with doses with appropriate
definition, measurements, uncertainties, as well as bio-
logical radiation effects [2-17]. Many theoretical mod-
els on various organization levels are developed. From
the position of a systematic approach to the processes
and modelling principles, concepts of biophysical mod-
els on molecular, genetic and cell levels are derived.
Models should be compared and some investigations
are in [ 13] regarding boundary conditions, applications
and disadvantages. The probability estimation through
many criteria should follow the analysis for their inves-
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Table 1. Levels of processes in biology caused by radiation

Existence
Level time on
level [s]

Processes on the presented level;
possible modifications

Excitation, ionisation, elastic
collisions-thermalization and
formation of high reactivity

10 '8-10°® | radicals of macromolecules and
short lived free radicals of water
and organic molecules; no
modification

Physical

Reactions of free radicals mutually,
with organelles — forming primary
107*-107* | damage (DNA damages,
dimerizations); modification by
protector, oxygen, temperature

Chemical

Reparation, interactions of
damaged microcenters (mutation,
aberration, modification by
temperature and other agents)

Biochemical

4 105
(subcell) 107-10

Division of cells and molecular
10°-107 | chains, exchange of performances
as a result of mutations

Biological
(cellular)

tigation and experimental assessment. Theoretical ap-
proaches and results based on appropriate formalisms
are of importance in the field of radiation protection and
dosimetry, which are constantly competing due to new
sources in radiology. Molecular biology (for structure,
DNA functioning and repair processes), uses only the
simplest biological effects (inactivations of phages, vi-
ruses, and gene-mutations). The explanation through
complex biological processes and behaviour could
rather remain without results. The cell inactivation
model based on physical considerations, and later mod-
els as radiobiological ones (on the genetic level without
the existence of repair processes and chromosome
structures) are developed. Self-repair, interactions of
damages, dynamics of the processes, stochastic energy
transfer to the cells are also important topics. Micro do-
simetry, the structure of the cell traces, stochastics, clas-
sification and conceptual analyses appeared as typical.
Characteristics of physical models, the theory of dual
effect, and modifications are compared. They include
the radiobiological effects to DNA and model of cell
/systems inactivation. It is important to implement
physical doses, target theories and modifications. The
two-component dual effect model of probability on mo-
lecular and genetic levels (E. coli mutations and mam-
mals) deals with various effects (lymphocytes irradi-
ated by neutrons). Table 1, figs. 1-2 based on results
[13] show some trends in modelling and experimental
irradiations of different cells and aberrations. Figure 3
presents the qualitative behaviour of different beams
and radiation on plants.

Sensitivity of mammal cells to the irradiation of
heavy ions depending on the viability level (or sur-
vival) of the human and animal cells, (lymphocytes,
diploid fibroblasts, and kidney cells) are studied [13].
The defined threshold for survival as well as energy
loss per range of ions are parameters of interest.
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20

Number of cells

10F

1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22
Number of abberations

Figure 1. Chromosome aberration for lymphocytes
irradiated: moderate neutrons (0.35 MeV; 3.3 Gr)
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Figure 2. Aberrations of cells vs. the neutron dose
(0.35 MeV (1), 0.85 MeV (2), and for y radiations of “’Co
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W Gamma radiation 5.2 C/kg
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Same parameter bu first
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Figure 3. Frequency of changed barley seeds
(type Nadya) in the case of combined radiation of gamma
rays and frequency doubled ruby laser (347 nm)

The same goes for sensitivity of the mammalian
cells to the irradiation of ions, induced number of
structural changes after X-ray irradiation of the tu-
mour cell vs. dose. Models of: inactivation, Karposs
and Foloty, repaired and unrepaired damages in-
clude/(do not include) saturation processes, viability
of prokaryotes, sensibility of E. coli to neutrons,
eukaryotes, and fatal damages. Thermal damage and
critical temperatures, threshold for effects and concen-
tration limits are important. Couplings between the
nuclear power engineering, laser technique and medi-
cine are multiple (some are connected by the laser ex-
citations in the nuclear reactions and pumping neu-
trons, protons, o and 8 radiations). Modern problems
include gamma and X-rasers (X-ray Amplification by
Stimulated Emission of Radiation), or preionizations
to decrease the lasing threshold, but also for disposal
of various waste.
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The biological damage threshold is studied for
various cell types and systems. An epidemiological
study and variation of estimated doses and the real
damage are the subjects of a wide investigation in the
theory of microdosimetric cellular radiobiological ac-
tion, lymphocytes and stochastic/astochastic effects.

Considering vision, in the sense of colour preju-
dice in various problems, it should start from the pri-
mary eye functions and its mechanisms. Medically
speaking, there are numerous links between ophthal-
mology, neonatology and lasers techniques. Diagnostic
techniques and operatives, including biostimulative
treatments with lasers penetrated into many branches of
medicine and could be applied for many tissues and or-
gans. There are two phenomena where we have to stay
in one of the natural organs which is the eye: structure
complexity and simple functioning, describe modern
problems for techniques-medicine-protection cou-
plings and tasks. Since the first application of lasers in
medicine, the area of application has significantly ex-
panded, in eye surgery and diagnostics. Medical termi-
nology and diagnostics are expressed through quantita-
tive indicators for biomaterial and generalized
processes. Modern methods of coherent, linear and
nonlinear optics, have to be involved in the world of
medical diagnostics and monitoring. The dynamics of
human and animal cells, protoplazmatic and blood cir-
culation, tissue pathology, could be observed due to the
development of photon beating and Laser Doppler
Anemometry (LDA) techniques.

The paper intends to show the role of lasers in diag-
nostics, gynaecology and ophthalmology. Vision prob-
lems incurred in neonatal infants, require a complete di-
agnosis and medical history. Similar types of lasers are
used both in diagnostic and operative treatments. The
treatments differ in accessories, but essentially, models
of interaction and diagnosis are associated with many of
the general applications, where optical beams have the
role of a knife (scalpel), therapy or diagnosis. Sources are
beams of coherent radiation in the visible, infra red (IR),
far infra red (FIR) or ultra violet (UV) portion of the EM
spectra. The study of the ocular performances has come a
long way from the first images of muscle tissue and
Helmbholtz's assumption up to the present, with computer
diagnostics, polarizing microscope, Stokes parameters
and Mueller matrices [12].

Besides many diagnostic techniques in ophthal-
mology, some of the relevant laser techniques of interest
to several branches of medicine are analysed. One of
them is used for the early diagnosis of glaucoma. The so-
lutions appeared based on methods: (a) Laser Induced
Fluorescence (LIF) and (b) monitoring of the Stokes pa-
rameters through ellipsometric measurement [7, 12].
Fluorescence methods were not new in medicine, how-
ever, Raman, IR and UV spectroscopies and new areas of
nonlinear laser spectroscopies with tunable lasers, made
precise application possible. Measurements of turbidity
belong to the category of reliable, but less accurate mea-

surements. Harmonics of the Nd**: YAG (yttrium alu-
minium garnet) laser are favourable for biosamples in the
picosecond (ps)-region ( in mastitis tissue diagnosis).

The eye system is well studied in the linear re-
gion. There is data available on absorption of the eye
and its constituents, spectral sensitivity curves relative
spectral brightness and eye adaptation to the light vi-
sion (photopic and scotopic). However, the variety of
eye-damages existed even before the use of lasers.
Damages occurred in the process of welding, by the
focused radiation of the sun and sources in other por-
tions of the EM spectrum. Nowadays most of the rele-
vant data concerning laser (laser era) damage originate
from accidents. With the first giant laser pulses, it was
possible to organize the study of nonlinear effects. The
first ophthalmic devices applied on to rabbits appear as
new experimental material. The people working in
space and next to the terrestrial accelerator devices are
experiencing sparkles of light due to the environment
of cosmic and gamma rays. Absorption of the
photopigments in human eye receptors (cones and
rods), versus different wavelengths was studied. Satu-
ration effects were likewise found [18]. Data of the
normalized absorbance of the photoreceptors, or
photopigment molecules, are obtained through
microphotometry methods, and further investigations
explained the human feeling for colours. Main data
comparison between the physics, metrics of colours,
and psychological concepts can be a subject of discus-
sion.

RETINOPATHY OF PREMATURITY
INCIDENCE IN THE IGA KCS HOSPITAL

Important topics in the field of neonatology are
retinopathy of prematurity (ROP) and risk factors. In
the light of new methods for treating ROP, comprehen-
sive theoretical and experimental support is needed
and it requires a multidisciplinary approach. Optical
methods in diagnosis and treatment, light influence on
the eye systems, damage threshold, scattering and ab-
sorption processes are of interest. Lasers and
fiberoptics are also unavoidable topics in ophthalmol-
ogy. Laser surgery is rivalled by the cryo-surgery tech-
nique, but for the moment it seems that lasers have
more advantages. The institutional procedure with
questionnaires for parents before the intervention in
cases of ROP can be found on the internet. Many ques-
tions exist concerning ROP progress, laser treatments,
complications and measures of protection.

Laser methods and hazards
Laser surgery for cases of ROP is actually caus-

ing partial damage to the ischemic retina. We will not
describe the processes on a microscopic level con-
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nected to ribonucleic acid (RNA), process of periph-
eral retinal vascularization and other important fac-
tors. Destruction of ischemic retina can be performed
with various laser types: Ar™: ion (488-515 nm;
200 mW, in the appropriate regime) or semiconductor
laser (IR range, 810 nm). The binocular microscope —
ophthalmoscope, is the second necessary component,
and the systems for beam positioning and shaping with
the low power He-Ne laser. Various reference data
confirms the positive outcome with the different laser
types and details about advantages and disadvantages
of the ROP laser treatment [19-24]. Reduced
vascularisation can be observed 7 days after the inter-
vention (photocoagulation). A detailed database
should be made for both lasers and cryogenics, which
is necessary for decision making and analysing the la-
ser ROP treatment compared to other techniques. Per-
haps it is important to note that for now the y? test gives
no significant difference method.

Regulations, ecology and laser
(eye and skin damage)

The application of lasers in everyday life, biol-
ogy, ecology, medicine, pharmacy and military is re-
lated to many administrative regulations worldwide
that vary in different countries. In particular, principal
parameters and protections are defined. Nominal Ocu-
lar Hazard Distance (NOHD) was one of the first regu-
lated definitions. The classification of lasers varies
from one state to another, however most countries
share the same regulation. The lasers are classified
into four groups, assuming that both the III class as
well the IV class would lead to laser induced damage.
Therefore many investigations of laser influence on
animal eyes and plants were performed including the
investigation of the impact of various environmental
conditions (fog, smoke, and fume), using different
chemical products. The threshold for laser damage de-
pends on the different parameters of investigated
bio-objects, (biomaterials, biotargets) and pupil size;
quantitative presentation of those investigations is
connected to protection and regulation for selected la-
sers and working regimes. Therefore relevant data of
transparent, absorptive, parts of the ocular perfor-
mances are needed. Absorption of EM radiation in the
eye deals with four principal bands: (a) Microwaves
and y rays. (b) Far UV and FIR, (c) Near (N) UV, (d)
Visible and NIR regions.

There are four categories of laser (equipment)
interactions with tissue: (a) optical radiation hazards
to the eye and skin, (b) chemical, (c) electrical, and (d)
casual hazards [4]. Most of the Nd>": YAG laser beam
energy is absorbed inside the optical structure of the
eye (cornea, lens and vitreous). Note that this laser
type is also used in everyday applications in ophthal-
mology and other branches of medicine. The retinal

effects are expected in the visible and close IR-A case
(400-1400 nm). Minimal sizes of the image on the ret-
ina depend on wavelength and are limited by diffrac-
tion. Radiation in the UV or FIR portion of the spectra
is absorbed in the inner part of the eye. High levels of
exposure can permanently damage the cornea or lens.
Medium levels of the UV beams cause serious dam-
age, which is severe but temporary (analogue to indus-
trial welder flash, i. e. photokeratitis). Description of
the biological effects of radiation, according to the In-
ternational Commission on Illumination (CIE), is per-
formed in 7 spectral bands 4].

Skin damage is far less likely to occur, except in
cases of high-power lasers. The skin is usually not in-
jured by common lasers, i. e. low and medium power
lasers. Levels of skin injuries visible and IR areas re-
quire at least a few Wem 2, and depend on the skin's
surface characteristics [4]; exposure conditions are
presented by dosimetry (a laser can be viewed as a
thermal damage source). Radiation (200-300 nm)
causes burns, the same as those caused by the sun (can-
cer, erythema). Electrical hazards will not be de-
scribed in detail, however a source of high voltage
present in lasers, can provoke electric shock resulting
in electro-cauterisation. Therefore appropriate electri-
cal and electronic standards have to be applied. Con-
sidering standards and regulations in chemistry, many
highly volatile or even explosive or highly toxic mate-
rials are used in laser laboratories. During laser pro-
cessing of a material (welding/cutting) much chemical
evaporation is created. Standards for industrial manu-
facturing require adequate ventilation during the laser
operation. Items connected to retina treatment risks
(injuries) are: blue/UV light, retinal image, retinal
burns, intensity and spectral characteristics of coher-
ent sources.

ROP is the subject of research in many clinics
worldwide, as well as in Serbia. For this type of study,
trained teams, originating from various branches of
expertise (beside experts in gynaecology and ophthal-
mology) are needed. As ROP presents a disorder of
retinal blood vessel development in prematurely born
infants, it can be interrupted by laser beam interactions
with tissue. The process can affect the vitreous body
and lead to detachment of the retina. In the most severe
ROP forms, it leads to partial retinal detachment. This
can cause blindness in childhood and is considered to
be one of the main causes. We will consider some of
the important approaches in ROP diagnostics and
treatment. ROP was mentioned for the first time in
1942, and has been regularly mentioned to this day.
Various methods of operation have been attempted
during almost three quarters of a century. It was identi-
fied as a fibrous state process of the retina and vitreous
body (retrolental fibroplasia). The correlation be-
tween these processes and prematurity of childbirth
was established. The name ROP (1952.) was first men-
tioned in the middle of the last century. The study of
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pathogenesis was enhanced through development of
the animal models. The International Classification of
Retinopathy Prematurity — ICROP has been formed
over time. It represents an important and unifying cri-
terion for the diagnosis and treatment of active forms
of ROP. Screening, monitoring and treatment of ROP
are implemented in several countries. In Serbia, since
May 2003, many cases of ROP, as an active disease,
have been diagnosed. In Belgrade, Serbia, the IGA
KCS hospital initiated systematic ophthalmological
examinations. The method of using an indirect oph-
thalmoscope, provided an early diagnosis of disease,
and monitoring of severe forms of active retinopathy.

Parameters and stages of ROP

Various stages of the disease are described [20,
22,25-29]. The zone of interest is divided into the cen-
tral area of growth in the retina, which encompasses
the macula, the highest ROP and the last area of
growth. Different descriptions and classifications of
the main parameters of ICROP exist. Most of them
agree that the most important parameters are: severity
(pathological mutation) with different stages, localiza-
tion with 3 characteristic zones, prevalence — number
of hours, tab. 2, and fig. 4.

RESULTS OF ANALYSIS

The results of the study of ROP should in princi-
ple be related to the frequency of prevalence and the
appropriate time of observation in order to obtain the
data that have sufficient statistical importance. In the
analysis, several factors are included: prematurity
time, birth weight (small weight at birth), hyperoxia
and oxygeno therapy duration, sepsis, respiratory dis-
eases, coherent/incoherent EM irradiation. Figure 5
represents the percentage display of the data on the
numbers of births and treatments applied. Percentage
data are related to several hundreds of prematurely

Table 2. Stages of retinopathy

1 stage Normal but incomplete growth

2 stage Medium abnormal growth

3 stage Very abnormal growth

4 stage Partially detached retina

5 stage Retina with entirely detached retina

CLOCKHOURS 12

=

Figure 4. Typical stages of ROP and eye anatomy [30]

- A — transferred to another institution
B - died

C - cured and released

3.96 %

Figure 5. Percentage display of early childbirth with
different final outcomes — transferred to another
institution, fatal and treated in the maternity hospital
and allowed to go home

Table 3. Incidence of ROP related to weight at
birth in 2004
Incidence of ROP Number [%]
<99 g 3 newborns [0.52 %]
1000-1499 g 13 newborns [2.2 %]
1500-1999 g 7 newborns [1.19 %]

born infants; therefrom, the cases of ROP are present
in a few percents (~4 %). Table 3 covers the number of
data with respect to the weight. In figs. 6-10 the results
of the study are graphically presented.

Prematurely born infants or infants with low
body weight are the most indicated groups for ROP,
however only a small percentage of them end up witha
severe form of the disorder.

Ophthalmologic results of the examined chil-
dren despite the risk for retrolental fibroplasia, were
within normal limits, with no statistically significant
differences compared to the reference values, —p >
>0.05 (DF =67, t=0.2371), [21].

600 +

Number of premature births

Cured and released

0
Transferred to another institution Died

Figure 6. Number of premature births with different
outcomes — transferred to another institution, fatal and
treated at the maternity hospital and released home
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Figure 7. Premature births treated at the maternity
hospital and discharged afterwards — percentage of
patients' cases according to weight
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Figure 8. Incidence of ROP with respect to body weight
(2004)

Table 3 and fig. 9 represent the cases of ROP de-
veloped in children who have not been exposed to an
elevated concentration of O,. They contain informa-
tion on the ROP and sanitation.

Usually, the shortest O, therapy lasts 3 days and
the maximum lasts 86 days. The average duration of
therapy is 23 days.

According to the data analysis, a large number of
newborns with ROP has been successfully treated.
From the statistical data regarding ROP, the largest
number of detected ROP cases occurred with new-
borns weighting between 1000 g and 1499 g. In tab. 4
it can be seen that most cases are diagnosed with as-
phyxia prenatal and RDS. The number of perinatal in-
fections and pneumonia is somewhat smaller. It would
be of great interest to collect data and create a database
for diagnosis and laser treatment of ROP in Belgrade,
Serbia.

CONCLUSIONS

Discussions about the correlation between the
oxygen therapy and ROP occurrence are still present.
ROP is considered to be a serious disease and here are
the results of the study from the IGA KCS Hospital in

14

121

10

Number newborn

»
<999 g 1000-1499 g
Mass

1500-1999 g

Figure 9. Number of ROP incidence depending on body
weight (2004)

Table 4. Pathology and oxygen therapy for children with
ROP

Pathology Number of newborns
Asphyxia prenatal 48 children
RDS 47 children
Perinatal infections: sepsis 32 children
Candida 4 children
Pneumonia 21 children
Haemorrhagia pulm 3 children
BPD 8 children
IVHIand I 41 children
IVH III and IV 13 children
Hydrocephalus post-haem 4 children
Ventriculodilatatio 3 children

Belgrade, Serbia. One of the methods for ROP treat-
ment are laser techniques (semiconductor lasers are
also favourable).

Besides the ROP treatment, there are other laser
applications in gynaecology, neonatology and oph-
thalmology. One of the very important applications is
the analysis of milk quality for newborns. There are
different methods to control the quality of milk
through the measurement of turbidity (He Ne laser or
with Nd**:YAG and its harmonics in the ps-region).
Measurements of turbidity belong to the category of
reliable, but not highly accurate. Adjusted selection
with the excitation wavelength and the fluorescence
method with pulse lasers, present for a long time is a
more precise method for mastitis diagnosis. From the
references it could be seen that the distinction could be
made in the quality of milk (whether it is pathogenic or
healthy). Another application of laser treatment is the
rehabilitation of the mastitis affected tissue.
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Monnka M. XKUBKOBUW'h, Muneca XK. CPCELKOBU,
Tomucnas M. CTOJU'h, bojana M. BOKWh

YTULAJ EJEKTPOMATHETHOI 1 HYKIIEAPHOI' 3PAYEIbA Y
MEJUIIMHU 3A TEPAIINIY U JUJATHO3Y - IIPOLECH,
YNIHEHUIE 1 CTATUCTUYKA AHAJ/IU3A

CaBpeMeHa MenunuHa (OMOMENUIIMHA) HE MOKE Ja Ce 3aMUCiIu 0e3 [JMjarHOCTUKE WU
TEeparneyTCKuX MeTofa Oa3MpaHWX Ha HYKJIEapHO], JACEPCKOj, aKyCTHUYKO] TEXHUIM W TpolecuMa
3aCHOBaHMM Ha BrMa. [IpmMeHa oBUX METOJIa je Be3aHa ca pauyHapCKOM MOAPIIKOM, 0GpajloM CHTHAIA,
MEPHUM-KOHTPOJIHUM TE€XHHMKaMa, BUCOKMM CTEIIEHOM ayToMaTH3alyje ¥ aHaJIu30M Cluke. Y pajy ce
aHANM3MpPajy CaBpeMEHUu MNpoOsieMH TEeXHUYKE NpHUpOfie KOju Ce OfIHOCE Ha HEOHATOJOTHjy U
o(TaIMOJIOTHjy, a 3aCHUBAjy Ce Ha JIejCTBY HYKJICApPHOT 3padyera M Jlacepckux cHomoBa. OBre cy
IpeACTaBbeHE CTATUCTHIKE 00pajie pe3ynraTa n3 MIHCTUTYTa 32 THHEKOJIOTHjY M aKyIIepcTBO Kotmamakor
nenTpa Cpobuje, Beorpay, y Be3n nodospliama Bija HOBOpOheHIaI MPEHATAHOT THIIA € Pa3IHINTHM
CTeNeHnMa TaTOJOIIKOT CTalkba PEeTHUHONATHje. YIPKOC JOOpUM pesylTaThMma, 3akibydyje ce aa je
MYJITHAUCIAIUTMHAPHA TIPUCTYI TOTpebaH 3a 60ibe pasyMeBame yiIore jacepa U JacepCKUX TEXHUKA Y
MEQUIMHT, Kao M MOTYhHOCTH crmpesama. PasMoTpeHe cy W HOBe NMOTEHNHWjaTHE NMPUMEHE Jlacepa Off
UHTEpeca 32 HEOHATOJIOTH]Y U OPTAIMOJIOTH]Y.

Kmwyune peuu: pettiunonatiiuja ko0 HO80poOheHuaou, HeOHAON0ZuUja, Aacep, HYKAeaPHO 3paUerse,
owitieherve, 0o3umeitipuja
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Abstract

We performed quantum tomography to reveal the robustness of quantum correlations of photons
entangled in polarisation after their interaction with plasmonic and nonplasmonic environments at
normal incidence. The experimental findings clearly show that the visibility of quantum correlations
survives the interaction, and that the presence of plasmonic resonances has not any significant
influence on the survival of polarisation correlations for transmitted photon pairs. The results indicate
that quantum states can be encoded into the multiple motions of a many-body electronic system
without demolishing their quantum nature. The plasmonic structures and their resonances only
enhance the overall transmission. Thus, they could benefit the pair detection rate, that is the number
of coincidences per unit of time, but they do not affect the visibility of quantum correlations. We also
performed quantum tomography of the entangled pairs after interaction with the continuous planar
gold film as a function of the incidence angle. The latter illustrates the loss of polarization correlations
that arises from the partially polarizing properties of the isotropic sample out of normal incidence.
Our work shows that plasmonic structures are not needed to exploit quantum entanglement if the rate
of coincidence counting is sufficient.

1. Introduction

Recently a few articles [ 1-3] described and thoroughly discussed the importance of polaritonic structures and
plasmonic resonances for the survival of quantum entanglement in polarization or energy (frequency bin
entanglement). Surface plasmon polaritons (SPPs) are quasi-particles created by the coupling of light with
collective oscillations of the conduction electrons at a metal-dielectric interface. SPPs exhibit an evanescent field
in the direction perpendicular to their propagation. Therefore, they strongly confine light at the interface.
Metallic nanostructures can convert photons into SPPs, which tunnel through the structure before reradiating as
photons [4, 538]. This photon-plasmon-photon conversion process has been investigated with polarisation
[1,39] (see also the theoretical analysis of [6]), time-bin [2, 7] and orbital-angular-momentum [8] entanglement.
It has been shown that plasmons maintain nonclassical photon statistics, and preserve entanglement, encoding
entangled photons in multi-electronic systems.

The work of Olislager et al. [2] reviewed different quantum experiments with plasmons, such as Young’s
double-slit experiment [9], evidence of quantum superpositions of single plasmons [ 10—14], and the generation
of plasmonic squeezed states [ 15], as well as two-particle experiments [ 16—21]. The studies mentioned above
proved the quantum bosonic nature of plasmonic excitations. It has also been shown that the spin—orbit
coupling of incident light allows the post-selection of the final state in a quantum weak measurement of the light
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chirality [22]. The polarisation entanglement of photon pairs [1], as well as energy-time entanglement, are
preserved [2] in cascading photon to SPP and subsequently to photon conversions, with preservation of
temporal coherence that is larger than the SPP lifetime [7]. Besides, both the quasi-particle and wave nature of
SPP are highlighted in experiments similar to those attesting the wave-particle duality of photons when they
interact with beam splitters [12].

For these reasons, the advantages of quantum plasmonics have gained much visibility in the physical
community [1-3, 23], since plasmons and SPPs or localized surface plasmon resonances (LPSRs) offer the
unique possibility to control and manipulate nonclassical states of light. Integrated quantum technologies that
allow scalability and miniaturization, as well as coherent coupling to single emitters [3, 4, 24] harnessing
plasmonic resonances, offer a great potential for multiple applications in quantum information and technology,
such as design and fabrication of single-photon sources, transistors, and ultra-compact circuitry, with potential
applications for secure communication and advanced computing [25-27].

Here, we go further into the characterization of the entanglement preservation properties of thin metallic
structures. We study not only the visibility of the coincidence detections but the full quantum state and
correlations after transmission, i.e. after interaction with corrugated and noncorrugated metallic films. In this
particular study, we use photons entangled in polarisation at a near-infrared wavelength (818 nm) and
investigate the interaction of the photons with an entirely different metallic structure, a continuous planar gold
film, in order to reveal by quantum tomography the robustness of quantum correlations in the absence of
plasmonic resonance.

2. Experimental part

A planar and continuous metallic film with thickness of 10 nm (3 nm Cr + and 7 nm Au) was deposited by
thermal sputtering on a glass substrate. The precise thicknesses of the deposited Cr and Au layers were
determined using the Rutherford Back Scattering method (RBS) after deposition.

The anisotropic, chiral plasmonic structures were fabricated by electron beam lithography [28] and lift-off
process. They were drawn on a resist thin film (Zeon Corporation, ZEP-520a) on a transparent substrate.
Chromium and gold films of 5 and 20 nm (total thickness of 25 nm) were deposited on the patterned resist film
by thermal deposition technique. After the lift-off process, the anisotropic, chiral plasmonic arrays were
obtained. The geometry of the array and a high resolution image of the plasmonic units are presented in figure 1.

3. Quantum optical setup

Initially, a half-wave plate and a polarising beam splitter prepare the polarisation of the pump laser beam at 45°
with a central wavelength at 409 nm (see figure 2). Photon pairs with a double central wavelength are produced
via spontaneous parametric downconversion within two orthogonal and superimposed BBO-crystals of type I
[29]. Nonlinear crystals are oriented such that horizontal and vertical polarisations participate in the
downconversion within the first and the second crystal, respectively. A third BBO-crystal is placed in front of the
source to compensate the group velocity mismatch. This configuration allows us to prepare a maximally
entangled Bell State | ¢, ) = %(|HH> + |[VV)).

In the second part of the setup, a half-wave plate, a quarter-wave plate and a polarising beam splitter are
placed along each optical path of photon pairs. Photons are detected with four single-photon-counting modules
(SPCM) and a field-programmable gate array (FPGA) coincidence counter. Count and coincidence counting are
used to make polarisation measurements. This means that single-photon detection event resulting from losses
along one optical path (due for example to reflection, absorption, or scattering) are not considered for quantum
tomography, as only photon correlations are taken into account. (Technically: we only probe the two-photon
subspace of the Hilbert space.) Different basis are adjusted with the combined orientations of wave plates. Iris
and low-pass filters select the desired superposed emission cones and reduce noise. Complementary
information on the optical and detection setup can be found in [30].

4. Results and discussion

4.1. Transmission spectrum of the planar and nanostructured metallic film

The transmission (T') spectra of the gold films were measured at normal incidence with the UV-Vis Cary
spectroscope on circular areas of 0.5 cm diameter. The spectrum of the noncorrugated gold film (see figure 3,
upper) exhibits the well-known spectrum of a semi-transparent film, as it is rather opaque in the visible range
[31]. The optical spectrum of the plasmonic nanostructures is also presented (see figure 3, lower). The optical

2
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Figure 1. SEM image of the anisotropic chiral plasmonic nanostructures (upper-a: left handed; lower-c: right handed). The insets are
large magnification images of the left-handed (upper-b) and right-handed (lower-d) chiral plasmonic structures. The scale bars in the
insets are 500 nm. The distance between the structures as well as the height and the broadest width of the C-like structures are
approximately 250 nm. The length of the rods is also approximately 250 nm while the corresponding width is about 84 nm. The
different structures were deposited on the same substrate near each other using lithography method (see Experimental Part).

o
PBS
|
BBO
BBO

orthogonal
orientations

Figure 2. Experimental setup. Red lines represent the optical path of frequency-degenerate photon pairs. HW (half-wave plate), PBS
(polarising beam splitter), BBO (BBO-crystal of type I), QW (quarter-wave plate), F (low-pass filter), D (lens and fibre coupler to SPCM)
and sample (S). The sample is put in one of the two, otherwise equivalent, optical paths. It can rotate around an axis perpendicular to the
optical table to change the angle of incidence.

properties of metallic particles are influenced by the particle size and orientation. The optical spectrum of
plasmonic nanostructures is significantly structured. Due to the anisotropy and chirality of the array, a small
difference in transmission (on different parts of the array) can be observed using different polarizations of the

3
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Figure 3. Optical Spectra of planar (upper-a) and nanostructured (lower-b) metallic films. Transmission curves are in blue while
absorbance curves are in red. The inset (c) shows the optical spectra of the nanostructured sample over a wavelength range exhibiting
also near-IR plasmonic resonances.

incident light (results not shown). In our experimental results depicted in figure 3, transmission and absorption
of both the continuous and structured metallic films were measured using nonpolarized light and through a
large spot, so that it was not possible to observe the small difference in transmission related to the anisotropy and
chirality of the array. Thanks to the plasmonic resonances, the overall transmission of the nanostructured film
increases, and becomes larger than the continuous planar film (see figure 3), even though the nanostructured
film is thicker than the continuous film (25 versus 10 nm). It exhibits resonances with an asymmetric peak,
which resembles very much the one previously reported for extraordinary transmission of different metallic
subwavelength nanostructures [2, 31, 32]. In the case of the structured film, the peak in the absorption probably
arises from the excitation of dipolar mode of the plasmonic array.
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Figure 4. Graph of the real (left) and imaginary (right) parts of the density matrix. Graphs (a) and (b) represent the density matrix & of
the biphoton state after transmission through the structured plasmonic film. Graphs (c) and (d) represent the density matrix p of the
initial biphoton state. Blue rods and black rods represent diagonal and off-diagonal terms of the density matrix, respectively.

4.2. Quantum tomography with the nanostructured metallic film at normal incidence

We start by evaluating the effect of the plasmonic nanostructures on polarisation-entanglement, in
transmission. We realise a quantum tomography to reconstruct the density matrix of the system of the initial
biphoton state p obtained without the sample and the state & obtained after transmission through the sample
with the plasmonic nanostructures and at normal incidence. We realise quantum tomography of a system of two
qubits with two detectors per qubit. In this case, 9 different measurement bases are sufficient to realise the
quantum tomography [33]. Although using 36 different analysis settings can improve the measurement
precision, in order to minimise the total time of tomography and increase the stability during the complete
course of measurements, quantum tomography is performed with 9 different bases. Each basis measurement
without and with the nanostructured sample is realised within a time total of 60 s and with a time window of 16
ns for coincidence counting. All results are treated with the code developed by Paul Kwiat’s quantum
information group to determine the maximum likelihood estimation of each state, the metrics describing the
features of the quantum state and its uncertainties [33, 34]. The fidelity F (p,, p,) = (Tr[ \/ﬁ—l P, \/ﬁ—l 1)?isa
measurement of similarity between the two states p, and p, and can take value in the interval [0,1]. In our
experiment, F(p, 6) = 0.9966 £ 0.0012 is very close to one. Furthermore the computed fidelities with the Bell
state| @, ), F(|¢,), p) = 0.8630 % 0.0018and F(|¢,), &) = 0.8627 £ 0.0012 are nearly identical. These show
that the initial and final states are nearly identical. We conclude that, at normal incidence, the nanostructured
sample does not change significantly the polarisation, the polarisation correlations, and the entanglement of the
transmitted photon pairs. This is confirmed by the similarity between the graphical representations of these
states (see figure 4). These results are in line with previous observations, which indicate that plasmonic
nanostructures are able to preserve entanglement [1, 2].

4.3. Quantum tomography with the continuous metallic film at normal incidence and as a function of the
incidence angle

In order to assess the effect of plasmonic resonances on preserving quantum correlations, we performed a
detailed quantum tomography study on the planar structure without plasmonic resonances. For classical waves,
our continuous, planar film does not affect the polarisation at normal incidence. Transmittance is the same for
all polarisations as it is isotropic in the surface plane. For non-normal incidence, the transmittance becomes a
function of the polarisation. We investigate the effect of introducing the sample with different angles of
incidence on the entangled polarisation state produced by the quantum source, as described below.

Firstly we measure both the initial biphoton state p obtained without the sample and the state & obtained
after transmission through the continuous metallic film at normal incidence. We realise a quantum tomography
to reconstruct the density matrix of the system. Polarisation measurements are made in 36 different bases. Each
measurement without (with) the planar sample is realised within a time total of 30 s (60 s) and with a time
window of 16 ns (16 ns) for coincidence counting. The graphical representations of these states are also very
similar (see figure 5).
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Figure 5. Graphical representation of the density matrix estimated by quantum tomography. The value of the real (a) and imaginary
(b) parts of the density matrix & of the biphoton state after transmission through the continuous metallic film and the value of the real
(c) and imaginary (d) parts of the density matrix p of the initial biphoton state. Blue rods and black rods represent diagonal and oft-
diagonal terms of the density matrix, respectively.

The fidelity between the two states F(p, &) = 0.9989 + 0.0003 is very close to one. In other words, the two-
photon states before and after the sample at normal incidence are closely similar. Furthermore, the computed
fidelities with the Bell state | ¢, ), F(|¢,), p) = 0.8683 £ 0.0008 and F(|¢, ), &) = 0.8673 £ 0.0006 are nearly
identical and lead to the same conclusion. At normal incidence the thin, continuous, metallic film does not
change significantly the polarisation of the transmitted photon pairs. Consequently, polarisation entanglement
is completely preserved within the experimental uncertainties.

Secondly, we compare the initial, unperturbed state p, and the states obtained after the sample with 4
different orientations: at normal incidence (5y), 20° (61), 35° (6) and 50° (3) with respect to the surface
normal. In order to maximise the stability of the experiment throughout the measurements, quantum
tomography is performed with 9 different bases with a total time of 60 s for each basis measurement and a
coincidence time window of 16 ns. To compare the measured quantum state to the expected state produced by
each sample rotation (0°,20°, 35° and 50°), we calculate the theoretical renormalized state of the system after the
sample:

o ot
;= M with M =T ® (tyPy + tv Py),
Tr (MpyM")
which we evaluate using the theoretical complex transmission coefficients through the metallic film sample of p(tz)
and s(t,) polarisations and the projectors Py and Py, on the horizontal and vertical polarisation states, respectively.
As the transmission coefficients are complex numbers, the impact of phase differences between the transmitted s and
p polarisations is taken into account in our evaluation of the transmitted two-photon state and in our calculations
of the fidelities to the initial state. The transmission coefficients are obtained numerically with the matrix transfer
method applied to flat multilayers of Au/Cr/glass, with thickness of 7 nm/3 nm/1 mm respectively. We use the
complex refractive index at wavelength A = 818 nm for the gold 4, = 0, 15905 + 5, 0572 i [35], chromium
ner = 3, 1945 + 3, 4772 i [36] and glass N-BK7 (SHOTT) ng,c = 1, 5104 + 9, 3260.10~? i obtained from
[37]. Rapid oscillations of small amplitude of the wavelength-dependent transmission coefficients were averaged out.
These arise from multiple reflections between the optical interfaces. They are not observed experimentally due to the
finite coherence time and beam size.
The entanglement of formation Ef (&) is a measurement of entanglement for a state &. For a system

1++1-C?

of two qubits, Ef(6) = —xlog,(x) — (1 — x)log,(1 — x) with x = — and the concurrence C =
max(A; — A3 — Ay — A, 0)where A; withi = 1,2,3,4 are the square roots of the eigenvalues of p(6, ® &)

p* (8, ® &,)inincreasing order. We measure the entanglement of formation Ey (&;) and the experimental state
fidelity with respect to the state without the sample F (9, &;), and with respect to the maximally entangled

Bell state theoretically produced F(|¢, ), 6;). These properties quantify the influence of the planar film on the
entanglement and polarisation state of the transmitted photon pairs. As our aim is to quantify the preservation of
quantum entanglement in transmission through the sample, we first measure and compute the entanglement of
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Figure 6. (a) Graph of the fidelity F (p,, 0;) between the polarisation state with the continuous metallic film 6; and without the sample
Py in function of the angle of incidence, i.e. of the rotation of the sample; (b) Graph of the fidelity F (|, ), ;) with respect to the
maximally entangled Bell state; (c) Graph of the measure of entanglement of formation Ej (5;) of the polarisation state with the sample
g; in function of the angle of incidence. (a)—(c) Error bars represent the statistical error evaluated with a Monte Carlo method.
Theoretical curves are calculated with the theoretical renormalized state &;. For each graphic, there are two theoretical curves,
calculated with respect to the two reference states p, (in black) and & (in red). We use two curves because theoretically the density
matrix of the state with and without the sample at normal incidence should be the same, as confirmed experimentally (fidelity between
them nearly equal to 1). The area between the two theoretical curves is filled in grey.

formation. However, the degree of entanglement can be left unchanged by transmission while the state is
transformed to another (equally) entangled state. For this reason, it is also important to quantify the closeness
between the states before and after transmission through the sample, which we do by calculating the fidelity. In
theory, the state of the photon pairs transmitted through the planar sample at normal incidence &, should be the
same as in the configuration without the sample p. This is confirmed experimentally with the measure of the
fidelity F(py, &), whichis nearly equal to one. This is an immediate consequence of the equality between the
transmission coefficients for s and p polarisations. For this reason, we use both p, and 6; as a reference to
calculate the theoretical fidelity with respect to the initial state as a function of the incidence angle (see figure 6).
We use these two references to provide a bound on experimental uncertainties due to the global stability of the
system over long acquisition times. The theoretical curves associated with these two references are really close to
each other, as shown by the Y-axis scales. The experimental entanglement of formation E;(5;) and the fidelities
F(|¢,), 6;)and F(p,, ;) decrease slowly with the angle of incidence (see figure 6) and are in agreement with the
theoretical predictions.

For each state ; with i € {0, 1, 2, 3}, quantum tomography reveals that the probability of measuring a
final polarisation | HH) (| VV')) after the planar, continuous, metallic film increases (decreases) with the angle of
rotation of the sample (see figure 7). The asymmetry between the coloured diagonal rods (blue or red) increases
with the angle. This is explained by the fact that, out of normal incidence, the transmission coefficient of p
polarisation is larger than the transmission coefficient of s polarisation. We quantify this behaviour
experimentally and we compare it with theory (see figure 8). We represent the probabilities of measuring a final
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>
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Figure 7. On the left (right), the graphical representation of the experimental (theoretical) values of the real parts of the density matrix
0; of the biphoton state after transmission through the continuous metallic film in function of the angle of incidence, i.e. of the
rotation of the sample.

polarisation |HH) and | VV') of a system in an initially entangled state like the | ¢, ) Bell state. Each point
represents the mean value of 30 measurements of 5 s.

We conclude that the introduction of the flat, metallic film sample at normal incidence decreases the
coincidence rate (aloss of ~55% theoretically and ~57% experimentally) but it does not affect the entangled
quantum state. Without perturbation of the polarisation of the system, the density matrix of the polarisation
degree of freedom remains the same. This occurs at normal incidence, since the sample does not have any
polarising property. For non-normal incidence, the polarisation entanglement decreases. It is related to the
different transmission coefficients of sand p polarisation through the sample. This fact indicates that quantum
correlations will be affected only if polarisation is affected. Although the nanostructured sample provides a
transmission ~50% better than the planar metallic film, the fidelities and trace distance between the initial and
transmitted states at normal incidence indicate that the initial state preservation is nevertheless (marginally)
better in the case of the planar metallic film. This effect could be the result of the anisotropy of the
nanostructured sample that induces a small polarising effect upon transmission at normal incidence, contrary to
the planar, isotropic film.

5. Conclusion

In the present work, we studied the preservation of polarisation entanglement in transmission through
nanostructured and continuous planar gold films using quantum tomography. The quantum correlations
survive after interaction with planar films and our finding clearly indicates that plasmonic resonances do not

8
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Figure 8. Probability of measuring a final polarisation | HH ) (black) and | VV') (blue) after transmission through the continuous
metallic film in function of the angle of incidence, i.e. of the rotation of the sample. Error bars represent the standard deviation of 30
measurements. Continuous curves represent the theoretical probabilities, Py and Py, as a function of the rotation of the sample.

play any significant role in the robustness of correlation preservation. They may only improve potentially the
total coincidence rate by increasing the transmission coefficient through the film, while they do not play any role
per sein the preservation of entanglement in the quantum state of the transmitted photon pairs.
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Introduction

In this method, the potential of optics and holography to uncover hidden details
of a natural system's dynamical response at the nanoscale is exploited. In the
first part, the optical and holographic studies of natural photonic structures are
presented as well as conditions for the appearance of the photophoretic effect, namely,
the displacement or deformation of a nanostructure due to a light-induced thermal
gradient, at the nanoscale. This effect is revealed by real-time digital holographic
interferometry monitoring the deformation of scales covering the wings of insects
induced by temperature. The link between geometry and nanocorrugation that leads
to the emergence of the photophoretic effect is experimentally demonstrated and
confirmed. In the second part, it is shown how holography can be potentially used
to uncover hidden details in the chemical system with nonlinear dynamics, such as
the phase transition phenomenon that occurs in complex oscillatory Briggs-Rauscher
(BR) reaction. The presented potential of holography at the nanoscale could open
enormous possibilities for controlling and molding the photophoretic effect and pattern
formation for various applications such as particle trapping and levitation, including
the movement of unburnt hydrocarbons in the atmosphere and separation of different
aerosols, decomposition of microplastics and fractionation of particles in general, and

assessment of temperature and thermal conductivity of micron-size fuel particles.

To fully understand and notice all the unique phenomena
in the nanoworld, it is crucial to employ techniques that

are capable of revealing all details regarding structures and

the nanoscale are presented.

dynamics at the nanoscale. On this account, the unique

Copyright © 2022 JoVE Journal of Visualized Experiments
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combination of linear and nonlinear methods, combined with

the power of holography to reveal the system's dynamics at
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The described holographic technique can be viewed as the
triple rec method (rec is the abbreviation for recording),
since at a given time the signal is simultaneously recorded
by a photographic camera, a thermal camera, and an
interferometer. Linear and nonlinear optical spectroscopy
and holography are well-known techniques, the fundamental

principles of which are extensively described in the

literature 2.

To cut a long story short, holographic interferometry allows
the comparison of wavefronts recorded at different moments
in time to characterize the dynamics of the system. It was
previously used to measure vibrational dynamics3'4. The
power of holography as the simplest interferometry method
is based on its ability to detect the smallest displacement
within the system. First, we exploited holography to observe
and reveal the photophoretic effect® (i.e., the displacement
of deformation of a nanostructure due to a light-induced
thermal gradient), in different biological structures. For a true
presentation of the method, representative samples were
selected from a number of tested biological specimens6.
Wings of the Queen of Spain fritillary butterfly, Issoria lathonia

(Linnaeus, 1758; I. lathonia), were used in the framework of

this study.

After having successfully demonstrated the occurrence of
photophoresis at the nanoscale in biological tissues, a similar
protocol was applied to monitor the spontaneous symmetry

breaking process7

caused by a phase transition in an
oscillatory chemical reaction. In this part, the phase transition
from a low concentration of iodide and iodine (called state I)
to a high concentration of iodide and iodine with solid iodine
formation (defined as state Il) that occurs in a chemically

nonlinear BR reaction was studied®-2. Here, we reported for

the first time a holographic approach that allows studying

such a phase transition and spontaneous symmetry breaking

dynamics at the nanoscale occurring in condensed systems.

Protocol

1. Precharacterization

1. Perform a full precharacterization of the sample.

1. Perform all experiments on dry specimens
purchased from a commercial source. Store the
samples in the laboratory, in a dry and dark place,

at room temperature.

2. Prior to holographic measurements, perform a
complete sample characterization by scanning
electronic (SEM), linear

microscope optical

spectroscopy, and nonlinear optical microscopy

(NOM)'0 (Figure 1).

3. In addition to the optical properties of
samples measured by linear techniques, gather
supplementary information with higher intensity
laser beams that allow characterization of their

nonlinear optical properties.

4. Use the corresponding nonlinear optical
susceptibilities to quantify the nonlinear optical
response and form the basis of nonlinear optical
techniques such as nondestructive multiphoton
excitation fluorescence and second harmonic
generation (SHG), which are used to characterize

various biological samples.

5. For the nonlinear chemical phenomena occurring
in the oscillating BR reaction, carry out the study
of interferometric monitoring of the in situ phase
transition from state | to state Il with the following

concentrations of reactants: [CH2(COOH)2]p =

Copyright © 2022 JoVE Journal of Visualized Experiments
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0.0789 mol dm™3, [MnSO4]g = 0.0075 mol dm™3, NOTE: The concentration values used here are

; 8
[HCIO4]p = 0.03 mol dm3, [KIO3]p = 0.0752 mol equal to the ones in the study by Pagnacco et al.®,

but with reaction volume divided by 10.
dm™3, and [H202]g = 1.269 mol dm™ (0 after the

bracket stands for the initial concentration at the 2. Prepare the sample for the experiment.

beginning of the process). Make the total volume 1. Use wings of the Queen of Spain fritillary butterfly,
used for the BR reaction equal to 2.5 mL. 1. lathonia, for this experiment. Place the wing on
a hard surface and make a section with a 10 mm
diameter cutter. Place the sample in the sample box,

which can be any container with a lid.
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Figure 1: Wavy cross-section of butterfly wing scale. The cross-section was recorded on a nonlinear optical scanning

microscope (A,B). A SEM observation (C) of a wing of the Queen of Spain fritillary butterfly, I. lathonia, was also done. This

figure has been modified from'#. Please click here to view a larger version of this figure.

2. Experimental setup

1. Holographic setup
NOTE: The holographic interferometry measurements

were performed with a tailor-made optical setup (Figure

2). 2.

1. Adjust the laboratory temperature to be 23 °C £ 0.2
°C. Turnthe laser on. Use alaser (details given in the
Table of Materials) with an excitation wavelength of

532 nm for these holographic observations.

2. Check the alignment of the optical elements (Figure
2). First, check that setup is made according to the

scheme in Figure 2.

3. Align the laser beam perfectly with the concave
mirror M. Check and adjust the position of the optical

beam expander (L).

4. Determine the beam part that impinges on sample
S and ensure that it forms a reflex beam O. Check
if the rest of the beam is collected on a spherical
mirror CM, to be used to generate the reference
beam R. Check if the detector C is placed within the
interference zone of the two specified beams.
NOTE: A complementary metal oxide

semiconductor (CMOS) sensor is used as detector.

5. Set up the cameras according to the instructions
for the camera used. Set up an optical/photographic
camera for the holographic experiment as shown in
Figure 2 (C is the camera; details given in the Table
of Materials). Set up a second optical/photographic

camera to view visible changes in BR reaction and

a thermal camera with a thermal resolution of 50 mK
and a focal length of 13 mm above the optical table.
NOTE: The camera used in the holographic
experiment does not use an objective lens; the light

directly impinges on the chip.

Prepare the sample into holographic setup.

1.

Prepare the wing sample as in step 1.2.1. Place the
prepared sample on a round metal support with a
diameter of 15 mm. The support has three existing
holes for the screws to which the metal ring holding

the sample is attached.

Attach the ring to the support. Place the attached
sample in the part of the sample mount located on

the optical table.

Prepare the sample for chemical reaction
monitoring. On the optical table, in the intended
place, place a support with a flat adhesive surface

on which the cuvette/vessel will be placed.

Prepare the reagent used to initialize the reaction
as in step 1.1.5. Fill the reactants into the cuvette,

and mix in cuvette in the following order of volumes
and concentrations: 0.7 mL of 0.2817 mol dm™

CH2(COOH)2; 0.5 mL of 0.0375 mol dm™ MnSOg4;
0.5 mL of 0.15 mol dm™ HCIOg4; 0.5 mL of 0.376 mol

dm™3 KIO3 ; and 0.3 mL of 10.575 mol dm™ H202.

Ensure that the total volume in the cuvette is 2.5 mL,

and place it on the support in the setup.
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6. Set up additional instruments if needed. For
monitoring the photophoretic effect, use an
4
t
l
A

L1 |

additional laser (details given in Table of Materials)

for local heating.

z S~

Figure 2: The holographic setup. The figure shows how the various components are arranged for the holographic

experiment. Abbreviations: L1 = laser at 532 nm, L = biconvex lens, A = aperture, M = a flat mirror used to deflect the laser

beam, CM = concave mirror, C = CMOS camera, S = butterfly wing section, R = reference beam, O = object beam. Please

click here to view a larger version of this figure.

3. Setup of the software used

NOTE: Home-built C++ software based on Fresnel
approximation11 is used to analyze data from holographic
experiments. The software developed for the presented study
can be found at .'> The details of software cannot be
published at the moment; however, additional information will
be provided on request. Fresnel approximation is extremely

useful in digital holography since it focuses on different

surfaces and zooms in on the area of the first diffraction order,
which contains complete information about the recorded

scene.

1. Turn on the computer and run the software.
NOTE: The step for running the software depends on the
software itself. There is no commercial software for this

purpose.
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4. Perform the experiment

Switch off the external lights. Carry out the whole

experiment in a dark room.

Synchronize the cameras by using a chosen interval. For
this experiment, start the holographic camera after 60
s, and the two other cameras immediately after it, using

either a software or manually.

Press the recording buttons and define in the software

when the recording starts.

Induce dynamical changes in the system of interest. The
method of initiation depends on the type of sample; in the
case of photophoretic effect, externally heat the sample
by using the available lasers: 450 nm, 532 nm, 660
nm, 980 nm. In the case of the BR reaction, start the
reaction by mixing the chemical reactants. Observe the

holographic experiment.

Set the photographic and thermal camera to follow the
whole experiment and determine the moment of the end
of the holographic recording from the optical and thermal

measurements.

Pronounce the end of the process. The end of the
recording is preprogrammed, according to the estimated
duration of the process. For the BR reaction, use
solidification as the end of the reaction. In the case of the
photophoretic effect, there is no such specific moment. In
any case, this step emphasizes the importance of triple

recording.

5. Acquisition of results1?

Save the results. Precisely sort the files as a function
of time for reconstructing holograms and deeper data

analysis.

2.

NOTE: In this step, the data is transferred from the
camera used for holography to the computer (hard disk)
in folders named after the shooting dates. Use copy/

paste and rename buttons.

Check the probe hologram for appropriate settings.
In this way, the best settings are selected on the
first hologram by looking at it, and then used for the

reconstruction of all holograms.

1. Choose one hologram by clicking on one of them
from the folder you previously made (step 5.1)
and make a reconstruction by clicking on the

Reconstruct button.

2. Change the settings to achieve the best image
and make the reconstruction again. Options for
adjusting parameters such as sampling, offset, and
Fresnel distance will appear on the screen (software
menu). Repeat these steps until the best settings are

defined.

3. Perform the reconstructions. Choose all the
holograms by clicking the Open File button and
choosing all files. Apply the desired parameters for
numerical reconstruction of holograms; they remain
unchanged after the step 5.2.1, so do not perform

any action this time.

4. Carry out the reconstructions using the Reconstruct
button, and the interferograms by inserting the file
names in the start with/end with field and then
by clicking the button Batch. The interferograms
appear in the previously made folder (in step 5.1).
NOTE: After recording a series of holograms in
time, the first hologram represents an unperturbed

force

state, while the action of an external

causes subsequent holograms. It is necessary to
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reconstruct the holograms using shifted Fresnel

transform?3.

5. Obtain the interferograms by subtraction (in terms of
complex numbers) of a particular hologram in time
with the first hologram obtained.

NOTE: This protocol allows observing the effect
of the force on the object. The change in the
interference pattern as a function of time is a
consequence of deformation or displacement that
occurs within the system during the measurement.
These changes are used to monitor the system's

dynamics at the nanoscale.

6. Analyses of the results

Perform a visual analysis as the first quality control step
of the process. In this step, look for visible changes in
interference pattern and try to match the changes in the
interference pattern with results obtained by optical and

thermal measurements.

2. Perform a cross-examination of all recordings. In this

second phase of the analysis, thoroughly analyze the
images visually from both the optical and thermal
cameras with the holographic reconstructions in order
to reveal dynamics at the nanoscale. In this way, the
reaction moment is seen simultaneously in holographic,

thermal, and photographic images.

3. Make a graphical representation of results based on
numerical/software analysis and present them in the form
of graphs (1D, 2D, or 3D), charts, histograms etc. After
a complete analysis of results, draw conclusions and

anticipate further research based on this.

Representative Results

A photophoretic effect was induced and monitored in a first
experiment on the wing of a Morpho menelaus butterﬂy5. The
effect was initiated by the action of LED lasers of different
wavelengths (450 nm, 532 nm, 660 nm, and 980 nm). Here,
the wings from an /. lathonia butterfly14 were used. After the

recording procedure, the hologram image was reconstructed.

Figure 3: I. lathonia wings' holographic reconstructions. The reconstruction was done at 450 nm initiation (A), 532 nm
initiation (B), and 980 nm initiation (C). The images show an obvious difference in the visual sense, where depending on the

wavelength, the colored area appears in different sizes. Please click here to view a larger version of this figure.
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The fringes observed in Figure 3A-C are the consequence of
the interference. This figure clearly shows that changes occur
only during the irradiation of the sample with a second laser
(placed to hit the sample with a beam that does not interfere
with the beam from the primary laser; put into operation at
any time during the recording), and confirms that holographic
interferometry can be used to monitor the deformation or

displacement of the biological tissues.

Figure 3A-C shows how different wavelengths between 450
nm (Figure 3A), 532 nm (Figure 3B), and 980 nm (Figure
3C) affect the interferometric pattern by causing different

morphological displacements within the tissues.

In the second experiment regarding the oscillatory BR
reaction, this reaction started immediately after the addition

of hydrogen peroxide, producing a large amount of oxygen

(Figure 4A). As the transition from state | to state Il (Figure
4) is essentially irreproducible for an individual kinetic rund,
the moment of transition is very difficult to monitor. Therefore,
the presented results are the consequence of a large number
of attempts. In the analysis of interferograms, a change in
the fringe pattern was noticed at the exact moment when the
reaction occurred (i.e., when transition from state | to state
Il occurred). Figure 4E shows a moment before the reaction
occurred (left) and the exact moment (right). The wavelength
used here is 573 nm. When calculating the displacement data
from the amplitude image, the method of direct fringe counting
was used. One fringe corresponds to a displacement of half
the wavelength (i.e., 286.5 nm). If the displacement data is
calculated from the phase, the following relation applies: Al/

A = A®/2TT.
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Figure 4: The transition from state | to state Il in Briggs-Rauscher (BR) reaction. The different recordings for the

transition from state | to state Il in Briggs-Rauscher (BR) reaction. (A) The beginning of the BR reaction with bubbles

corresponds to oxygen and carbon dioxide formation. (B) The state | to state Il reaction course. (C) The end of state | to state

Il transition. (D) Cuvette in setup. (E) Interferogram of the moment before reaction (left) and the moment of reaction (right).

Please click here to view a larger version of this figure.

Nonlinear chemical phenomena have been known for more
than 100 years15, but despite this, there are still doubts about
their full mechanism and dynamics16’ 7 The results obtained
open new possibilities for the investigation and monitoring of
such complex chemical phenomena in situ by a holographic

technique.

Discussion

In the presented biophotonic study, it is shown that a
novel holographic method can be used to detect minimal
morphological displacement or deformation caused by low-

level thermal radiation.

The most critical step in holographic measurement with

biological samples is the preparation step. The preparation
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of the sample (cutting/gluing to match the size of the holder)
depends on the sample's mechanical properties, and it is not

possible to have a standard protocol for this step.

Regarding the BR study, it is vital to have a transparent
reaction vessel and relatively clear optical path, since
every obstacle during a chemical reaction, or physical
transformation (like the release of oxygen, impurity) will affect

interference pattern and therefore recorded results.

In general, the most significant limitation of the described
method is the sample size that can be studied. The sample
must have an appropriate dimension to be inserted within the
optical setup.

Here we show that holographic interferometry (HI) should
be considered as an essential complementary tool for the
characterization of samples. For example, a classic optical/IR
image captures information only regarding the intensity, while
the information about the phase is totally lost'8. Holographic
interferometry provides all information regarding the intensity
and phase, and additionally can be used to monitor their

changes in real time.

The importance of exploiting this method in condensed
matter science is to reveal in situ the slightest changes
in system dynamics. For example, the BR reaction can
reveal the first cause of the symmetry-breaking process. Is
the symmetry-breaking process predetermined by physical
constraints connected with nonlinear dynamics, or is the
process truly random? On the other hand, in another way, can
the minor differences in BR oscillatory period duration cause

a significant deviation in transition appearance?

The presented results are the first step that will lead to a
deeper understanding of dynamics at the nanoscale. Since

the potential of holography in condensed science research

has still not been fully recognized, the purpose of this
article is to highlight the power of holography for future
material science research and applications; for example,
particle trapping and levitation such as movement of unburnt
hydrocarbons in the atmosphere or separation of various
aerosols'?, breaking down of microplastics in water and
fractionation of particles in generalzo, and characterisation of
temperature and thermal conductivity properties of micron-

size fuel particles21 )
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Abstract

We show both experimentally and numerically, control over the acceleration of two-dimensional Airy beam propagating
in optically induced photonic lattice. Varying the lattice strength and including various defects we can reach a state,
where the acceleration is completely stopped. We find an additional class of discrete lattice beams, localized and defect
modes observed with Airy beams propagating in diamond optically induced photonic lattice.

Keywords: accelerating beams, photonic lattices, defects

1. INTRODUCTION

Airy beams are a well-known type of accelerating optical beams [1]. Unlike ordinary optical wave fields, Airy beams
show an accelerated transverse intensity distribution which remains invariant along their parabolic trajectories [2].
Originally, Airy beams were introduced as wave functions solving the one-dimensional Schrddinger equation for free
particles. Due to the equivalence between the Schrodinger equation in quantum mechanics and the paraxial equation of
diffraction in optics these concepts can be transferred to optics. The ballistic-like properties of Airy beams qualify them
for various applications ranging from particle trapping along curved paths [3] and self-bending plasma channels [4] to
ultrafast self-accelerating pulses [5] and Airy light bullets accelerating in both transverse dimensions and in time [6].
Over the years, two-dimensional Airy beams have been systematically investigated, particularly in the field of optics and
atom physics. In terms of experimental realization, optics provides a fertile ground to directly observe and study the
properties of such non-spreading waves in detail. One of the features of these beams is their potential for applications in
nonlinear optics: nonlinear interaction of light with some material and a study of accelerating beam dynamics inside
nonlinear media. Formation of accelerating self-trapped optical beams has been proposed employing the different self-
focusing nonlinearities, ranging from Kerr to quadratic nonlinearities, and also using an optically induced refractive-
index potential [7, 8].

The key for the realization of all-optical guiding and switching architectures is control of the propagating light with light
itself. Propagation dynamics of light is dramatically changed with the presence of photonic lattice. Recently, defect
guiding Airy beams in optically induced waveguide arrays is studied [9]. The propagation of such accelerated beams
inside a two-dimensional optically induced photonic lattice has not been observed yet.

We analyze theoretically and experimentally how an optically induced photonic lattice affects and modifies acceleration
of Airy beams. Various conditions for the propagation and preservation of the Airy beam shape are considered. The
acceleration of Airy beams is controlled by varying the lattice strength (refractive index modulation) and by introducing
positive and negative single-side defects. We find that a modification of refractive index modulation leads to reduced
Airy beam acceleration and formation of discrete lattice beams. However, inclusion of lattice defects changes the beam
dynamics completely: with the negative defect Airy beams experience a strong repulsion, while in the presence of
positive defect they form localized defect modes.
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2. THEORETICAL BACKGROUND AND EXPERIMENT

To study the propagation behavior of Airy beams in optical systems with induced photonic lattice, we start with
considering the following scaled paraxial equation of diffraction for electric field ¥

1 1
iag‘}’+5(8i‘{’+85‘P)+5k§W§An2(Iindu)‘P =0 . (1)
Here, y=x/w, and v=y/w, are dimensionless transverse coordinates scaled by the characteristic length wo. (=z/kw,’
represents the dimensionless propagation distance with k=2an/A. The photonic lattice enters this equation in terms of an
intensity-dependent refractive index modulation An® (Linau ), which represents the optical induction process. This equation
is also suitable to cover nonlinear light propagation in the case the inducting intensity becomes a function of field ¥
itself. In this contribution, however, we restrict ourselves to linear effects.

Considering the case for light propagation in homogenous, linear medium, where An’=0 holds, the wave equation (1)
can always be separated into two parts, each depending only on one transverse coordinate y or v, respectively. Therefore,
the solution W is also separated and can be written as a product in the following form: ¥(y,v,0)=¥(x,0)¥2(v,0). As firstly
shown in [1] each part of the wave equation is fulfilled by a non-dispersive Airy solution. Thus, the overall solution of
Eq. (1) reads as:

Y(r.v,$)= [1 4iX=(/2))exp(i(X¢/2)~i(¢*/12)) . 2
X={x.v}
We have to consider truncated solution with finite extent and energy, like ¥,(3,0)=Ai(y)exp(ay), with the positive decay
length a,, typically a,<<l. It has been shown, that this kind of solution still solves the wave equation [1] and the
distinguished properties of Airy beams are preserved. Although, the transverse intensity pattern is now non-spreading
over a limited propagation distance, this easily covers the longitudinal range necessary to observe sufficient transverse
displacement of the truncated Airy beams.

Our experimental setup for all measurements is sketched in Fig. 1(a). We use the beam from frequency-doubled,
continuous wave laser (Nd:YVO,) emitting at A = 532 nm. The beam is split into two partial beams, each illuminating a
high-resolution, programmable, phase-only spatial light modulator (SLM1, SLM2). The first one (SLMI), in
combination with two lens and Fourier mask, is employed for making of nondiffracting induction beam. By using the
calculated phase patterns, addressed to spatial light modulators, we modulate the phase and amplitude of incident plane
wave and thereby obtain the complex field of desired nondiffracting induction beam. This modulated beam is then sent
through the 20 mm long Srg 60Bag40Nb,O4 (SBN:Ce) photorefractive crystal, externally biased with E.,~2000 V/cm, an
electric dc field. The induction beam is set to be ordinarily polarized with respect to the crystal’s optical axis, to
minimize the feedback of the written refractive index structure onto the induction beam itself. Because of the high
polarization anisotropy of electro-optic coefficients of SBN:Ce crystal we are able to induce sufficient refractive index
modulations to affect the propagation of extraordinarily polarized Airy beam. The Airy beam is made the same way as
the nondiffracting induction beam by means of the second modulator (SLM?2) and the encoded complex field, calculated
in real space with the Eq. (2). To accurately overlay two beams in the crystal, we place a beam splitter directly in front of
the SBN crystal. In addition, by illuminating the crystal homogeneously with white light, we can erase modulations of
the written refractive index. With an imaging lens and a camera, mounted on a translation stage, we record the intensity
distribution in different transverse planes.

The propagation characteristics of 2D Airy beam propagating in a homogeneous medium are shown experimentally in
Fig. 1. The intensity distributions at the front and back face of the SBN:Ce crystal are shown in Fig. 1(b) and 1(c),
respectively. To experimentally realize the photonic lattice which should control the propagation trajectory of Airy beam
we use the technique of optical induction [10, 11]. Figure 1(d) shows the recorded intensity distribution of
experimentally realized nondiffracting beam used to optically induce a two-dimensional square lattice. The lattice period
A=mn/k, ~25um is chosen to match exactly the distance between the main and the first neighboring lobes of Airy beam.
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Figure 1. Experimental realization of two-dimensional Airy beams and photonic lattices. (a) Experimental setup.
LASER: Nd:YVO, at L = 532 nm, (P)BS: (polarizing) beam splitter, FM: Fourier mask, L: lens, MO: microscope
objective, SBN: strontium barium niobate crystal, SLM1, SLM2: spatial light modulators. (b) Experimentally
recorded intensity distribution of the Airy beam at the front face and (c¢) intensity distribution at the back face.
(d) Lattice intensity distribution of the induced refractive index modulation.

We support our experiments with comprehensive numerical simulations by solving the paraxial wave equation (1), which
models the light propagation in media with inhomogeneous refractive index modulations. The process of optical
induction into a photorefractive material like SBN is represented by Anz(I,-ndu), which can be calculated in the full
anisotropic model with a relaxation method. Since only linear effects are considered, the inducing intensity I;,,, is solely
given by the intensity of nondiffracting beam, I,—ndl,=\EndB|2 (cf. Eq. (3)). Even though the paraxial wave equation stays in
the linear regime, it is not solvable analytically and we need to rely on proven beam propagation methods. The
propagation equation (1) is solved numerically, using a split-step Fourier method described earlier in [12, 13].

3. CONTROL OF AIRY BEAM SELF-ACCELERATION WITH PHOTONIC LATTICES

Here, we observe the way that optically induced photonic lattice affects the acceleration of two-dimensional Airy beams.
We have the self-bending of Airy beams on one side and the waveguiding and discrete diffraction effects of the photonic
lattice on the other. By increasing the modulation of refractive index we affect the beam's acceleration and by increasing
the lattice strength we affect the slowing down of the beam until we make it stops for a certain value.

In our investigation of propagation behavior of two-dimensional Airy beams in a regular photonic lattice, we are
observing the influence of defect lattices as well. We consider single-site defect lattices with positive and negative
variable defect strength.

Defect lattices are realized using the nondiffracting zero-order Bessel beam. We are increasing or decreasing the
modulation of refractive index thus making a different defect lattices. We use the effective intensity distribution of
incoherent superposition of two nondiffracting beams, the lattice beam and the Bessel beam, and make two-dimensional
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defect lattice. Since we have incoherent superposition of the two nondiffracting beams we don’t need to take care about
the phase relation between them and potential unwanted intensity modulation in longitudinal direction. As shown
earlier, this multiplexing method is suitable for fabrication of a whole set of different two-dimensional super and defect
lattices, including negative defects [14]. For the realization of negative defect we apply the electric dc field, anti-parallel
to the optical c-axis and obtain defocusing nonlinearity at the site where the Bessel beam is set to propagate.

Figure 2 illustrates the basic scheme of defect realization. The regular lattice is made by the intensity distribution shown
in Fig. 2(a). Afterwards, the Bessel beam (Fig. 2(b)), illuminates the crystal and depending on the direction of applied
electric field, the refractive index at one particular site gets increased or decreased. The resulting effective intensity
distributions for the positive and negative defect lattices are shown in Fig. 2(c) and Fig. 2(d), respectively. Figures 2(e)
and 2(f) show the numerically calculated refractive modulations for both defect lattices.
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Figure 2. Defect generation in optically induced photonic lattice. (a) Experimental realization of the diamond
lattice, (b) the Bessel beam, (c) the positive defect lattice and (d) the negative defect lattice. (¢) Numerical
realization of the positive and (f) negative lattice defects.

Figure 3 summarizes our numerical results regarding the propagation of Airy beam in regular photonic lattice as well as
positive and negative defects. To get a more detailed insight into this propagation dynamics, we monitor the ratio
between the power guided in the central waveguide and the total power of Airy beam as a function of the lattice strength
and propagation distance. The numerical results for this power ratio are shown in Fig. 2(a) for a regular lattice, (d)
negative defect and (g) positive defect. These graphs clearly demonstrates the impact of optically induced photonic
lattice and apropriate defects on the formation of discrete structures, as well as suppression of the acceleration and
bending of Airy beam. The Airy beam is launched into the induced photonic lattice with the main lobe exactly located at
one lattice site. As the refractive index modulation strength grows, the interaction of Airy beam with lattice sites
becomes stronger and consequently the bending of Airy beam is decreased. In the case of regular lattice, for higher
refractive index modulations An, one can observe the localization of beam power to central waveguide at the back face
of crystal. Our results clearly show the slowing down of the self-acceleration of Airy beam (Fig. 3(b),(c)). The
corresponding intensity profiles at the back face are indicated with the letters at the respective positions. Depending on
the different lattice strengths various kinds of discrete structures arises until the lattice finally suppress the acceleration
of Airy beam. Most of the energy then stays in the lattice site, where the main lobe of Airy beam was initially launched.

Then we keep all parameters, but change the refractive index modulation An to both, positive and negative defects. The
Airy beam is positioned with the main lobe exactly located at the defect site. For the different defects we record the
intensity profiles of propagated Airy beam at the back face and monitor the percentage of power guided in the central
waveguide, as described previously. Figures 3(d) and 3(g) show the numerical results of power ratio for the negative and
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positive defect as a function of the propagation distance and refractive index modulation. The negative defect (Fig. 3(d))
significantly reduces the power guided in defect site and finally repels nearly all power, while the positive defect (Fig.
3(g)) strongly enhances the slowing-down and localization process of Airy beam. Corresponding intensity profiles are
shown in the right panel of Fig. 3 for two values of An for the negative (e), (f) and positive defect (h), (i).
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Figure 3. Airy beam propagation in diamond lattice, with and without defects. Dependence of the percentage of
Airy beam power in the incident waveguide on refractive index change An and propagation length z for a
(a) regular lattice, (d) negative defect and (g) positive defect. Numerical results for intensity distributions at the
back face for different refractive index change An for: (b), (c) regular lattice, (e), (f) negative defect and (h),
(i) positive defect.

To experimentally control the index modulation depth we take advantage of the time-dependent build up of induced
lattice, which grows monotonously with the writing time. Because in experiments is not possible to record the intensity
pattern inside the crystal, we are restricted to the profiles at the back face. In Fig. 4(d) the experimentally measured
power ratio at the back face is plotted as a function of the refractive index modulation and defect strength. Therefore, we
have repeated the experiments for 11 different defect strengths Sy =-1...1 and recorded the intensity profile at the back
face. The modulus of defect strength Sy is given by the ratio of peak intensities of the discrete and the Bessel
nondiffracting beam, while the sign is determined by the direction of applied electric field. These results illustrate the
strong dependency of propagation and acceleration properties of Airy beam on the lattice depths, as well as the defect
strength. The first and third row contains the experimental results — intensity distributions at the back face for two
different values of An. The corresponding intensity profiles at the back face are indicated with the letters at the respective
positions on graph, and presented in: (a), (e) for negative defect, (b), (f) regular lattice and (c), (g) positive defect. The
experimental results fully agree with the theoretical analysis. Comparing the numerical intensity distributions of Airy
beam at the back phase (Fig. 3) with corresponding experimental results (Fig. 4), one can see a very good qualitative
agreement. Also, comparing the numerical graphs for percentage of Airy beam in incident waveguide for propagation
distance of 20 mm with experimental graph in Fig. 4(d), very good agreement is observed for defect strength -1, 0 and
+1, which corresponds to negative defect, regular lattice and positive defect, respectively.
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Figure 4. Experimentally observed Airy beam propagation in photonic lattice. (d) Percentage of the Airy beam
power propagating in incident waveguide or defect site as a function of refractive index change An and defect
strength. Exemplary experimental results of Airy beam intensity distribution at the back face for negative defect
(a),(e), regular lattice (b),(f) and positive defect(c),(g).

4. CONCLUSIONS

In summary, we have shown, both theoretically and experimentally, that the propagation dynamics of two-dimensional
Airy beams could be controlled by optically induced photonic lattices. We demonstrated a way to change the trajectory
and shape of finite optical Airy beams. The results depend on the depth of the induced lattice which changes the
acceleration and bending of Airy beam. The beam acceleration is slowed down and finally completely stopped for a
certain amount of index modulation. Moreover, various single-side defects further affect the beam dynamics as well. By
changing the defect strength, as well as the defect type, we can either increase the localization for positive defects, or

repel all the power from a defect site, for the negative case. All our presented experimental results fully agree with the
supporting numerical simulations.
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Sazetak disertacije

Tema ove teze je izuCavanje fenomena koji su vezani za prostiranje dvodimenzionalnih
Eirijevih svetlosnih snopova u nelinearnoj fotorefraktivnoj sredini. Istrazivanje obuhvata
proucavanje dinamike prostiranja viSe superponiranih dvodimenzionalnih Eirijevih snopova
rasporedenih u simetricne konfiguracije od dva i Cetiri snopa, sa istim ili razli¢itim faznim
distribucijama, u linearnom i nelincarnom rezimu kao i proucavanje prostiranja pojedinacnog
dvodimenzionalnog Eirijevog snopa u opticki indukovanoj kvadratnoj fotonskoj resetci sa i bez
optickih defekata.

Disertacija je podeljena u sedam poglavlja, a sadrzaj pojedinacnih poglavlja je dat u
nastavku teksta.

U uvodnom poglavlju dat je pregled dosadasnjih rezultata u oblasti kompleksne svetlosti i
nelinearne fotonike povezanih sa nedifraguju¢im snopovima uopSte a posebno u vezi sa
samoubrzavajuéim Eirijjevim snopovima kao posebnom klasom nelinearno propagirajucih
nedifragujucih snopova.

U drugom poglavlju opisan je detaljno koncept nedifragujucih snopova, a posebno klasa
samoubrzavajuéih Eirijevih snopova. Pogevsi od nedisperzivnog refenja Sredingerove jednacine u
domenu kvantne mehanike i analogije sa paraksijalnom talasnom jednaCinom dolazi se do
realizacije kvazi-nedifragujucih optickih Eirijevih snopova u jednoj a zatim i u dve dimenzije.

U slede¢em poglavlju opisan je koncept fotonskih struktura sa posebnim osvrtom na opticki
indukovane fotonske reSetke i tehniku opticke indukcije koja koristi koncept nedifragujuéih
snopova. Dat je i kratak uvid na znacaj postojanja defekata u fotonskoj strukturi i moguénosti koje
nam takva struktura pruza za manipulaciju svetlos¢u, kao i metod multipleksiranja kojim se
tehnikom opti¢ke indukcije pomocu nekoherentne superpozicije vise nedifraguju¢ih snopova mogu
realizovati opticki defekti u dvodimenzionalnim opticki indukovanim fotonskim reSetkama.

U cetvrtom poglavlju prikazan je teorijski model za opisivanje i modelovanje propagacije
dvodimenzionalnog Eirijevog snopa u nelinearnom materijalu. Teorijski model obuhvata
propagaciju viSe Eirijevih snopova kroz nelinearni materijal kao i propagaciju pojedinacnog
dvodimenzionalnog Eirijevog snopa kroz opticki indukovanu kvadratnu fotonsku reSetku u
nelinearnom materijalu. Ovo poglavlje sadrzi i objasnjenje fotorefraktivnog efekta i modulacije
indeksa prelamanja u fotorefraktivnom materijalu stroncijum barijum niobata (SBN). Nakon toga
dat je detaljniji uvid u samu tehniku opticke indukcije i opisan numericki model za modelovanje
linearnog 1 nelinearnog prostiranja Eirijevih snopova kroz SBN kristal sa i bez upisane fotonske
strukture.

U petom poglavlju prikazane su eksperimentalne metode za ispitivanje dinamike prostiranja
Eirijevog snopa u fotorefraktivnim sredinama. Poglavlje je podeljeno na dva dela. Prvi deo se
odnosi na ispitivanje linearne 1 nelinearne interakcije viSe superponiranih dvodimenzionalnih
Eirijevih snopova u fotorefraktivnom SBN kristalu. Drugi deo se odnosi na ispitivanje dinamike
prostiranja jednog dvodimenzionalnog Eirijevog snopa kroz opti¢ki indukovanu fotonsku resetku sa
I bez defekata.

U Sestom poglavlju prikazani su rezultati eksperimentalnog i teorijskog istrazivanja. Ovo
poglavlje je takode podeljeno na vise celina. U prvoj celini dati su rezultati linearne interakcije dva
1 Cetiri superponirana Eirijeva snopa. U slucaju linearne interakcije dva snopa kada su snopovi u
fazi usled konstruktivne interferencije dolazi do formiranja fokusa u preseku trajektorija dva snopa.
Kada snopovi nisu u fazi dolazi do vertikalne separacije uzrokovane destruktivnom



interferencijom. U oba slu¢aja mogu se jasno identifikovati paraboli¢ne trajektorije snopova. Kod
ispitivanja linearne interakcije Cetiri superponirana Eirijeva snopa situacija je sli¢na sa razlikom §to
ovde dolazi do formiranja jadeg fokusa jer je sada u pitanju interferencija Cetiri snopa. U drugoj
celini dati su rezultati nelinearne interakcije dva i Cetiri superponirana Eirijeva snopa. U slucaju
nelinearne interakcije povecavajuéi snagu probnog snopa mozemo videti prelaz od linearne
interferencione slike do dobro lokalizovanog solitarnog stanja za vec¢e vrednosti nelinearnosti. U
slucaju kada su faze snopova pomerene za m, ne dolazi do spajanja glavnih lobova ve¢ se usled
destruktivne interferencije javljaju dva lokalizovana solitarna stanja. U slucaju nelinearne
interakcije Cetiri snopa, kada su snopovi u fazi, situacija je ista kao i kod interakcije dva snopa.
Situacija je totalno drugacija kada su snopovi pomerenih faza. Nasuprot ostalim sluc¢ajevima ovde
ne dolazi do formiranja solitarnih stanja. Posto su sva Cetiri snopa razlicitih faza u ovom slucaju ne
dolazi do dovoljno velikog inteziteta koji bi usled interferencije mogao da formira solitarno stanje.
Kod ispitivanja prostiranja pojedina¢nog Eirijevog snopa u kristalu sa upisanom fotonskom
reSetkom dobijeni su slede¢i rezultati. Kako modulacija indeksa prelamanja reSetke raste
interakcija Eirijevog snopa sa reSetkom postaje jaca 1 kao posledica toga dolazi do usporavanja
Eirijevog snopa. U zavisnosti od ja¢ine reSetke javljaju se razliCite diskretne strukture sve dok sa
pojacanjem reSetke ne dode do kompletnog potiskivanja ubrzanja Eirijevog snopa. U slucaju
defekata u jednom kanalu fotonske resetke, situacija je sledeca. Jalina defekata kao i jacina
fotonske resetke dramati¢no uticu na oblik i transverzalno ubrzanje Eirijevog snopa. U slu¢aju
pozitivnog defekta dolazi do povecanja lokalizacije u tom kanalu reSetke dok u slucaju negativnog
defekta dolazi do delokalizacije polja Eirijevog snopa.

U poslednjem poglavlju sumirani su rezultati istrazivanja i njihova potencijalna primena u
drugim srodnim oblastima. Prikazana je prva eksperimentalna i numeri¢ka studija o nelinearnoj
interakciji vise dvodimenzionalnih Eirijevih snopova. Kao najvazniji rezultat, demonstrirana je
izgradnja solitarnih struktura iz nelinearne interakcije vise ubrzanih snopova. Ispitivanjem
nelinearne dinamike superponiranih Eirijevih snopova za razli¢ite konfiguracije (broj snopova,
fazne relacije), moze se u zavisnosti od intenziteta demonstrirati formiranje pravolinijskih
propagirajucih solitarnih stanja ili parova. Ovi eksperimentalni rezultati i metode omogucavaju
dalje ispitivanje interakcije ostalih tipova nedifragujucih snopova i povrh toga nalaze primene u
modernim opti¢ckim arhitekturama za procesuiranje informacija. Takode, u drugom delu disertacije,
po prvi put je ispitivana i analizirana dinamika propagacije samoubrzavaju¢ih dvodimenzionalnih
Eirijevih snopova u dvodimenzionalnim fotonskim resetkama ukljucuju¢i defekte, teoretski i
eksperimentalno. Ovi rezultati se takode mogu generalizovati i na druge tipove opti¢ki indukovanih
resetki i tipove defekata, ukljucujuci i nesto kompleksnije ili ¢ak i trodimenzionalne resetke. Isto
tako, i druge klase samoubrzavajucih optickih snopova se mogu kontrolisati koriste¢i prezentovane
ideje i metode.

Kljuéne re¢i: Eirijevi snopovi, fotorefraktivni kristal, transverzalno ubrzanje, solitarna stanja,
opti¢ki indukovane fotonske reSetke, opticki indukovani defekti, protok energije, diskretna
difrakcija, lokalizacija energije, delokalizacija energije.

Nauc¢na oblast: Fotonika i laseri

UzZa nau¢na oblast: Nelinearna fotonika



Abstract of dissertation

The main topic of this thesis is the study of phenomena related to the propagation of two-
dimensional Airy light beams in a nonlinear photorefractive medium. The research includes the
study of the propagation dynamics of several superimposed two-dimensional Airy beams arranged
in symmetrical configurations of two and four beams, with the same or different phase distributions,
in linear and nonlinear regime, as well as the study of the propagation of a single two-dimensional
Airy beam in an optically induced square photonic lattice with and without optical defects.

The dissertation is divided into seven chapters, and the content of the individual chapters is
given below.

The introductory chapter provides an overview of previous results in the field of complex
light and nonlinear photonics related to non-diffracting beams in general and in relation to self-
accelerating Airy beams as a special class of nonlinear propagating non-diffracting beams.

The second chapter describes in detail the concept of non-diffracting beams, and especially
the class of self-accelerating Airy beams. Starting from the non-dispersive solution of the
Schrodinger equation in the domain of quantum mechanics and analogy with the paraxial wave
equation, the realization of quasi-non-diffracting optical Airy beams in one and then in two
dimensions is realized.

The following chapter describes the concept of photonic structures with special reference to
optically induced photonic lattices and the optical induction technique that uses the concept of non-
diffracting beams. A brief insight is given into the importance of the existence of defects in the
photonic structure and the possibilities that such a structure provides for light manipulation, as well
as the multiplexing method by which optical defects can be realized in two-dimensional optically
induced photonic lattices by incoherent superposition of several non-diffracting beams.

The fourth chapter presents a theoretical model for describing and modeling the propagation
of a two-dimensional Airy beam in nonlinear material. The theoretical model includes the
propagation of several Airy beams through a nonlinear material as well as the propagation of a two
two-dimensional Airy beam through an optically induced square photonic lattice in a nonlinear
material. This chapter also contains an explanation of the photorefractive effect and the modulation
of the refractive index in the photorefractive material strontium barium niobate (SBN). After that, a
more detailed insight into the optical induction technique itself is given and a numerical model for
modeling the linear and nonlinear propagation of Airy beams through an SBN crystal with and
without an inscribed photonic structure is described.

In the fifth chapter, experimental methods for examining the dynamics of Airy beam
propagation in photorefractive media are presented. The chapter is divided into two parts. The first
part deals with the investigation of the linear and nonlinear interaction of several superimposed two-
dimensional Airy beams in a photorefractive SBN crystal. The second part refers to the
investigation of the dynamics of propagation of a two - dimensional Airy beam through an optically
induced photonic lattice with and without defects.

The sixth chapter presents the results of experimental and theoretical research. This chapter
is also divided into several sections. In the first part, the results of the linear interaction of two and
four superimposed Airy beams are given. In the case of linear interaction of two beams when the
beams are in phase due to constructive interference, a focus is formed in the intersection of the
trajectory of the two beams. When the beams are not in phase, vertical separation caused by
destructive interference occurs. In both cases, parabolic beam trajectories can be clearly identified.



When examining the linear interaction of the four superimposed Airy beams, the situation is similar
with the difference that a stronger focus is formed here because the interference of the four beams is
now in question. In the second part, the results of nonlinear interaction of two and four
superimposed Airy beams are given. In the case of a nonlinear interaction, increasing the strength of
the probe beam, we can see the transition from a linear interference image to a well - localized
solitary state for higher values of nonlinearity. In the case when the phases of the beams are shifted
by =, the main lobes do not merge, but due to destructive interference, two localized solitary states
occur. In the case of nonlinear interaction of four beams, when the beams are in phase, the situation
is the same as in the interaction of two beams. The situation is totally different when the beams are
shifted phases. In contrast to other cases, there is no formation of solitary states here. Since all four
beams are of different phases, in this case there is not a large enough intensity that could form a
solitary state due to the interference. When examining the propagation of a single Airy beam in a
crystal with an inscribed photonic lattice, the following results were obtained. As the modulation of
the lattice refractive index increases, the interaction of the Airy beam with the grid becomes
stronger and as a consequence the Airy beam slows down. Depending on the strength of the lattice,
different discrete structures appear until the acceleration of the Airy beam is completely suppressed
with the reinforcement of the lattice. In the case of defects in one channel of the photonic lattice, the
situation is as follows. The strength of the defects as well as the strength of the photonic lattice
dramatically affects the shape and transverse acceleration of the Airy beam. In the case of a positive
defect, there is an increase in the localization in that channel of the lattice, while in the case of a
negative defect, there is a delocalization of the Airy beam field.

The last chapter summarizes the research results and their potential application in other
related fields. The first experimental and numerical study on the nonlinear interaction of several
two-dimensional Airy beams is presented. As the most important result, the construction of solitary
structures from the nonlinear interaction of several accelerated beams is demonstrated. By
examining the nonlinear dynamics of superimposed Airy beams for different configurations
(number of beams, phase relations), the formation of rectilinear propagating solitary states or pairs
can be demonstrated, depending on the intensity. These experimental results and methods enable
further investigation of the interaction of other types of non - diffracting beams and, in addition,
find applications in modern optical architectures for information processing. Also, in the second
part of the dissertation, the dynamics of propagation of self - accelerating two - dimensional Airy
beams in two - dimensional photonic lattices, including defects, is investigated and analyzed for the
first time, theoretically and experimentally. These results can also be generalized to other types of
optically induced lattices and types of defects, including somewhat more complex or even three-
dimensional lattices. Likewise, other classes of self-accelerating optical beams can be controlled
using the ideas and methods presented.

Keywords: Airy beams, photorefractive crystal, transverse acceleration, solitary states, optically
induced photonic lattices, optically induced defects, energy flow, discrete diffraction, energy
localization, energy delocalization.

Scientific field: Photonics and lasers
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Poglavlje 1

Uvod | motivacija

Svetlost na jedinstveni nacin povezuje infinitno sa infinitezimalnim, prenoseci istovremeno
informacije o beskrajno velikim galaktickim strukturama i dogadajima koji su se desili posle Velikog
praska [1] kao i informacije iz mikro i nano sveta, sveta atoma, molekula i kristala [2]. Integracija
tih infomacija dovela je do koherentnog opisa interakcija izmedu polja i materije, interakcija koje
opisuju veliki deo nama poznate fizike i hemije.

Slika 1.1 Sema elektromagnetnog talasa. [3]

Svetlost najcesce opisujemo kao vektor elektromagnetnog polja koji ima svoj intenzitet i
pravac prostiranja (polarizaciju), frekvenciju i brzinu (Slika 1.1). Interakcija svetlosti sa materijom
dovodi do difrakcije, refleksije, apsorpcije i disperzije, pojava koje su dobro poznate vekovima i
prepoznate kao kljuc¢ni elementi u umetnosti (Slika 1.2) ili kao klju¢ni a nekada i ograni¢avajuci
faktori u mnogim modernim industrijskim i tehnoloskim aplikacijama zasnovanim na kontroli
elektromagnetnih talasa [4]. Uz pomo¢ svetlosti, otkriveno je i opisano mnostvo fizi¢kih pojava, od
opticke komunikacije visokog propusnog opsega do polarizovanih sun¢anih naocara, fotosinteze u
biljkama do primarnih molekulskih procesa kod ¢ula vida.

Difrakcija (interakcija svetlosti sa materijom/preprekom) modifikuje prostiranje svetlosnog
talasa. Interakcija sa materijom povezana je i sa disperzijom koja je posledica zavisnosti indeksa



prelamanja materijala od frekvencije i koja dovodi do toga da se svaka spektralna komponenta
prostire razli¢itom faznom brzinom [5].

Poznato je da difrakcija i disperzija mogu biti ozbiljno ograni¢enje za primene u kojima je
veoma pozeljno da snop ili impuls zadrzi svoju transverzalnu lokalizaciju i/ili §irinu U vremenu tokom
propagacije [6-11]. Kao posledica toga, razvoj metoda kojima bi se ublazili efekti degradacije signala
izazvane od strane ova dva efekta je od presudnog znacaja.

Slika 1.2. Likurgov pehar (1z doba starog Rima
IV vek). Pehar od stakla sa primesama
nanocestica zlata i kalaja (tehnologija razvijena
u Antickom Rimu) nije samo umetnicki
predmet vec¢ 1 objekat koji pokazuje sloZzenost
interakcije svetlosti sa materijom. Kada se
posmatra u reflektovanom svetlu, na primer na
dnevnom svetlu, izgleda zeleno. Medutim,
kada se svetlo ubaci u Solju i prenese kroz
staklo, pehar izgleda crveno. [12]

Laseri kao izvori koherentnog zracenja doveli su do revolucije u modernoj tehnologiji od
hemije do optike. Prostiranje laserskih snopova predmet je aktivnog istrazivanja ve¢ vise od 50
godina, ali je tek pre nesto vise od 20 godina doZivelo znacajan pomak sa razvojem novih metoda za
opisivanje i Kkarakterizaciju laserskih zraka. Paralelno, tehnike oblikovanja laserskog snopa
napredovale su zbog povecane snage racunara i mogucnosti izrade difrakcionih opti¢kih elemenata
standardnim litografskim tehnikama. Poslednjih godina oblikovanje laserskih snopova je dodatno
napredovalo zahvaljuju¢i primeni tehnologije na bazi te¢nih kristala [13]. Takva tehnologija
omogucéila je stvaranje laserskih snopova specifi¢ne strukture pomocéu kompleksne modulacije
svetlosti. Istrazivanja su dovela do novih otkri¢a o laserskim snopovima i njihovim svojstvima
prostiranja, ukljucujuci orbitalni ugaoni momenat svetlosti, nedifrakcionu prirodu svetlosti, svetlost
koja se prostire zakrivljenim putevima i rekonstruiSe nakon prepreka [14]. Takvi laserski snopovi
primenjeni su u mnogim disciplinama, od fizike do biologije, od klasi¢nih do kvantnih studija.

Novi pravac istrazivanja, takozvano polje kompleksne (ili strukturirane) svetlosti, opisuje
apstraktna topoloska svojstva svetlosti - tj. sSnopove posebno dizajniranog intenziteta, polarizacije i
faze - i upravo ta svojstva uvode renesansu u mnogim oblastima opticke nauke i tehnologije i
predstavljaju centralnu tatku za fundamentalne proboje u optici. Napredak u fundamentalnom
razumevanju, zajedno sa najnovijim dostignu¢ima u proizvodnji svetlosti kompleksne strukture,
translira se i na niz razlicitih i interdisciplinarnih primena koje obuhvataju mikroskopiju [15,16],
komunikaciju sa velikim brzinama prenosa podataka [17], opticko zarobljavanje [18] i kvantnu optiku
[19]. MozZe se ocekivati i vise primena u buducnosti, jer istrazivaci nastoje da manipulisu i kontrolisu
brzinu prostiranja kompleksnih svetlosnih snopova, a javljaju se i egzoti¢nije moguénosti koje pruza
kompleksna svetlost u eksperimentima kvantnih uvezanih stanja.

Lokalizovani talasni paketi, poznati i kao nedifragujuci talasi, nastali su u po¢etku kao pokusaj
da se dobiju snopovi i impulsi sposobni da se odupru difrakciji u slobodnom prostoru na velikim
udaljenostima. Takvi talasi su u pocetku dobijeni teoretski kao reSenja talasne jednacine pocetkom
1940-ih [20], a eksperimentalno su demonstrirani 1987. [21]. Danas, lokalizovani talasi predstavljaju



rastucu i dinami¢nu oblast istrazivanja, ne samo u vezi sa nedisperzivnim slobodnim prostorom (ili
vakuumom), vec i za disperzivne, nelinearne i medije bez gubitaka.

Najpoznatiji talasni paket bez difrakcije je Beselov snop koji su prvi uveli J. Durnin i saradnici
[21,22]. Ovaj pionirski rad otvorio je put otkricu drugih nedifragujuih resenja [23], ukljucujuci
Matjeove i paraboli¢ne Veberove snopove, kao i Matjeove i Beselove snopove visih redova.

U poslednje vreme, samoubrzavajuci talasni paketi koji se mogu prostirati po zakrivljenoj
putanji privukli su veliko interesovanje. Medu njima, posebno Eirijev snop (ili impuls) (Slika 1.3),
koji se prostire duz paraboli¢ne putanje bez ikakve difrakcije (ili disperzije) [24,25]. Za razliku od
konvencionalnog laserskog snopa koji se prostire po pravoj liniji, Eirijev snop koji sam ubrzava ima
karakteristiku da prati zakrivljenu putanju u linearnom homogenom medijumu, ¢ime se uvodi pojam
transverzalnog ubrzanja. Za razliku od drugih nedifragujucih snopova, Eirijev talasni paket takode
moze postojati i u jednoj dimenziji.

Eirijevi snopovi predstavljaju prvu eksperimentalno proucavanu klasu samoubrzavajucih
optickih talasa. Teorija Eirijevih snopova je razvijena na osnovu geometrijske optike i morfologije
kausti¢nih povrSina odredenih na osnovu bifurkacione teorije dinamickih sistema, poznate kao teorija
katastrofe [26,27]. Kausti¢na povrsina, na koju su zraci fokusirani, je envelopa familije parcijalnih
zraka i ona predstavlja sam Eirijev snop. Kausti¢ne povrsine su zakrivljene ¢ak iako su zraci
pravolinijski. Kausti¢na povrSina opisana Eirijevom funkcijom (Slika 1.3a) jedna je od sedam
elementarnih prirodnih katastrofa — tzv. ,,nabor* katastrofa (engl. fold catastrophy) opisana

potencijalom V (x) = §x3 — ax.

(b)

Iyl

Y

Slika 1.3 (a) Primer dinamike jednodimenzionalnog nedifragujuceg Eirijevog snopa [28]; (b)
Prikaz osobine samoubrzavanja Eirijevog snopa duz paraboli¢ne trajektorije [28].

Treba naglasiti da se Eirijevi snopovi prvi put pojavljuju u domenu kvantne mehanike 1979.
kao nedisperzivno redenje Sredingerove jednacine koja opisuje kretanje slobodne Cestice konaéne
mase [40]. Analogija izmedu Sredingerove jednadine i paraksijalne talasne jednacine bila je
inspiracija za dobijanje optickih Eirijevih snopova, koji su eksperimentalno realizovani prvi put tek
2007. godine [41].

Ono zbog ¢ega su posebno zanimljivi su njihove specifi¢ne osobine: nedifragujuéi su snopovi,
kre¢u se po zakrivljenoj paraboli¢noj putanji, tj. imaju sposobnost samoubrzanja u transverzalnoj
ravni prostiranja kao i moguénost samorekonstrukcije ukoliko naidu na prepreku. Otkri¢e optic¢kih
Eirijevih snopova otvorilo je Siroko polje istrazivanja njihovih potencijalnih primena u razli¢itim
oblastima fizike, teoretski i eksperimentalno [29-31], pocevsi od mikromanipulacije Cesticama i
¢elijama, kao opticki rasprsivaci [32], laserske mikroobrade materijala [33], opti¢kih rutera [34],
autofokusirajucih snopova [35], pa do ultrabrzih samoubrzavajuéih impulsa [36].



Glavni cilj ove disertacije je izucavanje propagacije i lokalizacije dvodimenzionalnih
Eirijevih snopova u fotorefraktivnim sredinama, da se sagleda u kojoj meri mozemo da kontrolis§emo
prostiranje nedifragujuceg Eirijevog snopa radi potencijalne buduce primene u naprednim optickim i
informacionim tehnologijama.

Od svoje prve demonstracije, raste interesovanje za Eirijeve snopove i njihove moguce
primene. Poznato je da je kontrolisanje osobina prostiranja svetlosti samom svetlos¢u klju¢na za
realizaciju naprednih potpuno optic¢kih tehnologija. Postoji mnogo nacina koji se mogu koristiti kako
bi se one unapredile. Jedan od obecavajuéih pristupa ovom cilju koji se predlaze u ovoj disertaciji
jeste primena Eirijevih snopova i moguénost da se modulacijom transverzalnog ubrzanja Eirijevih
snopova kontroliSe prostiranje svetlosti u fotorefraktivnom materijalu. U ovom istrazivanju to je
radeno na dva nacina.

Jedan od njih se zasniva na formiranju optickih solitona [37], koji predstavljaju lokalizovane
strukture koje odrzavaju svoj oblik balansiraju¢i izmedu efekata difrakcije 1 nelinearnog
samofokusiranja. Ideja i motivacija u ovoj disertaciji je bila da se koherentnom superpozicijom vise
Eirijevih snopova moduliSu njihova transverzalna ubrzanja tako da dode do formiranja solitona ili
solitarnih struktura. U ovom delu disertacije je radeno ispitivanje i analiza linearne i nelinearne
interakcije dva i Cetiri dvodimenzionalna Eirijeva snopa u nelinearnom materijalu, kao i potencijalne
primene dobijenih efekata.

Drugi nacin je kontrolisanje prostiranja Eirijevih svetlosnih snopova pomocu fotonskih
reSetki. Poznato je da prisustvo diskretnih fotonskih struktura u fotorefraktivnom materijalu
dramati¢no menja dinamiku propagacije svetlosti [38]. Zato, jedan od obecavajucih pristupa ovom
cilju jeste moguénost modulisanja transverzalnog ubrzanja Eirijevih snopova koriste¢i fotonske
reSetke. Fotonske reSetke su jedan od nacina realizacije fotonskih kristala i predstavljaju opticke
talasovode sa periodicnom promenom indeksa prelamanja sredine u kojima se fotoni ponasaju poput
elektrona u poluprovodniku. Zbog svojih osobina pogodan su opticki sistem za manipulaciju i
kontrolu prostiranja svetlosti. Fotonske reSetke se mogu kreirati modulacijom indeksa prelamanja
sredine Sto ukljucuje direktno lasersko upisivanje, opti¢ku litografiju ili tehniku buSenja. Veoma
prakticna metoda je tehnika opticke indukcije [39] u fotorefraktivnom materijalu koris¢enjem
nedifragujucih zraka, koja stvara trajne, reverzibilne fotonske strukture reprezentovane profilom
intenziteta nedifragujuceg svetlosnog polja. U drugom delu disertacije radeno je ispitivanje i analiza
dinamike prostiranja dvodimenzionalnih Eirijevih snopova u opti¢ki indukovanoj fotonskoj resetci
sa 1 bez razlicitih optickih defekata, kao 1 ispitivanje njihove postojanosti u funkciji od modulacije
indeksa prelamanja fotonske resetke.



Poglavlje 2

Nedifragujuci snopovi

U ovom poglavlju dat je pregled nau¢nog koncepta nedifragujué¢ih snopova sa posebnim
akcentom na nelinerno propagirajuce Eirijeve snopove, u oblasti kvantne mehanike gde su se
prvobitno pojavili a kasnije i u optici, gde su sa izvesnim modifikacijama idealnih Eirijevih snopova
realizovani  kvazi-nedifraguju¢i Eirijevi svetlosni snopovi. Na Kkraju su predstavljeni
dvodimenzionalni opticki Eirijevi snopovi koji predstavljaju glavni predmet istrazivanja prikazanog
u ovoj doktorskoj disertaciji.

2.1 Koncept nedifragujuéih snopova

Polazna tacka za prouCavanje "nedifragujuéih" snopova (pri ¢emu razlikujemo linearno i
nelinearno propagirajuce) je skalarna Helmholcova jednacina:

0°u 0*u 0*u w?

7+ 57 tog+tZu=0 (2.1)

Ova jednacina opisuje prostiranje monohromatskih talasa, gde je ¢ brzina talasa, @ monohromatska
ugaona frekvencija posmatranog talasa i u jedna od komponenti elektromagnetnog polja.

Prvo je opisan slucaj linearno propagirajucih nedifragujucih snopova i specifi¢na forma te
vrste svetlosnih snopova. Radi prakti¢nosti, za smer prostiranja bira se z-osa. U ovom slucaju,
linearno polarizovana svetlost duz X-smera se moze opisati postavljanjem da je u = E,.

Resenje Helmholcove jednacine je ravanski talas

u(x,y,z) = e~ tkez=tke(xcos () +ysin (¢)) 2.2)

pod uslovom da je w? = c?k? = c?k? + c?k? uslov ispunjen. Ovde, k, predstavlja aksijalnu
komponentu talasnog vektora dok k; odgovara transverzalnoj komponenti talasnog vektora.
Azimutalni ugao ¢ definiSe ugao ravanskog talasa u odnosu na z-osu. Razmatraju se superpozicije
vise ravanskih talasa od kojih svi imaju isti aksijalni talasni vektor. Ova superpozicija definise
“nedifragujuce” snopove koji se mogu opisati preko Vitakerovog integrala

21
u(x, l/), Z) = e~ ikzz f d¢g (¢)e—ikt(xcos (P)+ysin (¢)) (23)
0



gde kompleksna funkcija g(¢) definise fazu i amplitudu razli¢itih ravanskih talasa koji formiraju
odredeni “nedifragujuci” snop.

Vitakerov integral ima slede¢u interpretaciju. ‘Nedifragujué¢i” snop je odreden
superpozicijom viSestrukih ravanskih talasa ¢iji se transverzalni vektori k; nalaze na kruznici. Bilo
koja kompleksna funkcija g(¢) definise nedifragujuci snop, medutim, samo za odredene funkcije
g(@) se Vitakerov integral moze opisati analiticki.

U zavisnosti od koordinatnog sistema u kojima su opisani, postoje generalno Cetiri familije
nedifraguju¢ih snopova [42]. Prvu familiju predstavljaju snopovi opisani u Dekartovom
koordinatnom sistemu, koji se nazivaju ravni talasi. U cilindri¢cnom koordinatnom sistemu su opisani
Beselovi snopovi (Slika 2.1a), u elipti¢no-cilindricnom Matjeovi (Slika 2.1b) a u paraboli¢no-
cilindriénom koordinatnom sistemu Veberovi snopovi (Slika 2.1c¢). Pored nedifragujuceg karaktera,
ovi snopovi se odlikuju i svojom robusnosc¢u i sposobnoséu samorekonstrukcije.

max

Slika 2.1. Primeri a) Beselovog, b) Matjeovog, i ¢) Veberovog nedifragujuceg snopa [42].

2.1.1 Eirijeva funkcija i samoubrzavajucdi talasni paketi

Nelinearno propagirajué¢i “nedifragujuci” snopovi, koji se jo§ nazivaju ubrzavajuéi ili
samoubrzavajuci nedifragujuci snopovi, su takode reSenja paraksijalne Helmholcove jednacine (2.1)
koja uzimaju u obzir sporo promenljiva reSenja prostiranja u jednom pravcu. To su snopovi Koji se
prostiru duz paraboli¢ne putanje. AKO nam je z-osa pravac prostiranja onda imamo sledeci izraz

0°u  d%u ou
L 2.4
T2 + 2y7 + 2ik 5 0 (2.4)

gde k predstavlja duzinu talasnog vektora i u(x,y, z) sporo promenljivu envelopu noseceg talasa
exp (i(wt — kz)). Biraju¢i x — z ravan za ravan formiranja nelinearno ubrzavajuce paraboli¢ne
trajektorije, moze se definisati nedifragujuce reSenje integrala u formi

_ ” X 21,2 z’
u(x,y,z) = B dkyAl x_o + x§ ky — m .
ixz iz3 ( ' )

(k) I 7= W CPTEFe))




gde Ai(x) predstavlja Eirijevu funkciju, x, karakteristi¢cnu skalu duzine koja daje transverzalno
ubrzanje snopa i g(ky) koje predstavlja bilo koju kompleksnu funkciju. Ako ova funkcija ima
Dirakovu distribuciju g(k,) = 8(k, ) dobija se standardni Eirijev snop (Slika 2.2) dok se za sve

ostale varijante dobijaju daleko komplikovaniji snopovi: pri ¢emu svi ti snopovi predstavljaju
nedifragujuée snopove Koji se kre¢u paraboliénom putanjom. Integral (2.5) ima sli¢nu interpretaciju
kao Vitakerov integral. Ovde, integral unosi lateralni pomeraj definisan izrazom §, = —xgkf,. Ovaj
pomeraj, zajedno sa izrazom za relativnu fazu i amplitudu g(k,)e ™" definige iskosene Eirijeve
snopove koji imaju identi¢no ubrzanje i interferiraju na isti nacin duz paraboli¢ne putanje. Ovaj
argument je identican onom argumentu u sluc¢aju Vitakerovog integrala koji opisuje linearno
propagiraju¢e nedifragujuce snopove.

—2 -1 0 1 2 -2 =1 0 1 2

Slika 2.2 (a) Transverzalni i (b) longitudinalni popreéni presek Eirijevog snopa. [43]

2.2 ldealni Eirijev snop beskonaéne energije

Eirijeve funkcije, u obliku talasnog resenja, se prvi put pojavljuju 1979. u radu Berija i Balaza
[40], koji su pokazali da jednodimenzionalna Sredingerova jednacina (2.6), koja opisuje kretanje
slobodne ¢estice, mase m, ima nedisperzivno resenje u formi idealne Eirijeve funkcije (2.7),

h2 9%y oY
“omae = Mo (2.6)
3:2 iB3t B3t2
Y(x, t) = Ai %Gf —%)l e(W)["‘(emz)] (2.7)

gde je x — prostorna koordinata, t - vreme, m — masa slobodne Cestice, A - redukovana Plankova
konstanta, Ai— Eirijeva funkcija, B — konstanta vec¢a od nule. Takvo resenje predstavljalo je talasni
paket koji ima osobinu da ne menja svoj oblik u transverzalnoj ravni i da se krec¢e po zakrivljenoj



putanji, tj. da ubrzava. Izraz ,,samoubrzavajuci koriS¢en je iz razloga Sto takav talasni paket ima
osobinu ubrzanja bez prisustva spoljasnjeg potencijala.

Za realizaciju optickih Eirijevih snopova, istraziva¢i [41] su iskoristili korespondenciju
izmedu kvantno-mehanic¢ke Sredingerove jednacine i paraksijalne talasne jednacine koja se koristi u
optici.

Analiza pocinje od normalizovane jednodimenzionalne paraksijalne Helmholcove jednacine
koja opisuje dinamiku prostiranja envelope elektri¢nog polja ¢ (s, &) = E(s, ) optickog snopa:

dp 10%¢
4+ T _0 2.8
9t T 2552 (28)
gde s = x/x, i &€ = z/kongyx3 oznatavaju normalizovane transverzalne i longitudinalne koordinate,
ko je talasni broj u vakuumu, i x, arbitrarna skala duzine. Ova jednacina pretpostavlja da je ugao
izmedu ose prostiranja i talasnih vektora dovoljno mali da talas ne odstupa znacajno od njega.
Resenje jednacine (2.8) je nedifragujuéi Eirijev snop [40, 41]:

2 3
o(s, &) =Ai Is — %l exp (is g) exp <—i%) (2.9)

gde Ai oznacava Eirijevu funkciju [44] a ¢(s, 0) = Ai(s) envelopu elektri¢nog polja na pocéetku (&
=0). Jednacina (2.9) pokazuje da je reSenje u obliku Eirijeve funkcije bez difrakcije, i da se kod njega
javlja transverzalni pomeraj duz paraboli¢ne krive (s = £2/4) tokom prostiranja (Slika 2.3a). Idealni
Eirijev snop karakteriSe asimetri¢ni profil amplitude, formiran od znacajno intenzivnijeg glavnog
loba i oscilirajuéeg repa sastavljenog od sublobova ¢ije vrednosti amplitude opadaju veoma sporo za
negativne vrednosti s, (tj. Ai(—s) = m~Y2s™Y4sin (2/35%/2 + m/4) za's —>+wo) [44].
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Slika 2.3 Dinamika propagacije Eirijevog snopa. Prostorna evolucija intenziteta Eirijevog snopa
(a) beskonacéne energije, i (b) konacne energije. Crvenom bojom je prikazan odgovarajuci profil
intenziteta na ulazu. [53]

Za pozitivne vrednosti s, Eirijevo reSenje opada eksponencijalno. Interpretacija procesa
nelinearnog ili ubrzanog prostiranja je objasnjena od strane D. Greenberger-a preko principa
ekvivalencije [45]. Ostala fizicka objaSnjenja se odnose na poreklo zakrivljenog prostiranja kao
posledice interferencije pravolinijskih parcijalnih zraka u kausti¢énu povrsinu [46-50]. Osobina
prostiranja bez difrakcije je esencijalno povezana sa ¢injenicom da ovakav profil snopa (Slika 2.3a)



poseduje beskona¢nu energiju. Zapravo, Eirijev snop nije kvadratno integrabilan ( fj;o |Ai(s)|?ds —

+00 ), 1 kao posledica toga ne moze mu se definisati centar mase. Ovo znaci da se samoubrzanje ne
suprotstavlja Erenfestovoj teoremi [51], koja opisuje kretanje centra mase. U praksi, “idealni” Eirijev
snop je nemoguce eksperimentalno realizovati, posto bi to zahtevalo neograni¢enu koli¢inu energije.
Eirijev snop je ipak moguce sintetizovati pomocu koris¢enja funkcije koja bi predstavljala neki vid
aperture i tako omogucila realizaciju Eirijevog snopa konac¢ne energije (Slika 2.3b) [24-25,52].

2.3 Opticki Eirijev snop konacne energije

Kao s$to je ve¢ pomenuto, jedini naCin dobijanja Eirijevog snopa konacne energije je
uvodenjem funkcije eksponencijalne aperture na ulazu u sistem [41,53]:

@(s,0) = Ai (s)exp (as) (2.10)

gde a > 0 predstavlja faktor trunkacije/zarubljivanja (Slika 2.4a).
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Slika 2.4 Dinamika propagacije Eirijevog snopa kona¢ne energije. (a) Profil intenziteta snopa kao
funkcija normalizovane transverzalne koordinate s. (b) Distribucija intenziteta Eirijevog snopa
konacne energije. (c) Profili intenziteta Eirijevog snopa kao funkcija transverzalne koordinate x na
selektovanim duzinama propagacije z ((i) z = 0 cm, (ii) 31.4 cm, (iii) 62.8 cm, (iv) 94.3 cm, i (v)
125.7cm). [41]

Resenje jednacine (2.5) sa pocetnim uslovima jednacine (2.10) je sledeci izraz:

2 2 3
(s, &) = Ai ls — % + iafl exp <as — a%) exp <—i% + ia? % + is g) (2.11)

koji moze da se redukuje na idealni slucaj kada je @ = 0. Za razliku od idealnog slu¢aja, ukupna
snaga koju nosi ovaj zarubljeni Eirijev snop ima konac¢nu vrednost koja zavisi od parametra a na

slede¢i nacin:
e ’ 1 2a3
; 2dc — 2.12
f_w |Ai(s)exp (as)|“ds w— exp < 3 ) (2.12)



| pored inicijalne eksponencijalne aperture, ovakav Eirijev snop kona¢ne energije i dalje poseduje
osobine idealnog Eirijevog snopa. Nastoji da samoubrzava duz iste paraboli¢ne trajektorije sa kvazi-
nedifragujué¢im prostiranjem.

2.3.1 Dvodimenzionalni Eirijev snop kona¢ne energije

Rezultati dobijeni za jednodimenzionalne Eirijeve snopove su lako generalizovani i na dve
dimenzije. U ovom slucaju, reSenje se nalazi reSavanjem normalizovane dvodimenzionalne
paraksijalne jednacine:

0p 10%¢p 10%@
2y 28,20
0§ 20s; 20s3

0 (2.13)

gde @(sx,sy,f) predstavlja envelopu elektri¢nog polja, s, = x/wg i s, = y/wq su, respektivno,
normalizovane transverzalne koordinate (sa w, faktorom skaliranja) duz x i y pravaca, i & =
z/konyx3 oznadava normalizovanu longitudinalnu koordinatu. a, i @, su parametri trunkacije duz x
I y. Lak nadin za pronalazenje dvodimenzionalnog Eirijevog snopa se dobija proizvodom dva
jednodimenzionalna Eirijeva snopa, respektivno duz X i y pravaca na slede¢i nacin:

P (51, Sy,0) = Ai(s,)Ai(sy)exp (axs)exp (aysy) (2.14)

Pozicija [mm)]

-1 0 1-1 0 1-1 0 1
Pozicija [mm]

Slika 2.5 Dinamika propagacije dvodimenzionalnog Eirijevog snopa konacne energije. (a)
Sematski prikaz dvodimenzionalnog Eirijevog paketa. Distribucija transverzalnog intenziteta
dvodimenzionalnog Eirijev snopa konaéne energije na rastojanju od (b) z=0cm, (c) z=10cm, i
(d) z = 20 cm. Odgovarajuci teoretski prikaz za ista rastojanja, () z=0cm, (f)z=10cm,i(g) z=
20 cm. [53]

Evolucija dvodimenzionalnog Eirijevog snopa prikazana je slede¢im izrazom:

(ﬁ(sx' Sy, E) = (P(Sx, E)(p(sy' E) (2.15)
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gde @(s;,€) (i = xiliy) predstavljaju jednodimenzionalne profile elektricnog polja (2.11). Ovaj
dvodimenzionalni Eirijev snop ima asimetri¢ni profil intenziteta sastavljen od visoko-konfinirane
tacke glavnog loba u (x — y) ravni, i dva dugacka repa (Slika 2.5).

Pored ove analiticke i numericke studije, eksperimentalno je demonstrirana i prva generacija
optickih Eirijevih snopova koristeci pristup pomocu Furijeove transformacije [54], ilustrovan na Slici
2.6a. Ovaj metod se zasnivao na osobinama Furijeovog prostornog spektra Eirijevog snopa, opisanim
izrazom (2.10):

[
@(k,0) = exp (ak?)exp <§ (k3 — 3a’k — ia3)> (2.16)
Ovakav spektar poseduje amplitudu Gausovog snopa i ukljucuje i kubnu spektralnu fazu.
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Slika 2.6 Eksperimentalna demonstracija jednodimenzionalnog i dvodimenzionalnog Eirijevog
snopa. (a) Sema eksperimentalne postavke. [55] (b, ¢) Kubne fazne maske pomoc¢u kojih se
modulise Gausov snop i dobija (b) jednodimenzionalni, i (¢) dvodimenzionalni Eirijev snop. [53]

Kao rezultat, Eirijev snop se lako moze generisati fazno modulisanim Gausovim snopom sa
distribucijom kubne faze u Furijeovom prostoru (Slika 2.6b,c), i zatim proracunavanjem njegove
inverzne Furijeove transformacije. Isti princip se moze generalizovati i za dvodimenzionalne Eirijeve
snopove koji su kori$¢eni u ovoj tezi. Spektar koji odreduje envelopu polja odreden je izrazom:

®(ky, ky,0) = @(ky, 0)@(k,,0) (2.17)
Iz izraza se vidi da se dvodimenzionalni Eirijev snop takode moze generisati fazno modulisanim

Gausovim snopom sa distribucijom dvodimenzionalne kubne faze u Furijeovom prostoru (Slika
2.6C).
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Poglavlje 3

Fotonske strukture

Fotoni su odlican medijum za prenos informacija. Prednosti fotona leze u velikom kapacitetu
I brzini prenosa. Jedan od ciljeva fotonske tehnologije je postici izuzetno brzu obradu informacija i
potpuno opticko racunanje zasnovano na mikro/nano-fotonskim uredajima [56]. Kontrola i
modulacija informacija pomocu fotonskih struktura ima izuzetan fundamentalan i praktican znacaj i
zbog toga fotoniku kao granu fizike mozemo smestiti u sam centar tehnoloSke revolucije u oblasti
telekomunikacija i informacionih tehnologija.

Slika 3.1 Morfo leptir - amblem prirodne fotonike. Na slici su prikazani uvecani delovi krila sa
crno (a, b, ¢) iplavo (d, e, f) obojene povrsine sa razli¢itim uvecanjima. Slike pokazuju da su
razli¢ite boje uzrokovane razli¢itim nanostrukturama. [57]

Fotonski kristali su najstariji i najpoznatiji materijali koji se koriste za pasivnu i aktivnu
modulaciju svetlosti [58]. Od davnina su ljudska bica bila fascinirana izuzetnim opti¢kim svojstvima
koloidnih kristala. Misti¢ni opali i insekti koji pokazuju prelive boja (Slika 3.1), nerazumljivi za nase
pretke, pretvorili su se u modele za proucavanje fotonskih kristala.
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Slika 3.2 (1) Jednostavan prikaz jednodimenzionalnog (al), dvodimenzionalnog (bl) i
trodimenzionalnog (cl) fotonskog kristala. Razli¢ite boje predstavljaju materijale sa razli¢itim

dielektri¢énim konstantama. [38] (2) Primeri izrade fotonskih kristala u jednoj (a2), dve (b2) i tri (c2)
dimenzije [60].

Fotonski kristali su zapravo dielektri¢ne strukture sa periodicnom modulacijom indeksa
prelamanja 1 smatraju se optickim analogonom poluprovodnika. Dielektricne strukture koje po
dimenziji odgovaraju talasnoj duzini svetlosti rasporedene su u 1D, 2D i 3D konfiguracijama (Slika
3.2), periodi¢no razli¢itih (visokih i niskih) dielektri¢nih konstanti duz jedne, dve ili tri ose. Fotoni se
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prostiru kroz takvu strukturu ili ne, u zavisnosti od njihove talasne duzine. Talasne duZine koje se
mogu prostirati kroz odredeni fotonski kristal nazivaju se modovima, a grupa dozvoljenih modova
formirace fotonski pojas kristala (engl. band). Pojasevi talasnih duzina koje ne mogu pro¢i kroz
fotonski kristal ¢ine fotonske pojasne procepe (engl. photonic band gaps) i fizicki odgovaraju
difrakcionom piku kristala.

Analogno poluprovodni¢kim materijalima i njihovoj ulozi u kontroli kretanja elektrona,
fotonski kristali predstavljaju materijale koji su u moguénosti da kontroliSu mnoge aspekte prostiranja
elektromagnetnih talasa [59].

U jednodimenzionalnoj konfiguraciji fotonski kristali imaju ve¢ Siroku primenu u obliku
tankih filmova, nisko i visoko reflektivnih slojeva na soc¢ivima i ogledalima, kao Bragg-ove resetke,
zatim farbe i mastila promenljivih boja itd. Sto se ti¢e dvodimenzionalne konfiguracije prvi
komercijalni proizvodi bili su rupicasti fiberi specificne mikrostrukture, a u pogledu
trodimenzionalne konfiguracije jo§ uvek nema komercijalne primene upravo zbog teSkoca u
tehnologiji njihove izrade a jedna od potencijalnih primena bi bila u oblasti optickih kompjutera. Za
fotonske kristale pravljene za talasne duZine iz vidljivog dela spektra re¢ je o strukturama od par
stotina nanometara $to sa stanoviSta tehnologije izrade nije ni malo lak zadatak. U zavisnosti od
dimenzije periodi¢nosti postoje razlicite tehnike izrade fotonskih kristala [60].

3.1 Opticki indukovane fotonske reSetke

Fotonske reSetke predstavljaju jedan nacin realizacije koncepta dvodimenzionalnih fotonskih
kristala s tim §to je razlika u modulacijama indeksa prelamanja izmedu susednih dielektri¢nih slojeva
jako mala (< 0.01). Fotonske reSetke se mogu kreirati modulacijom indeksa prelamanja sredine §to
ukljucuje direktno lasersko upisivanje, opticku litografiju ili tehniku busenja.

Tehnikom opticke indukcije [39], koja ¢e biti detaljnije opisana u narednom poglavlju,
dobijaju se takozvane opticki indukovane fotonske reSetke. Ovakva vrsta fotonskih resetki
omogucava kontrolu svetlosti samom svetlo$¢u, a pored toga one poseduju znacajne prednosti u
odnosu na klasi¢ne fotonske kristale. Na primer, opti¢ki indukovane fotonske resetke, u razli¢itim
konfiguracijama 1 veli¢inama, se mogu upisati (i izbrisati) bez ikakvih teSkoca, jednostavnim
osvetljavanjem kristala belom svetlo§¢u. Zatim, mogu interagovati sa propagiraju¢im snopovima. U
njima se mogu demonstrirati mnogi fenomeni prostiranja talasa [61] ukljucujuéi fenomene fizike
¢vrstog stanja kao Sto su Blohove oscilacije, Zenerovo tunelovanje i Andersenova lokalizacija.

<

Slika 3.3 Sema realizacije fotonske resetke tehnikom opti¢ke indukcije pomoéu koncepta
nedifragujucih snopova (primer fotonske resetke koris¢ene u ovoj tezi).
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Koriste¢i nedifragujuce talase opti¢ka indukcija u fotorefraktivnom materijalu predstavlja
pogodan nacin za kreiranje nelinearnih, rekonfigurabilnih fotonskih resetki (Slika 3.3) za
fundamentalna ispitivanja propagacije talasa u periodi¢nim strukturama. Osnovna ideja je da se
modifikuje indeks prelamanja u zapreminskom nelinearnom materijalu propustanjem svetlosnog
snopa nepromenljivog intenziteta u transverzalnoj ravni propagacije. Ako je svetlosni snop periodi¢an
u prostoru, u materijalu ¢e do¢i do periodi¢ne modulacije indeksa prelamanja $to predstavlja fotonski
kristal [39].

3.2 Opticki indukovane fotonske strukture sa defektima

Fotonski kristali kao i fotorefraktivni materijali nalaze mnogobrojne primene u opti¢kim
tehnologijama, ukljucujuci lasere niskog praga [62], talasovode sa malim gubicima, [63-65] opti¢ka
kola na ¢ipu [66], opticka vlakna [67,68] itd.

Vecina ovih primena ne zahteva samo fotorefraktivni materijal, ve¢ i precizno, kontrolisano
ugradivanje unapred projektovanih defekata. Ovi defekti remete periodi¢nost kristala, stvarajuci
opticka stanja unutar inace zabranjenih frekvencija pojasnog procepa. Stoga, spajanje svetlosti sa
ovim stanjima moze biti lokalizovano unutar defektnih regiona, a projektovanjem geometrije i
pozicije defekata u fotorefraktivnom materijalu u moguénosti smo da manipuliSemo svetloscu.

Napravljeni su veliki pomaci u kontrolisanoj inkorporaciji defekata u fotonske kristale, ¢ime
je prosirena njihova funkcionalnost i odrzivost za primene zasnovane na fotonskom pojasnom
procepu. Defekti se ugraduju u fotonske kristale razli¢itim tehnikama, ukljucujuéi samoorganizaciju,
holografiju, kontrolisano graviranje i litografske procedure (Slika 3.4) [60]. Razvoj reproduktivnih
tehnika za proizvodnju visokokvalitetnih fotonskih kristala koji bi sadrzali kontrolisane defekte
otvara vrata novoj eri u kojoj ¢e se mikrofotonski uredaji kombinovati sa, ili ¢ak zameniti trenutne
mikroelektronske uredaje.

- .
. 3 -

o .’Azn‘: 5 llm

Slika 3.4 SEM fotografije razli¢itih defekata u fotonskim strukturama [60].
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Pored uticaja fotonske kvadratne reSetke, upisane u kristal SBN:Ce, na prostiranje
dvodimenzionalnog Eirijevog snopa, u ovoj disertaciji ispitivana je i dinamika prostiranja Eirijevog
snopa u sistemu sa pozitivnim i negativnim defektom u jednom kanalu reSetke. U ovoj tezi za
realizaciju optic¢ki indukovanih defekata koriS¢ena je tehnika opticke indukcije i metod
multipleksiranja [69-71]. Cela procedura bice detaljnije opisana u nastavku teksta u Poglavlju 5 gde
se opisuju eksperimentalne metode koris¢ene u ovoj disertaciji.
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Poglavlje 4

Teorijski model

U ovom poglavlju prikazan je teorijski model za opisivanje i modelovanje propagacije
dvodimenzionalnog Eirijevog snopa u nelinearnom materijalu. Teorijski model obuhvata propagaciju
vise Eirijevih snopova kroz nelinearni materijal kao i propagaciju pojedina¢nog dvodimenzionalnog
Eirijevog snopa kroz opticki indukovanu kvadratnu fotonsku reSetku u nelinearnom materijalu. Ovo
poglavlje sadrzi i objasnjenje fotorefraktivnog efekta i modulacije indeksa prelamanja u
fotorefraktivnom materijalu stroncijum barijum niobata (SBN). Nakon toga dat je detaljniji uvid u
samu tehniku opticke indukcije 1 opisan numericki model za modelovanje linearnog i nelinearnog
prostiranja Eirijevih snopova kroz SBN kristal sa i bez upisane fotonske strukture.

4.1 Osnovne jednacine prostiranja svetlosti u nelinearnom
fotorefraktivnom medijumu

Teorijsko razmatranje prostiranja svetlosnog talasa u nelinearnom fotorefraktivnom
medijumu kre¢e od Maksvelovih jednacina, osnovnih jednacina talasne optike:

V-D=p (4.1)

V-B=0 (4.2)
0B

[ —— 4.3

VXE T (4.3)
oD

=—+j 4.4

VxH 6t+] (4.4)

U nemagnetnom materijalu, elektriécno E i magnetno polje H su povezani poljem dielektricnog
pomeraja D i magnetne indukcije B na sledeci nacin:
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gde g, predstavlja dielektricnu konstantu vakuuma, permitivnost, i P indukovanu polarizaciju
materijala. Posto nas interesuju reSenja ovih jednacina za slu¢aj kada u materijalu nema slobodnih
nosilaca naelektrisanja a samim tim i struja, pretpostavicemo da su p = 0 i j = 0. Uvode¢i brzinu
svetlosti u vakuumu kao ¢ = 1/,/ug€, i kombinovanjem (4.3)-(4.6) dolazimo do opste talasne
jednacine:

1 0%E 1 0°P

VXVXE+— = — 4.7
* c? dt? €9Cc? Ot? (4.7)

U ovoj jednacini, odziv materijala na elektricno polje je povezan sa upadnim svetlosnim
talasom odredenim polarizacijom P. Za linearni dielektri¢ni materijal polarizacija se moze prikazati
slede¢im izrazom

P =¢€,xVE (4.8)

gde y@ predstavlja (linearnu) elektriénu susceptibilnost medijuma. lako se ¢esto moZe tretirati kao
skalarna konstanta u slu¢aju propagacije kroz anizotropni medijum, y* predstavlja tenzor ranga 2.
Zamenom (4.8) u (4.5) dobijamo slede¢i izraz

D =¢y(1+ xW)E = €4€eE (4.9)

sa dielektricnom permitivnosc¢u €. U slucaju da elektri¢no polje upadnog svetlosnog talasa postane
uporedivo sa poljem unutar kristala, linearna relacija (4.8) prestaje da bude validna. U tom slucaju,
polarizaciju predstavljamo razvojem u Tejlorov red

P =¢,(xYE + YPEE + yY®EEE + ---) (4.10)

gde y® sa i > 2 predstavlja nelinearnu susceptibilnost n-tog reda. Nelinearni izrazi u (4.10) dovode
do niza zanimljivih fenomena [72]. Na primer, susceptibilnost drugog reda je odgovorna za generaciju
drugog harmonika ili zbira i razlike frekvencija dok u slucaju susceptibilnosti treceg reda javljaju se
fenomeni kao §to je generacija treCeg harmonika ili opticka fazna konjugacija.

Radi pogodnosti izraz (4.10) se prikazuje kao

sa efektivnom, zavisnom od intenziteta susceptibilnoséu y.¢r(I = |E |2). Koristeé¢i ovu relaciju i
uvodeci izraz za efektivni indeks prelamanja n(I) = ,/1 + x.sr, Helmholcova jednaCina se moze
dobiti iz izraza (4.7):

n? d%E

T 0 (4.12)

—V?E +

U ovom izvodenju, koris¢ena je relacija V X V X E = V(V - E) — V2E zajedno sa ¢injenicom da je
izraz V(V - E) jako mali i moze se zanemariti [72]. U slede¢em koraku, indeks prelamanja se moze
podeliti na njegovu vrednost u odsustvu svetlosti n3 i svetloséu indukovanu promenu vrednosti
indeksa prelamanja 4n?(I):

n? =n3 + An?(I) (4.13)

Stavise, razmatra se talas linearno polarizovan u x-pravcu koji se prostire duz z-pravca, tj.
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E(r,t) = A(r)eitkzz—oD . ¢ (4.14)

sar=(xy,2) 1 k, =n,w/c. U standardnoj paraksijalnoj aproksimaciji, pretpostavlja se da
envelopa polja A(x, y, z) varira sa z na skali mnogo vecoj od talasne duzine. U ovom sluéaju, drugi
izvod po z se moze zanemariti tako da ubacivanjem izraza (4.14) u (4.12) dolazimo do
dvodimenzionalne nelinearne paraksijalne Sredingerove jednacine

'aA+ ! V2A + ks
Yoz T2k, 0 T on2

An2(DA =0 (4.15)

sa V2 = (0%/0x% + 0?/dy?). Uvodenjem bezdimenzionih varijabli x’' = x/x,, y' = y/y i z’ =
z/k,x& sa transverzalnim faktorom skaliranja x, dobija se

0A k2x2
2i 7i2A + 292
laz’ +V,"A+ 2

An%(DA =0 (4.16)

sa V2 =(0%/0x'* + 0%/0y'?).

Za modelovanje propagacije Eirijevih snopova u nelinearnom materijalu sa i bez fotonske
reSetke u ovoj disertaciji, polazi se od skalirane paraksijalne jednacine difrakcije (4.16) elektri¢nog
polja dvodimenzionalnog Eirijevog snopa A(r).

Propagaciona jednacina (4.16) se koristi i za ispitivanje interakcije superponiraniih
dvodimenzionalnih Eirijevih snopova kao i za modelovanje interakcije Eirijevog snopa sa opticki
indukovanom kvadratnom fotonskom re$etkom sa i bez defekata. Razlika je samo u ¢lanu An?(I), tj.
nelinearnoj promeni indeksa prelamanja u zavisnosti od indukovanog intenziteta I ukupnog
elektri¢nog polja.

U prvom sluéaju kada je re¢ o interakciji vise Eirijevih snopova I = |A|?, envelopa
elektricnog polja A(r) predstavlja koherentnu superpoziciju viSe snopova iste ili razliite fazne
distribucije, tj. A = ), A;e':.

Kada se modeluje interakcija Eirijjevog snopa sa kvadratnom fotonskom reSetkom [ =
|Aieee 1% + |A|?, tj. sabiraju se intenziteti Eirijevog snopa i snopa kojim se formira kvadratna resetka,
pri ¢emu se envelopa elektri€nog polja snopa kvadratne reSetke moze prikazati slede¢im izrazom

4
Alatt (X, y, Z) — Z Aneikt(xcos¢n+ysin<pn)eikzz (4_17)

n=1

sa @, = %(Zn +1) i k? = k? + k2, gde je ki — longitudinalni talasni vektor.
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4.2 Fotorefraktivni efekat

Fotorefraktivni efekat je veoma znacajan efekat u nelinearnoj optici. Efekat opisuje fenomene
povezane sa prostiranjem laserskih zraka u nelinearnim fotorefraktivnim materijalima. Uglavnom su
to transparentni i anizotropni feroelektri¢ni kristali, Cisti ili sa odredenim primesama, Cija se
energetska stanja nalaze izmedu valentne i provodne zone kristala. Primese specifi¢nih elemenata
nazivaju se akceptorima ili donorima u kristalu. Kada se kroz fotorefraktivni materijal posalje
prostorno-modulisani intenzitet elektromagnetnog polja (laserski zrak) nosioci naelektrisanja se
pobuduju fotojonizacijom i1 dolazi do njihove redistribucije pod uticajem spoljasnjeg elektricnog
polja. Neki od elektrona ili Supljina koji potic¢u od donora ili akceptora se fotojonizuju i podizu iz
valentne u provodnu zonu (Slika 4.1). U osvetljenim oblastima kristala se tada stvaraju slobodni
elektroni i Supljiine, a naelektrisanja koja su presla u provodnu zonu se onda krecu pod uticajem
difuzije ili drifta.

< E,
I
_>I
hy
POO0OPOPOO®OOO

© © 0O ©

valentna zona

+ 4+ + + + - -
++ ++ +
E.

+ 4+ ++ + s¢ - - - - -

Slika 4.1 Sematska ilustracija transporta naelektrisanja u fotorefraktivnom kristalu.

Prilikom difuzije, naelektrisanja se rekombinuju sa suprotnim nosiocem naelektrisanja
(donorima ili akceptorima). Tokom procesa rekombinacije stvara se statiCko polje prostornog
naelektrisanja Esc koje modulise indeks prelamanja materijala pomocu linearnog elektro-optickog
efekta (Pokelsovog efekta). Ja¢ina modulacije indeksa prelamanja zavisi od intenziteta osvetljenja
upadne svetlosti i intrinzi¢nih parametara kristala.

Drugi mehanizam za modulaciju indeksa je drift. Nasuprot difuziji, drift se javlja samo ako
se na kristal primeni spoljasnje elektricno polje. Pobudeni elektroni i Supljine se ubrzavaju
spoljasnjim poljem 1 kre¢u, sve dok sila stvorena spoljaSnjim poljem ne bude kompenzovana
unutrasnjim poljem, koje je stvoreno rezultuju¢om nehomogenom raspodelom naelektrisanja.
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Fotorefraktivni efekat koji opisuje lokalnu promenu indeksa prelamanja u materijalu koja
nastaje kao rezultat opticki indukovane redistribucije nosilaca naelektrisanja je efekat visoke
osetljivosti. Moze se uoditi pri niskim intenzitetima svetlosti a zavisi od viSe faktora kao $to su
intenzitet svetlosti, pokretljivost naelektrisanja dopiranog elementa kao i intenziteta spoljasnjeg polja
primenjenog na kristal. Modulacija indeksa prelamanja je obi¢no veoma postojana u mraku. Takode,
moze Se izbrisati homogenim osvetljenjem poput LED svetla ili visoke temperature, bez oStecenja
kristala.

Fotorefraktivni efekat je prvi put posmatran 1966. u vidu distorzije talasnog fronta
koherentnog svetlosnog snopa koji se prostirao kroz kristal Litijum Niobata (LiNbO3) [73]. Od tada,
ovaj efekat je posmatran i u mnogim drugim materijalima kao $§to su Barijum Titanat (BaTiO3),
Litijum Tantalat (LiTaOs), Potasium Niobat (KNbOs3), i Stroncijum Barijum Niobat (SBN) koji je
izabran kao fotorefraktivni materijal u istrazivanju prikazanom u ovoj tezi.

4.2.1 Linearni elektro-opticki efekat

U elektro-optickim kristalima, prisustvo stacionarnog elektri¢cnog polja uti¢e na promenu
dielektriéne permitivnosti € §to je ekvivalentno promeni dimenzije i pravca opticke indikatrise [74].
U fotorefraktivnim materijalima, ova promena zavisi linearno od jacine indukovanog polja
prostornog naelektrisanja pa je zato opisana linearnim elektro-optickim efektom (Pokelsovim
efektom). Matematicki ovaj efekat se opisuje kao promena tenzora impermeabilnosti

1
an;; =4 (ﬁ) = Z TijkEx (4.18)
k

Konstante 7;;; su elementi elektroopti¢kog tenzora a Ej predstavlja k-tu komponentu ukupnog
elektricnog polja E = E,+ E,. koje predstavlja sumu eksterno primenjenog stacionarnog
elektricnog polja E, i polje prostorog naelektrisanja Eg. generisano unutar kristala. Odgovarajuca
promena dielektri¢ne permitivnosti opisana je izrazom

Aeyj = —€qnin} An; (4.19)

U ovoj tezi, svi eksperimenti su radeni u kristalu Stroncijum Barijum Niobata dopiranom Cerijumom
(SBN:Ce) (Slika 4.2).

SBN kristal (SbxBai-xNb20s, 0,25 < x < 0,75) ¢ist, kao i dopiran razli¢itim elementima (Ce,
Cr, Co, Fe) je odlican opticki i fotorefraktivni materijal koji se ¢esto koristi u elektro-optici, akusto-
optici ili fotorefraktivnoj nelinearnoj optici. Dopiranjem SBN kristala otkriveno je primetno
poboljsanje njegovih fotorefraktivnih svojstava [75]. Mogucnost indukovanja reverzibilne
modulacije indeksa prelamanja nehomogenim osvetljenjem (fotorefraktivnim efektom) je najvaznija
karakteristika SBN kristala. Takav kristal poseduje ogromnu fleksibilnost, jer se upisane strukture
lako mogu izbrisati homogenom belom svetlos¢u. SBN kristal je kristal sa dvojnim prelamanjem,
uniaksijalni i anizotropni materijal sa tetragonalnom kristalografskom strukturom (simetrijska grupa
4mm). Za SBN kristal dominantan efekat koji dovodi do modulacije indeksa prelamanja je linearni
elektro-opticki efekat, gde je modulacija indeksa prelamanja povezana sa linearnim elektro-optickim
koeficijentima.

U skracenoj notaciji, elektroopticki koeficijenti za ovu odredenu klasu simetrije se mogu
prikazati izrazom
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Za SBN kristale vazi relacija r33 > 143,74, koja nam govori da se svetlos¢u indukovane promene
dielektricne permitivnosti € mogu opisati efektivnim elektrooptickim koeficijentom repfr = 133 =

r333. AKO je upadna svetlost polarizovana kao neredovan zrak u odnosu na c-osu kristala, efektivna
promena indeksa prelamanja je odredena slede¢im izrazom

An* = —ngr.eE - e, (4.21)

gde e, predstavlja jedini¢ni vektor duz pravca c-0se kristala.

probni snop .

”

p c-osa z
g >
/ SBN kristal
¥

Slika 4.2 Prikaz geometrije SBN kristala i orijentacije osa

U ovoj disertaciji za eksperimentalnu realizaciju kao i u numeri¢kim simulacijama kori§¢en
je SBN (Sbo.sBao.sNb2Og) kristal dopiran cerijumom (2%o CeO>), tipiénih geometrijskih dimenzija 5
x 5 x 20 mm?®. Takav kristal karakteri$u neperturbovani indeksi prelamanja no = 2,358 i ne = 2,325 sa
odgovarajuc¢im elektro-optickim koeficijentima riz = 47,1 pm/V i rs3 = 237,0 pm/V za redovan i
neredovan zrak [76].
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4.3 Tehnika opticke indukcije u fotorefraktivnom SBN kristalu

Kao §to je ve¢ pomenuto, opticka indukcija u fotorefraktivnom medijumu predstavlja idealan
alat za kreiranje nelinearnih, rekonfigurabilnih fotonskih reSetki za fundamentalna istrazivanja
prostiranja talasa u periodi¢nim strukturama [39].

Koriste¢i koncept nedifragujucih talasa, ovom tehnikom se realizuju fotonske strukture unutar
fotorefraktivnog medijuma. Tehnika se bazira na fotorefraktivnom efektu. Unutar fotorefraktivnog
kristala, kao S$to je stroncijum barijum niobat dopiran cerijumom, SBN:Ce, redistribucija
naelektrisanja rezultuje formiranjem reverzibilnog makroskopskog polja prostornog naelektrisanja
koje modulise indeks prelamanja pomocu elektrooptickog Pokelsovog efekta.

Kako je re¢c o SBN:Ce kristalu, materijalu sa velikom fotorefraktivnom nelinearnos¢u
(odnosno izrazenoj polarizacionoj anizotropiji), sledi da se svetlos¢u indukovane promene mogu
opisati efektivnim elektroopti¢kim koeficijentom 7. = 735 | zavise od polarizacije upadne svetlosti

[31]

Ako je upadna svetlost neredovan zrak (linearno polarizovani snop koji se kreée paralelno sa
c-osom kristala sa pravcem prostiranja elektricnog polja paralelnim u odnosu na c-osu Kkristala) u
odnosu na opticku c-osu kristala, efektivna promena indeksa prelamanja je odredena izrazom (4.21).
Kako An? zavisi od 1, £ E, vazno je znati kako izgleda polje prostornog naelektrisanja generisano
upadnom svetloscu.

Da bi u materijalu sa nelinearnom promenom indeksa prelamanja (duz pravca neredovnog
zraka u odnosu na opti¢ku c-osu Kkristala) upisali fotonsku strukturu koja odgovara obliku upadnog
indukcionog nedifragujuc¢eg snopa neophodno je da se upadni snop prostire kao redovan zrak
(linearno polarizovan zrak koji se kreCe paralelno duz c-ose kristala sa pravcem prostiranja
elektri¢nog polja normalnim u odnosu na opticku c-osu kristala) kako ne bi doslo do promene
geometrije reSetke usled nelinearnih efekata. Dakle, takav upadni snop ¢e se prostirati u linearnom
rezimu. Ako se intenzitet upadnog snopa dovoljno poveca dolazi do nelinearne propagacije kroz
periodi¢nu strukturu. Dakle, u zavisnosti od intenziteta probnog snopa, moguce je proucavati i
linearne i nelinearne efekte propagacije.

U drugoj fazi istraZivanja opticki je indukovana dvodimenzionalna kvadratna fotonska reSetka
u SBN:Ce kristalu radi ispitivanja dinamike prostiranja dvodimenzionalnog Eirijevog snopa. Za
generisanje dvodimenzionalne fotonske reSetke potrebno je da imamo distribuciju intenziteta
indukcionog snopa koja je nepromenljiva u transverzalnoj ravni propagacije. Jasno je da snop mora
pripadati klasi nedifraguju¢ih snopova. Kao §to je prethodno opisano u Poglavlju 2, nedifragujuci
snopovi predstavljaju skalarno reSenje vremenski nepromenljive Helmholcove jednacine 1 dele
osobinu da u Furijeovom prostoru transverzalni vektori, ky i Ky leze na kruznici radijusa ki i odreduju
dimenzije strukture u realnom prostoru kao i period resetke (Slika 4.3) [78]. Nedifragujuci snop kojim
je indukovana kvadratna fotonska resetka formiran je superpozicijom Cetiri ravanska talasa.
Elektri¢no polje takvog indukcionog snopa opisano je izrazom (4.17) sa ¢, = %(Zn +1)ik?=

k? + k2, gde je ki — longitudinalni talasni vektor.
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Slika 4.3. (a) Ilustracija talasnog polja nedifragujuc¢eg snopa kvadratne reSetke u Furijeovom
prostoru; (b) Transverzalna distribucija faze nedifragujué¢eg snopa kvadratne resetke - oblik snopa
za upisivanje resetke [78].

4.4 Numericki metod za reSavanje propagacione jednacine

Generalno, propagaciona jednacina (4.16) kao nelinearna parcijalna diferencijalna jednacina
ne dozvoljava analiti¢ka reSenja i mora se resiti numericki. Pored razli¢itih pristupa resavanju ovog
tipa jednacina, numericki propagacioni metod podeljenih koraka (SSFM — Split Step Fourier Method)
se pokazao dosta brzim i pouzdanim [79].

Prikaz jedne iteracije

L h ]
M .
1 1
1 1
1 3 .8
A 0) . §m : ?m
r 2. =, .
(L : S A(r ., jh)
’ ] Eﬁ'§ 1 E"§ ﬁ
1 )%.v\. 1 )g-k
' SRS R
1 e T T N
- -
: S
1 1
1 1
------------------ : R
z= = z=(j-1)h 1 z=jh z

Proracun uticaja
nelinearnosii

Slika 4.4. Prikaz Seme prorac¢unavanja jednog koraka pomocu simetricnog Furijeovog metoda
podeljenih koraka.
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U ovom pristupu, aproksimativno reSenje jednacine (4.16) se dobija pod pretpostavkom da se
difrakcija i nelinearni efekti mogu tretirati nezavisno za malo rastojanja propagacije h. Pod ovom
pretpostavkom, propagacija od z do z + h se ra¢una u dva alternativna koraka gde se bilo difrakcioni
efekti uzimaju u obzir a nelinearni zanemaruju i obrnuto (zbog ¢ega i nosi naziv da je metod
podeljenih koraka). Da bi razumeli osnovnu proceduru, zgodno je napisati propagacionu jednacinu
(4.16) u sledecoj formi

0A

—=(D+N)A 441
0z ( ) ( )
sa dva operatora D = iVZ/2 i N = ikZx%2An?(I)/2 koji se odnose na difrakciju i nelinearnost,
respektivno. Formalno resenje ove jednacine je za propagaciju od z do z + h dato je izrazom

ACxy,z +h) = el @Ml y, 2) (4.42)

Na osnovu ovog izraza, numeri¢ki model se izvodi primenom dobro poznate Baker—Hausdorff
fomule [80]

1
ehD ghN — h(D+N)+5h? (D N]+-- (4.43)

gde [D,N] = DN — ND. Usled nekomutativne prirode operatora D i N, proracun difrakcionih i
nelinearnih efekata u dva koraka, tj. zamena e"P+N) sa e"P eV rezyltuje lokalnom precizno$éu od
0 (h?) koja se pokazala sasvim dovoljnom u veéini sluéajeva. Ukoliko je potrebno, preciznost se
moze unaprediti ukljucujuéi izraze visih redova [79].

Difrakcija se dobija koriste¢i pseudospektralni metod ukljuc¢ujuéi Furijeov transform
envelope na duzini propagacije Z da bi se obezbedio proradun diferencijalnih operatora V2 —
—(k,zc + k§) Nakon toga inverzni Furijeov transform nam daje envelopu difraktovanog polja na
propagacionoj udaljenosti od z + h. Odgovarajuca nelinearna korekcija se naknadno primenjuje u
realnom prostoru tako da se proracun propagacije moze sumirati na sledeci nacin

A(x,y,z + h) = e!Exan* (Oh/ 2 —1[o~UHKIN2F [ A (x, y, 2)]] (4.44)
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Poglavlje 5

Eksperimentalne metode za ispitivanje
dinamike prostiranja Eirijevih snopova u
fotorefraktivnim sredinama

U ovom poglavlju prikazane su eksperimentalne metode za ispitivanje dinamike prostiranja
Eirijevog snopa u fotorefraktivnim sredinama. Poglavlje je podeljeno na dva dela. Prvi deo se odnosi
na eksperimentalne metode koriS¢ene za ispitivanje linearne i nelinearne interakcije vise
superponiranih dvodimenzionalnih Eirijevih snopova u fotorefraktivnom SBN kristalu. Opisana je
koriS¢ena eksperimentalna postavka kao i detalji i relevantni parametri vezani za eksperiment, kao
§to je veli¢ina snopa, polozaj Eirijevih snopova u simetricnim konfiguracijama, njihova fazna
distribucija kao i ostali detalji eksperimenta. Drugi deo se odnosi na eksperimentalne metode
koriS¢ene za ispitivanje dinamike prostiranja pojedina¢nog dvodimenzionalnog Eirijevog snopa kroz
opti¢ki indukovanu fotonsku resetku sa i bez defekata. Pored esperimentalne postavke i relevantnih
parametara opisan je 1 metod multipleksiranja koji je koriS€en za generisanje optickih defekata.

5.1 Interakcija dvodimenzionalnih Eirijevih snopova u
fotorefraktivnom Kristalu

Za ispitivanje linearne i nelinearne interakcije dva i Cetiri Eirijeva snopa kori§¢ena je postavka
eksperimenta sa Slike 5.1.

Kao svetlosni izvor koris¢en je frekvencijski-udvojen Nd:YVOs (neodimijum itrijum
vanadat) laser koji daje kontinualnu svetlost talasne duzine A = 532nm. Laserski snop se prosiri i
kolimiSe tako da na prostorni modulator svetlosti (SLM) pada kao ravanski talas. SLM (Holoeye
Pluto VIS) je programabilni reflektivni fazni modulator svetlosti visoke HD rezolucije (displeja od
1920%1080 px?), sa veli¢inom piksela od 8 x 8 um? i dimenzija 11.25 x 8.64 mm?2.

Pomoc¢u modulatora svetlosti se modulise i amplituda i faza snopa [80]. Pri refleksiji dolazi
do prostorne fazne modulacije Gausovog snopa koja u kombinaciji sa dva sociva i Furijevom maskom
(koja se postavlja u difrakcionu ravan i sluzi da snop koji je formiran posle difrakcije sa SLM ocisti
od svih parazitnih difrakcionih redova ostavljajué¢i samo nulti difrakcioni red koji je najjaceg
intenziteta) dovodi do Zeljenog kompleksnog svetlosnog polja na ulazu u nelinearni fotorefraktivni
medijum. Na ovaj nacin, realizuju se razliCita kompleksna svetlosna polja formirana kao
superpozicija dva i etiri dvodimenzionalna Eirijeva snopa iste ili razli¢ite fazne distribucije.
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Za sve konfiguracije enkodira se ukupna fazna slika i Salje na modulator svetlosti. Na kristal
se primenjuje spoljasnje elektriéno polje Eex=1000V/cm™, a snop iz lasera se polarizuje tako da se
prostire kao neredovan zrak (linearno polarizovani snop koji se krece paralelno sa c-osom Kristala sa
pravcem prostiranja elektricnog polja paralelnim u odnosu na c-osu kristala), tj. duz efektivnog
elektro-optickog koeficijenta kristala kako bi se u kristalu obezbedila dovoljno velika nelinearnost.

Iza SBN kristala nalazi se mikroskopski objektiv (MO) i kamera, koji nam sluze za dobijanje
slike intenziteta na izlazu iz kristala. Kamera se moze pomerati u z-pravcu. Kako je indeks prelamanja
u kristalu prostorno modulisan, u eksperimentu se ne moze snimiti distribucija intenziteta kroz kristal
ve¢ samo na izlazu iz kristala. Numericke simulacije se upravo koriste da bi moglo da se predvidi
odredeni efekat u kristalu i da onda na osnovu poredenja slika na izlazu iz kristala iz numerike i
eksperimenta mozemo da znamo da li je doslo do potvrdivanja zeljenog efekta prethodno dobijenog
u numerickoj simulaciji. Kada se dobije dobro slaganje slika dobijenih na izlazu iz kristala izmedu
eksperimenta 1 numerike, moze se iskoristiti numericka simulacija za prikazivanje distribucije
intenziteta kroz kristal.

Nd:YVO,
532 nm

|

pomeranje po z-0si

R
£
3

SLM BS L FM L SBN MO

Slika 5.1 Eksperimentalna postavka za ispitivanje interakcije vise dvodimenzionalnih Eirijevih
snopova u SBN kristalu. BS: delitelj snopa; FM: Furijeova maska; L: so¢iva; MO: mikroskopski
objektiv; SBN: kristal Stroncijum Barijum Niobata; SLM: prostorni modulatori svetlosti; Cam:
kamera.

5.1.1 Linearna interakcija vise Eirijevih snopova

Karakteristike propagacije samog Eirijevog snopa su bile predmet mnogih eksperimentalnih
1 numerickih studija poslednjih godina, uzimaju¢i u obzir linearne 1 nelinearne efekte, ili propagaciju
u nehomogenom ili periodi¢no strukturisanom medijumu. Kao §to je dobro poznato, za linearnu
propagaciju u homogenom okruzenju Eirijevi snopovi prate parabolicnu trajektoriju tokom
propagacije. Ovo ponasSanje se jasno moze videti iz eksperimentalno snimljenog profila intenziteta
jednog Eirijevog snopa (Slika 5.2a-c) realizovanog prikazanom eksperimentalnom postavkom (Slika
5.1).
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Slika 5.2 Linearna propagacija jednog dvodimenzionalnog Eirijevog snopa kroz homogeni kristal.
(a) Distribucija intenziteta na ulazu u kristal; (b) Popre¢ni presek prostiranja snopa kroz kristal; (C)
Distribucija intenziteta na izlazu iz kristala.

Da bi se sistematski ispitivala propagacija i interakcija vise dvodimenzionalnih Eirijevih
snopova, pocinje Se uzimajuéi u obzir najfundamentalniji slucaj dva kopropagirajuca Eirijeva snopa
u linearnom rezimu. Snopovi su koherentno superponirani sa inicijalnim rastojanjem od d=50um i
rotirani za 180°, da bi se njihove paraboli¢ne trajektorije ukrstile tokom propagacije (Slika 5.3).
Longitudinalna pozicija tacke ukrstanja strogo zavisi od krivine Eirijevog snopa koja je odredena
njegovom veli¢inom, ali takode zavisi i od inicijalne separacije. Nastoji se da se posmatra ovo
ukrstanje unutar zapremine 20mm dugog SBN kristala. 1z tog razloga, podesava se veli¢ina Eirijevog
snopa, merena kao rastojanje izmedu glavnog loba i njegovog susednog, na s=25um.

7.~
\vgd
>
-
X
RS
\ )
L e}
-
N :\"'.
A
A
Fe
(AN
S

st

SIS0
T
g
L
s
A,
4 1)
\
| -
N
N
NSRS 3 A
R At s
by il q{?)

A
o
b )
- T
R
'/‘
A
7 NN
A 2 S
Yo . ol
- ok
AVEN
Y
24
g

ﬂ‘*
e
>
A
-
Rk
K|
Gy

“\:‘\\' o,
:Jt;"-‘"‘ s
.“’: :
¥ 5‘

:? \
)
\\

FRy - et ‘-" J (L ; ';'.:».f’rx-- =83l
2 .-5&%{‘“-” ,,,t(\x, . ;:;{ "7 L‘s’{?{\‘\?‘f’f / % ;m\\ o 4 ,.j; 77
:;:'Lhé‘{ I::"‘ ;"" ;.. ‘\\\ "%3" {z \0“’.’..‘0" k/' b\ _\k‘v‘fr‘n",')//,
Slika 5.3 Superpozicija dva dvodlmenzmnalna Eirijeva snopa sa |n|cualn|m rastojanjem od
d=50um. (a, b) Pojedinac¢ni Eirijevi snopovi zarotirani za 180° stepeni (intenzitet (al, bl) i faza
(a2, b2)); (c) Superpozicija dva Eirijeva snopa u fazi (intenzitet (cl) i faza (c2)); (d) Superpozicija
dva Eirijeva snopa sa  faznom razlikom (intenzitet (d1) i faza (d2)).

Posle konfiguracije od dva kopropagirajuc¢a Eirijeva snopa u linearnom rezimu prelazi se na
prvi slede¢i sloZeniji simetri¢ni slucaj, kopropagaciju Cetiri dvodimenzionalna Eirijeva snopa.
Snopovi su takode koherentno superponirani sa inicijalnim rastojanjem od d=~50pm i rotirani za 90°,
da bi se njihove paraboli¢ne trajektorije ukrstile tokom propagacije (Slika 5.4). Longitudinalna
pozicija tacke ukrStanja i u ovom slucaju strogo zavisi od krivine Eirijevog snopa koja je odredena
njegovom veli¢inom, ali takode zavisi i od inicijalne separacije. Nastoji se da se posmatra ovo
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ukrStanje unutar zapremine 20mm dugog SBN kristala. 1z tog razloga, podesava se i ovde veli¢ina
Eirijevog snopa, merena kao rastojanje izmedu glavnog loba i njegovog susednog, na s=25um.

Slika 5.4 Superpozicija Cetiri dvodimenzionalna Eirijeva snopa sa inicijalnim rastojanjem od
d=50um. (a) Intenzitet pojedinac¢nih Eirijevih snopova zarotiranih za 90° stepeni; (b) Superpozicija
Cetiri Eirijeva snopa u fazi (intenzitet (b1) i faza (b2)); (c) Superpozicija Cetiri Eirijeva snopa sa
faznom razlikom (intenzitet (c1) i faza (c2)).

5.1.2 Nelinearna interakcija vise Eirijevih snopova

U narednom delu, ispitivace se i analizirati nelinearna propagacija i interakcija vise Eirijevih
snopova u fotorefraktivnom SBN kristalu.

Ispitivanje nelinearne interakcije pocinje sa fundamentalnom konfiguracijom dva razmestena
Eirijeva snopa (Slika 5.3). Korisc¢eni su isti parametri snopa opisani za linearni slu¢aj. Na ulazu, dva
snopa su razdvojena za d~50um i orijentisana tako da ubrzavaju jedan ka drugom. Na taj nacin,
trajektorije Eirijevih snopova ¢e se ukrstiti i snopovi ¢e imati jaku interakciju. Nasuprot linearnom
eksperimentu, sada se povecava snaga snopa, kao i vreme upisivanja radi dobijanja dovoljno velike
nelinearnosti. Da bi se posmatrala zavisnost intenziteta od dinamike propagacije podesene su Cetiri
razli¢ite snage za probni snop: Pin ~ {237, 475, 950, 1.425}nW i izveden je eksperiment za svaku
vrednost, pri ¢emu Su svi ostali parametri ostali nepromenjeni, kao §to je jacina eksterno primenjenog
stacionarnog polja, vreme indukcije, i iluminacija pozadine.

Posle ispitivanja nelinearnih procesa za osnovni slucaj dva interagujuca Eirijeva snopa, sada
se uzima malo komplikovanija konfiguracija, slu¢aj gde se sintetizuju &etiri snopa. Cetiri Eirijeva
snopa se kombinuju na isti nacin kao i u slucaju propagacije Cetiri snopa u linearnom rezimu (Slika
5.4). U osnovi, Cetiri snopa dozvoljavaju vise od dve fazne konfiguracije, ali se uprkos tome ovde
ograni¢ava na dva slucaja: bilo da su svi snopovi u fazi, bilo da su © fazno pomereni u odnosu na
susedni snop. Da bi se posmatrala zavisnost intenziteta od dinamike propagacije podesene su tri
razliCite snage za probni snop: Pin= {0.5, 1.0, 3.0}uW i izveden je eksperiment za svaku vrednost,
pri ¢emu su svi ostali parametri ostali nepromenjeni, kao Sto je jacina eksterno primenjenog
stacionarnog polja, vreme indukcije, i iluminacija pozadine.
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5.2 Dinamika prostiranja Eirijevog snopa kroz opti¢ki indukovanu
fotonsku reSetku

Za ispitivanje dinamike prostiranja pojedina¢nog dvodimenzionalnog Eirijevog snopa u

SBN:Ce kristalu sa opticki indukovanom kvadratnom fotonskom reSetkom koriS¢ena je
eksperimentalna postavka prikazana na Slici 5.5.

Nd:YVO, PBS

532 nm I MO L BS

MO
SLM; —e
L
pomeranje po Z—osi muimn - FM
R :
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Slika 5.5 Eksperimentalna postavka za realizaciju interakcije dvodimenzionalnog Eirijevog snopa
i fotonske kvadratne resetke. (P)BS: (polarizujuéi) delitelj snopa; FM: Furijeova maska; L: soCiva;
MO: mikroskopski objektiv; SBN: kristal Stroncijum Barijum Niobata; SLMi1, SLMz2: prostorni
modulatori svetlosti; Cam: kamera.

Laserski snop iz Nd:YVOg lasera, talasne duzine 532nm, deli se na dva snopa. Jedan snop
sluzi za formiranje snopa kvadratne resetke, pomocu prostornog modulatora svetlosti SLMj.
Modulator (SLM1), u kombinaciji sa so¢ivima i Furijeovom maskom se koristi za oblikovanje
nedifragujuéeg snopa za indukovanje kvadratne resetke (Slika 5.6d) tako §to se prora¢unatom faznom
slikom moduliSe faza i amplituda Gausovog snopa 1 na taj nacin dobija kompleksno opticko polje
nedifragujuceg snopa kvadratne reSetke [82]. Nakon toga ovaj modulisani snop pada na polarizujuci
delitelj snopa i kao redovan zrak (linearno polarizovan zrak koji se krece paralelno duz c-ose kristala
sa pravcem prostiranja elektri¢nog polja normalnim u odnosu na opticku c-osu kristala) pada na 20
mm dug nelinearni kristal, SBN:Ce, na koji deluje spoljasnje elektri¢no polje jacine Eext=2000V/cm
duz opticke c-ose. Dakle, takav upadni snop ¢e se prostirati u linearnom rezimu i doci ¢e do kvazi-
linearnog upisivanja resetke.

Drugi snop koji dolazi na modulator SLM; se koristi za generisanje dvodimenzionalnog
Eirijevog snopa (Slika 5.6a) tako $to se na SLM2 Salje proracunata fazna slika kompleksnog optickog
polja, pa Gausov snop posle difrakcije sa SLM: nastavlja prostiranje modulisan u formi
dvodimenzionalnog Eirijevog snopa. Posle prolaska kroz Furijeovu masku izdvaja se nulti difrakcioni
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red snopa koji dalje pada na polarizacioni delitelj snopa i kao neredovan zrak u odnosu na c-osu
kristala pada na nelinearni SBN:Ce kristal.

Slika 5.6d pokazuje snimljenu distribuciju intenziteta eksperimentalno realizovanog
nedifragujuceg snopa koji se koristi za opticku indukciju dvodimenzionalne kvadratne reSetke. Period
reSetke A = m / ki ® 25um je odabran tako da se direktno poklapa sa veli¢inom Eirijevog snopa
(rastojanje izmedu glavnog i njemu susednog loba Eirijevog snopa). Da bi se realizovale resetke
razli¢ite jacine An, koriS¢ena je Cinjenica da opticki indukovana modulacija indeksa prelamanja u
SBN:Ce kristalu raste ako se poveca vreme iluminacije kristala. Osvetljavanjem kristala intenzitetom
snopa reSetke za razliCita vremena trajanja iluminacije dobijene su fotonske resetke razliCite jacine.
Da bi se verifikovalo da je u kristal upisana odgovarajuca reSetka kristal se osvetljava ravanskim
talasom. Prvobitno homogeni intenzitet ravanskog talasa se redistribuira upisanom prostornom
modulacijom indeksa prelamanja (opticki indukovanom reSetkom) u materijalu koji se zatim
lokalizuje u delovima kristala sa ve¢im indeksom prelamanja (Slika 5.6¢).
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Slika 5.6 Eksperimentalna realizacija interakcije dvodimenzionalnog Eirijevog snopa i fotonske
kvadratne reSetke. (@) Distribucija intenziteta Eirijevog snopa na ulazu u kristal; (b)
Eksperimentalno snimljen profil snopa tokom propagacije kroz kristal; (c) Distribucija intenziteta
Eirijevog snopa na izlasku iz kristala; (d) Intenzitet snopa resetke; (e) Slika indukovanog indeksa
prelamanja u kristalu dobijena kada se kroz upisanu reSetku propusti svetlosni snop.

Da bi dva snopa u kristalu bila precizno preklopljena, delitelj snopa se postavlja direktno
ispred kristala. Ozra¢avanjem kristala homogeno belom svetlos¢u, moguce je izbrisati indukovanu
modulaciju indeksa prelamanja u celoj zapremini kristala. Pomo¢u kamere montirane na
translacionom postolju snimana je distribucija intenziteta Eirijevog snopa u transverzalnoj ravni na
izlasku iz kristala.
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5.3 Dinamika prostiranja Eirijevog snopa u fotonskoj resetci sa
razli¢itim defektima

Pored uticaja fotonske kvadratne reSetke, upisane u kristal SBN:Ce, na prostiranje
dvodimenzionalnog Eirijevog snopa, ispitivana je i dinamika snopa u sistemu sa pozitivnim i
negativnim defektom u jednom kanalu resetke. Za realizaciju defekata u ovom slu¢aju koriscen je
metod multipleksiranja [69-71] Beselovog snopa nultog reda i snopa za formiranje kvadratne resetke,
za lokalizovano povecavanje ili smanjivanje modulacije indeksa prelamanja u jednom kanalu resetke.

Princip je sledeci: nekoherentnom superpozicijom osvetljava se kristal naizmeni¢no
diskretnim (Slika 5.7a) i Beselovim nedifraguju¢im snopom (Slika 5.7b). Nekoherencija je
neophodna radi izbegavanja nezeljenih modulacija intenziteta koji bi nastali usled koherentne
superpozicije. Kod SBN:Ce kristala primenjuje se spoljasnje elektrostati¢ko polje duz opticke c-ose
kojim se utice na jacinu elektrooptickog efekta, odnosno povecanje/smanjenje efektivne modulacije
indeksa prelamanja u materijalu. Za razliku od modulacije Beselovim snopom koja je lokalna,
modulacija elektricnim poljem je opsta za celu reSetku. U slucaju pozitivnog defekta primenjuje se
spoljasnje elektrostati¢ko polje orijentacije paralelne u odnosu na c-osu kristala i multipleksiranjem
snopa kvadratne reSetke i Beselovog snopa postize se fokusirajuc¢a nelinearnost/modulacija indeksa
prelamanja u odredenom kanalu reSetke (Mgefekta = Nregetke + An), dok u sluCaju negativnog
defekta spoljasnje elektrostaticko polje se orijentise antiparalelno u odnosu na c-osu kristala i dobija
se defokusirajuca nelinearnost (Ngefrekta = Nresetke — AN).

eksperiment
numerika

Slika 5.7 Generisanje defekata u opticki indukovanoj fotonskoj resetci. (a) Eksperimentalna
realizacija kvadratne fotonske reSetke; (b) Beselovog snopa; (¢) pozitivnog defekta resetke, i (d)
negativnog defekta resetke. Numericka realizacija (e) pozitivnog i (f) negativnog defekta.
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Slika 5.8 Sema generisanja defekata u opti¢ki indukovanoj fotonskoj reetci pomoéu
nedifragujucih snopova.

Slika 5.8 ilustruje osnovnu Semu realizacije defekta koriste¢i multipleksirane nedifragujuce
snopove. Regularna reSetka se indukuje distribucijom intenziteta prikazanom na Slici 5.7a.
Simultano, intenzitet Beselovog snopa prikazan na Slici 5.7b povecava ili smanjuje indukovani
indeks prelamanja u jednom talasovodu resSetke, u zavisnosti od pravca primenjenog elektriénog
polja. Rezultujuéa efektivna distribucija intenziteta za pozitivni i negativni defekt reSetke prikazana
je na Slici 5.7c i 5.7d, respektivno. Slike 5.7e i 5.7f prikazuju numericki proracunate modulacije
indeksa prelamanja za oba tipa reSetki sa defektom.

Kada se jednom realizuje resSetka sa defektom, moze se ispitivati kako razli¢iti defekti uticu
na propagaciju i ubrzanje Eirijevog snopa. Ovde su takode zadrzavani svi parametri iz prethodnih
eksperimenata i samo menjan znak defekta, za pozitivni kao i za negativni. Eirijev snop je
pozicioniran sa glavnim lobom ta¢no lociranim na mesto defekta. Za razlicite defekte, snimljeni su
profili intenziteta propagacije Eirijevog snopa na izlazu iz kristala i posmatran je procenat snage
Eirijevog snopa vodene u centralnom talasovodu.
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Poglavlje 6

Rezultati i diskusija

U ovom poglavlju prikazani su rezultati eksperimentalnog i teorijskog istrazivanja. Poglavlje
je podeljeno na vise celina. U prvoj i drugoj celini prikazani su rezultati medusobne interakcije vise
dvodimenzionalnih Eirijevih snopova. U prvoj celini dati su rezultati linearne interakcije dva i ¢etiri
superponirana Eirijeva snopa dok su u drugoj celini prikazani rezultati nelinearne interakcije takode
dva i Cetiri superponirana Eirijeva snopa.

U trecoj 1 Cetvrtoj celini prikazani su rezultati interakcije pojedinanog Eirijevog snopa sa
fotonskim strukturama upisanim u SBN kristalu. U tre¢oj celini dati su rezultati ispitivanja
prostiranja pojedinacnog Eirijevog snopa u SBN kristalu sa upisanom kvadratnom fotonskom
reSetkom. U Cetvrtoj celini dati su rezultati ispitivanja prostiranja pojedina¢nog Eirijevog snopa u
SBN kristalu sa upisanom fotonskom resetkom u kojoj je indukovan pozitivni kao i negativni opticki
defekt. Pokazano je da jacina defekata kao i jaCina fotonske reSetke dramati¢no utice na oblik i
transverzalno ubrzanje Eirijevog snopa.

6.1 Linearna interakcija viSe dvodimenzionalnih Eirijevih snopova

Kao $to je dobro poznato, za linearnu propagaciju u homogenom okruzenju Eirijevi snopovi
prate paraboli¢nu trajektoriju tokom propagacije. Ovde se sada moze videti Sta se deSava ako se 1zvr$i
simetri¢na superpozicija vise Eirijevih snopova u razli¢itim konfiguracijama.

6.1.1 Linearna interakcija dva Eirijeva snopa

Polazi se prvo od najjednostavnijeg slucaja, linearne interakcije dva Eirijeva snopa.
Razmatramo dva slu¢aja gde su snopovi bilo u fazi, ili za & izvan faze. Ovi razli€iti inicijalni uslovi
rezultuju razliitim transverzalnim profilima intenziteta tokom propagacije usled interferencije.
Eksperimentalni rezultati za dva Eirijeva snopa prikazani su na Slikama 6.1a, 6.1b, sa odgovaraju¢im
numeri¢kim simulacijama na Slikama 6.1c, 6.1d. Za konfiguraciju ,,u fazi“, oslikanu na Slikama 6.1a,
6.1c, jako izrazen fokus se formira konstruktivnom interferencijom snopova u oblasti ukrStanja obe
paraboli¢ne trajektorije. Ovo svojstvo veoma visokog lokalnog intenziteta u poredenju sa okolinom
je prethodno opisano kao klju¢na prednost tzv autofokusirajucih snopova. Za slucaj ,,x fazne razlike*,
prikazanom na Slikama 6.1b, 6.1d, fazna razlika od © izmedu snopova na ulazu dovesce do vertikalne
separacije tamnom linijom destruktivne interferencije koja je o¢uvana tokom cele propagacije. U oba
slu¢aja, paraboli¢ne trajektorije dva superponirana Eirijeva snopa se jasno mogu identifikovati. Kako
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je za sada propagacija kompletno linearna, kompleksni paterni intenziteta su rezultat samo
interferencije, ali snopovi ne interaguju i ne uti¢u jedan na drugog. 1z tog razloga, njihove inicijalne
osnovne paraboli¢ne trajektorije su oCuvane iako se trajektorije snopova ukrstaju.

2000 pm

numerika

Slika 6.1 Linearna interakcija dva Eirijeva snopa u homogenom linearnom medijumu. (a)
Eksperimentalni rezultati interferencije dva Eirijeva snopa u fazi - [(al) intenzitet superpozicije
dva Eirijeva snopa u fazi na ulazu u SBN kristal, (a2) prikaz propagacije kroz 20mm dug SBN
kristal, (a3) intenzitet superpozicije dva Eiriieva snopa na izlazu iz kristala]; (b) Eksperimentalni
rezultati interferencije dva Eirijeva snopa sa © faznom razlikom - [(b1) intenzitet superpozicije dva
Eirijeva snopa u fazi na ulazu u SBN kristal, (b2) prikaz propagacije kroz 20mm dug SBN kristal,
(b3) intenzitet superpozicije dva Eiriieva snopa na izlazu iz kristala]; (c) Numericki rezultati
interferencije dva Eirijeva snopa u fazi - [(c1) intenzitet superpozicije dva Eirijeva snopa u fazi na
ulazu u SBN kristal, (c2) prikaz propagacije kroz 20mm dug SBN kristal, (c3) intenzitet
superpozicije dva Eiriieva snopa na izlazu iz kristala]; (d) Numericki rezultati interferencije dva
Eirijeva snopa sa © faznom razlikom - [(d1) intenzitet superpozicije dva Eirijeva snopa u fazi na
ulazu u SBN kristal, (d2) prikaz propagacije kroz 20mm dug SBN kristal, (d3) intenzitet
superpozicije dva Eiriieva snopa na izlazu iz kristala].
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6.1.2 Linearna interakcija Cetiri Eirijeva snopa
Povecanjem broja superponiranih snopova, sledeCa simetricna konfiguracija se moze

konstruisati sa &etiri razmestena Eirijeva snopa, gde je svaki zarotiran za 90°, kao $to je prikazano na
Slikama 6.2al i 6.2c1.
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Slika 6.2 Linearna interakcija cetiri Eirijeva snopa u homogenom linearnom medijumu. (a)
Eksperimentalni rezultati interferencije Cetiri Eirijeva snopa u fazi - [(al) intenzitet superpozicije
dva Eirijeva snopa u fazi na ulazu u SBN kristal, (a2) prikaz propagacije kroz 20mm dug SBN
kristal, (a3) intenzitet superpozicije Cetiri Eiriieva snopa na izlazu iz kristala]; (b) Eksperimentalni
rezultati interferencije Cetiri Eirijeva snopa sa n faznom razlikom - [(b1) intenzitet superpozicije
cetiri Eirijeva snopa u fazi na ulazu u SBN kristal, (b2) prikaz propagacije kroz 20mm dug SBN
kristal, (b3) intenzitet superpozicije cetiri Eiriieva snopa na izlazu iz kristala]; (c) Numericki
rezultati interferencije Cetiri Eirijeva snopa u fazi - [(cl) intenzitet superpozicije Cetiri Eirijeva
snopa u fazi na ulazu u SBN kristal, (c2) prikaz propagacije kroz 20mm dug SBN Kkristal, (c3)
intenzitet superpozicije cetiri Eiriieva snopa na izlazu iz kristala]; (d) Numericki rezultati
interferencije cetiri Eirijeva snopa sa m faznom razlikom - [(d1) intenzitet superpozicije Cetiri
Eirijeva snopa u fazi na ulazu u SBN kristal, (d2) prikaz propagacije kroz 20mm dug SBN kristal,
(d3) intenzitet superpozicije cetiri Eiriieva snopa na izlazu iz kristala].
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U principu postoji vis§e mogucnosti za postavku relativnih faza snopova, ali je istrazivanje
ogranic¢eno na slede¢a dva slucaja: ili su snopovi u fazi (Slike 6.2a, 6.2¢), ili su susedni snopovi sa
faznom razlikom (Slike 6.2b, 6.2d). Dok transverzalni profili intenziteta sada izgledaju dosta
drugacije u poredenju sa situacijom gde su dva snopa superponirana, longitudinalni poprecni preseci
otkrivaju sli¢no ponaSanje tokom propagacije. Opet, dolazi do formiranja fokusa velikog intenziteta
u oblasti gde cCetiri Eirijeva snopa koja su u fazi konstruktivno interferiraju, dok se tamna linija
destruktivne interferencije javlja kao separator snopova u slucaju n fazne razlike. Usled ¢injenice da
sada Cetiri snopa interferira, relativna jacina fokusa za konstruktivnu interferenciju je mnogo vecéa
nego kod dva snopa. Broj interferirajucih Eirijevih snopova se mozZe dalje povecavati dok se kontrast
izmedu fokalnog intenziteta i pozadine kontinualno povecava do granice koja se postize radijalnom
distribucijom Eirijevih snopova.

Svi prikazani eksperimentalni rezultati su podrzani odgovaraju¢im numeri¢kim simulacijama.
Za propagaciju vise Eirijevih snopova u linearnom rezimu numericki rezultati se savrSeno poklapaju
sa eksperimentalnim merenjima.
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6.2 Nelinearna interakcija viSe dvodimenzionalnih Eirijevih snopova

Iz gore navedenih rezultata vidi se da tokom linearne propagacije vise Eirijevih snopova sama
interferencija ve¢ vodi do zanimljivih distribucija intenziteta, ¢ak iako snopovi ne interaguju I ne
uti¢u jedni na druge. Prema teoretskim modelima i eksperimentima pri nelinearnoj interakciji svetlosti
1 materije mogu se o¢ekivati zanimljivi novi efekti kao $to je na primer formiranje solitona, §to je i
predvideno na osnovu numeri¢kih rezultata [83, 84].

Ova kompleksna nelinearnost znac¢ajno menja dinamiku propagacije Eirijevih snopova i
dovodi do fascinantnih novih tipova evolucije snopa koje za razliku od linearnog rezima zavise i od
broja superponiranih snopova, njihove relativne faze i intenziteta. U ovoj sekciji prikazani su
eksperimentalni i numeri¢ki rezultati za nelinearnu interakciju dva i cetiri superponirana
dvodimenzionalna Eirijeva snopa.

6.2.1 Nelinearna interakcija dva Eirijeva snopa

Kao i u slu¢aju linearne interakcije polazi se od najjednostavnije konfiguracije, tj. dva snopa,
i posmatraju slucajevi sa razli¢itim faznim distribucijama. Eksperimentalni i numericki rezultati za
snopove “u fazi” prikazani su na Slici 6.3. U eksperimentu, Slika 6.3a, prilikom povecavanja snage
probnog snopa, Pin~= {237, 475, 950, 1.425} nW (Slike 6.3al-a4, respektivno), moze se videti prelaz
sa gotovo linearnog paterna interferencije (Slika 6.3al) na dobro lokalizovano, solitarno stanje izlaza
za vece nelinearnosti (Slike 6.3a3 i 6.3a4). Ovo lokalizovano stanje potice od tacke ukrStanja
trajektorija snopova, gde se javlja konstruktivna interferencija Eirijevih snopova “u fazi”.
Interferencija dovodi do strogo lokalizovanog i pojacanog intenziteta. Posle toga, propagacija je
gotovo nepromenjena, osim malog oscilovanja, usled kompenzacije difrakcije i nelinearnog
samofokusiranja. Ovo spojeno lokalizovano stanje dalje propagira ravno ocigledno bez bilo kakvog
transverzalnog momenta zaostalog od inicijalnih snopova sa paraboli¢nom putanjom. Nelinearnost
dovodi do toga da za ovu kompleksnu interakciju izmedu dva snopa kao posledica dolazi do
kompenzacije ubrzanja. Intenzitet pika rezultujuéeg stanja na izlazu je naravno veci nego na ulazu
gde se individualni snopovi ne preklapaju znacajno. Faktor r = Lyay out/Imax,in Predstavlja odnos
izmedu maksimalnog intenziteta na izlazu i ulazu, respektivno. Kako u ovom eksperimentu nije
moguce imati uvid u distribuciju intenziteta kroz nehomogeni medijum, dostupan nam je samo
intenzitet na izlazu iz kristala. Faktor r nam pomaze u kvantitativnoj komparaciji eksperimenta i
numerike. U slucaju eksperimenta faktor intenziteta je iznosio r = {1.2, 1.1, 3.1, 2.6} (Slike 6.3al-
a4, respektivno).

Poredenje izmedu eksperimentalnih rezultata (Slika 6.3a) i numeri¢ke simulacije prikazane
na Slici 6.3b i 6.3¢ pokazuje veoma dobro ukupno slaganje. Prema razli¢itim snagama probnog snopa
u eksperimentu, simulirana je nelinearna propagacija za odgovarajuée ulazne intenzitete lin = {0.33,
0.65, 1.30, 1.95} (Slike 6.3b1-b4, respektivno). Izlazni profili, kao i faktor intenziteta, koji u slucaju
numerike iznosi r = {1.0, 1.1, 3.4, 2.6} (Slike 6.3b1-b4, respektivno) savrseno se slazu sa realnom
obzervacijom u eksperimentu. Ovo verifikuje da implementirane numericke metode egzaktno opisuju
realnu situaciju i opravdavaju uklju¢ivanje numerickih simulacija radi dobijanja detalja o tome do
kakve dinamike dolazi prilikom nelinearne propagacije u SBN kristalu. Kao $to je i prethodno
navedeno, u eksperimentu ovi podaci nisu dostupni usled osnovnih fizickih razloga.

Slika 6.3c¢ prikazuje zapreminsko renderovanje numeric¢ki dobijenih distribucija intenziteta
tokom nelinearne propagacije. Formacija solitarnog stanja je jasno vidljiva. Dok se tokom procesa
izgradnje mogu primetiti modulacije u obliku 1 intenzitetu solitarnog stanja (usled prolazenja ostalih
susednih lobova inicijalnih Eirijevih snopova), posle nekog rastojanja propagacije situacija se
stabilizuje i solitarno stanje propagira gotovo nepromenjeno osim malog oscilovanja. Oznacena ravan
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na Slici 6.3¢ odgovara duzini SBN kristala (20 mm) i slikama intenziteta na izlazu iz kristala (Slike
6.3a16.3b).

Sli¢no ponaSanje lokalizacije se javilo 1 u numerici za jednostavne idealizovane izotropne
Kerove i saturabilne Kerove nelinearnosti [83]. Za prikazane eksperimentalne i numericke rezultate
u realisticnom fotorefraktivnom SBN kristalu, situacija je mnogo vise komplikovana, usled
anizotropne, saturabilne i drift-dominantne nelinearnosti. Neznatni pomeraj pikova intenziteta u
horizontalnom pravcu se moZze objasniti dodatnim uzimanjem u obzir i dufuzionih efekata u

numeri¢kom modelu.
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Slika 6.3 Nelinearna interakcija dva Eirijeva snopa u fazi. (a) Eksperimentalni rezultati za razlicite
vrednosti snage probnog snopa Pi, i faktora intenziteta r, [(al) Pin~ 237 nW ir = 1.2; (a2) Pin=
475 nW i r = 1.1; (a3) Pin= 950 nW i r = 3.1; (a4) Pin~= 1,425 nW i r = 2.6] (b) Rezultati iz
odgovarajucih numerickih simulacija za razlicite vrednosti intenziteta snopa lin i faktora intenziteta
r,[(b1) lin=0.33ir=1.0; (b2) lin=0.65ir=1.1; (b3) lin~1.30ir=234; (b4) lin=1.95ir=2.6]
(c) trodimenzionalni prikaz numericki proracunate distribucije intenziteta za nelinearnost pri kojoj
dolazi do formiranja solitarnog stanja.

Eksperimentalni i numericki rezultati za snopove razli¢itih faznih distribucija, sa @ faznom
razlikom, prikazani su na Slici 6.4. Prilikom povecavanja snage probnog snopa U eksperimentu, Pin~=
{237, 475, 950, 1.425} nW (Slike 6.4al-a4, respektivno) situacija se kompletno menja. Dva glavna
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loba se ne preklapaju usled linije separacije destruktivne interferencije u sredini izmedu snopova. Kao
posledica toga, grade se dva lokalizovana solitarna stanja i stabilno propagiraju kao par tokom velikih
rastojanja. Nelinearnost dovodi do toga da za ovu kompleksnu interakciju izmedu dva snopa kao
posledica dolazi do kompenzacije ubrzanja. U slu¢aju eksperimenta faktor intenziteta je iznosio r =
{1.0,0.9, 1.1, 2.0} (Slike 6.4al-a4, respektivno).
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Slika 6.4 Nelinearna interakcija dva Eirijeva snopa sa © faznom razlikom. (a) Eksperimentalni
rezultati za razli¢ite vrednosti snage probnog snopa Pin i faktora intenziteta r [(al) Pin= 237 nWir
=1.0; (@2) Pin=475nWir =0.9; (a3) Pin= 950 nWir =1.1; (a4) Pin~ 1.425 nW i r = 2.0] (b)
Rezultati iz odgovaraju¢ih numerickih simulacija za razlicite vrednosti intenziteta snopa lin i faktora
intenziteta r, [(b1) lin=0.42ir=1.1; (b2) lin=0.831r=1.1; (b3) lin=1.67ir=1.2; (b4) lin=2.50
i r = 1.9] (c) trodimenzionalni prikaz numericki proraunate distribucije intenziteta za nelinearnost
pri kojoj dolazi do formiranja stanja solitarnog para.

Poredenje izmedu eksperimentalnih rezultata (Slika 6.4a) i numericke simulacije prikazane
na Slici 6.4b i 6.4c pokazuje veoma dobro ukupno slaganje. Prema razli¢itim snagama probnog snopa
u eksperimentu, simulirana je nelinearna propagacija za odgovarajuce ulazne intenzitete lin = {0.42,
0.83, 1.67, 2.50} (Slike 6.4b1-b4, respektivno). Izlazni profili, kao i faktor intenziteta, koji u slucaju
numerike iznosi r = {1.1, 1.1, 1.2, 1.9} (Slike 6.4b1-b4, respektivno) savrseno se slazu sa realnom
obzervacijom u eksperimentu. Ovo verifikuje da implementirane numericke metode i u ovom slucaju
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egzaktno opisuju realnu situaciju 1 opravdavaju ukljuc¢ivanje numeri¢kih simulacija radi dobijanja
detalja o tome do kakve dinamike dolazi prilikom nelinearne propagacije u SBN kristalu. Kao sto je
1 prethodno navedeno, u eksperimentu ovi podaci nisu dostupni usled osnovnih fizickih razloga.

Slika 6.4c prikazuje zapreminsko renderovanje numericki dobijenih distribucija intenziteta
tokom nelinearne propagacije. Formacija dva lokalizovana stanja, solitarnog para, je jasno vidljiva.
Dok se tokom procesa izgradnje mogu primetiti modulacije u obliku i intenzitetu kod oba solitarna
stanja (takode usled prolaZenja ostalih susednih lobova inicijalnih Eirijevih snopova), posle nekog
rastojanja propagacije situacija se stabilizuje i solitarni par propagira gotovo nepromenjeno osim
malog oscilovanja. Ozna¢ena ravan na Slici 6.4¢ odgovara duzini SBN kristala (20 mm) i slikama
intenziteta na izlazu iz kristala (Slike 6.4a i 6.4Db).

Uvedeni sa inicijalnom faznom razlikom, ova dva solitona takode imaju faznu razliku od 7 i
samim tim odbijaju jedan drugog, kao §to je slucaj i kod fundamentalnih solitona [85]. Dakle, oni
propagiraju na ravnim linijama ali sa malom divergencijom, kao §to se moze videti na Slici 6.4c.
Preostali lobovi inicijalno lansiranih Eirijevih snopova dalje prate svoje paraboli¢ne trajektorije i
ubrzo odlaze van zapremine kristala.
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6.2.2 Nelinearna interakcija ¢etiri Eirijeva snopa

Posle ispitivanja nelinearnih procesa za osnovni slucaj dva interagujuca Eirijeva snopa, sada
se prelazi na malo sloZeniju konfiguraciju, slu¢aj gde se sintetizuju Getiri snopa. Cetiri Eirijeva snopa
se kombinuju na nacin da se njihove trajektorije ukrste, kao i u linearnom rezimu. U osnovi, Cetiri
snopa dozvoljavaju viSe od dve fazne konfiguracije, uprkos tome istrazivanje je ograniceno na dva
slu¢aja: bilo da su svi snopovi u fazi, bilo da su «t fazno pomereni u odnosu na susedni snop. Ova dva
slucaja daju kompletno razlicite rezultate.

Za slucaj gde su svi snopovi u fazi, rezultati su prikazani na Slici 6.5. lako struktura
transverzalnog intenziteta na izlazu iz kristala izgleda drugacije u slucaju Cetiri superponirana snopa,
generalno, nelinearno ponasanje je jako slicno slucaju sa dva Eirijeva snopa u fazi (Slika 6.3). Sa
povecavanjem nelinearnosti, intenzitet se lokalizuje u sredini i formira stabilno solitarno stanje koje
nastaje iz konstruktivne interferencije snopova u oblasti ukrStanja njihovih trajektorija.
Eksperimentalni rezultati za tri razlicita intenziteta snopa Pin = {0.5, 1.0, 3.0} uW (Slike 6.5al-a3,
respektivno) jasno pokazuju opisano formiranje solitarnog stanja kao prelaz od Cetiri odvojena
Eirijeva glavna loba (Slika 6.5al1) do lokalizovanog stanja visokog intenziteta (Slika 6.5a3). Ovde,
odnos r izmedu maksimalnog intenziteta na ulazu u intenziteta pika izgradenog solitarnog stanja je
mnogo vece u poredenju sa slu¢ajem od dva snopa, §to je razumljivo jer je u pitanju spajanje Cetiri
snopa. U slucaju eksperimenta faktor intenziteta je iznosio r = {1.6, 2.4, 6.9} (Slike 6.5al-a3,
respektivno).

Poredenje izmedu eksperimentalnih rezultata (Slika 6.5a) i numericke simulacije prikazane
na Slici 6.5b 1 6.5¢ pokazuje 1 ovaj put veoma dobro ukupno slaganje. Prema razli¢itim snagama
probnog snopa u eksperimentu, simulirana je nelinearna propagacija za odgovarajuce ulazne
intenzitete lin = {0.125, 0.25, 0.75} (Slike 6.5b1-b3, respektivno). Izlazni profili, kao i faktor
intenziteta, koji u slucaju numerike iznosi r = {1.9, 2.7, 7.0} (Slike 6.5b1-b3, respektivno) savrSeno
se slazu sa realnom obzervacijom u eksperimentu.

Situacija se kompletno menja za konfiguraciju cetiri snopa sa © faznom razlikom izmedu
susednih snopova. Odgovarajuci rezultati su prikazani na Slici 6.6. Eksperimentalni rezultati za tri
razli¢ita intenziteta snopa Pin = {0.5, 1.0, 3.0}uW (Slike 6.6al-a3, respektivno) jasno pokazuju da
ovde u suprotnosti sa ostalim prikazanim slu¢ajevima, ovde ne dolazi do formiranja ni pravilnog
solitona ni para ili grupe solitona. U slucaju eksperimenta faktor intenziteta je iznosio r = {1.9, 1.7,
3.3} (Slike 6.6al-a3, respektivno).

Poredenje izmedu eksperimentalnih rezultata (Slika 6.6a) i numericke simulacije prikazane
na Slici 6.6b i 6.6¢ pokazuje veoma dobro ukupno slaganje. Prema razli¢itim snagama probnog snopa
u eksperimentu, simulirana je nelinearna propagacija za odgovarajuée ulazne intenzitete lin = {0.25,
0.50, 1.50} (Slike 6.6b1-b3, respektivno). Izlazni profili, kao i faktor intenziteta, koji u slucaju
numerike iznosi r = {1.8, 1.7, 2.4} (Slike 6.6b1-b3, respektivno) savrSeno se slazu sa realnom
obzervacijom u eksperimentu.

Usled faznih razlika, ne javlja se mesto visokog intenziteta usled interferencije na preseku
trajektorija snopova koje bi moglo da proizvede soliton. Cak §tavise, zaostali susedni lobovi &etiri
Eirijeva snopa sprecavaju izgradnju solitarnog stanja ili klastera, kao §to je posmatrano u prethodnom
sluc¢aju za dva snopa (Slika 6.4). Kod vecih intenziteta, intenzitet tezi da se lokalizuje pretezno sa
jedne strane (Slika 6.6a3) i nastavlja prostiranje sve dalje od centra.
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Slika 6.5 Nelinearna interakcija Cetiri Eirijeva snopa u fazi. (a) Eksperimentalni rezultati za
razli¢ite vrednosti snage probnog snopa Pin i faktora intenziteta r, [(al) Pin= 0.5 uyW i r = 1.6; (a2)
Pin= 1.0 yW i r = 2.4; (a3) Pin= 3.0 uyW i r = 6.9] (b) Rezultati iz odgovaraju¢ih numerickih
simulacija za razlicite vrednosti intenziteta snopa lin 1 faktora intenziteta r, [(b1) lin = 0.1251ir =
1.9; (b2) lin= 0251 r =27; (b3) lin= 0.75 1 r = 7.0] (c) trodimenzionalni prikaz numericki
proracunate distribucije intenziteta za jaku nelinearnost pri kojoj dolazi do formiranja solitarnog
stanja.
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Slika 6.6 Nelinearna interakcija Cetiri Eirijeva snopa sa = faznom razlikom. (a) Eksperimentalni
rezultati za razli¢ite vrednosti snage probnog snopa Pin i faktora intenziteta r, [(al) Pin= 0.5 pW
ir=1.9; (@2) Pin= 1.0 uWir =1.7; (a3) Pin= 3.0 uW i r = 3.3] (b) Rezultati iz odgovarajucih
numerickih simulacija za razli¢ite vrednosti intenziteta snopa lin I faktora intenziteta r, [(b1) lin
~0.251r=1.8; (b2) lin=0.50ir=1.7; (b3) lin = 1.50 i r = 2.4] (c) trodimenzionalni prikaz
numericki proracunate distribucije intenziteta za jaku nelinearnost.

Ako se uporede svi rezultati nelinearne interakcije dva i Cetiri Eirijeva snopa, moze Se
identifikovati tri razliita tipa nelinearne dinamike. Prvo, u svim slucajevima gde se sintetizuju
snopovi u fazi, interakcija vodi do formiranja jednog stabilnog prostornog solitarnog stanja
iniciranog visokim intenzitetom koji je rezultat konstruktivne interferencije glavnih lobova. Drugi
tip, formiranje solitarnog para, moze se posmatrati ako dode do superponiranja sa faznom razlikom
od m. Za ova dva tipa ubrzanje inicijalnih Eirijevih snopova je kompenzovano, vode¢i do
pravolinijskih oblika propagacije. Interesantno da postoji i treci tip gde ne dolazi do javljanja
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solitarnih struktura, ¢ak i za iste intenzitete i nelinearnosti. Ovo se moze posmatrati ako Cetiri
Eirijeva snopa superponiramo sa n faznom razlikom kao $to je uradeno u primeru. Za ovu
konfiguraciju nelinearna dinamika pokazuje trend razbijanja simetrije koje zavisi kriticno od malih
perturbacija i asimetrija u sistemu. Usmerena difuzija slobodnih nosilaca unutar fotorefraktivnog
SBN kristala uzrokuje takvu asimetriju, koja je takode odgovorna za horizontalni pomeraj ostalih
solitarnih reSenja, kao §to je iznad navedeno.
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6.3 Dvodimenzionalni Eirijevi snopovi u fotonskim resetkama

U ovom delu, ispitivan je uticaj opti¢ki indukovane fotonske reSetke na transverzalno
samoubrzanje pojedinacnog dvodimenzionalnih Eirijevog snopa. Fokus je postavljen na kompeticiju
izmedu samo-savitljive propagacije Eirijevih snopova i vodenja talasa i diskretnih difrakcionih
efekata na fotonsku resetku. 1z tog razloga, sukcesivno je povecavana jac¢ina indukovane modulacije
indeksa prelamanja i posmatran efekat na samoubrzanje snopa. Tokom povecavanja jacine resetke,
Eirijev snop efikasnije pobuduje razli¢ite linearne Blohove modove resetke koji sprecavaju
transverzalno samoubrzavanje Eirijevog snopa. Ovo rezultuje efektivnim smanjivanjem
samoubrzanja, koje se za odredenu vrednost indukovane modulacije indeksa prelamanja kompletno
zaustavlja.

100 pm

| upadniEirijevsnop | |  An=0.00x 10" An =0.75x 10" An =150 x 10" An=225x 10"
(f) ()] ()] (i) 0);
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Slika 6.7 Prostiranje Eirijevog snopa u regularnoj kvadratnoj reSetci. (a) Eirijev snop na ulazu u
kristal, u eksperimentu, (polozaj resetke u odnosu na snop je prikazan matricom belih kruznica);
(b)-(e) Eksperimentalno zabeleZena distribucija intenziteta na izlazu iz kristala za razliCite
vrednosti promene indeksa prelamanja An. (f) Eirijev snop na ulazu u kristal u numerici; (g)-(j)
Distribucija intenziteta na izlazu iz kristala za razli¢ite vrednosti promene indeksa prelamanja An,
dobijena u numerici; (k) Maska za proracun procenta snage snopa koji prode kroz centralni
talasovod reSetke; (I) Prikaz zavisnosti procenta snage Eirijevog snopa u upadnom talasovodu
reSetke od promene indeksa prelamanja An i duzine propagacije.

Slika 6.7 sumira rezultate u odnosu na propagaciju Eirijevog snopa unutar regularne fotonske
reSetke. Gornji red (Slike 6.7a-¢) sadrzi eksperimentalne rezultate, dok su odgovaraju¢e numericke
simulacije prikazane u drugom redu (Slike 6.7f-j). Prve dve kolone predstavljaju rekapitulaciju
tipi¢nog transverzalnog pomeraja Eirijevog snopa koji propagira izmedu prednje (Slike 6.7a i 6.7f) i
zadnje strane (Slike 6.7b i 6.7g) homogenog SBN kristala. Zatim se Eirijev snop propusta kroz
indukovanu fotonsku reSetku sa glavnim lobom postavljenim naspram centralnog talasovoda resetke.
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Kako modulacija indeksa prelamanja raste, interakcija Eirijevog snopa sa delovima reSetke postaje
jacaikao posledica toga javlja se efekat spreCavanja savijanja snopa. Eksperimentalni rezultati (Slike
6.7c-e), kao i numerika (Slike 6.7h-j) jasno pokazuju ometanje samoubrzanja Eirijevog snopa. U
zavisnosti od jacine reSetke, razliite vrste diskretnih struktura se javljaju sve do onog trenutka kad
jacina reSetke konacno totalno potisne samoubrzanje Eirijevog snopa.

Da bi se dobila detaljnija slika dinamike propagacije, posmatra se odnos izmedu vodene snage
u centralnom talasovodu resetke i ukupne snage Eirijevog snopa kao funkcija jacine resetke i duzine
propagacije. Na Slici 6.71 prikazani su numericki rezultati ovog odnosa. Pomoc¢u ove redukovane
prezentacije u mogucnosti smo da prikazemo kljucni potpis kompleksne evolucije Eirijevog snopa
tokom propagacije za razlicite jaCine reSetke. Ovo nam ilustruje, prostorno razluceno, koliko energije
je vodeno centralnim talasovodom reSetke i samim tim koliko jako je Eirijev snop ometen od strane
reSetke. Zasencena povrSina na Slici 6.7k predstavlja masku za prora¢un snage u centralnom
talasovodu. Ovaj graf jasno demonstrira uticaj opticki indukovane fotonske resetke kao i potiskivanje
samoubrzanja i savijanje Eirijevog snopa. Za odredene vrednosti An mogu se videti oscilacije snage
snopa u centralnom talasovodu duZ rastojanja propagacije. Ovo se deSava usled osobine
samozakretanja Eirijevog snopa i uticaja centralnog talasovoda ne samo na glavni ve¢ i na okolne
lobove koji se preklapaju sa ovim odredenim talasovodom tokom propagacije. Kao rezultat, javlja se
deo snage koji potice iz okolnih lobova a koji mozemo da posmatramo u centralnom talasovodu za
neka rastojanja propagacije. Za veée modulacije indeksa prelamanja, An, moze Se posmatrati
lokalizacija velikog dela snage snopa u centralnom talasovodu posto snop napusti kristal. Opet, da bi
eksperimentalno kontrolisali dubinu modulacije indeksa prelamanja koristi se vremenska zavisnost
upisivanja indukovane resetke, koja raste monotono sa vremenom upisivanja.

Nasuprot odgovarajucoj situaciji propagacije jednodimenzionalnog Eirijevog snopa u nizu
talasovoda [86], ovde lokalizacija dvodimenzionalnog Eirijevog snopa na izlazu iz kristala strogo
zavisi od ja€ine fotonske resetke, Sto se takode moze videti sa desne strane Slike 6.71. Ovo razli¢ito
ponasanje se moze objasniti ¢injenicom da u dve dimenzije svaki talasovod reSetke ima Cetiri susedna
talasovoda (u jednoj dimenziji samo dva). Iz tog razloga, u ovom slu¢aju se interakcija Eirijevog
snopa koji se propusta glavnim lobom kroz centralni talasovod resetke drugalije izrazava. Ovakva
zavisnost lokalizacije snopa od jacine reSetke se mozZe iskoristiti za realizaciju brzih prekidaca ili
rutera za Eirijeve snopove bazirano na njihovoj polarizaciji.
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6.4 Propagacija Eirijevog snopa u fotonskoj resetci sa razli¢itim
defektima

Na Slikama 6.8 i 6.9 prikazani su eksperimentalni i numericki rezultati prostiranja
pojedina¢nog dvodimenzionalnog Eirijevog snopa kroz SBN kristal sa opticki indukovanom
kvadratnom reSetkom sa pozitivnim ili negativnim optickim defektom u centralnom talasovodu
reSetke. Numericki rezultati za procenat snage u centralnom talasovodu resetke kao funkcija duzine
propagacije { i modulacije indeksa prelamanja An prikazani su kao paneli na Slikama 6.8a i 6.9a.
Izabrane su dve vrednosti promene indeksa prelamanja u centralnom talasovodu (opti¢kog defekta),
An=0.75x10* (Slika 6.8c i 6.9c) i An=2.25x107*(Slika 6.8d i 6.9d) i za njih je prikazan profil
intenziteta Eirijevog snopa na izlazu iz kristala. Pozicije koje odgovaraju ovim profilima intenziteta
su oznacene slovima (¢) i (d) na grafiku procenta snage (Slike 6.8a i 6.9a).
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Slika 6.8 Prostiranje Eirijevog snopa kroz reSetku sa razli¢itim ja¢inama pozitivnih opti¢kih
defekata. (a) Numeri¢ki rezultati ispitivanja zavisnosti snage Eirijevog snopa u odredenom defektu
od promene indeksa prelamanja An i duzine propagacije z; (b) Eksperimentalno posmatran
procenat snage Eirijevog snopa kroz odredeni defekt kao funkcije promene indeksa prelamanja An
i jacine defekta Sg; (c, d) Numericki rezultati distribucije intenziteta Eirijevog snopa na izlazu iz
kristala za dve jacine defekta; (e, f) Eksperimentalni rezultati distribucije intenziteta na izlazu iz
kristala za odgovarajuée dve jacine defekta.

Posto u eksperimentu nije moguce snimiti longitudinalni intenzitet unutar i duz nehomogenog
SBN kristala ogranic¢enje je samo na profilima intenziteta snopa na izlasku iz kristala. Na Slikama
6.8b i 6.9b prikazan je eksperimentalno mereni odnos snage na izlazu iz kristala prikazan u funkciji
modulacije indeksa prelamanja i ja¢ine defekta. Eksperiment je ponovljen za pet razli¢itih jacina
defekata i to za obe vrste defekata, pozitivne i negativne, i snimljen profil intenziteta Eirijevog snopa
na izlazu iz kristala. Moduo jacine defekta Sq je dat preko odnosa intenziteta pika diskretnog (snopa
za formiranje kvadratne resetke) i Beselovog nedifragujuceg snopa, dok je znak odreden pravcem
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primenjenog elektricnog polja. U eksperimentu su selektovane dve reprezentativne jacine reSetke An
kako bi se pokazao profil intenziteta Eirijevog snopa na izlazu iz kristala (paneli (e) i (f)). Njihove
pozicije u plotu eksperimentalno dobijenog odnosa snage (Slike 6.8b i 6.9b) oznacene su slovima (e)

i (F).

duZina propagacije z

o)
~
=

£

5
=

)

o)

©

c

(%]
2

©

c

a

1)

o]

S

(o

Slika 6.9 Prostiranje Eirijevog snopa kroz reSetku sa razli¢itim jacinama negativnih optickih
defekata. (a) Numericki rezultati ispitivanja zavisnosti snage Eirijevog snopa u odredenom defektu
od promene indeksa prelamanja An i duzine propagacije z; (b) Eksperimentalno posmatran
procenat snage Eirijevog snopa kroz odredeni defekt kao funkcija promene indeksa prelamanja An
i jaCine defekta Sq. (¢, d) Numeri¢ki rezultati distribucije intenziteta Eirijevog snopa na izlazu iz
kristala za dve jacine defekta. (e, f) Eksperimentalni rezultati distribucije intenziteta na izlazu iz
kristala za odgovarajuce dve jaCine defekta.

Ovi rezultati ilustruju jaku zavisnost propagacije i osobina Eirijevog snopa, pre svega
transverzalnog ubrzanja, od dubine resetke, kao i ja¢ine defekata. Pozitivni defekat (Slika 6.8a) strogo
pojacava lokalizaciju snage Eirijevog snopa u talasovodu defekta, dok u sluc¢aju negativnog defekta
(Slika 6.9a) dolazi do redukcije snage snopa i totalne delokalizacije za dovoljno veliku ja¢inu defekta.
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Poglavlje 7

Zakljucak

Istrazivanje interakcije svetlosti sa materijom dovelo je do moguc¢nosti dizajniranja snopova
sa kontrolisanom fazom, polarizacijom i intenzitetom i do radanja nove discipline fizike, fizike
kompleksne svetlosti.

Otkrice Eirijevih snopova i moguénost njihove manipulacije otvorilo je Siroko polje
istrazivanja potencijalnih primena Eirijevih snopova u razli¢itim oblastima fizike, pocevsi od
mikromanipulacije ¢esticama i ¢elijama, kao opticki rasprsivaci, laserske mikroobrade materijala,
optickih rutera, autofokusiraju¢ih snopova, pa do ultrabrzih samoubrzavajucih impulsa.

Poznato je da je kontrolisanje propagacije svetlosti samom svetlo§¢u (nelinearnom
interakcijom) klju¢an faktor za realizaciju naprednih potpuno optickih tehnologija. Jedan od
obecéavajucih pristupa ovom cilju koji je bio i jedan od osnovnih ciljeva istrazivanja opisanih u ovoj
tezi jeste primena Eirijevih snopova i moguénost da se modulacijom transverzalnog ubrzanja
Eirijevih snopova kontrolise prostiranje svetlosti u fotorefraktivnom materijalu.

Rezultati opisani u ovoj tezi predstavljaju originalni doprinos istraZzivanjima kompleksne
svetlosti u modernoj linearnoj i nelinearnoj fotonici kao i u fizici optickih materijala. U uvodu ove
teze objasnjene su osnovne osobine kompleksne svetlosti i nedifraguju¢ih talasa i dat je pregled
dosadasnjih istrazivanja u ovoj oblasti. Posle detaljnog opisa koncepta nedifragujucih snopova i
posebne klase samoubrzavajucih Eirijevih snopova kao i kratkog osvrta na znacaj fotonskih kristala
u istrazivanjima nelinearne optike, teorijskog modela i eksperimentalnih metoda koriséenih u
opisanim eksperimentima, dat je prikaz rezultata.

U prvom delu prikazanih rezultata disertacije, predstavljena je prva eksperimentalna i
numericka studija o nelinearnoj interakciji viSe dvodimenzionalnih Eirijevih snopova. Kao
najvazniji rezultat, demonstrirana je mogucnost dizajniranja kompleksnih solitarnih struktura
kontrolisu¢i nelinearne interakcije vise ubrzanih snopova. Ispitivanje nelinearne dinamike
superponiranih Eirijevih snopova za razli¢ite konfiguracije (broj snopova, fazne relacije, intenzitet),
otvorilo je moguénost kontrole formiranja pravolinijskih propagirajucih solitarnih stanja ili parova.

U drugom delu prikazanih rezultata disertacije, opisano je ispitivanje dinamike propagacije
samoubrzavaju¢ih dvodimenzionalnih Eirijevih snopova u dvodimenzionalnim fotonskim
reSetkama sa i bez defekata. Eksperimentalno je otkriveno a teorijskim modelom i potvrdeno da
povecanje modulacije indeksa prelamanja (“dubine” reSetke — globalne promene indeksa
prelamanja resetke reda veli¢ine 10#) redukuje ubrzanje Eirijevog snopa i dovodi do formiranja
diskretnih snopova resetke (Sto predstavlja dvodimenzionalni Eirijev snop usporen pod uticajem
modulacije indeksa prelamanja na mestu upisane kvadratne fotonske reSetke u SBN:Ce kristalu).
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Takode je potvrdeno da opticki defekti (koji predstavljaju lokalnu promenu indeksa prelamanja
reSetke) znaCajno utiCcu na promenu dinamike snopa. Za pozitivne defekte (n > Npetetre)s
lokalizacija je znacajno povecana, dok se kod negativnih defekata (n < Nn,.qg0tke), SitUacija menja i
dolazi do znacajnog slabljenja intenziteta Eirijevog snopa (snage) duz pravca optickog defekta.

Izuzetno je znacajno da se rezultati dobijeni i opisani u ovoj tezi mogu generalizovati i na
trodimenzionalne resetke. Isto tako, 1 druge klase samoubrzavaju¢ih nedifraguju¢ih optickih
snopova se mogu kontrolisati koriste¢i prezentovane ideje i metode, Sto prikazane rezultate Cini
posebno znac¢ajnim i atraktivnim.

Prikazani eksperimentalni rezultati i metode nisu samo osnova za dalja fundamentalna
ispitivanja interakcije ostalih tipova nedifraguju¢ih snopova ve¢ takode nude prakti¢cno
neogranicene mogucnosti za kontrolu, obradu i prenos informacija u modernim optickim
tehnologijama.

Pored toga, opisani rezultati su znacajni i za druge oblasti fizike kao §to je kvantna
gravitacija gde bi mogli da pomognu u ispitivanju postojanja nelinearne samointerakcije (opisane
Sredinger-Njutnovom jednacinom) kao i u kvantnoj holografiji, spektroskopiji i fizici materijala
(interakciji kompleksne svetlosti sa materijom).

Moguc¢nost kontrolisanja talasnog fronta, tzv. strukturiranja svetlosti i njene propagacije
kroz materijalnu sredinu predstavlja jedno od najznacajnijih dostignuca ljudskog duha u modernoj
fotonici i fizici optickih materijala. Ova teza predstavlja jedan od prvih koraka ka dubljem
razumevanju propagacije posebne klase Eirijevih snopova, samoubrzavaju¢ih nedifragujucih
snopova, njihove medusobne interakcije kao i njihove interakcije sa materijom u linearnom i
nelinearnom rezimu.
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