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Mounba 3a MOKTPETAK€ MOCTYIIKA 32 CTHLAKC 3Balba HCTPA)KHBAY-CapaJHUK

Ha ocHOBY ucnymeHOCTH ycioBa npenBuljeHux [IpaBHIIHHKOM O CTHIaky UCTPaKUBAYKUX H
HAy4YHHX 3Bamba, MPOIHUCAHOT OJ1 CTpaHe pecopHOr MuHucTapcTBa, MoiauM HayuHo Behe
HUHCTUTYTA 3a GU3uKy y beorpany na mokpene nocrymak 3a Moj u300p y 3Bame HCTpaKUBAY

capaJiHUK.
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NPEJIMET: Muuubewe pykoBoauona jgabopatopuje o uzdopy ®uamna Kpajunuha y
3Bamh€ HCTPAXKUBA4 CAPAAHUK

®ununa Kpajunuh je 3anocnen y JlaGopatopuju 3a OuodoTtoHuKy, y okBupy LlenTpa 3a
¢doronnky. Mspamy nokropcke auceprauuje y obracTu KBaHTHe Xxonorpaduje paau mnon
PYKOBOACTBOM akaaemuka ap bpanucnasa Jenenkosuha.

C o03upoM Ja wucnywmaBa cBe MpeaBuleHe ycioBe y cCKiaagy ca 3akoOHOM O Hayud |
UCTpaKuBambkMa W [IpaBUIIHMKOM O TOCTYNKY, HauMHy BpEJHOBaka W KBAHTUTATUBHOM
WCKa3WBaky HAyYHOUCTpPaKMBAuKUX pesynrata uctpaxuBaya MIIHTP, carnacha cam ca
noKpeTameM noctynka 3a nuzdop @ununa Kpajunuha y 3Bame UCTpakuBau capaHuK.

3a cactaB komucuje 3a u36op @ununa Kpajunuha y 3Barme ncTpaxkuBay capaJHHUK MpeJIaKeM:

1. np bpanucnas JenenkoBuh, HayuHU cCaBeTHUK y neH3uju, MHCTUTYT 3a Pusuky beorpan
u gonucHu unad CAHY,

2. np Mapuja hypuuh, HayuHu capaanuk, UHCTUTYT 3a pusuky Beorpan

3. np [leha Muxaunosuh, penoBuu npodecop Enexrporexuuykor ¢akynrera
Vuusep3urera y beorpany

]JL«V ZLQ("'{,;»%" %(’l(/( K 7[(/ M(
ap Csernana Casuh-lllesuh

BHLIM HAYYHH CapaHUK

Pykosoaunay Jlabopatopuje 3a 6uopoToHUKY




Crtpyuna 6uorpaduja

Oumun Kpajunuh je pohen 03.10.1997. ronune y beorpamy. 3aBpuimo je OCHOBHY
mkony ,,bopa CrankoBuh” y beorpagy kao BykoBai. Ymucao je UeTBpTy THMHa3Hjy y
beorpany, kojy je 3aBpmuo ca ojmmaHuM ycriexoM 2016. ronune. Mcte roguHe ymucao je
Enextporexunuku ¢akynrer YHuBepsuteta y beorpany. [lumiomupao je Ha ojaceky 3a
Ou3nYKy eNneKTpoHHKYy, cMep HaHoenekTpoHuKa, ONTOEIEKTPOHUKA M JlacepcKa TEXHHUKa,
2020. rogune ca mpoceuyHoMm oreHoMm 9,11. Jlumiaomcku paja, ca Ha3uBOM ,,XoJorpadcko
ucriutuBame PapanejeBor edekra”, je paano moj MeHTopcTBoM Ipod. aAp [lehe Muxaunosuha
u ondpanuo je y jymy 2020. rogune ca ouenom 10. JloOutHMK je Harpaze 3a HajOOJbH
murioMckn pax Ha Takmudery ETF BAFA U.S.A. Mactep akagemcke cTyadje Ha
Enextporexuuukom daxynrery y beorpany, Ha moayny 3a HanoenekTpoHuky u (OTOHUKY,
ymucao je y oktoopy 2020. rogune. [lonoxuo je cBe ucnure ca mpoceyHoM oueHom 10.
Mactep pan, ca Ha3uBOM ,,Mepeme Mmorapu3aliije CBeTI0CTH MoMohy JuruTaiHe xojorpaduje
ca CUMETPHUYHUM peepeHTHHM CHOMOBUMA”, je pamuo moj MeHTopcTBoM mpod. ap Ilehe
MuxaunoBuha u oxopanuo je y centemopy 2021. rogune ca omeroM 10. YV oktobpy 2021.
TOAMHE YIHCA0 je€ TOKTOPCKE akaneMcke cryauje Ha EnexkrporexHuukom (dakynrery y
Beorpany, Ha Mmoaymy 3a Hanoenektponuky u potonuky. [1ooxuo je cBe npeasuljeHe ucrnure
110 HACTAaBHOM ILJIaHY JOKTOPCKUX CTyaHja ca mpocedrHoM oreHoMm 10. YV jyry 2024. ronune
YCICIIHO je OA0paHNO CBOj NMPHIIPEMHH Pajl 3a MPHjaBy TeMe JOKTOPCKE Te3e ca HAa3UBOM
,,KBaHTHa xoyorpaduja 3a ociIrKaBame 00jeKaTa y cpenHoj nHMpapBeHOj 00JIaCTH CIIEKTpa
0e3 metekiuje naTeparyjyhux ¢porona” (euri. ,,Quantum holography for object imaging in
mid infrared spectrum with undetected photons“) mox menropcTtBoM ap Bpanucinas
JenenkoBuh, HayyHU caBeTHHUK U gonucHU yiaH CAHY.

30. noBemOpa 2021. rogune Ha ceguunu Hayunor Beha MHcTuTyTa 32 Qusuky ctude
3Bame UCTpakuBay npunpaBHUK. Ox 2. neuem6Opa 2021. rogune je 3anocieH y MHcTuTyTy 32
¢u3uky yauBep3utera y beorpany, npu 1abopaTtopuju 3a KBaHTHY OMO(OTOHHKY.

TokoM OCHOBHHMX cCTynMja je OMO aHTra)koBaH Kao CTYJEHT JEMOHCTpAaTop Mpu
u3Bohewy mnaboparopujckux BexOM Ha mnpeamery IIpakTUKyM M3 KOHCTpyHcama
eJeKTPOHCKUX ypehaja Ha oceky 3a DU3NUKY EIEKTPOHHKY.

VY wmajy 2020. romune je crekao ceprudukar NI Certified LabVIEW Associate
Developer xommnanuje National Instruments y tpajamy o/ 1Be ToauHe.



[Ipernen HayyHe aKTUBHOCTHU

VY nocanammem pany Ounun Kpajuanh ce 6aBuo obmanthy aururante xojorpadpuje 1 leHOM
MPUMEHOM y CEH30pHUIM M OCIMKaBamy. Xoiorpaduja, Kao 00JIaCT UCTPaKHBamba, KOPUCTH
TEXHUKE HHTepPepoMeTpHje Kako O CHHUMHO M PENpOIyKOBAO0 KOMIUIEKCHY pacrojeny
CJIEKTPUYHOT T0Jha OINTHYKOT TayacHor (ponTa. [IpemHocT xosorpaduje mnpeacraBiba
MOTYhHOCT J1a ce mopeJ pacrojiesie HHTCH3UTEeTa ONTHYKOI Tajaca MOXE PEelpOIyKOBaTH U
pacriozena aze onTHUKOT Tanaca. MoryhHOCT penpoiyKiiije 1 HHTEH3UTeTa U (ha3e ONTUIKOT
Tajaca omoryhaBa mpojeKTOBamE€ ONTHYKOT CHUCTEMa KOJU MOXKE Ja IMPOYUTa OUJI0 KOjy
nHpOpMaIIH]y YITUCAHY Y pacioiely aMIUIUTY/ e WK (haze TaacHOT (pOHTA ONTHYKOT Tajlaca.

Tokom ocHoBHUX ctynuja @wmn Kpajuauh je KOpUCTHO TEXHUKE ITUTHTAIHE Xosorpaduje
Kako O peasn30Ba0 ONTHYKU CEH30PCKH CHUCTEM 3a JCTEKIH]y MPOCTOPHE pacrojelie
EKCTEpPHOT MarHeTHor mnoJska. llpumenom @apanejeBor edekra, KpHCTaa KOjU HCIOJhaBa
UJIYKOBAaH MarHeTo-ONTHYKU e(eKaT y MPUCYCTBY CKCEPHOT MArHETHOT IM0Jba MCHa CTame
noJjlapu3alije yiaa3Hor JIacepCKor CHoma. JImHeapHO mosiapu30BaHa CBETIIOCT C€ POTHpa 3a
dapazejeB yrao, KOju je JIMHEAPHO Cpa3MepaH EKCTEPHOM MarHeTHOM moJby. IlomenyTa
MIPOMEHA CTama ToJapu3allije ce MOXKE JICTEKTOBATH KAa0 MPOMEHA PacIojielic MHTCH3UTETa
OIITHUYKOT TaJjiaca.

Kacnuje Toxom mactep crynuja, Gunun Kpajunuh je moaudukoBao xomorpagcku ONTUYKA
CHCTEM TaKO J1a MOXE Jla MEpH OIIITEe CTame MOJIapu3alMje Jacepcke CBETJIOCTU. YTOPEIo
Mepemhe UHTEH3UTETa OPTOTOHATHUX KOMIIOHEHTH CBETJIOCTH M H-UXOBOM (Pa3HOM Pa3IMKOM
Moryhe je JeTeKTOBAaTH OIIUTE EIUNTUYHO CTame Mnojapusanuje. MoaupukoBaHUM
nHTEp(HEPOMETPOM KOjH TIOCEy]je TPH TpaHe, MoTyhe je jJeTHOM aKBU3HUIHjOM CIIMKE Johu 10
CTama MoJiapu3alyje.

Takohe, ®unun Kpajunuh yuectByje y uctpaxuamwy Jbyciuia kpuia sentupa Morpho didius
Kao ceH3opa ciuke. ExcriepuMeHTaHo je moka3aHo Ja ycie[ Jacepcke modyne Koja 3arpesa
JbyCIMIle Ha KpWily HHAYKyje ce OJaro momepame JbyCluIa Koje je IJMHeapHO
MPOIMOPILIMOHAIIHO CHAru MoOyAHOTr jacepa. TexHHKama AUTUTaNHe Xonorpaduje moryhe je
JETEeKTOBAaTH TO OJaro momepame MepemeM (aze peduiekToBaHOT Tanaca 0 KPHIIO JICITHPA.
Bynyhu na je Kpuio ancopnTHBHO y IIMPOKOM CIIEKTPY 3padyera, OBaKaB OMOMHCIHPHCAH
JETEKTOp OM MOrao Ja Oy/ie OCeTJFUB 3a YATPABHOJIETHO, BUJBUBO U HH(PALPBEHO 3pavyeHhe.

Ox noueTka XOpU30HT MTPOJEKTA, 3aTI0YETO j€ UCTPAKUBAKE Y 00JIaCTH KBAHTHOT OCIIMKAaBaba.
YnorpeboM HenuHeapHUX KpucTaia Moryhe je 1oOuTH mapoBe CperHyTux (oToHa, KOju cy
KOpEeJIMCaH! M0 MO3UIUjJU, BpEMEHY, UMITYJICY U €HEepruju. Ycieln TUX ocoOuHa Moryhe je
HaIpaBUTH TakaB MHTEpepoMeTap y KoMe jeaaH (OTOH U3 Mapa MHTEparyje ca y30pKoM, 0K
apyrd GoToH W3 mapa mocenyje WHGOPMAIHM]y O Y30pKYy W Ha HEMYy MOXE Ja C€ BPIIH
neteknuja. Ako 0u ce m3abpao TakaB HEJMHEApaH KPUCTAI M 3aJ0BOJHIIIM OJroBapajyhu
yciaoBu (a3HOr ymnpapuBama, Moryhe je HampaBuUTH mapoBe ()OTOHA JIEr€HEpUCaHHMX IO
TaJIaCHOj Ty’KUHH, TaKO Ja jefaH (oToH Oyne y 1ajboj HHPpaIpBeHOo] 00JIaCTH CIIEKTpa U J1a
apyru GoToH Oyze y BUIJbUBOj 00acTu criekTpa. Tana Ou ce nerekunjom GoToHa Yy BUIJBUBO]
o0JIaCTH CIIeKTpa MOTJja JeTeKTOBaTH HH(OpMaija Kojy je NpuMHO (OTOH Yy Aajboj
uH(paLpBEHOj 00JACTH CIEKTPa KOJU j€ MHTEParoBao ca y30pKoM 0e3 HBEeroBe JeTeKIIHje.
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Ha ocnoBy unana 29. 3akona o onwteM ynpasHom noctynky (,,Ci. rnacauk PC”, 6p.18/2016) u cnyxOeHe eBuaeHUMje n3naje

- VBEPEILE

Kpajuuuh (Aua) ®@uann, 6p. ungexca 2021/5006, pohen 03.10.1997. ronune, beorpan, 3Be3napa, Peny6iuka
CpOuja, ynucan wkoncke 2023/2024. roause, y cratycy: (uHaHcupawe M3 OyueTra; TUN CTyOMja: OOKTOPCKE
aKazeMcKke CTyaMje; CTYAMjCKK nporpaM: EnekTpoTexHuka n padyHapcTBo, Moaysl HaHoenekTpoHuka u (hOTOHMKA.

ITpema CratyTy axynrera ctyamje Tpajy (0poj roantHa): Tpu TrOAHHE.

Pok 3a 3aBplueTak cTyauja: y ABOCTPYKOM Tpajatby cTyanja. CTYAEHTY Ce Ha JIMYHU 3aXTEB MOJKE MPOLYKUTH POK
3a 3aBpLUETAK CTYAMja 10 UCTeKa POKa y TPOCTPYKOM Opojy LIKOJICKMX FOAMHA 33 peaau3auujy CTyaujCKor
nporpama.

OBo ce yBepere MOske ynoTpebuTH 3a peryauncare BojHe obaBese, n3naBarbe BU3E, MpaBa Ha ACUMjH  104ATaK, MOPOAMYHE
TNEH3Mj€, MHBAIMACKOT 101aTKa, 100Mjama 31paBCTBEHE KibHKHLE, JCTHTUMALM]E 3a NOBAINEHY BOKIbY, CTHIICHIM]E U Y
ApYyTe CBPXE Pajik 10Ka3uBatba craryca CTyICHTa.
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88/2017, 27/2018 - ap. 3akon, 73/2018, 67/2019, 6/2020 - ap. sakoH, 11/2021 - AyTeHTHUHO
Tymademe, 67/2021, 67/2021 - np. 3akon m 76/2023), unana 112. Craryra Yuusepsurera y
beorpany (.I'macuuk VYwuusepsutera y beorpamy™, 6p. 201/2018, 207/2019, 213/2020,
214/2020, 217/2020, 230/2021, 232/2022, 233/2022, 236/22, 241/22, 244/23, 245/23, 247/23
1 251/23). unana 86. Craryra Yuusepsurera y beorpaay - Enexrporexuuuxor dakynrera,
unana 30. Ilpapunnanka o 10KTOpckuM cTyaujama Ha YHueepsutery y beorpany (..['macHuk
Yuusepsurera y beorpany™, 6p. 191/2016, 212/2019, 215/2020, 217/2020, 228/21, 230/21 u
241/22), HacrapHo-HayuHo Behe Ha cBojoj 899. cemnmnun oapxkanoj 02.07.2024. romune
JOHENO je

@ YHUBEP3UTET Y bEOTPALLY Bynesap kpara Anexcangpa 73 TP: 840-0000001438666-48
A

OAJNAYKY
o ycsajawy H3pemraja Komucuje o oleHn Hay4He 3aCHOBAHOCTH
TemMe JOKTOPCKe JHCepTaLHje

Vesaja ce Mspemwra) Komucnje 3a oueHy HaydHe 3acHOBAHOCTH TeME JOKTOPCKE
Jucepraumje noa HaciaoeoMm ,KeaHTHa Xonorpaduja 3a ociikaBame o0jeKkTa y Cpeimoj
uHppaupeeHoj obnactu crektpa Oes getekimje unTeparyjyhux dorona“, kanauaara
®ununa Kpajuunha, mactep HHK. €NeKTPOTEXHMKE W padyHapcTEa.

Menmop ooxmopcrke ducepmayuje je op bpanucias Jerenxkoeuh, nayunu cagemmuur u
donucnu wnan CAHY,

Obpaznoxeme

Ha ocnoBy Mapewmrraja Komucuje 3a olleHy Hay4yHe 3aCHOBAHOCTH TEME JIOKTOpCKE
aucepraumje. HacragHo-nayuno sehe ®akynrera je, y cknagy ca csojum osnamhemnma,
A0oHEN0 OJUIVKY Kao Y JIHCHO3UTHRY.

F 4

Onnyky poctaBuTi Haanexnom Behy nayunux obnacru Yuusepsurtera y Beorpany.
paaM Japarha carjiacHOCTH Ha MCTY.

JAHA - Opnyky nocrasurn Yuusepsutety y beorpamy, mentopy, Cryaenrckoj ciyxOu u
ApXHUBH.

Hpunpemuna: H. lpewuh
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Peitydnuka Cpouja

Ynusepsuueiii y beoipagy
OcHusau: Peiryénuka Cpduja
. Ho3sony 3a pag dpoj 612-00-02666/2010-04 og 12. okitiodpa 2011.
YB ioguHe je uzgano Munucimiapcitiso tpocseiie u Hayke Peiyonuke Cpduje

EnexitipoitiexHuuku gpaxyniveit, beoipag
OcHuau: Peitydnuka Cpduja

Hossony 3a pag dpoj 612-00-588/2008-04 og 17. Hosemdpa 2008.
iogune je usgano MuHuciiapciiso tipocseitie Peitydnuke Cpduje

.

poljen 3. oxitiodpa 1997. iogune, beoipag, Peityénuxa Cpduja, yiucan wikoncke 2016/2017.
loguHe, a gaxa 24. jyna 2020. ioguHe 3aBpuiiio je 0CHOBHE akagemcke ciuiyguje, upsoi
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ARTICLE INFO ABSTRACT

Keywords: The interest in imaging sensors with broad spectral ranges has increased, driven by both the industry as well as

Blom‘imencs the scientific community. Thus, the need to improve their performance and lower their market cost seems to be

gn?glng S]:’“S"r higher than ever. Nature provides an unexpected solution to this requirement, as the wing scales of a Morpho
olography

butterfly exhibit radiation induced displacement which can be measured using digital holography. The scales on
a wing thus act as pixels on an area detector. However, no detailed characterization of the imaging performance
of such a detector was reported. We address this issue and perform spatial and temporal characterization of a
Morpho wing as an imaging sensor using digital holographic interferometry and thermal imaging. We believe that
this is the first image acquisition using the wing of a butterfly, showing that the sensor has linear response at 405,
450, 660 and 980nm wavelengths, with sensitivity that depends linearly on the absorption of the specimen. The
temporal response is demonstrated to be reproducible, with the 55ms time constant, while the spatial resolution
of 1,46lp/mm at 20% contrast was achieved. The obtained results confirm the imaging capabilities of a Morpho

Morpho butterfly

wing and open the path toward novel bioinspired imaging techniques.

1. Introduction

As the field of biomimetics continuously develops, biological struc-
tures prove to be valuable in advancement of modern optical sensors
[1], often relying on mechanisms of structural coloration in animals [2].
Among many biological materials used in sensing, the iridescent wings
of a blue Morpho butterfly stand out because of their versatility. They
were used to sense a range of quantities, from temperature [3], acoustic
waves [4], pH [5], different gasses and solvents [6,7], to infrared (IR)
radiation [8]-[10]. Already published review articles focus on fabrica-
tion of Morpho inspired sensing materials [11], different types of sensors
[12,13], and sensing, security and energy applications [14]. Radiation
detection attracts special attention as the need for low-cost imaging
detectors with wide spectral ranges grows ever stronger.

The idea of IR radiation detection using the wings of a Morpho but-
terfly was first introduced in a paper by Pris et al. [8]. The authors
measured the spectral reflectance change of the single-walled carbon
nanotube (SWCNT) coated wing of a Morpho sulkowski butterfly in the
visible spectrum. The spectral reflectance change was considered a
consequence of thermal expansion in photonic multilayer structures on
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E-mail address: petarat@etf.bg.ac.rs (P. Atanasijevic).
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the wing scales due to the incoming IR radiation. The same concept was
implemented by Zhang et al. where instead of SWCNT, they coated the
wing with gold, doubling the measured reflectance change [10]. A
recent approach of IR detection demonstrated measurement of spectral
reflectance change induced by IR stimulated desorption of vapor mol-
ecules from the nanostructures of the Morpho butterfly [15]. This
approach showed superior sensitivity compared to other similar
methods and was the first to allow for spectral selectivity in
measurement.

Gruji¢ et al. proposed a different approach in IR radiation detection
using the wing of a Morpho menelaus [16] butterfly as a camera [9].
Displacement of wing scales was observed as a consequence of IR radi-
ation. This movement was detected over the whole sample area using
digital holographic interferometry. Holographic examination shows that
total IR response of the sample at the irradiated point is due to the scale
displacement.

We build upon the sensing mechanism outlined in [9] and examine
the spatial, temporal, and spectral response of the Morpho didius wing
[17]. Finally, we measure the radiation distribution using the Morpho
didius wing, proving its imaging capabilities.
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2. Materials and methods

The experimental results of this paper are obtained using the Morpho
didius species of the Morpho butterfly genus. The similar effect of wing
scale movement due to radiation was observed previously in M. menelaus
butterfly [9]. Other types of Morphos exhibiting similar optomechanical
properties [18] are therefore candidates for image sensing as well. The
spatial and temporal response (i.e. the movement of wing scales) of the
sample’s iridescent side to incoming radiation was investigated using
digital holography.

2.1. Insect specimens and sample preparation

A selected part of the wing of a M. didius butterfly was cut and
mounted on an aluminum plate, with the non-iridescent side facing the
aluminum. The butterfly’s wing was not modified in any of the pre-
sented experiments. The wing itself is fragile and can easily be damaged
during mechanical cutting. To overcome this issue, the samples were cut
using a commercial CO, laser cutter without a protective air stream. The
wing was cut to avoid veins which are stiffer than the membrane, and
almost completely non-responsive due to a limited number of scales
covering them.

During the experiments described in this paper beeswax was used to
fix the sample to a plastic strip. The strip was then mounted to the
aluminum plate holder using double adhesive tape. The photograph of
the prepared sample is shown in Fig. 1. The wax filled the sample’s
backside, providing a uniform attachment, but increasing the sensor
response time. Improving the response time was attempted by changing
the properties of the adhesive material, and by the removal of the plastic
strip and the adhesive tape. The second sample had the thickness of the
beeswax decreased. The third one used wax with TiO,. The fourth
sample used a heat sink pad (240W/mK), and the fifth used a saturated
sugar solution instead of wax.

2.2. Setup for wing excitation and measurement

The holographic part of the setup is a modified version of the Single-
beam dual-view setup [9,19]. Cameras used for hologram recording were
Nikon 1 V3 digital camera (5232 x 3488 resolution, 60fps) and Basler
acA2440-75um (2448 x 2048 resolution, 75 fps). Coherent Verdi V5
DPSS laser with a wavelength of 532nm was used for holography. Its
irradiance was set to 354W/mm?, to prevent significant heating by the
measurement. Apart from the apparatus for holographic measurements,
the setup incorporates a thermal camera FLIR A65 with 30 Hz frame
rate, as well as the excitation section (ES) that was interchanged to suit
the experimental requirements. Fig. 2 a) shows the main experimental
setup with different ES shown in Fig. 2 b). The excitation beam (EB)
induced temperature change AT and consequently, displacement AX of
wing scales is illustrated in Fig. 2 ¢). The displacement was detected by
computing the difference between phase images reconstructed from a

Fig. 1. Image of a circular sample cut from the M. didius wing and placed on a
plastic strip covered with wax.
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series of recorded holograms.

Excitation section one (ES1) was used for wing calibration, spectral
and temporal response characterization using four laser diodes (LD)
three in the visible (405,450 and 660nm), and one in the near-infrared
(NIR) part of the spectrum (980nm). LDs were controlled and synchro-
nized with the rest of the system by the microcontroller. The neutral
density filter (NDF) was used to adjust the EB power from 600uW to

20mW. Beam splitter (BS) was inserted into the EB path to provide a
monitoring signal for a photodiode power meter (PD300 Ophir
photonics).

In another configuration (ES2) a He-Ne laser with a wavelength of
632.8nm and a known Gaussian beam profile was used to perform a
“one-shot” spatial characterization. The lens was used to expand the
Gaussian beam over the sample area, to characterize differences in wing
scales (“pixels™).

ES3 was used to resize and reshape the EB, so an image could be
projected onto the sample. Images were defined by the beam mask. A
version of the Slanted Edge Method [20,21] was used to estimate the
effective resolution of the imaging system. The edge spread function
(ESF) was recorded using the wing as an area detector. From the ESF, the
line spread function (LSF) was derived, and the modulation transfer
function (MTF) was calculated [22].

2.3. Acquisition software and digital hologram reconstruction methods

The synchronization of the thermal camera, with the digital camera
and the exciting lasers, was performed using an application developed in
LabVIEW. The thermal images were non-uniformity corrected before
every acquisition.

Hologram reconstruction was performed using the shifted and scaled
Fresnel reconstruction method [24], with the scaling operation per-
formed in the destination plane instead of the source plane. A set of
equations for hologram reconstruction and displacement calculation is
presented in Appendix A. The phase difference images were median
filtered to reduce the influence of noise. Phase unwrapping was con-
ducted in the time domain. Phase differences on a pixel level were
calculated between successive holograms during the recording, and the
total induced phase difference was calculated as a sum of the calculated
increments.

2.4. Experiment design and data processing

2.4.1. Calibration function, spectral characterization and temporal
response

To determine the wing’s calibration function, spectral properties and
temporal response, the ES1 setup was used. LDs with wavelengths of
405, 450, 660, and 980nm were used to excite the wing sample for
200ms. LD beams were of different irradiance distributions and sizes.
The induced phase difference holographic images, as well as thermal
images, were analyzed to correlate the phase difference after 200ms
exposure, with the EB irradiance and the induced temperature change.
For the calibration function, we calculate the mean value of the induced
phase change and establish its relationship to the average EB irradiance
according to Equation (1).

P = Ko 8 Lung 6

Iy, represents the average EB irradiance calculated by dividing the
EB power by its spot size, and K; is a proportionality constant denoting
the measurement sensitivity at a specified wavelength. Further discus-
sion on the choice of Equation (1) in context of the reconstruction al-
gorithm is presented in Appendix A.

Temporal behavior was analyzed by recording a series of successive
holograms, and normalizing the response.
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Fig. 2. a) Modified Single-beam dual-view digital holographic setup. b) Interchangeable Excitation Sections. ¢) The illustration of the effect of the radiation-induced
temperature change (AT), and displacement (AX). L1, L2, L3, L4, L5 - Lenses, M1, M2 — Plane Mirrors, CM — Concave Mirror, EB — Excitation Beam, PH - Pinhole, S —
Sample, A — Aperture, LD - Laser Diode, PD — Photodiode, NDF — Neutral Density Filter, BS — Beam Splitter. Light beams are drawn using the Ray Optics extension in

Inkscape [23].

2.4.2. Spatial response

The spatial response of the wing was characterized by the ES2. He-Ne
laser with a wavelength of 632.8nm was chosen because its wavelength
is close to the 660nm wavelength where the sample was calibrated,
while it has a well-defined beam profile.

To examine the imaging capabilities of the M. didius wing, we used
the ES3 setup with five different beam masks: concentric circles, bright
and dark line pairs, a letter X, a star, and a straight edge illumination
used for the Slanted Edge Method. The phase difference response to the
straight edge was used to calculate the ESF. The calculation involved the
averaging of 50 rows along the edge. The averaged line was further
filtered before the numerical differentiation to obtain the LSF. The LSF
was Fourier transformed to generate the MTF.

3. Results

Examples of the reconstructed hologram intensity image, pseudo
colored phase difference image and thermal image are presented in
Fig. 3.

3.1. Calibration function and spectral characterization

The results for different EB wavelengths are shown in Fig. 4 a).
Experimental results confirm the assumed linear relationship between
the mean phase change and the average irradiance. The sample exhibits
high sensitivity in the red region of the visible spectrum and near the
ultraviolet (UV) region of the spectrum. The sensitivity drops both near
the blue wavelengths and in the NIR range.

a) b) 4,
3
1.
5mm Smm
0

Holographic interferogram

Hologram intensity image

The relation between the induced mean phase change and the
induced mean temperature change is shown in Fig. 4 b). The mean
temperature change is calculated from thermal images using the same
principle applied to phase change calculations. The relationship be-
tween phase change and temperature is independent of the wavelength
of the EB. The displacement of wing scales is thus a consequence of
temperature change caused by the incoming radiation. Therefore, only
one straight line was fitted through all measured points, regardless of
wavelength. The slope of the fitted line is 9.971rad/K, which corre-
sponds to a displacement of 0.478um/K (equations presented in Ap-
pendix A).

The results from Fig. 4 a) and b) suggest that the overall sensitivity of
the proposed sensor is determined by the spectral absorption of the
wing. To prove this hypothesis, the spectral reflectance and trans-
mittance of a M. didius wing sample were measured, and the absorption
was calculated in the 390 —1000nm range. The reflectance measure-
ments were performed using an RSA-FO-150 integrating sphere, and the
transmittance measurements were conducted in a transmission geome-
try. Percentages of light transmitted and reflected by this intact wing
sample are plotted with solid lines in Fig. 4 ¢). The results are similar to
the spectra found in literature [25]. The absorption spectrum is plotted
with a solid line in Fig. 4 d), together with the measured sensitivity K,
obtained from the wing calibration. The high sensor sensitivity wave-
lengths correspond to high absorption spectral regions. While the
sensitivity in the blue-green region drops because of high interfero-
metric wing reflection [25], the sensitivity drop in the NIR range is due
to both the increase in reflectance and transmittance of the sample.
From the plot in Fig. 4 d) the relation between absorption and sensitivity

5 c)

25
5

21

Thermal image

Fig. 3. a) A part of the intensity image of a reconstructed hologram, showing a sample fixed on an aluminum mount. b) The same part of the phase difference image
of two holograms, showing a star-shaped area where the 660nm, 3.9mW laser radiation was present for 200 ms. ¢) Thermal image showing the radiation-induced

temperature change (different measurement with the rotated star).
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Fig. 4. a) Relation (calibration function) between the mean phase change and mean beam irradiance after 200 ms of exposure, for four different wavelengths. b)
Relation between the mean phase change and the mean induced temperature change after 200 ms exposure, for four different wavelengths. ¢) Spectral dependence of
reflectance (left axis, black) and transmittance (right axis, green) for the intact wing (solid line), and the wing modified by the removal of the scales on the underside
of the membrane (dashed line). d) Spectral dependence of sensitivity K, (right), and absorption for the intact M. didius wing (left, solid line), and the wing modified
by the removal of the scales on the underside of the membrane (left, dashed line). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

is confirmed.

To further determine the contribution of different types of scales in
the spectral properties of absorption, the scales on the underside of the
membrane were removed mechanically, and the reflectance and trans-
mittance measurements were repeated for this wing sample. Percentages
of light transmitted, reflected, and absorbed by the modified wing
sample are plotted with the dashed lines in Fig. 4 ¢) and d) respectively.
The removal of the underside scales increased the transmittance, while
the reflectance was not influenced significantly. Thus, it can be
concluded that the underside scales contribute to the absorption and the
temperature change of the sample, especially in the NIR region.

The results confirm a linear sensor response, while the spectral
properties are governed by absorption. This gives rise to the idea that the
absorption could be artificially enhanced by deposition of absorbing
materials on the wing’s surface, as previously reported in the literature
[8], thus increasing the sensitivity in a desired part of the spectrum. The
response to the UV region of the spectrum should be high even in a non-
modified wing, due to the presence of melanin.

3.2. Temporal response

The average of 10 normalized temporal responses to different
(200ms, 660nm) EB powers, with the corresponding standard deviation
calculated and shown for every point is presented in Fig. 5 a).

Due to a very small standard deviation at every point, one may

conclude that the phase response is highly reproducible. The shape of
the obtained curve during the heating (Laser on) and cooling (Laser off)
periods suggests a first order system response, following the laws of
heating and cooling governed by Equations (2) and (3) respectively:

T(r)=Ty+ PO, [lfexp(fg)],rzmcé‘e 2

T(1) = Ty + (T — T)ewp - i) 3
where T and T4 denote current wing temperature and ambient tem-
perature respectively, P represents the EB power, 7 is the time constant,
m and c represent the mass and specific heat determined by the but-
terfly’s wing, while t stands for time. 6, is the equivalent thermal
resistance between the sample and the ambient. It incorporates both the
heat conduction through the wax, adhesive tape, and the aluminum
mount, as well as convection due to exposure to the surrounding air. The
phase change will follow the same time dependence as temperature
change considering the linear relationship determined in the previous
subsection. Derivation of the Equations (2) and (3) is provided in Ap-
pendix B.

The step response of the samples was examined for both laser heating
and cooling. The first sample with the thick layer of beeswax showed a
time constant of 352ms. A large value of the time constant is a conse-
quence of choosing the beeswax on a plastic strip as an adhesive mate-
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(upper plot) and cooling (lower plot), with respective time constants.
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rial. Even though it provides good mechanical support for the fragile
wing sample, a thick layer of wax is a poor heat conductor. This limits
the temporal response of this version of the proposed sensor.

The normalized phase change step response of a point on a butter-
fly’s wing for improved samples (two to five) is presented in Fig. 5 b). A
time constant decrease by a factor of two to six is apparent compared to
the original sample. Even though the heat sink pad shows the smallest
average time constant of only 53 ms, the adhesion of the wing to the pad
was not optimal. Thus, the thin layer of wax with TiO, emerges as the
optimal solution with the average time constant of 55ms and proper
wing to mount adhesion.

As the Equations (2) and (3) suggest, the decrease in time constant
also decreased the average temperature change proportionally, thus
decreasing the sensor sensitivity forcing the compromise between
sensitivity and response rate.

3.3. Spatial response

The image in Fig. 6 a) is a photograph of the expanded Gaussian
beam, taken using the digital camera. When fitted to a two-dimensional
Gaussian distribution function, it showed the total beam width of
6.96mm and 7.06mm in the horizontal and vertical directions respec-
tively. The term “total width” refers to a width of 1.5w(z) which contains
99% of the total beam power. w(z) is the beam radius at a distance z from
the waist, where the observation occurs [26].

Fig. 6 b) shows the induced holographic phase difference image of
the wing after the 617ms exposure to the expanded Gaussian beam. The
fit of the two-dimensional Gaussian distribution to the obtained phase
difference image resulted in an R? value of 0.9755, proving the ability to
measure radiation distribution using the wing of a butterfly. The total
width of the fitted distribution was 7.48mm and 8.55mm in the hori-
zontal and vertical directions respectively. Overestimation of the beam
width is a consequence of a sensing mechanism that involves heat
transport and displacement not only in the plane perpendicular to the
sample but in the lateral plane as well. The difference in horizontal and
vertical beam widths is a consequence of the fact that wing scales are
inherently asymmetrical with their length two times larger than their
width.

Fig. 6 ¢), e) and g) show a photograph of a sample, illuminated by
660nm LD radiation with three of the aforementioned five masks. The

20%
1.46 Ip/mm

1 1.5
Frequency [Ip/mm]

Fig. 6. Demonstration of the spatial response properties of a M. didius wing as an imaging sensor. a) The photograph of a Gaussian beam profile recorded by a CMOS
camera. b) Phase difference induced by the same Gaussian beam, imaged holographically on the wing. ¢) Photograph of the sample illuminated by 660 nm laser
radiation shaped like a group of concentric circles. d) Phase difference induced by the concentric circles, imaged holographically on the wing. e) Photograph of the
sample illuminated by 660 nm laser radiation shaped like a group of line pairs with a frequency of 1 Ip/mm. f) Phase difference induced by the line pairs, imaged
holographically on the wing. g) Photograph of the sample illuminated by 660 nm laser radiation shaped like an X sign. h) Phase difference induced by the X sign,
imaged holographically on the wing. i) Photograph of the sample illuminated by 660 nm laser radiation shaped to form an edge. j) MTF calculated using the Slanted

Edge Method.
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spatial frequency of the line pairs in Fig. 6 e) is 1Ip/mm. Fig. 6 d), f) and
h), show the phase difference images measured as a response to the
radiation distributions of Fig. 6 ¢), e) and g) respectively. Fig. 3 b) also
shows the phase difference image, where a shape of a small star can be
observed as a result of the fourth beam mask which was star-shaped. To
the best of our knowledge, these phase maps are the first images of light
intensity distribution measured using a wing of a butterfly as an imaging
sensor.

The inset in Fig. 6 f) shows a line that was generated by averaging 70
successive rows in the exposed region of the phase difference image. The
line is a profile of phase change that shows peaks and dips corresponding
to the light and dark regions of the illumination distribution. Knowing
the pixel spacing in the hologram reconstruction plane, it was possible to
generate the length axis in the plot. From this phase profile, a line pair
frequency was calculated to be 1lp/mm which is consistent with the
actual line pair frequency measured beforehand. Time evolution of the
wing’s phase response to the line pairs and the Gaussian beam is pre-
sented in a video sequence in Appendix C.

Finally, the Slanted Edge Method and its results are presented in
Fig. 6 i) and j). Fig. 6 i) shows the photograph of the sample illuminated
by a straight edge. The obtained MTF is shown in Fig. 6 j). Using this
plotted dependence, we estimated (in units of spatial frequency) the
resolving capabilities of the proposed sensing mechanism. It is estimated
that the illumination with a spatial frequency of 1.46lp/mm will cause
the amplitude of the MTF to drop to 20 %. This estimate agrees with the
results observed in other phase images shown in Fig. 6.

The reflection of light from the Morpho butterfly’s wing is angle
dependent, as discussed previously [27]. The response to the EB is ex-
pected to follow the angular dependence of absorption. In our mea-
surements, the angle of the EB was fixed.

4. Discussion

To compare the performance of the proposed sensing mechanism
with the conventional imaging detectors, the presented results are
converted to standardized quantities. One of the fundamental quantities
of a camera is its pixel size which limits its spatial resolving capabilities.
For a M. didius wing, the pixel is one wing scale with a size of 100 x
200um [18]. The wing scales are overlapping decreasing effective pixel
size and causing crosstalk between neighboring scales. The standard
deviation of the phase noise of a non-excited sample was measured to be
0.046rad, and the maximum measured signal was 15.16rad. Thus, the
dynamic range of the sensor is calculated to be 50dB, which is slightly
less compared to conventional detectors, i.e., CCD. Treating the sensor as
a first order system with an average time constant of 55ms (wax with
TiO, adhesive), —3dB cut off frequency is calculated to be 5Hz, while
the attenuation of 10dB corresponds to a frequency of 29Hz, close to a
30 Hz frame rate of standard cameras. Based on the presented values, the
currently investigated biological sample is inferior to the state of the art
CCD/CMOS, short-wave infrared, and thermal detectors in their indi-
vidual spectral ranges. However, contrary to detectors possessing an
energy bandgap, the excess energy of the lower wavelength photons
absorbed by a wing scale is not wasted but contributes to temperature
increase. Unlike the CCD, the wing’s spectral sensitivity to the number of
photons is proportionate to the photon energy increasing the response in
the UV where the absorption is already high. Furthermore, the sensing
mechanism based on absorption and heating is applicable across the
spectrum and enables for the uncooled detection over a broad spectral
range. Such a broad spectral range imaging sensor can find use in se-
curity and surveillance, as well as in scientific and industrial
applications.
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5. Conclusions

We demonstrated the imaging capabilities of Morpho butterfly wing
scales interrogated by digital holography. Calibration of the proposed
sensor in the visible and NIR parts of the spectrum resulted in a highly
linear response function. The sensitivity of this function was shown to be
wavelength dependent and to follow the absorption curve of the
M. didius sample throughout the visible spectrum. Based on this result
we claim that the sensitivity of the proposed imaging sensor can be
artificially modified by deposition of absorbing materials on the wing
scales, as previously demonstrated in the literature. Using our holo-
graphic setup, we obtained a very high sensitivity to the induced tem-
perature change with a value of 9.971rad/K. Temporal response of the
wing was shown to be highly reproducible, while response rate depends
on the material used to mount the sample to the holder. Finally, we
demonstrated image acquisition using the butterfly’s wing with the
resolving ability of 1.46lp/mm for the MTF value of 20%. Not much
research was published regarding bioderived imaging sensors. Our
findings open at least two paths in the field. One is sample functionali-
zation through chemical and/or physical pixel modification to enhance
the response in different spectral regions. The other is implementing the
proposed sensing principle in artificial porose materials.
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Appendix A. . Shifted and scaled Fresnel hologram reconstruction, and displacement calculation

The Fresnel diffraction calculation for hologram reconstruction can be expressed in the convolution form using the following equation [24]:

e i 20 )2
Mz//ul(xu)’l)e‘_"[(xrxl) o2 ]dxld)’I (A1)

Mz(xz,}’z) =

where u; is the complex wave field, 1 is the laser wavelength, and indices 1 and 2 denote the hologram plane and the object plane separated by the
distance z. The coordinates in the object plane (x2,y) should be scaled by a factor of s, and shifted by a, and a, in the x and y directions respectively,
giving new equations:
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for the quadratic terms in the exponent of the Fresnel diffraction equation. The expression can be calculated as a convolution using the Fourier
transform:
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in which the terms C;, ¢« and e*» represent:
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The resolution of the reconstructed phase images depends on the scaling factor s of the Shifted-Fresnel reconstruction algorithm. This means that
by changing the scaling factor during reconstruction, the number of points inside the illuminated area is effectively changed. Since the measurement
result must be independent of s, the metric introduced in Equation (1) is appropriate because the mean phase change in the illuminated area,
calculated as:

1 N
Pare =77 D_D0; (A.5)
i=1

stays the same. In the previous equation N denotes the number of points with the observed phase change, while Ag; is the value of the phase change
of every point. For a point to be added to this sum, it must be in a determined region of interest, and it must have Ag; larger than a threshold phase
change determined by an average of the background. Sometimes, even after median filtering of the obtained phase differences, the effects of noise can
still be apparent. However, because of the averaging nature of the ¢,,,, the noise effects are further reduced, yielding more reliable results.

After the reconstruction and the hologram phase difference Ag calculation, the displacement of the wing scales is calculated using the following
expression [28]:

2
Ap=d-e= THd(l + cos0) (A.6)

where d is the displacement vector, e is the sensitivity vector and @ is the angle between the beam illuminating the object, and the beam reflected
from the object toward the hologram recording plane. In the previous expression, the wing scale displacement vector is assumed to be approximately
perpendicular to the sample surface. In the holographic setup shown in Fig. 2 a) the angle @ is equal to 40°, resulting in a final expression for the wing
scale displacement:

d=0.283 #. (a.7)

Appendix B. . Radiation induced temperature change time dependence
The heat transfer of the wing during the laser heating is governed by the equation:

medT = Pdi— " _ETA dr. (8.1
By integrating (B.1), the time dependence of wing temperature during the laser heating is obtained as:

T:Pﬁf{lfexp(fﬁgﬁ>}+n. (B.2)
When the laser is turned off, only the heat loss remains on the right-hand side:

medr = — T~ T2 gy, (B.3)

E

Integrating the previous equation results in the time dependence of the wing temperature during cooling:
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t
T = (Tpa — TA)exp( ——) +Ty.
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(B.4)

Appendix C. . Time evolution of the wing’s phase response to the line pair and the Gaussian beam shaped illumination

Supplementary material

Supplementary data to this article can be found online at https://doi.org/10.1016/j.optlastec.2022.108919.
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ABSTRACT

The paper presents a new algorithm for object alignment in digital holography with multiple spherical reference waves. The algorithm was
applied to polarization sensing with two orthogonally polarized reference waves. A novel holographic setup was built using a diffraction
grating to generate two symmetric reference waves, keeping the setup simple and highly adjustable. The angles of rotation of the polarizing
elements were calculated with mean absolute errors of 0.71° and 2.96° based on intensity and phase measurements, respectively. The same
algorithm can be applied to any digital holographic measurement with multiple spherical reference waves.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203429

I. INTRODUCTION

Holography with multiple reference waves contains more
information in a single hologram recording compared to its sin-
gle reference wave counterpart.’ It is used in multiwavelength
holography,” polarization sensitive holography,”’ and resolution
enhancement.” The interference of a single object wave with mul-
tiple reference waves results in multiple pairs of object images in
the reconstruction plane. Object images must overlap pixel by pixel
in the reconstruction plane, to further analyze the amplitudes and
phases.

The algorithms performing the alignment of images in the
reconstruction can be divided into two categories. The first cate-
gory crops the objects from the reconstruction and employs a block
matching algorithm (BMA) to overlay the images,”'" while the sec-
ond introduces a phase mask during the hologram reconstruction
to induce a shift of the objects in the reconstruction plane.”'*"
Thus, the phase mask effectively compensates for the tilts and posi-
tions of the reference waves. The former approach is fast, although
limited in alignment precision to half of the pixel size in the recon-
struction plane. The latter approach provides better results but with
increased complexity of the algorithms. The interest in the retrieval
of the reference wave’s parameters from the hologram reconstruc-
tion goes beyond the field of multiple reference wave holography.

It is inspired by research in phase-shifting holography,'* phase
contrast microscopy,'” and other related fields. However, the used
reference wavefronts are usually plane.””* To retrieve the spheri-
cal reference wave’s parameters, automated and robust, yet complex
algorithms based on speckle displacements and phase derivatives
were proposed.’ '

In this paper, we propose a hybrid method for image alignment
that uses the simplicity of the BMA and more accurate objects’ phase
components of the phase mask approach. Our method uses analyt-
ical expressions and block matching to estimate the parameters of
spherical reference waves. From these parameters, the images can
be aligned, and the value of interest can be calculated. To validate
the performance of the proposed method, we design a simple and
low-cost setup for polarization-sensitive holography with spherical
reference waves. We utilize basic polarization varying components
as the imaged objects in the experiments, following the previously
reported studies.'” '’ For the polarization-sensitive holography, the
two reference waves must be of orthogonal polarization.”” In
general, the object wave will interfere with both reference waves,
forming two sets of images with two orthogonal polarizations. After
the alignment of respective images, the polarization map of the
object wave can be determined and expressed using the Jones vector
formalism.”' >’ A state of the art in the field of polarization-sensitive
holography is presented in the review article.”
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Il. METHODOLOGY

Our approach for object matching and alignment was based on
the determination of the positions of two spherical reference waves’
point sources used for recording the hologram. Its block diagram is
shown in Fig. 1. The transmissive object is positioned at the optic
axis of the camera, while the reference waves are displaced. This
should result in a reconstruction of the object in the center of the
reconstruction plane, while the reference wave will be off-axis. To
determine the positions of the two spherical reference waves, we
first incorrectly assume the reference wave is on the optic axis. That
will result in spatially shifting the reconstruction plane so that the
reference wave will be in the center and the objects will shift accord-
ingly [Fig. 1(a)]. New object locations, expressed in pixels (., m,),
are found from this incorrect reconstruction using image correla-
tion [Fig. 1(b)]. One of the objects is selected as a kernel for image
correlation. Novelty in the proposed hybrid approach is that these
new object locations will be used to determine the positions of the
reference waves’ point sources in the setup. The knowledge of the
reference waves’” point source locations allows for exact reconstruc-
tions, which will have objects aligned at the center with adequate
phase components.

The relation between the position of the spherical reference
wave and the pixel position of the maxima in the correlation image
is expressed in the following equations, where (x, yo, zo) represent
the location of the reference wave’s point source, A wavelength used
to record a hologram, (A&, An) pixel size, and N number of pixels:

xo:—%(mx—g), (1)

Recorded hologram

a) Numerical reconstruction
using a reference wave with
(X0, Yo)=(0, 0)

‘ v
Selecting one of
the objects as a kernel

for image correlation

/

Image correlation

Y

Finding local maxima
(mx1, my1) and (my2, my?2)
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Z()A N
=- -=) 2
Y= " Nay (my 2 ) @

These results are derived from the representation of the holo-
gram reconstruction, Eq. (3), where p(x,y) represents the recon-
struction plane, parameter C;(x, y) was introduced for convenience,
h(&,7n) represents the hologram at the camera plane, and z dis-
tance between the reconstruction and the camera plane (the detailed
derivation can be found in the supplement),

pley) = o) [l & mesp(iF (32 )& 1))
ol e o

KD )
2,

20

C:x,y) = %exp(i%(xz +y2))exp(—ikzo)exp(
4)
The integral in Eq. (3) represents a Fourier transform of the
hologram multiplied by the chirp function. If the reference wave
is incorrectly simulated (xo, y0) = (0, 0), the absence of the addi-
tional exponential term within the integral will give the recon-
structed image a spatial shift of (—(z/z0)x0, —(z/z0)y0), resulting in
object reconstruction that is not on the optical axis, contrary to the
experimental setup. This spatial shift is equal to the multiplication
product of the sampling rate in the reconstruction plane (Ax,Ay)
= (zA/(NAE),zA/(NAn)) and the distance between the position of
the object’s correlation maxima and the center of the reconstruc-
tion (my — N/2, my, — N/2), where N is the number of pixels of the
hologram.

Calculate
(xo1, Yo1) and (xo2, yo2)

Numerical reconstruction
using reference waves with
(Xo1, Yo1) and (xo2, Yo2)

c) d)

FIG. 1. Block diagram of the algorithm used for object alignment with insets for (a) the hologram reconstruction with incorrectly simulating a reference wave. (b) The result of
image correlation. (c) and (d) Hologram reconstruction with the correct first and second reference wave, respectively.
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The shift of the reference wave’s point source by calculated
value of (xo, yo) using Eqgs. (1) and (2) and separate reconstruc-
tions with correct reference waves will align the object with the
optic axis as shown in Figs. 1(c) and 1(d), enabling further calcu-
lations, i.e., comparison of orthogonal polarization amplitudes and
phases.

Ill. APPLICATION TO POLARIZATION SENSING

In this section, we will explain the holographic polarization
sensing setup used for validating our proposed algorithm. The holo-
graphic setup with two symmetrical reference waves is depicted in
Fig. 2. He-Ne laser (632.8 nm, 5 mW) was used as the light source.

Diffraction grating was used to generate the object wave (zeroth
diffraction order) and reference waves (first and first diffraction
orders). The grating enables a simple and symmetrical setup keep-
ing the reference waves matched. Diffraction grating bears another
benefit. Moreover, by choice of grating fulfillment, the diffraction
efficiencies can be adjusted to the optimal power ratio of the object
beam (after object) and reference beam (after mirror) of 2:1 if overall
attenuation by the object is previously measured.

Reference waves are redirected toward the camera by mir-
rors and expanded by lenses creating spherical wavefronts. Polarizer
sheets were used to set the reference wave polarizations to the linear,
mutually orthogonal states.

Using two lens beam expanders (L1 and L2), the object wave
is expanded and collimated into a plane wave. To get the maximum
sensitivity out of the system, the optical axis of a linear polarizer (P1)
following the expander makes a 45° angle with each of the polar-
izations of the reference waves. If we denote the orientation of the
linearly polarized object wave as 0°, then the first and the second ref-
erence waves are linearly polarized with orientation of —45° and 45°,
respectively. The transparent object modulates the polarization of
the object wave, which then creates two orthogonal interference pat-
terns with reference waves. The formed hologram is recorded using
a monochromatic digital camera (resolution 5472 x 3648, pixel size
2.4 x 2.4 um?, and 17FPS).

Hologram H recorded by the camera represents the superpo-
sition of two holograms H; and H» made by interfering with the
object wave O with orthogonal reference waves R; and R>. If we
note the polarization of the first reference wave with i1, and the
second reference wave with i, one can divide the object wave into

ofl Laser

Ma i N4 iP2(-45°) M2

A Vemmmmmat L3 — et
— e g he

V- : /
L1 ; M1
Obj L2 =1

P35 =g

Camera

FIG. 2. (a) Holographic setup with two symmetrical reference waves. (b) Inset of
the object section in the first experiment. (c) Inset of the object section in the sec-
ond experiment. (M1, M2, M3—mirrors; L1, L2, L3, L4—lenses, DG—diffraction
grating; P1, P2, P3, P4—linear polarizer; Obj—object section; A/A—quarter-wave
plate).
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two polarization components, which will interfere with the refer-
ence wave matching its polarization. In the following equation, we
will mathematically express what was previously mentioned:

H < ‘6+R_1 +R}|2 = |(Ol +R1)IT + (02 +Rz)i2|2
= (01 + Ry +](0s + Ra)[* o< Hy + H. )

The proposed holographic setup contains no beam combiners
to limit the size of the recorded object. Thus, the recorded object
size is limited to a quarter of the size of the reconstructed image
zA[(2A&). If P number of reference wave pairs is used to record an
object with a dimension of dy, the product Pdj is limited to be less
than the previously established limit zA/(24¢). The setup is modu-
lar, providing an easy change between macroscopic and microscopic
measurements by removing the beam expander in Fig. 2(a) and
adding a microscope objective after the object.

To demonstrate the ability of polarization measurement, two
experiments were designed. The first experiment measured the ori-
entation of the linear polarization of the object wave using only the
intensity images, while the second experiment determined the ellip-
tical polarization state using both the intensity and phase difference
images.

The object for the first experiment was designed to provide a
linear polarization with constant irradiance. It consisted of a quarter
wave plate with a 45° polarizer after it [Fig. 2(b)]. The quarter wave
plate and the polarizer are rotated together, yielding equations for
the intensities I and I, of the orthogonal polarization components,

L] [locos’®
I=|>=]"%"7] (6)
I, Tpsin”®
where angle © is the orientation of the transmission axis of the polar-

izer (P4) referenced to P1 orientation. The orientation angle O is
calculated using the following equation:

0= tan_l(\/?). (7)

For the case of linear polarization, only the intensity of the two
orthogonal components was used since the phase difference is
known to be equal to zero or 7.

In the second experiment, the object was a rotatable quarter-
wave plate, placed in front of a fixed polarizer (P4) covering a part
of the object wave and having the same transmission axis as P1.
The quarter-wave plate was rotated creating elliptical polarization
in the region not covered by P4. For the characterization of elliptical
polarization, the phase difference between the electric field compo-
nents has to be determined. The approach presented by Colomb
et al.” is used to calculate this phase difference, compensating for
the slight mismatch of optical path lengths of the reference waves
using P4. The non-zero phase difference A¢,,, in the P4 region of
the reconstruction should, thus, be subtracted from the measured
phase difference in the quarter-wave plate region A¢, , leaving the
true phase difference of the two orthogonal components A¢, given
with the following equation:

cos(20)

A¢ = A¢m - A¢ref = A¢y - A¢x = tan~ (W) (8)
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Normalized intensities I; and I, can be expressed with the
following equation:

1 1
I, ~ I:I;(:I ~ E + Z sin (4@) (9)
Il 1 )
y E*;Sin(4®)

The equations mentioned above can be derived using available
the literature.”

IV. RESULTS AND DISCUSSION

For both experiments, the set of holograms covering the object
angle range of 0°~180° with 10° increments were recorded.

The result of the measured orientation of the object’s wave lin-
ear polarization state is shown in Fig. 3. A median value in the
neighborhood of 5 x 5 pixels in the reconstruction plane was used
to obtain the value of a single point on the graph for all the results.
The orientation O is reduced to the codomain of [0, /2] due to cal-
culating the inverse tangent of non-negative intensity values of I,
and I,, which can only return values from the first quadrant. The
mean absolute error (MAE) in ® measurement of linear polarization
is calculated to be 0.71°.

The results of the hybrid algorithm proposed in this paper
are satisfactory when only intensity images are needed for further
calculations. When phase images are also needed (the second exper-
iment), the position of the point source must be further adjusted.
A slight variation in the position of the point source can make a
major difference in the phase of the reconstructed object wave. Error
in the position of the point source of a spherical reference wave in the
(x,y) plane of this approach cannot be greater than the shift in holo-
gram reconstruction for a single pixel whose value is equal to zoA/N.
For more accurate results, the values of (xo,y,) should be further
adjusted. A major disadvantage of using spherical reference waves
to plane reference waves is the distance zp must also be adjusted.
However, this adjustment can also be automated, i.e., using MAE as
a loss metric. Once the setup is calibrated, the measurement results
will be valid.

* measurement| |
theory

/2

/4

Measured orientation

0 /4 /2 3n/4 T
Orientation of the linear polarization wave

FIG. 3. Comparison between the measured orientation of the object wave’s linear
polarization state and its theoretical value.

ARTICLE

pubs.aip.org/aip/rsi

Area with P4

FIG. 4. A part of the reconstruction image of the object’s first polarization compo-
nent (a) intensity distribution and (b) phase distribution. A part of the reconstruction
image of the object's second polarization component (c) intensity distribution
and (d) phase distribution. (e) Phase difference image of the two orthogonal
polarization components.

Figures 4(a)-4(e) show the reconstructed intensity images
[Figs. 4(a) and 4(b)], phase images [Figs. 4(c) and 4(d)], and phase
difference image [Fig. 4(e)] of the polarization components for the
second experiment. Polarizer P4 covers the lower part of the object
wave, providing the needed information of A¢, .. The phase dif-
ference image is derived from the argument of the division of the
two complex hologram reconstructions, rather than subtracting one
phase image from another, limiting the influence of noise.

The result of measuring the state of polarization during the sec-
ond experiment is shown in Fig. 5. The phase difference of the two
orthogonal polarization components is shown in Fig. 5(a). Its infor-
mation is not enough to determine the state of the polarization of the
object wave since there are two values of the orientation of the object
that can have the same component phase difference. To differenti-
ate between the two states, intensity components I and I, must also
be known. The normalized intensity of the two polarization compo-
nents is shown in Fig. 5(b). Knowing both the intensity and phase
difference of the polarization components, the state of polarization
is unambiguously determined.

The angle of rotation © of the quarter wave plate was calcu-
lated from the phase difference. The MAE of the measurement was
found to be 2.96°. The larger MAE in the second experiment can
be attributed to the systematic error in zyg parameter determination,
affecting only phase, but not intensity images.
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FIG. 5. (a) Relationship between measured phase difference and the orientation of
the quarter-wave plate’s optical axis. (b) Dependence of the normalized intensities
of the two polarization components on the orientation of the quarter-wave plate’s
optical axis.

V. CONCLUSION

A novel algorithm for object alignment in digital holography
with two or more spherical reference waves is presented and experi-
mentally demonstrated. The correct lateral position of the reference
point sources is calibrated using a reconstruction with the lateral
position on the optic axis, providing a more accurate phase com-
ponents calculation. The established connection between the object
shift in the reconstruction plane and the correct point source posi-
tion yielded an automated algorithm with accuracy limited by the
pixel pitch in the reconstruction plane. To overcome this limit, fur-
ther adjustments are necessary. To validate the algorithm, a setup for
polarization-sensitive holography was devised. The two symmetri-
cal reference waves were created by a diffraction grating keeping the
setup simple, low-cost, and interchangeable between microscopic
and macroscopic measurements. The setup allows the simultane-
ous creation of reference beams with different wavelengths while the
optical power matching of the object beam with the reference beams
can be done by grating fulfillment. The linear polarizer’s and quar-
ter wave plate’s optical axis orientation were measured with mean

ARTICLE pubs.aip.org/aip/rsi

absolute errors of 0.71° and 2.96°, respectively. The presented algo-
rithm is not limited to reference waves of different polarizations
but can be applied to any spatially multiplexed holograms, recorded
with spherical reference waves. Applications range from polarization
mapping to various compensations and measurements that include
multiple wavelengths.
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APPENDIX: DERIVATION OF THE REFERENCE WAVE’'S
POINT SOURCE LOCATION

To obtain the expression that connects the object’s position in
the reconstruction image (mx,m},), and the location of the refer-
ence wave’s point source (xo,y,), we start with the mathematical
expression of a spherical reference wave given with the following
equation:

r(Em) = exp(ikn/ (€ - x0) + (- y) +22), (A1)

where k is the wave number and (&,7) are the coordinates in the
hologram plane, while (xo, yo, z0) represent the location of the refer-
ence wave’s point source with respect to the optic axis. Considering
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that zo is sufficiently large, reference waves can be approximated
with the following equation:

2

2
r(&n) = e:qy(ikzo)exp(ikf 1
2

xexp( 5 0 11)/0) xp(ikxzozzoyo). (A2)

The diffraction integral for hologram reconstruction using the
approximated reference waves yields the following equations for the
field in the reconstruction plane p(x, y):

py) = LD (1) [[ wEyr )

cenp(i (8 1) Jexp( <02 (6 ) )y, (a3)

2 2
) =Gt ] h(&n)exp(*ikfzzoﬂ )p(kf—’”)

x exp(i%(fz + nz))exp(—ii—:(fx + ny))dfdn,

(A4)
2
Culy) = ) o (i (xz+y2))exp(_,~k20)exp(_ikx<>2:fo),
0
(A5)
In Eqs. (A3)-(A5), A is the wavelength of the light source, z repre-

sents the distance between the hologram plane and projection plane,
h(&,n) is the hologram’s intensity distribution, r* (&%) is the con-
jugated reference wave, and C;(x, y) is introduced for convenience.
Equation (A4) can be further transformed to a form given with the
following equation:

pley) = C:tey) ] mEmesp(if (5 - )& +)
S TN e ) P

This result in the form of a Fourier transform of the product of the
hologram and the chirp function is used to derive Eqgs. (1) and (2).
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Abstract. Because of their unique optical properties, Morpho butterfly wings inspired
development of a range of novel sensors in the past decade [1]. Radiation detection proved to
be particularly interesting, as it was shown that Morphos can detect the infrared part of the
spectrum with no need for detector cooling [2,3]. Among the proposed techniques for optical
readout of the radiation induced changes, digital holography was the only one to demonstrate
image acquisition using a Morpho didius wing [4]. In our research, we built upon the principles
used for holographic interrogation of the Morpho butterfly imaging sensor and developed an
experimental setup for thermoelectric (TEC) temperature control of wing’s back surface. We
used the setup to determine a range of temperatures yielding the optimal sensor holographic
response to 5 mW, 632.8 nm laser radiation. The setup used a PSoC 5LP (Programmable
System-on-Chip) microcontroller based PID regulator with a Howland current pump [5] for
TEC control and LM35 pn junction analog temperature sensor for temperature feedback
monitoring, as shown in Figure 1. We investigated both TEC heating and cooling of the wing
and observed a change in dynamics of the optomechanical response of the wing scales. A
temperature variation of the wing’s back surface outside of the range of £15°C compared to the
ambient resulted in a decrease in sensitivity of 20% or more, while no improvement in the
frequency bandwidth was observed. The optimal range of wing’s back surface temperatures is
concluded to be between 15 and 35°C.

LM35

Mounted wing sample

Holographic readout

e
Excitation beam

Temperature

TEC

Current

Figure 1. A setup for temperature control of a holographically interrogated Morpho wing radiation sensor.
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Abstract. Spatial distribution of the magnetic field is currently measured with so-called
magnetic field cameras, built from the two-dimensional matrix of single point magnetometers,
either Hall sensors [1], giant magneto-resistance (GMR) or anisotropic magneto-resistance
(AMR) phenomena [2]. Their spatial resolution is limited by the dimensions of the individual
sensor element, which is typically in millimeter range. With our research, we present the optical
system for measuring the spatial distribution of the magnetic field using the techniques of
digital holography to examine the Faraday effect. Faraday crystal in the presence of the
magnetic field rotates the polarization of the linearly polarized light. It has been shown that
holography with multiple reference waves can be used to measure the state of polarization of
the interferometer’s object arm [3][4]. We built a holographic setup with two orthogonally
polarized reference waves. The laser light is divided into two reference waves and an object
wave using a diffraction grating keeping the setup symmetric and simple. We can obtain the
intensity of both of the polarization components of the object wave in a single shot. Using the

4 -~ normalization of the polarization component’s intensities we can calculate the Farada
p Y y

rotation which is proportional to the applied magnetic field, keeping the result independent on

the laser’s power fluctuation. The influence of background light on A/ - normalization is

inherently eliminated with holographic approach as the magnetic field information is coded in
higher spatial frequencies. Sensitivity of the system is determined by the magnetooptical
quality of the Faraday crystal. Spatial resolution is set with the camera’s properties (dimensions
of the sensor chip), laser’s wavelength, and the configuration of the optical setup, and can go
down to tens of micrometers. Time resolution is limited by the digital camera framerate.
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