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ABSTRACT

Digital Spiral Imagin@SlI) is a new kind of imaging principing a special property of light,
the Orbital Angular Momentum (OAM). The goal of this project is to explore this technique with
YAONRYSGSNI RASt SOGNARO YAONRBALKSNE Ay GKS NI y3aS
imaging, objects are illuminatiewith plane wave. In the case of DSI the illumination is performed by
Laguerre GaussigiLG)beams which have a spiral distribution of their phase fra@ptimization of
an experimental setup and exploration of the technique on microspheres was performed.

Electromagnetic field carries energy and momentum. Momentum is separated in a linear and
angular component. Inside this angular component we find as coepiotne OAM.To express
mathematically this property, # paraxial approximation is applie@imilaities between paraxial
optics and quantum mechanics are then used to describe it through the operatbGLmodes are
eigenmodes of tis operator L G K| (G Qa @dfKniodesi &e\ used {nADBIR This modes are
characterized by an azimuthal dependencesrp(in¥) and then by an helicoidally phase frofm is
called the topological chargeJhey can bereatedby a computer generated hologramith a fork
shape on its center 8t make the phase turned as a corkscré®AM is characterized by a coefficient
G, which corresponds to the weights of OAM.DSI this coefficient is studidédr each spiral mode
of the beam. The weight of eadpiral mode in function of theorrespondingmode gives us the
spiral spectrum. Two methods of analygisist to retrieve this information. One is using a CCD
camera and the other uses the coupling of modes on a single mode fiber. It was theoretically and
experimentally demonstrated that OAM is vesensitive to phase and amplitude jumps and
gradients.

Experimentally, a first order LG beam is created to illuminate rtierosphere and after
interacting with it, the scatteed beam issplited into spiral harmonics to be analyzed by a CCD
camera. The sep we usedallowedus to control polarization and the charge of inciddnGbeam.
Experiments consist of moviragsphere through the focus of theG beamThe scattered field is then
collimated and separated in spiral harmonics thanks to a-fikkhologam, the sameype asused
to generate the LG bean@rders of diffraction representing spiral harmonics are analyzed and value
of the central pixel of each order is plotted in functiohtioe displacement of the spher@his allows
us to follow the evolution of the spiral modes whiléhe sphereis moving through the beam.
Experiments wereLJIS NF 2 NY SR 6 A (i K wdieleTtric peadswith difigrBnt ahargesYof
incident beam (0, +£1) and for different polarizatios allresults were compared.

The results between spheres of>n and 1>m are considerably differenfor the first size
transformation of modes are observed when the beam is in the border of the sphere, whereas for 1
>m sphere, for certain mode, transformation appears in the middléghefsphere. The sensitivity of
the displacement of the sphere in the dark spot of the Lagu&agissian beam is shown by our
results. The results have still to be repeated and confirnidgbn it will be possible tamprove and
complete data to continue tinvestigate this technique.
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RESUME LONG EN FRANCA

1. INTRODUCTION

[ Qdza ¢ Kdz¥SAyaedas ysS RQAYIF3ISNRS ¢S LX dza o2y
polychromatique qui se propage, se reflete et est difugél ya f QSa LI} OS y2dza LISNY
les objets qui nous entoure® [ QdzA f KdzYlI Ay Said LINAYOALI f SYSyid &
flI FTNBIdZSSYyOS o6fl O2dzZ SdzZNLO FAyair [[dzS € QlF YLX A (dzRS
RQI dzli NB &s deXPnhtlBikd Suisens lalje RSa a2aidisvySa RQAYIFISNRS LI
RQFdziNBa LINPLINARS(GSa RS (21 I iNdEAr INR Yy G SyliSadE £ SLII
f dZYASNB Y2y 20KNRBYIl GAljdz2S 2SO fQF LI NRGAZY RS az
LISNXY¥Aa fQlFl @d8ySYSyild RS GSOKyYyAIldzZSa RQAYFISNRS LI dz
Apparu depuis quelquesnnées, la notion de Moment Angulaire Orbi@AM)est une propriété de
la lumiere qui ouvre de nouvelles perspectives en imagerie. Elle est utilisée dans la technique
appelée Imagerie Spirale Numérique (traduction littérale dBigital Spiral Imaging DSI»). La
FAFLOAEAGS RS OSiGGS (SOKYyAljdzS | RS2t SiGS LINRdJzOS
réalisées. Lanise en oeuvresur des objectscanoniquesa été réalis@& et comparés a la théorie avec
de trésbonsrésultats.

5Fya £S OFRNBE RS OS YSY2ANB RS aladSNE OS del
adzNJ RSa oAfttSa Sy RASESOUGNARIdzZS YAONRBYSGNRIdzSa ¢
illuminées par un faisceau Lague@aussiefLG)quies O S  |j dzppelle@r? vortex optigeiet qui
est connu pour posséder un moment angulaire orbiien défini La bille est donc sondée par le
FIA40Skdz [D SG GNryatlridsSS t GNIX@SNAR OS RSNYASNWD
RQdzy NG a S ifigie qiiNG Sépager i f@isceau en harmonisspirales. Chaque ordre ou
mode spiral obtenu peut étre relié a la valeur du moment orbital angulaire permettant de tracer le
spectre spiral.

Dans la premiére artie de ce rapport, les fondemés théoriques d moment orbital
angulaire ainsi que des modes de Lagurre Gauss sont rappaldémtion deDigital Spiral Imaging
Sad SELXAOAGSS t GNY 0SNE dzy SEiferdsitb@ve@enydddiS i & [ Q
maispermet de poser les bases du travgili a été effectué. Dans une seconde partie, le montage
expérimental qui a été monté poor S G (i NB  Ssfte tdptintiBst décriten détails Dans la
derniéere partie les résultats expériementaux sont décrits et discuter.

2. ASPECTS THEORIQUES

Dans cette prtie, la théorie du moment angulaibital S & G LINBaSy 4SS RQdzyS 7
YFAAa fF L dza O2YLX 8§GS LlaaAirofSed [ QlF aLISOG Of F aahi
aux modes Laguerf@aussien. En effets ses deux notions sont trés étmoéint liées, nous allons
découvrir pourguoi.
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2.1. Moment Angulaire Orbital

Considérant les équations de Maxwell, lewcip électromagnétique possédeme énergie et
un moment.Le moment est séparé en deux composantes, la composante linéaire et la composante
angulaire. La composante angulaire est elme subdivisé en deux composantes
- la composante angulaire de spin liée a la polarisation de la lumiére
-t O02YLRalydS |y3dzZ FANS 2NDAGIES tASS £ fF RAA

Toutes les interactions lumiemmatiére aboutissent a un échange de mome@es échanges
peuventavoir des conséquences mécaniques par exemple, puisque certains moments sont liés aux
forces optiques impliquées dans la théorie des pinces optiques. Mais da®S O2y G SEGS At
possible de distinguer le role des différents moments. Pour pouvoir séparer la composante de spin et
2NDAGIE Rdz Y2YSy(d Fy3dzZ FANBE Af Fldzi &4S GNRdz@SH
équatiors de Helmoltz dans lecadre de cette approximation donne lieu a des solwiaqui
AQSELINAYSyYyld Sy (RS dudeRaBuetrd2 f 8 ys YS &

La théorie du moment angulaire orbital angulaire a été imaginée comme ayant des
AAYATAGdzZRSa | @SO I Y S O4 gld l§sdoBtholjedzlitiisées fjodzIeddlécrir® S & G
exploitent également les notations de la mécanique quantigai®si que les similitudes entre
mécangiue quantique et optique paraxéalCette similitudesuggéere que les modes de Laguerre
Gauss sont des modes piafs & RS f LOyRilelg Milisé BodeN@crired S @2 f daimdmerny’ R
angulaire orbitalLes modes de Laguerre Gauss possédent une dépendance azimudixal(ienf) et
portent un OAMde mi par photon. Les photadans un mode LG peuvent étre représentés par le

vecteurR Q §¥ }=dm, p). On peut donc écrire

AAAAA L,|m p) =m>m p)

[ Sa @SOGSdzZNE RQSGF G ¢ f/ar und3ndwd S & (puresniniIpar BB LINS & S
ddzLISN1}R2 aAdAz2y RS Y2RSa 2dz RQSiGlFda GSt | dzS

Y)=a Crlm. p)
m,p

Ce sont les coefficient,, qui vont par la suite étre intéressa® Q S i dzRA S NJ LJ2 dzNJ LIS N.
NBY2YUiSNI £ fQRYVE2NYIFGA2Y &dzNJ f

2.2. Les modes deaguerreGauss

Les faisceaux Laguerre Gaussien font partie de la classe dex wmtiques. Un vortex
2LI0AljdzS O2yaAraiasS Sy dzy LINBFAE RS LIKIF &S ljdzA @F NR €
central. Ce point central qui posséde alors toutes les phases a ladésenpeune amplitude nulle. Le
FTNRYy(d RQ2y RS Saii ISt 202 T3y RIOAr NIwEBuiadeR $e iSténsité Sy T2 1
égale a zéro au centre. La variation de phase est donnée par la charge topologique du vortex et

représente ainsi le nombre de variationentre0ét2 RS f I LIKF &S &dzNJ dzy S f 2y 3c
[ a2fdziazy RS €QSlddaGArzy LINIEAFES Sy O22NR
de modes appelés modes de Laguelré dza & ® [ | &2 f dzii A 2 yome ddiLague®re LINE R dz

multiplié par une enveloppe gaussienne et un terme de ph@asé équation cidessous)Ces modes
RS LINBLJ AFGA2Yy 1LI2&aaSRSyd dzy LINRPTAf RS -dedkus.aS asSvyo
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o] 112 o m‘ o ~ o ~
A& 2p! 8 18/2rQ" .A2r20 & r20 .,
LGp,m(rij )_é%(n,i_'_ pj|8 Z? h 8 LP éﬁhz gexp? h_zgexpﬁm/ )

2.3. Imagerie Spirale Numérique

I 2YYSy (G f QAYhum&ibide &t ledrhdindt dnulaire orbital seitg liés? Le
ALISOGNB ALIANIt 8a0 tAS t fl RSEyCia@eharhmeibuer Qdzy 1
2dz Y2RS LBRNIS dzyS SYSNHAS 0ASy RebtitlestdeSrouljedtS Q2 y
tASY jdzQAt SEA & (SharfohifueSsiatesSed 10 15 VIENBS (SAS 4R SLI2 NI Sy (i ¢
O2yVaAARSNB f QSy @St 2 LILifixyHadnOr O HadEEDE enf Huddnkdelj dzS
sprales

1 .- :
ulx,y; z)¥%e- ulr,f;z)=— r.f)explinf
[ QSYSNBAS Si t$ (OehILR 4y dedS SifongtonNiEs cdefiicieNg\ Y S
G par

C,= I’j q‘ah(r,f)|2rdr

En tracant le poids en fonction de chaque mode ou harmonique spirale on obtient le spectre
spiral. Si un objet est sondé avec un faisceau possédatAMbien défini, le faisceau transmis ou
réfléchi aura subit des changementlans la distribution de son spectre et portera donc par
f QA Yy (i SN¥ StRaksArdddatiBns sur le dit object.

Pour réaliser expérimentalement cette décompoistion en harmoniques spirales, un
hologrammede typeforks grating(réseau en forme de fourchette») est utilisé Afin de récupérer
ensuitef QA Yy F 2 NXQI (0, Betiy/typasditméthodes ont été explordék La premiére utilise le
couplage de chaque ordre de diffraction dans des fibres monomodes et la sectifide une
caméra CCD. Dans le cadre de la premiére méthode, la puissance de chaque ordre diffracté est
mesurée a la sortie de la fibre correspondant I £ 2 NAR 1|jdzS RlIya S aS02yR Ol
mesurée aprésunetransformée de Fourieréaliséeparf QA y (i S NMh® RritilleA NB R Q

|
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i1 CCD

P4 | matrix
scattered N2p &
light u, 5 em(rk =0)= in A rdram(r)Jo(O)
1 2
Kep, | M_=lelr, =
fork-like 4 n=| (7 )|
hologram ' !
Fourier
transform
© (d)
Figuela S K2RS RQlylfeasS Rdz 02y (iSydz RS fQh!ax ol
2L A dzZS Y2y2Y2RS SayimSjaz80ixa3aBySYyansd I Lldz a

LINBASY(dS fI YSGK2RS dziAf maEh ()iprésimyfeScontent @il cette intensi
YSada2NBS t fI @FftSdz2NJ RS fQh! aod

Les coefficientsN,, et M, permettent de relier les valeurs mesurées aux valeurs des
coefficientsG,1lj dzA LJ2 NI Sy (i  omygntahduddite orhitaly & dzNJ f S

3. ETAT DE@RT

[ QS dzRS ( K S ZeNEpijadzSa détrdrtré dnedfadde sensibilité de cette technique
¢2dz22dzNB Rl ya QI LIWINREAYFGAZ2Y LINFEAFEfS RS& &LIS
calculés. Pour étudier la dépendance du spectre avec la phaskisceau de type gaussien a été
dziAftA&aS Ff2NR jdzS LI dzNJ SGdzRASNI LX dzis & RSa @ NAL
charge toppologique m=2 a été utilisé. En étudiant la valeur des poids de chaque harmonique spirale
lalargeur du spectrd- A Y& A ljdzS € QF £ f dzNBE 3ISYSNIf RS OS RSNYAS
a2NISa RQAYF2NXNIGAZ2Y &adzNJ £ OAofSd 9y LINBYylyid R
maniére périodique ou non, en introduisant des cassures et des gradienthase, il a été observé
gue le spetre était sensible a tous ces paramétred. [Toutes ces observations peuvent étre
étenduesdans le cadle faisceaux non paraxiaux.

Pourla réalisation epérimental les deux méthodes décrites dans le paragrapt8on été
implémentés. Le laser utilisé est un Hde TEM, qui éclaire la ciblea analyer. Le faisceau est
SyadzAiGS St NBAG t £ QFARS RQbmKgratiggb SBH O2 QIS A RIBZA R Q &Y
pivotant, les ordres sont envoyés soit a trevene lentille et détectés avec éameraCCD ou ilsont
O2dzlJt S& RlIya RSa FAONBa Y2y2Y2RSad [ QSOKIFyYyGAff 2
microscopeen verre Le déplacement du faisceau du laser passant au niveau du bord de la plague est
étudié. La plaque qui est positionaéperpendiculairmentt £ QF ES 2 LJiAljdzS S&ad A
f QSELISNASYOS I FAyYy RS OKIFy3aSNI tF @I fSdzNJ Rdz &l dzi
bonne concordance entre les valeurs théoriques et les valeurérementales relevées par les deux
méthodes|[1].
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4. DSIDE MICRO BILLES

Ce qui a été étudié lors de cette étudstla DSkur des microbillegn polystyrenedont le
RAI Y8 GUNB @I NMSfaise&u de type Lagnerre-Qadssien est utilisé pour édaibille.
Le changement de taille de la bille utikséa permettre de distinguer plusieurs configurations, si la
taille de la bille est plus grande queviaist du faisceau, si elle est comparableaaist du faisceau
ou si elle est comprable a la tailtle la zoneRQA Y i Sy aA (S slie RiszeaF ¢shit@OS | dz |
fortement focalisé sur la bille puis analysé paQ K2t 2IANF YYS Sy .PgeehSdeRS F2c
f QSELISNASYOSs tI o0AttS Sad AYyGNRRdzA G Sudaisyha S T
RANBOGAZ2Y R2YYySS® [ QS@2fdziAz2y RS& RAFTFSNByGa 2NJF
aux harmoniques spiraleont étudiés.

> A 4 LA

Lt Flrdzi YFAYOGASylFyd LI2dz@2ANI AYLI SYSYGSNI OSGGS
avoir une inflence sur la polarisation, la charge topologique du faisceau incident. Il faut également
trouver une maniére de préparer les échantillons avec des billes de différentes. @#eschemirs
optiques, unLJ2 dzZNJ £ S F I A 50 S I dpduRzhINgRFosopedp&mettant de visionner
f QS OK |dgiiedt étrie oht&en paralléle.

4.1. Montage experimental

[ S Y2yidl 38 Sad OdySa SAYSdigi | F@dzat  tdiyaSS NI 21y S dzS dzNJ F
estensuiteF Af G NB LI NJ dzyS TA0NB Y2 GausseiRiSplus Fdpng poBsdi2.o G Sy A
[ ISYSNI A2y Rdz @2 NIo&kbratiGgd @ I NS 1j 420 S SISNNV S A RRSE TR ¢
intense au niveau du vortex optique de charge +1. Une fente permet de sélectionner uniquement le
faisceauRifXérétLJ2 dzNJ £ QI yI t 84S 6fS FIAa0SlFdz [ 3dzSNNB DI dz
de Dove permettant de contrdler le signe de la charge du faisceau incident peut étre ensuite intégré
dans le montage. Un polariseur et un analyseur permettent ensuite deéenla polarisation du
faisecau. Un objectif et un condenseur éffeattié I F2OF f A&l GA2Yy Rdz FFAa0S!I d:
déplacement est contrlfpar une table de translation piezo électrique. Le faisceau transmis est
ensuite diffractépar un holggramme similaire au premidork gratingafin de séparer le faisceau en
KFENY2YAldzSa aLIANIfSE LIdzNJ ljdzQAf az2Aad Fylrfeaso

Ko S

,_
»
3

°

L2 pinhole

] ﬂ
‘?W\D%Gﬂ ]

: A

M2

Figure 2:Schéma du montage expérimental
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[ QSOKF yGAftf 2y |jdzA Sa éaté prépaiclla dzNI S DI REf RS e RE & R
différentesp [ S& oAff Saz ljdzA &S GNRBdAzSYyd RlIya dzyS az2f
RQdzyS LX F1jdzZS RS YAONRaO2LIS GNBa FAYySd 9y &a8O0KLIY
Elles peuvent ensuitétre introduite dans notre systéme et étre analysées. Mais, certains objectifs
gue nous utilisions sont congus pour fonctionner avec du materiel biologique et donc en milieu
acqueux.Sachant cela, selon le méme procédé que précédemment les billes s@mscalla surface
de la plaque mais enferresR I ya RS f QSt dz SyadNB dzyS aSO2yRS LI |
RQ20GSYANI RSa A YInifeareqiafte.t QSOKI yiAff 2y RS
42. a2@8Sy3a RQ204aSNVIGA2Yy SUG RQlylLfeas

Trois caméras CCD sont introodsidans le montd S LJ2 dzNJ f QF yIFf@asS Si f Q
f QOSELISNASYOS® [ LINBYASNB OF YSNI LISNXYSiG f Q20648SN.
soit focalisé. La seconde caméra située aprés le second hologramme permet de récupérer les
différents ordres de # F ¥ N> QG A2y RlIya S LXIFYy RS C2damR SNJ RQ
OF YS NI LISNXY S f QSO RRROESNIDISNI € dzZYASNBE of | yOKS
FIA40Skdz RQlylrfeasS adzNJ t QSOKI yiAatt2ye 9fttS @I R2

5. RESULTATS

5.1. Préliminaires

Les principaux parammetres qui vont étre étudié dans cette étude sont la taille de la bille par
NI LILI2NI t tF GFAttS Rdz gl Aaid Rdz FFAaOSIdz RQlI Y £
ou -1 du faisceau incident.

Dya y20NB SELISNASYOSs y2dza |fft2yad YSadaNBNI f
bille esttranslaté¢ RIFya €S LI Iy RS I GFoftS 2LIAHKHERD [ QAYI
bm a2yl SyYyNBIAAGNBAa LI N f QuniueSeddMrSiRmodes NBspetrie | &
spiral sont donc étudiésSur les acquisitions-BSa a2dza f Q2y LISdzi O2efpdt] f QA Y|
cette caméra lorsque la bille est loin du point de focalisation du faisceau, selon que la charge du
vortex incidentsoit -1 ou +1. Le second hologramme est également blazé, ce qui explige que ce ne
a2A0 LI a tQ2NRNB n ljdzA Said ft QSTFFAOFOAGS RS RAFTN

(b)

Figure 3:Ordres de diffraction observés apres le second holograme en (a) lorsque la ¢tbpogmgique du
faisceau incident estl et & droite en (b) lorsque la charge est +1.

[ 2NREIjdzS 1 oAftfS Sal f2AYy Rdz LRhAeflasodsdl f Rdz
et +1 selon la charge du faisceau incident sont soit un mode GaussighalL@n mode L.
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5.2. Mesures
5rya tSa YSadiNBazx OS az2yid RSa oAfftSa RS wnxz
ainsi que la charge du faisceau incideoupont étre modifiées. Les polarisations disponibles sont
linéaires circulaire positive et circulaire négative et les chadye$aisceau incidengui vont étre
explorées sont 0, +1 efl.. Les ordresle diffraction aprés le seconablogramme qui sont mesas
sont les ordres-1, O et +1. La valeur duxal centralde chaque ordre de diffraction est récupérée et
NI} OSS Sy F2yOiGA2y Rdz RSLIX I OS Ypéryiai deRibvrdf O S @i tf dziSAd2 |
des différents modes spiraux.

Figure 4:Images ds ordres de diffractiombservégpar la camera Brsque la bille est loin du centre du wait
du faisceau LG

la vidéo est ensuitelécoupée en image§ dzA a2y i FylfeasSa dzyS LI
programme Matlab!  LJ- NI LJ2 dzNJ f S3Q2®fSI08 &% FRIzIA A A 38> LI2 dzNJ T
f QSOKIFyiAft2y Saild dzy 202SOGAT t AYYSNRAZ2Y |jdzA dz
jdzA FG0GSAyG RErya y2GN3 OFa hb I wmMIupd® [ S O2yRS
matériel biologique et est donc prévu pour observer dans des milieux acqueux et posséde une
ouverture numérique de ON = 0,65.

Cidessous un exemple de données traitggsur dzy S oA f €S RS H >Y RS F
faisceau incident LG de charge topologiqoe=+1.

2R =2um 2R =2um 2R =2um
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Figure 5Résultats pour une bille de 2>m avec un faisceau incident de charge topologiquepslir une
polarisation lingaire(@S a & € S NI & dzL,{b)Sia GLI2 d3NJI NBEB2dKRieA2 dA9JdAND 2 K
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6. DISCUSSION

[ 54 NBadzg GFiGa ljdA 2yid SGS 20&SNPS LRdNJ RS& 0
f S84 NBadA Ghia a2yid SYiSOKSE RS 068 02dAl RQSNNES dzN
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YI'YAS§NBE RS NB OdzLIS NE adrefc&é& poidr \¢eE 2aNas Idei billgsy |a diamétre dzy
FIAa40Skdz Sad LXdzaa LISGAGE OS ljdzA yQSad LI a tF O
flrjdSttS tSa GFLAfftSa RSa oAffSa dziAf AaleSde2 L2 dzNJ S
>YZ fF GNIXyaFT2NNIGA2Yy RS& Y2RS&a aQSTFFSOGdzS f 2NEI
observe des transferts entre les modesoli®u LG, et les modes L§g Les mémes mesures sont
STFSOldzSSa I SO RSa dé didmbt®.aDesbsdrdts intdBedsant dp@araissént, m > Y
puisque pour deux des modes observés, le maximum de transformation se trouve lorsque le faisceau

se trouve au centre de la bille. Danscetds o0 Af £ S Sad LI} dza LS4 Wnidd |j dzS
cSa RSdzE Y2RS& LI NI nd LI NLGAOdzZ ASNBYSyid aSyairot$s
niveau la. Cette derniére observation est trés intéressante car elle laisse penser que pour des billes

de plus petit diamétre, la sensibilité au déplacemelans cette zone du faisceau pourrait étre

encore augmentée.

7. CONCLUSION

[ QAYFISNAS &ALIANIES ydzyYSNRIjdzS RSe DéeOidBagel f £ Sa
expérimental a du évoluer au long des expériences au fur et a mesure que des problemes étaient
renO2y iNBad® 5Sa OKFy3aSYSyda 2yaG Sdz t ASdz Fdz yABSI
ASYSN} GA2Y Rdz FIA&40Skdz [DX RS fF LINBLINIXGAZ2Y RS
Dans les expériencesffectuées les transfes RQSY SNHA S Sy iNB fS&4 RAFTFSNB
montrés. Une considérable différence a été observée dans cet échange entre une taille de bille de 2
>Y S dzyS GFLAtfS RS o0AtftS RS m >Y |dz yA@SIdz RS f
les transformations maximales des modes ont lieu au niveau des bords de la sphere alors que
OSNIiFAy&d Y2RS43s RlIya fQSELISNASYOS | SO RS& oAff &
trouve au centre du faisceau.

Les derniers résultats qui ont étaités montrent des signes tres encourageant pour
continuer les investigations dans ce domaiReur améliorer les résultas et les rendre plus complet,
des modes plus élevés peuvent étre mesuré afin de connaitre plus largement le spectre spiral. Les
efficacités des ordres de diffraction doivent également étre prises en compte afin de pouvoir tracr les
ALISOGNBAE &LIANI dzEd [ Sa RSNY A Sade |eNat uizicaitaing médesS O S
soient tres sensible au mouvement de la sphére loedlg se trouve dans le vortex du faisceau,
laissent imaginer, si les résultas se confirment, une application dans le contrdle de déplacement des
billes utilisées dans le domaine des pinces optiques. Les résultats doivent également étre encore
reliés et canparés a la théorie.
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INTRODUCTION

The most famous system of imaging is tBen. This light source made of plane waves
reaches objea from our environment and the reflected and scattered light coming from these
objects are detected by our eyes and analyzby our brain. Human eyes are sensible to two
properties of light, the color or frequendyn a certain rangeand the intensity or amplitude of the
light. Starting from this knowledgescientists tried to use otheproperties or range of values that
camot be attained to see what is invisible for human eyes. To perform this it is possible to use
different sources of light and different properties as polarization or phasgearing recently, the
notion of Orbital AngularMomentum (OAM)een as a new prapty of light opens new perspectives
for imaging.For few years the orbital angular momentum is used in Digital Spiral ImagiegOAM
is related to the rotation of the phase of the electrical fielfliminate objects with opticabeams
carrying a welllefined OAMmay permit to retrievenew information about it.Even if the power of
this method had been theoretically demonstrated, experiments are still rare.

In this thesisyve will study the spiral imaging in dielectric microspheres from the range of 20
um to 1 um A sphere is one of the canonical scatterArLaguerreGaussiar(LG)beam which is a
classbeam with OAMgenerated with aspecial computegeneratedhologram is focused on the
spheres and is so used to illuminate the sample. The output bisarpanded toa series of LG
beams with different values of OAM in orderdbtain the spiral spectrum.

In the first part of this hesis, all the theoretical concepts will be introducdulst, orbital
angular momentum of LG beams, the laboratory methodgesferation of LG beams and methods of
analysis of the OAM content in an arbitrary optical beahhe links between concepts atdeir
applicatiors in the context of this project is described. State of the art in #rsaand experiments
already performednill be analyzed in order to position my work and to justify choices that are made.
In a second section thexperimentalsetup is described as well as what kind of information are
measured during the experiments. In the third sections results of the expatsrare presented and
discussed in order to reach a conclusidm.experiments | introduce a microsphere through the
focused LG beams of different orders and analyze the OAM content as a function of the sphere
position. | measured the OAM contewns sphee position dependence for the LG mode of first order
and Gaussian beam in order to compare the spatial resolution by detection of spherical objects.
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1. CONTEXT OF THE INTERNP

1.1. ICFO Thelnstitute of Photonis Sciences

The Institute of PhotonicSciences is a national research center in photonics based in
Castelldefels in Spain. The project was launched in B9fl7 works since 2002. Its mission is to
conduct basic and applied research in Science and Technology of light at the highest international
level.

Figure 6:Building of ICFO in Castelledefe

The different research lines at ICFO dindded as follow
A Biophotonics

Quantum optics

Nonlinear optics

Nanophotonics

> > > >

During this present internshjpvork was performed within the Optical tweezers group which
is briefly presented in the paragraph above.

1.2. The optical tweezers group

The science of optical tweezers can be defined by trapping micro size patrticles in a strongly
focused laser beanin thisway it is possible to deal with single partiet objectsand to analyze it
Trapping a single particle cée thus be coupled bgther analyisas Raman spectroscopyaging
andelectrophoresesTrapped particlesre smalldielectric particlesffom Om G 2 wmAthatcdan & A1 S
be attached tasingle living cellashuman cells.
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Figure 7:Raman spectroscopy monitors the changes in the oxygenation state of a single human rec
cell while it is paced under mechanical stress using optical tweezets]]

1.3. Contextof the project

a® LINRP2SO0 R2SayQi

work of;

RS f MyRvarkE i0 thé éontiduity(oKthe2 LJG A O

- PrDmitrit SGNRP @S Y& adzLJSNIIA & 2 NITweefdré INRRRZEDIE S RSNJ 2 F
- Pr Lluis Torner, director of ICFO and GrpuB I RSNJ Ay ay 2yt Ay S| Nat2 LJGA Ol |

ICFO

- t NI wdzZhy td ¢2NNBaxX INRBdAzZL) £ S RSNJaWGFOA |j dzl y (i dzy Ay
- Gabriel MolinaTerriza, researcher in Juan P. Torres gaucCFO

In their previous works they showed firlteoretically the potential of the technique of
Digital Spiral Imagingy simulating spiral spectra of particular objects or targ@s Gaussian and
Laguerre Gaussian beams were used as probe beam because they carry a very well defined OAM.
This work wadollowed very recentlyin 2007)by experiments in canonical geometrical objedp [
They demonstrated the implementation of DSI technique in very simple target and observed the
behavior of the output spiral modes. Objects werariinated by the fundametal mode TEM)

Gaussian beam

In these previous projects the paraxial regime was considered for the illuminatiorvighaat
is new in this project is that the probe beanhieh is a Laguerr€aussiars focused on the object to
analyze. The paraxial reginethen abandoned. Besides, the analyzed object is a dielectric sphere
that will have to take into account new phenomena as Mie scattepraresses Because of the
geometry of the object, the use of an optical vortex to illuminate #pherelet us expeded to
observe very special phenomena as well as in spiral spectrum as in the shape of the output beam.
We will study only few modes of the spiral spectrum through the measurements of the spiral
harmonics. More precisely, the evolution of these differenbdas when the beam will scan the
object will be studied in our experiment. This evolution will be followed through the measurement of
the energy of spiral harmonics exparthanks to a special diffraction grating
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2. THEORETICAL ASPECTS

2.1. Optical resolution

In imaging techniques, one of the most important parameter is the resolution of the optical
system. This resolution describes how the details of an object can be resolved. The resolution of an
optical system depends ane wavelength which is used to illunate the object to the numerical
apertureand to the nature of the specimen to obserdadeed, what is called diffraction limit of a
system implies that the optical resolution of a system is limited by its aperturetamneavelength.
Resolution of adns or an objective is limited by diffraction. Because of this limit, image of a point by
a lens is not a point but an Airy disKaus, i exists a minimal distance betwedwo points in order
that they appear separatk This distance is the radius of tiéry disk.The angular radius of this
latter is given by

sin(g) = J,ZZIB 1)
‘ is the angular resolution
<isthe wavelength
Dis the diameter of the lens aperture
Resolution can thus be derived as:
/
R=0,61— 2
NA

Figure 8:Intensity distributions of Airy dis¢sieb 2

In figure8 (a), an Airy disc for a defined wavelength and numerical aperture is shown. It
consists of a diffraction pattern with a maximum at the center surrounded by concentric higher
orders. FigureB (b) presents two Airy disks at the limit of optical resolution, two maximums can be
resolved. Last figure showso Airy discs beyond the limit of resolutiothe two maximum canot
be optically resolved.

This limit is defined in term of energy of the illumiioa beam. Electromagnetic field carries
energy and momentum. In the case of our study we want to explore an imaging technique using the
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momentum property of the light. Hence by studying momentum instead of energy it can be possible
to avoid the limitation of resolution by energy

2.2.  Orbital Angular Momentum of light

The parameter used in Digital Spiral Imaging is the Orbital Angular Momé&@am) From

GKS GKS2NE 2F alEsSttQa SldadidiAz2ys {K&umSTE Ol NR Y
momentum is first split into two components which are a linear and angular pag.property that
will be used in the case of thjmesentstudy is a component of the angular momentum. Indeed,
angular momentum is also separated into two compaotsen
- the spin angular momentunassociatedo the polarizationof the light beam
- theorbital angular momentumassociated to the spatial distributiasf the light beam amplitude

and phasdront

It was known for a long time that angular momentum is not odilye to the spin of the
photon. The term of orbital angular momentum was given to this part that not arises fromApin.
OAM is related to thaopological properties of the lighphasefront it will be sensitive to phase
gradient and discontinuities

All interactiors between light and matter leatb transfers of momentum. These exchanges
can have some mechanical consequences because some of the momistinked to what is called
the radiation pressure which is the phenomena used for optical tweezers. But for instance, in this
case, it is not possible to distinguish what is due to the orbital or to the spin angular momentum. The
only case where it is posdé todeal with themseparately is in the paraxial regime.

To deal with problems in paraxial regime in electromagnetism, the Helmoltz wave equation
within the paraxial approximation is solved. Solutions of this equadienexpressed eithen terms
of Harmite polynomials multiplied by a Gaussian or in terms of Laguerre polyndi@jials

The essential paraxial approximation theory of OAM had been devised, as had a quantum
mechanical equivalent. Indeed, method used to describe this angular momentum exgntaitiarities
between gquantum mechanics and paraxial wave optsanges othe OAM ofa field aredescribed
by the evolution of the correspaling operatorL, known as the inetic momentum used iQuantum
Mechanics A LaguerreGaussianmode has an azimutthadependence ofexp(in¥). An analogy
between the paraxial optics and quantum mechanics suggests that theses kihdG modes are
eigenmodef this operatorL, and carry an OAM afii per photons.LG modes are described by two
integersm and p (seeparagraph2.3). Photons can be represented by a single LG mode expressed as

V) =Im p) 4]
It is thus possible to write
L.|m p)=m>m p) 3

State vectors cannot be represented by pure LG mobas,by asuperposition of states
expressed as

Y)=acC,/mp) [4
1Y) a S[u¥e) @
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We will sedater that we want separate trse into spiral modes to retrieve the weights of the
OAM carry by the componen{f€m,p}(see paragrapi2.5).

2.3. LaguerreGaussian modes

LaguerreGaussian beams are knovatso asoptical vortices. Foa finite collimatedbeam,
the wave equation in three dimensions becomes the paraxial wave equation. This equation can be
solved in terms of Cartesian or cylindricabrdinates Then, the soliion is expressed either in terms
of Hermite polynomials multiplied by a Gaussian or in terms of Laguerre polyndB8jiadd_aguerre
Gaussian beam carries a weéfined orbital angular momentum.

The normalized L&z modes are described as below:

o A2 ° m| o ~ ° ~
& 2p! Q 1a\/2rd ma2r?g & r*@g . .
LG, _(r,/)= Q —&—0 | 'gga—@e —gaexplim 5
o7 ) %ﬁ—wg n&n 0 péﬁhzgxpéghzgxp(/) ()

- mis the topological charge.e. the azimuthal phase dependence. It describes the number of
twists of the helicalvave front

- pis the radial index. It determines the radial shape of the mode and the number of radia$ node
of themode

- Ly"are the associated Laguerre polynomials

- is the beam waist
By adding the term of propagation, we obtain the expression of the LG beam.

Figure 9:Computationwith Matlab of different Laguerre Gaussian modes from r2+0 m = +2wvith p = Q We
cannotice that the Laguerr&aussian mode (0,0) is a simple Gaussian beam.

Considering intensity profikewe can see in figur8 that it is not possible to distinguish the
sign of the topological charge. Profiles fon or +m are the same. Transformatiomppears in the
phase of the beam. Indeed the phase front turn around the optical axis in a different way depending
on the sign of the chargesée figure10). We canalso noticethat more the mode has a high
topological charge, more the diameter of the beamareases.
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(@)

Figure 10:

(b)

(a) Representation of the phase front form the left to the right, topological chargd mna—=1

and m=2 [welB], (b) Representation of the phase in the left for m=1-trand in the right for m=2 o2. The

grey scaldNS LINS a Sy G &

iKS @I f dSa

2T (KS[BLKEES TNRBY &

An optical vortex is the point of zero intensity at the center of a wave with spiral equiphase.
Along the direction of propagation, the light beam is twisted as a corkscrew. thkemaves around
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on a flat surface and the wavieont is observed, it looks like a doughrsltaped beam with a dark
hole at the center. A number chari@rizes the optical vortex, it is calldike for LG beamshe
topological charge which takes only discrete and integer values, positive or negative, depending on
the direction of the twist. The higher is the topological charge, the faster the lightrigisg around
the center [10]. This spinning carries the orbital angular momentse paragrapl2.2).
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Figure 11:
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(b)

plane have the same phas@)Transverse cut of a k3eam presenting an helical wavefront

(a) Transverse cut of the output of an ordinary laser (t§Mill the points on the transvers

An optical vortex created by a computer generated holog(aee next sectior2.4) can be
described by different ways. To analyze and calculateofitécal vortex beanproduced, it can be
described analytically by the superposition of Laguerre Gaussian nthdesghthe corfluent hyper

geometrical Kummer function and by the combination of modified Bessel functio. [Optical

vortices are already used in some applicas. In astronomy, it used to detect the exsalar planets
thanks to optical vortex coronagraphs. It is also used in optical tweezers to manipulatesiaiero
particles, in quantum informatics and in the radiave domain.

2.4. Forklike gratings

Different manners exist to obtain a Lagueraussian beam. The easiest way is to create a
computergenerated hologram by computing the interference patternvibeen a Gaussian and a
LaguerreGaussian beanfi7]. As a result, a forkke hologram(see figurel2a) is obtained with a

dislocationor phase singularitgt its center.
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The transmission function of the interference pattern in polar coordinates is given by
(corresponding to phase hologram figure)12

T(r,j):expg a moﬁj - Qrcosi 2,08'3 (21)
é ¢ L +

2p
- 1 is the amplitude of the phase modulation (equaHoif blazed at the first diffraction order)
- lis the number of dislocatiaat the centre

- [ is the spatial period of the grooves away from tientre

(a) (b)

Figure 12: (a)Hologram resulting of thanterference between two beam@ompute with Matlab) (b)LG
beam | obtained with a forkke hologram

We can notice that the hologram preseut figure 12a is blazed (parametet T y that
mearsthat one of the first order will be flavoured. With a nornthffraction grating, the effigincy of
order 0 is highest thais not the case with a blazed grating. LagudB@ussian beams can also be
created with diffractive opticsg] or spiral phase plates.

2.5. Digital Spiral Imaging

[ SGQa 1y2¢6 RSaONA Di§ital Spiral MiEginyIME Khawattat it@leals With (
GKS @1 fdzS hNBAGEE | y3dz I NI aSpkab spéctnvh isdinkéd tostlse R2 y Q|
decomposition of a beam into spiral harmonics. Each harmonic wily @affinite energy which is
known as the weight of the corresponding harmonic. As showaragraph2.2, spin component of
the angular momentum is encoded in the polarization, it can be said, in comparison, that the OAM is
encoded in its spiral spectrum.ieQd aSS y2¢ YI (KS Ydpéckudlisbuit@dnd K2 ¢ (0 K
what is the link betweetthe energy of different spal harmonics and the OAR&rriedby this one.

If we consider the electric field envelopdx,y;z)of a continues wave paraxial beam that
propagates irzdirection the average energy per unit of length is expressed as

U =26, fluiddy (2] (6)

The z component of the orbital angular momentum is per unit length is given by the
following expression

L, = fi P phixdy ™

- I is the vector position in-X plane
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