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1 Introduction

Ernt Cllad i wll Ko o xciting ncoered resonant ccltionsof metal pltes with
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ki them vl Thi, o v cxched many of s comemportricn,

& Napoleon [2

T i intersting 0. study the displacement.of the plate from the equilibium poscon,
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the real part of a i (i),

ime evolution. The complex fields u(z, ) in the neighbourhood of nodal

y i, respectively, is
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Frammes (a) nd (b) in figure 1 show snapshots o the corresponding displacemments A(z, 1) In
time, the displacement pivots around the nodal lines,
he et cclatins Clads el il s b are, of o, cigemods o e
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. 1. Chladui lines and vortices. The figures show suapshots of a 2-dimensional amplitude feld
m - z» i dilacement o o Cladi e o s sl posion, bt cplly wel the
am -~ that represent. /() and & direction (b) a

these. e ot 45°
out of pace Ly /2 sl I vorte (), The e evluion of A o odal e i e e
s pivoting around the nodal line; near # vortex, A ro

In the case of the complex fields corresponding to  nodal line in the & and  direction,
respectively given by equations (1) and (2). simply being summed up, that is for

u(z,y) =z +y. )
ol i ot 45 with b

figure 1(c));
. the plate now pivots around a different line. If the two eigenmodes are added out-of-
phice by 73 that 3 1

u(z,y)

24y, )

the displacement from the equilibriumpositions rotates around the intersection point
{6y 1)t s s ot s penicg soperyodio:coutsion o Vet
To the. ke + Chladi nor anybor et hservd v
the motion of plates, which mu\d it hemstves on 0 o el e
et o cpeabuncions o eI v o
y, he signatures of cobereat reitaions of standing Yerves
o example - huve been seen

2 gy st e,
microwave cavities that ae c xeited ts 10]. Vorti
vt appens s o e i oot il bt s tesret s, [
Where hey e i fact been seen  xprmntaly (12

The fieds in open b o g boans tvelin though o efcing
Stutach souee, Yormees i ighh i - opat rkies
opica waves [17:speckle feld, T example e idled with otial v oo simchnre 5]

light fields, optical ‘analogue

s o s, D i nalogy g futher st e s srins on o i e
avoid aceas of arge. .M,unz.(,,.m..u therefore accumula lines, atoms n & blue-detued
o e (L0 o Heheney = shentes S that o 5 ey st resonance) v b
i and mn.unmmhm T the vortes ince 19], s atieipated by Ll (30

Optical vortices were first described by Nye and Berry (21]. Tn a 3D light beam, they form
e o et ity ) o of s enpen ewed here the charge m of the optical
vortios can take ot & rge ofteger ualus. Hilhe-charge vories (vith [l > 1) are on-
generic: th ot stable with respect {0 ot l perturbations 23], whic pi  chrge-nn
verte into ] vorthces of chargs 21 (e lgn s thek of ). The corapie Bed neat the centre
of a canonical charge-rm vortex at the origin s of the form [24]

of I

u(ay) = (x £ip)" = exp(imo), ®

" Conuinly, ndsof vy e can prfeetally ccumine s the anaodes of the sl
ion 5] Pechape Faraday obeetee varticc, though g, 20 i e 1 shows sand to form at
e recion of ol e of . ite ito o s ot bt mos o e i ccon
around these islands is not clar.
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1 amplitude field Az, )
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of A by g s st

as that around a charge.m vortex,

m vortices.

e the s and
Figherchan
B i en g v Pt the e exlion o Ao )t cectrc icld . light
Bl i dincmint o equlliiom of  Cildlplas~ arod Hgher b o
igure 2 shows snapshots of A(z, ) around vortices with charges m from 1 to 4: an inclined
lane Da e [m 2), nd bigherder adde (m 3,4). The time evolution
optical period, A(z,3) near a charge-m vortex rotates
hrongh 38 (i s o o drmermms "t snse of rotation). 50 the ek displacemont
around bigher-chargs aotiesrotates s
Wo v hore o foofthe many peiments performed with optical vortics,spec
e ection )

12 g rospetivly compon t posktive m and sagutive

mementum asociaid with opical vortis (secion 3, an nererometric e that ors

Tt bean it thet vortex mm.,mm.u, (section 4), and the gencration of photons that arc
ntongled in i vori stte (setion

trmts o fow aapects of mostly scalr optcal vor Other

work o ot vortces, vl o been reviewed hre, includes the propagation of aptical

on-linear media, “l\ue They can form soltons (25 and iteroet i other wors

to nsnglariis (28] and disree vortis i it 2,

e of vork et 0 e fon
30]; 1 e orbe [ Ny e
o cxniple o slom 55,53 d ptinlcnesers ) ca i be bl

2 Making optical vortices

14 ok il to crate o gt bea tht conta vortiesfor example, speckle, g
random field easily recognisable to anyone who hius worked with I e
etwork of ptical vorice 5] In ot mdom held the pobalily of seain & poste.
charge vt negtiveclarge aote e the e, 0 he s ofll the ot chages
tely zexo. In fact it s difficult to create a light beam without vortices: any

Tght (for cxampie scttered ight) nteferes with the beam (i port of ben of an
comparshe o that ofthe sy ight notecbly o), s cven ey simple terfrnce can P
t0 optical vortices, as discussed in the follow

il s i i ter o e B componets: o, plane

to e

One vay of analy

waves. In this context, the erate optical vortices is to interfere three
v [un 37]. cross.section th

Vortex lines cross mplete d«umm interference, which oceurs
o et s o oot Byl I, The ome in pairs with opposite
haggs s the s ofthe ores e of thi il i set naeo

An optialvotex can bo crented in  contrlled mauner Ay imprinting its p
rachorsont T s Do the ot obvious oo nnoduting o et
th

o
e S e 5 o e vl e st (PP Fi. o). Beomberion 1 o1
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Fig. 3. Intemsity by 1300 (1) rndomn

plane waves. Phase is represented in grayscale, ranging from black (phase 0) to white phase 27. Vortices

can be identified cither as points of zero ntensity or as singular points in the phase, that is points at

i all phses et o fw cxampes e marked by arows, Depending on he vores charge, e

phiase can be seen {0 increase clockwise (m = +1) o anti-clockwise (m = 1) around the vortices.

& |l
o-j-0 o-Ko

Fig. 4. Two methods of producing a vortex in a controlled manner. (a) A spiral phase plate (SPP:
) dicketic matral of asmuhally-srying i
by path diference. A SPP transforms G

() Phace hologranns als itroduce sch  phase temn. The alion o a blased Rratng
hologram of a wedge

grayscale representation). into diffrent grating orders,

Potecas the dsired phase prole. a the cas of & balogrum ikeuducin & bhase of the focn i the
nth arder has  vortex: of charge m - (bottom).

were the first to generate an optical vortex using a SPP (38]. Machining a SPP for visible
i 10 mean task: the first SPP used at optical frequencies involved a step height of 0.7,
bt s reuine o b mmerse i anrounding Hquid whose efactive e wos tuned 16
achieve a phase difference of 27m (the refractive index difference between the liquid and SPP
s of order 10-3). Machining of SPPs n the optical egime 10 work i e has hecn achicved
tmnch more recently [39,40]
sother method of imprinting the correet phase structure is to use a computer-gen
se hologram (that is, the phase pattern has been calculated by a computer) of S
(41421 The bsic phase pattem ofsuh a bologtam imprinis s simply of the form
5 is the azimuthal angle). However, in order to avoid problems with the phase
response of a phnse hologram, phaee holograrms e often caleulated such that the desired
beam diffrcts at an angle from the ilamnati

beam, resulting in a phase pattern in the
hape of o arbed grating (fgure 4())- Due £ the relatve case of manufachuring & hologram,
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the holographic method actually precedes the suceessful use of a SPP. Computer-generated
Rl moy ither b printed on photogzapic fim and subseuenly esched o comert
it gascle e o comspondin las delays o they s be displayed on  pail
ght modaiator (SLA), wlich can be configured et 2 phase hologram or s an nen
e e, e gt acions s i rshtons ko eiencie
ielly 0% coml)ared to403%). However, SLMs are becoming increasingly common in optics
laborat ey cun be computerconoled el thoe to ctas ey bolograms,
ks also pocsivle to comert a Higher-order Hermite-Gatas mode nto » corraponding
Laguerse Gauss mode With n cntral vortex, This con be achiesed by passing the Hermi
Gaussinn be
o the ben

s waia sie [13].
for resul At vortes lines. Vortices

e ,.h.\,. shapec it othe opological strutures such s ks o Knots THiT The reci
e Bessel o Lo

Gauss modes and then perturbing these with a plane wave. e and oo ised
ooty i o SEAT o coteol bt the pn ey e of the b
in order to create the required superposition of Laguerre-Gauss modes [45].

3 Optical vortices and light's orbital angular momentum

The on o the field in the nei i i g

the vortex. i i i
this one js associated with angular momentu
of light [16].

1 angular momentum (OAM)

In 1992, Allen and that L
beams,

u(r,6)  R(r) exp(~ims), ®
which

h contains a charge-m optical vortex line along the = axis, is an eigenstate of the orbital
angular momentum operator

--ng ™

eigemalus i By anlogy with quastum i, they argued such o beam should
e ot of sk perphotn. (The s vl o o be
o o semicinsicl egmens 4]

05 s prbction s e o carey OAM was confirmed cxpeimataly when e
et o snccseis b v st s Do s B bow s ot Posicl

optically trapped p was subscquently confin ight
i ot (3 el et e e wich Lhs o o 41 ot ot 501,
then by qatitatise messeients .,r rotation raics [5
An 4 of th am of light is that it can give insights into
e e of i and rbitl amgla mementunn. In gt in spin ignsates,the lciri-
feld yocor o very poin rotais o thespot inlght beans in OAM cgenstais the phase
structure of the nd the axis of the beam. When the two forms of angular
et e e o ot o, i o (¢ o 0 ottt
rotate on the spot, [52] while OAM causes them to orbit the beam axis [53].

4 Sorting individual photons according to their vortex state

The holographic techniques described above work also in reverse to split a light beam
ticab-voriex components. They ven work fo mesuring the sorte charg of single ploions
4], but not very efficiently: if a beam of photons is prepared to be, with equal probability, in
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. Phase change res
ot b o o
e paten (racne epreetation) .wmu..m %) i rotated throvgh

iffere etate s nocotated beamu s show i the hotior row

. from socalon of srtxphae puterns through 180" The top row
"The sec third row respes h\llmﬂl\wrmrnpnndg

one of N different vortex: states, the above holographic approach yields a defiite xesult only
for a fraction 1/N of the photous (55] (assuming 100% efficiency of all optical components).
Vi for every photon

4006 offcimey ol apin ongcment) s doomsed i 65 i ke 3w
frequently cited, for example in the context. of quantum computing (e, [56]) and quantum
cvptogaaphy (e, 57,55

Consider a. light beam
Vortex, ie. that i of the form

th & cylindrically symmetric intensity and a central charge-m

u(r,8) = R(r) exp(ims). ®)
The radial dependence is not important in this section; we choose here R(r) = 1. Figure 5
shows examples of the transverse phase cross-sections of such beams for various values of m,

and investigates the effect of a 180° rotation around the beam axis. When the m
rotted hrough 60 atoud s i, th feld t each it i th beam s ot f
the am. In contrast, when  beam with charge m o o 10
y poit s the came in tl\e wluled m\d un-rotated beams

he bean

ety the ot So iy eletations of phas SiFaenes betwes
eromeer appy nly o one paticula et of the b

the eve
riher. Figure  shows the phase ahif reslting rom rotation of vortices with varions charges
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s ofrottion throngh flctions (1) Sucesiverfltions ofthe oo the e st

ect (o o verical s e the with sspott. s & biraontal na, el n rraticn throuh

- Gone ,..m nccseiv rflecions with respec {0 two avcs hat ar roated by an
ol 2=

OR
ned by —15° with respect to the horizon e that
1 g v s el of s e g Wik et 0
t to the horizontal (vight). Generally, reflction with respect to
ed by a relative to the image resulting from reflection with respect
o0 by 3 it enpet o the T

) result in  rotation throug) eflection of the center i

7. Dove-prism interferometer for even-odd sort ind Dove-pris meter tree for
e sring. (9 e e o oddev wmv\u lm o Iet nerferometes in (b)

ach other ‘the two arms
o e ot ith espect 1 cach other by 180 1f the ;mlh lengths are adjusted correctly, ll beams

A v s Jouethe et st pongh S A e o

e metrometere i (1) e e the o
s et g e coretly (and et

din  sorts even-charge heams into integer and ha

45, and mmodd =2, Le. m = £2, 46,

s sots oddochacgs beams ot the clasess

spetivey), the botom
tod4 = 1 and mmod 4 =
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sorting aconing to cven (mimod2 = ) or okl
rding to mmod 1~ 0,123, The columns how the -
ik et 5t g T ot vl e i s et gl

level. (From ref. 5

se shift, .

through 90°. It can be seen that even-charge vortices suffer ither a 0 or =
This

into constructive or destrictive interference in an interferometer that rotates the beams i
two arms through 90° with respect to each other and in which the pathlength is the same

s, in fct, how cven-charge vortices can be sorted further into integer and halbinteger multiples
of 56 Cighi-hand inferterometr i fiure 7). Figure' i shows that od-carge vorios
suffer cither a /2 o 37/2 phase shift, In an interferometer, these phase differences can be
o into O i thtovgh the itrodntion of wn ndionsl phsscatd fing clement 55
imply pathlengih diffeence G0} the bottom nterferometer in figure 7(b) sorts odd-charge
vortiees Tk this. Experimental esuls o such sortng into four diffreat hises ave showh in
figure 8(b). Further sorting into arbitrarily many classes is possible and described in references.
55,60)

P T <
cOSG ®eH?
w | M » 4P L q

| 4 | Ve 1

) = o o = e w2 m

1.5 oo s e phse ittt of e chars (ot Hock) s ol (et o) vt
through 90°. In the case of the odd-cha s, the non-rotated (o = 0°) and ro )
o v stallyant of phue o cther 6~ 2 for mmodd = 3 ) )

150, phaseshifing the rotaied patterns by

o 2/ (o mwodd 3
ks hoe phase diflccnce cher o [0
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Fi. 10, Gty poised ot v, () Comapondence bt phue i o )

i circalarly polasion vortices ith shergon m = <10,

et a0,

T pplied to sort Polarization
ot (15 10) v e sorted exper el i terftomrer 1t rotoss ot ol e
phise s fatenity siruchure, but el the polaczaion dirsction (6], and o

ot n DY b oo exmine theresbaly

e to sort

5 Entangling optical vortices

st do ot e problen with on-ocalit: why hould there ot b some orm of
distance? For most physicists the answer is simple: because Einstein's
thecey of special o m.\.w [64) formulated n 1005, ,,1.m an upper limit, the speed of
light, ¢, on the speed with which the information about any “action
i e o ot s o s i Prdobba oo o (65, one of
Elstins oblections to quabtam mechis. Einsei, Podoliky axd Rosen potee in 1995
tat quiston, meclasis s place o huve an immediate et
Jsovtire, nd coneluded i 165 e o of ety u by
e mot conaplete?, prefcrog instcad s “hiddon verisble” lterpectation of uastien
o106 B (6] st sy ol ettt derying oo
bl uentiier cbey i, sow koomn = Bl's ocqualites.
imony and Holt [67] sugeested an mental realization,
“uf o of Photons, Lo 5 st of Bels necatiis. Tn 1981, Aspect,
ad Roger (68,60 acvanly pesfoined such . cxpesment. This xperiment s in
e s in o mumber of vays (o, [10,1] e Ref (1] o . good rview).
typically creates pairs of photons travelling in diferent directions.
A\]nn L ggred . casa. of two st Smitions n a hewm of Calcum wtoms,
by cach of the two transitions emitted one photon. Most modern experiments use
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ystal. I tho two photons bappen to be enmited in crtin divction, they
here th

through
|. a dcucmr Tegaicrs pho-
are identified

endi
e e ke s T it e st o (. o bt v
arms are always th

"his rnult could be Interpreted i the ollowing vay: when they e crote et pho-
tons take on the same linear polari e direction that common linear polarization is
ety oo 1 e s Satos o Bt L orbee S thee s ok capssanioe I
terms of classical physics for the correlation between the photons. The polarizations have to be
ithr vrticlor hxiontal,as photons ineaty plarized ot 45, for xamnple, e in 1 esal
mpspostion f vestislund Biiaontal v perposion. 1 ay ofth plicus sre Do
ot 15 thy wonld pass throug] iherverica o horbontal direction with
50% Dmbnhh o sl tht s e compei wihsthe et eceiden ke mesonted
for perpendicular analyzer:
Fever e coperimon b givs the fllowin el when€h ayzees i the two s
sre aligned 8 45" ith respect o th boizontal. it of l, the ingehiton count sie
o ot s ndspendant o f the analyzer ot only for 0 ot al il other

el are not polasized. This
(mundlcuonlsmppencd o Uit behaviou af the coincemci couns ate: whaborer th gl
ofthe analysrs n th o s, dhey ave paralle the coieidencecount Tate i e i hey
are Dﬂpcnduuhr. itis cloeto e,

Cle rprtation ofthe it et of sl e (0 be v, he e
tation proid it b et o e ofthe. tw photon are ok
de i on et ot s o e on dietion, o ane o the
that of the other photon immediately becomes the The measure-
hoton has  non-loca efet, which appears o be in contradietion with Einsein's

speed fin
The above account. contains a mmber of simplifications; for example, it completely ignores
the efficiency o the single-photon detectors and the dark-comnt rate, and it arrives at the con-
lsion hat the seon plton i« st imeritely withou Jsieation. Sch bjetons
srtangiement nterpretaton bave bes sdromed i
for example, spatially scparates the polari
lity of the interaction.
argument. can be extended in another direction: from quantum variables that o
described in a 1 fonl Hibet space to those that e desribed i V- measional
space. The motivation for dokog 50  deives for cxample o the decirs to ncrnse the
cation [57.58], or — as pointed out in the paper
of the same o (13 from the rm Tt Violations of Local Realen by Two Entanged
NDmuusmnn\ St Are Stzongertha fr Two Qi
il enesional ntanglment was 1t demonstiated it diflerent votex states of ight
b N 1 1 A i o o 7155 Vi o et wed et
comersion cytal (0 g. crae photon i, lograms of SPPs with singlephoton
deectors to mesure the wortes state of both plotons. They perorned exper
o soges nalogous o' e st o vt disassed above. Frs e demonmentd it
Vortex states of the two photons are correlated: in the nmplﬂl case, that of a charge-0
P oo the sorte charge o the tw cown-converted photoms i always opposite. This was

o et s o oo
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stablished for thre diflrent "
ved comversion process. Then they dumonstrated that the corelation caanct
gl i e o clasica physics. This s demonsirated by mensuringthe plotons in
a basis
i lomecsog work b M e af. s e becn extened i o s f vy Vo snd
collague, o example, demnstraed entanglement oncetration (1), which i impotant fo
quantam comimsication, and Ocrwwingh and collagues shove that photons conld alo
e cntangiod in fractionnl vortes charges (7],
These experments (Iemonﬂmlg » vilation o geners
way for mare poverfl quanta
the measure

e Bl Teapaltis s puve e
m c aion. 1t should be pointed ont that en tho

1 the tate of an entangled photon produces & now-localefect, this docs not
low formation trausfor at specds sreater than the specd of Hght 2]

6 Conclusions
Optical vortics are simply the zexos of optical ields. Considering his essential nothinguess of
opical sortis,ssarch i opia vorics s devcloped i suprinly diverse and il
ways, some of have deseribed here. Michael Berry expressed this eloquently in the
B o e i of o opes 75 o s abont nothne

s 2 Hioo Jurgn Siockmann o dincomions o the ltoniy beveen
L voticen KO'TE s pporied by the Uk Fut
Resr Counel PSR, JC 1 opperte o o By Sociny ooy o P

hanks to Mark Den
Chiladui's nodal lines
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