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Light vortices: solutions to the wave equation
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VeE = ( VXxE+-—— =0
¢ 0} source-free
VeB = O VXB—la—E = (
c ot
c 1
S = —ExB J = — | rx(ExB)dr
4 4 e
Poynting vector Total angular momentum
3
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J = 4— (EXA)-FZEZ-(I'XV) dr where B=V xA
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B Laguerre-Gaussian mode (azimuthal phase):

ap(r.2) = Ap(r2) exoio) (n2)] exw(-itg)

B The Poynting vector completely specifies the field

Phase Magnitude
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Phase singularities

Laguerre-Gaussian beams
* On-axis singularity characterized by helical phase front

*  Poynting vector follows wavefront as beam propagates
* Gives rise to orbital momentum component

* Intensity is zero on-axis (optical donut)

Orbital angular momentum
* Distinct from spin AM associated with circular polarization

* Has magnitude of /7 per photon, where topological "charge" / is
number of (2rt/) phase cycles around beam

L="/h

(¢ = integer)

L. Allen, PRA 45, 8185 (1992)
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Photon angular momentum

If every polarization vector rotates the light has spin.
If the phase structure rotates the light has orbital angular momentum

- M. Padgett
Spin Orbital
linear/circular azimuthal
axis-independent axis-dependent
intrinsic intrinsic or extrinsic

(on-axis) (off-axis)

S=0 S==x1na L=0 I

%ﬁﬁfg "ﬁ}%ﬁ J=L+S ",

Ch




Physics Today 57 May 2004 Miles Padgett

Light’s Orbital Angular

Momentum

The realization that light beams can have quantized orbital
momentum in eddition to spin angular momentum

has recent o ol

mhi ot ! mmnmmg les. momantum. Thiss baams cn ba osed

and new methods for

Miles Padpett, Johannes Courtial, and Les Allen

Ikn all wave phonomaona, Hght has mechanicl proper-

ties. Johannas Haplar m.%ﬂiﬂut commel kails al-
ways point away from the Sun u=a light carvias Hooar
momentum. In 1506, John Poyniing devaloped tha theory
of alectromamatic rmdiation proesors amd momenium don-
=ity and, In 1921, Altart Emnstain showad that Planck's
biackbody law and the mobion of molocules in a radiation
Pield could ba explatnad 17 tha lnor momanbam of 3 pho-
tom i Ak (Tho warn nummibar § = 2ol and # = A'Je, whor
A 15 tho waveclangth and & | Planck’s constant. ) [n madern
timas, Hght's Inaar momentum has beon diractly explotiod
far trapping and cooling atoms and maoloculos.

It was alsn Pn}'u.tlug'llhn i 1005, realived that po-
larized Mght has algolal momontom—spin angular mo-
mantum, associated with ciroalar tion For a sin-
gla phictom, 1t fas 3 valus of +&. Tha idoa of Bghts arbial

momant camao ooly much latar: In 19932, a
mn L':dwrﬂtjtnil‘njlﬂﬂl‘nrl.md:l rai muwﬁg
of us {Alkn) reccgnized that Hght beams with an az-
Immthal domien of — I8 EaTTies an
urmmﬁ tﬁﬁpﬂmm] n:.ulln'ﬁi:
angio & Is the arimothal ecordinats o Ehe boam's oroes
sactiom, and £ can @k any integer valua, positim or nog-
ablwe This orbilal I.I:IE'I.ILI.!’ momantam, thay predicied,
waukd have a valwa of £ = &% par photon st a3 with d=-
cularly palarized Hght, the sign of the orbital angolar mo-
mant mdicatas 1tz handednass with respect o tha boam
dimas thoa

For amy given £, the biam. has ¢ intortwined holical
phasa Frants, as (lustraind nfgum 1. A Totum of hallcally

boams i= that tho phass ity on tha boxm
axis dictatas aomg intonsity oo tho axis. Tharofors tho cross-
sartional intansity patiorn of all soch baams has an anos-
lar charactar that persisis oo matior how tightly tho boam
Is ferosod. Thio an-aris snguiarity 1s a M e tanoa of
phasn dizlocation, the gencral Tiaratura for which is rocant,
arirsive, and bayond the scope of s article?

Thic comeapt of optical ortital momantum of
Fight Is mot alogether new. [t is woll known that molbipo-
lar trazsitions mn producs radiation that carmios arbial
anguiar tom. But such aru rare and ro-
Iata, im tha visibia, to 2 faw Torbidden™ atemic and molec-

Padgett and Johannes m:-m,mpnurnm

2 PO Amerces sl of Mymcs, 5-005A - SREHME-HID

ular trazsithons. What's now and ax-
citing 1s that it s now possthle b
I‘.II.I:B.EHI.IWT aasily, aboratory ©
baams with quantized orbdal angular

o mwestigate all the analogoes of po-
larizd Nght For G, Ofd Can
look for a pholon amalogoe of ihe
spin—orixit cou of alecirons and,
quita genarally, to saarch for now optical mlaractions

Optical angular momentum
To a eonsidarabla ariont, one can undarstand Nighlts ma-
meztum ritis withoul roforanon to nE. A CATS-
full anal atmant of the docmomagnetic Rald gives
he bokal lar moman tum u'umlmum tarms ar
a sam of and arbiial contriba ! Im fres spaca, the
Paynting vector, which gives tha direciion and magnitode
off tha moman tum Now, 1s !IEIE ¥ tho voctor product of the
cliaciric amd magmatic Tiaid 1 Itie=. Far halical phaso
fromis, the Tooior has an armuothal component,
as shown ru [. That componant produces: an orbital
ampular mamantum paralial to the beam anis. Bocanss i
maman tum circulates aboot the baam aris, such beams are
said Lo contain an optical vorior

Tha most commemon: form of halically phased boam b= the
so-ralled Lanmrrs-Canssian (1L.0) lasar meda. In gonerl,
lasors amit 3 baam that gradually cxpands as i€ propa-
Eates. Tha magnitude and phase of the clioctric fleld at il
furant postiions in tha cross section are doscribed By a
midn fanction. For most laser beams withoat halical phas-
Ing, that functon 1= the uct of 3 Hormtta pelynamial
lniﬂ.l.l:lil.l.ﬂl.l.n. Hmﬂu&ﬂn (H3) mn-hpbhiw S0V
eral intorsity maxima, om tha arder of tha pal y-
noamials, arrayed in 2 rectliinaar patiam and separated Sy
Intensity zaros.

Tha cylindrical LG modes havo an aepiict epi— i)

Alinough L modas hava boon preduced divectly in laser
gﬂm: thay are more sasily produoced by tho mnvarsion
HQ baams.

Generating the beams

angular momantum oa patds oo the
?E.u bﬂm ot oo s phase. 'I‘hnrdg
haams can passass spin J%T m:lnl:l.unn Elu.m.'.' nr
rying :plu. argular moman am readily produced By
usiTg & quartar- w:.'lmﬂ b convert Hnearly inte cirog-
Llrlypmmmdllghr_ Lalden group inkrodwced an anal-
s trick with cylindrical lenses &0 bransform an HO
baam with na lar mamantam inio a 1.0 s Ehat car-
ries orbital ar momentum (sea figura 2.4

Although this mmvarskn process s nﬁul_-.- afficiont,
each Lol mode deas maquire a partioular inl HO mode
That requiramant Bmits tho rango of LO modas ang can
prosipce. Conssquantly, the most common method far ore-

May 2004  Physics Today 35

b ndepsench! nddwh.n’s won. i
arbes from Padical phase Fores (e col-
wmn, at which the Poyming vetior (gren
arraws) b re longe peralled 1o the Beam
axis. A1 any foed radius wibin the beam,
the Puyraing wecier fullows a spiral wajec-
wry arcend the axts. Rows ane labaded by £,
IIWi

Beams with helical wandrorss have simole
nnular Inecstty profiles femer cakamn.
" whmmdnbnlsmd.m'wim
wlhajhmwmumﬂma
Sp¥,

froms of the hulical

aling heltcal doams has boen the uso of
numaricaily computed holograms. Such
holograms tan gunerato beams with any do-
sired valuo of orbital :ngul;r maomantam
from the same mitial beam (oo Ngure 3).
The requisite hologram can be formed
anto photographic fllm, the 3'2
terforunco pattarn betwoen a wave
and the beam one soeks to uca. IMum}-
nating the resuli hologram with anothar
plane wava mﬂﬁanrwmw diffracted
beam with tho lhtensity and phaso pattorn
of tha dasired beam.
The holographic can tako as-
m of tha h y spatial 1
ators mubwv.nn have recamtly
mmﬂzbla Thiss ptralatod Bqu
the piace of tha phmgﬂphu fiim
cally calculaiod holographic mrnscznmd 1 w
:nngua Thosa devicos pmxu‘: rnmnﬂngblnmw
controlied holograms that allow a stimple laser beam to ba
converted into an axotic beam with almest any desired
phase and ampittude stnuctusre. And the baam p an

mmmo

7
La

PN

the angular momentum Is assoctated with reglons of high
Intensity, which for an L0 moda 1 2 bright annular ring,.

‘That asscctation Is well fllustrated by a rocent axpar-
tment by Liuls Tornar and coworkars at University of
Catalonia tn Barcslona, Spatn' They showed that, after
the beam passos through tha focus of 2 cytindrical lens, the

r second to moet axperimantal

mqmrmam:‘%'u ws how a mm;nmﬁ:ly stmplo

lane-

wzvucmpuu‘faoummm:l lasaer mw:prdw&m

ﬂn angular momentum.® In recant yoars,

have boen mm in applicatiozs as divarse as 3dap-
real-time hol hy, and cal b

"™ ik spin angular fbettim, which has aaly bwo

dent statos corr ing to Jefl- and right-

t of the incar momentum near the
voriax center is mmrsan, but the total arbital angular mo-
of tha beam am d. The raversal of
the vortax is stmply tmage tnversion tn geomatrical optics;
it has no tmplications for orbital angular momentum.
Ortital angular momentum arises whonever a boam's
phase froats are not parpendicular to the propagation &i-
rection. In the ximation of goomatrie optics, cae
woald say that the light rays that make op the baam are
skowod with respoct o 1fs axis Stm as Il s, this
ray model prodicts the corract rasuit in most ax-

handed ctrealar pnhnzzuu{ ortital g

hasan , €0

to all Intoguer valoes of £ ummmmmms
anguiar momentum and circular polarization is clear, m
lizik batween orbétal asgmilar momentum and other ways
of describing the baam is loss cbvious. It tampting, for ax-
ampia, to diroctly assoctata the orbital companant to the ¢-
value of an optical vortex; bul that’s wroog. Bocause the
canter of tho yortax is a pasition of zaro oplical Intexsity,
it carries noither Mnsar nor Inst,

pmmcnm sttuations.

Moasuring the anguiar momentum of 2 Mght boam is
not easy. The Nirst demonstration of the transfer of spin an-
gular momentum from a light beam was carried out in
1536 by Richard Bath at Princeton Unlvmy Tha ax-
pertmant was axt quartar-
wave plate took :nguxzr momentuzm m-n 2 cireularty po-
larized b-umh The plate’s macroscopic siza amd

36 May 2004 Prysics Today

of Inertia, howaver, meant

PR

mep:iwww physicstoday org
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Can we produce an x-ray vortex? g

Need:
Intense, highly coherent X-ray or VUV beam
Means to generate the helical phase
Means to detect it

Will it be stable upon propagation, or fall apart due
to rapidly varying phases and imperfect optics?
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Spiral phase plate

Polyimide phase plate, 34 um thick, gives ~21r shift at 9 keV
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Experiment
Coherent x- Helium flight cdwo,
ray beam path scintillator
Spiral phase
plate CCD camera

A. Peele, Opt. Lett. 27, 1752 (2002)
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Spiral phase contrast x-ray microscopy

8.0 cm Mirrors == plate
undulator “y

Exit Spiral
WL% it ol

VLS K-B mirrors L T
monochromator Circular\ Y
&
aperture cCD

Images of 1 um pinhole at A= 2.73 nm

ordinary ZP SZP, /=1 SZP, /=2

Sakdinawat and Liu, Opt. Lett. 32, 2635 (2007)
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"Charge 1" vortex

L
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-100 - phase

singularity
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Visualize singularity as split in Fresnel diffraction

fringes from a tungsten wire (9 keV)
A. Peele, JOSA A21, 1575 (2004)
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For a variable polarizing undulator with N periods (e.g. APPLE undulator),
the radiated intensity of the nth harmonic is

d’l _e’y°n*s”
dwdQ dre,C

DAA A|A [ ]L(NAa)/a)l)

where:
Ay = 2yfcos Sy — K, (S +5_)) L(NAw/ @,) is the Laue function for

Ay = 2y0sin ¢S, +iK (S, - S._;) fundamantal @, and Ao=w-nw,(6)

(n+2 D
- Z‘]p (Y)]n+2p+q()Qel(n+ a g=-1,01
p=—0x0

X = 2n§7/¢9\/Ky2 cos’ ¢+K§ sin” ¢
Y=n&K; -K;)/4, tan® = (K, /K,)tang
E=1/(1+ "0 +K; 12+ K, /2)

B. Kincaid, JAP 48, 2684 (1977)
R. Walker, CERN Acc. School, 1998
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For the pure circular mode, K,=K.=K and X=2néy6K, Y=0, ©®=¢. After
simple manipulation, we obtain

A =i {2},9005 $J_(X)—K (JM(X)em + Jn_l(X)e-iqﬁ)}

A =g {2705in $3,(X) =K (J,,,(X)e" - Jn_l(X)e""’)}.

04 + 2nd
T 03 - —j:s To explore whether the higher harmonics carry
f; OAM in general, we consider the time-independent
§ 02 N complex amplitude. For the circular mode this can
"ol L ;- \ be written as =5 NEXT SLIDE
/// \~\
0.0 I

151 05 0 05 1 15 S. Sasaki, PACO7 Proc. TUPMNO097, 2007

S. Sasaki, Nucl. Instrum . Methods A582 (2007) 43.
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In this mode, K,=K,= K, X=2ny6K, Y =0, and @ = .

a2 _ziAy =2, (X) -3, ,(X)}

Radiated amplitude has
the characteristic central
minimum and exp(i /)
signature of LG modes

Intensity [a.u.]

Sasaki and McNulty, PRL 100, 124801 (2008)
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Comparisons between two equations

In the circular mode; K, = K = K, X = 2ny0K, Y = 0, and @ = ¢.

(4, —id,)/2 = N2 | D087, (X) —J, (X}

In Laguerre-Gaussian beam;

ap(rg.z) = Ap(rz) expl-i0,(r2) | exp(Cile)

Sasaki and McNulty, PRL 100, 124801 (2008)
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" 4
////

Intensity, magnitude, and phase for the first few harmonics




)’\ HIROSHIMA UNIVERSITY
First Observation of OAM in Undulator Radiation

helical undulator planar undulator monochromator

I
L TN

phase shifter

s

/

detector
pinhole

e-trajectory

J. Bahrdt, et. al. Phys. Rev. Lett. 111, 034801 (2013).



First Observation of Light Vortices
in Undulator Radiation

week endin

PRL 111, 034801 (2013) PHYSICAL REVIEW LETTERS 19 TULY 2013

First Observation of Photons Carrying Orbital Angular Momentum in Undulator Radiation

J. Bahrdt, K. Holldack, P. Kuske, R. Miiller, M. Scheer, and P. Schmid

Helmholtz-Zentrum Berlin, Albert-Einstein-Strafie 15, 12489 Berlin, Germany
(Received 26 February 2013; published 15 July 2013)

Photon beams of 99 eV energy carrying orbital angular momentum (OAM) have been observed in
the 2nd harmonic off-axis radiation of a helical undulator at the 3rd generation synchrotron radiation
light source BESSY II. For detection, the OAM carrying photon beam was superimposed with a reference
beam without OAM. The interference pattern, a spiral intensity distribution, was recorded in a plane
perpendicular 150,
the helicity of

been found. 10 I

DOI: 10.1103/P

0.5F
-~

Introduction—For an ; € :

solution of the Helmholtz \E’ w

tion can be expanded inl > |

mials. In 1992, Allen et a =05}
beams consisting of an ith

phase distribution and an -1.0F

angular momentum of [f
ous experiments using O ——
the visible and in the infT: -15
were utilized for the micr
in ontical tweezers [4]1 orw
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2010 BF D BARDIERY 5T

BAXRENFRESN TOSMT IR VT IZRoT-

Facility Energy [GeV] Emittance

Spring—8 3 3.4
PF 2.5 36
Sagal.S 1.4 29
NewSubaru 1-1.5 37
UVSOR-II 0.75 27
HiISOR 0.7 400
Nagoyal. S 1.2 03
HiISOR-II 0.7 14

MAX III 0.7 13
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Emittance [m—rad]
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Experiments at UVSOR-III

AxAG = /4 :10 nmrad ~ 10 eV

& =17.5 nmrad @ 750 MeV
Diffraction Limited LS below Ep =6 eV

750 MeV :Emittance ™Ml nmrad, DL wavelength=220 nm, 6eV
600 MeV : Emittance = 10.9 nmrad, DL wavelength=138 nm, 9eV
500 MeV : Emittance = 7.6 nmrad, Dl'wavelength=100 nm, 12eV
400 MeV : Emittance = 4.8 nmrad, DL wavelength=63 nm, 20eV
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Vertical position y [mm)]

Results of Experiments

E =600 MeV, & =11 nmrad

] 10 -

] N UlU phase : —.-~~ -

i B 4, =025p" .

1 = 5

i g B 7

_ = i 7]

i = - 7
.E | -

1 £ o

_ g i 7]

_ g r 7

— } B T

i -5

] ] ] ] ] ] 1 ] 1 ] ] ] ] ] ] ] ] n _1['] ] ] 1 ] ] ] ] ] I ] ] ] ] 1 ] ] ]
10 5 0 5 10 -10 -5 0 5 10
Horizontal position x [mm] Hornzontal position x [mm]

Sasaki, Miyamoto (Hiroshima U), Katoh, Konomi (UVSOR), Hosaka, Yamamoto (Nagoya U)
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Undulators

‘
Polarizer

Band-pass filter

CCD |




Interferences between both circular polarizations
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Circular 15t (upstream: s=+1, /=0) & 2"4 harmonic (downstream: s=-1, /=-1) interference.
Measurement were done with a polarimeter. The spiral pattern rotates with the rotation of
polarimeter. E = 600 MeV, e, = 11 nmrad, | = 240 nm. Rotation angles of porarimeter are: Top
Left: 0° , Top Right: 30° , Bottom Left: 60° , Bottom Right: 90°
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-10 -5 0 5 10 -10 -5 0 5 10

20 l 20
I—"
15 15
10 10
5 5
0 0
0 5 10 15 20 0 3 10 15 20

Double spiral by linear 1t & circular 3" harmonic (Top row) and that by the circular 1st & 3rd
harmonic with the same helicity interference (Bottom row). £ = 500 MeV, e,= 8 nmrad, / =
248nm, downstream undulator setting: left column; s=-1, /=-2, rightcolumn; s=+1, /=42,
without a polarimeter. 33




Double spiral by 2" (/=2%1) & 2" (/=+1) harmonic interference.
E =500 MeV, g =8 nmrad, / = 355 nm, with a polarimeter.



Triple spiral by the circular 2" (s=+1, /=+1) and 3rd (s=-1, /=-2) harmonic interference.
E =400 MeV, & =5 nmrad, A =355 nm, with a polarimeter (band width A4 =1.3 nm).



X-ray orbital dichroism

Dichroic effects are expected with by x-ray beams carrying OAM.
Sensitive to DOS occupancy difference between orbitals with j = ¢ and j = 0.
Enables study of unoccupied states in absence of strong core-hole effects.

Subtracting spectra measured with = OAM states allows separation of e.g.,
quadrupolar from much stronger dipolar transitions.

(e.g.3d > 1s)in:
— cuprates
— manganites
d

g . .
A,(r) = &4, (E/J exp(ild + ikz) Probe Aj = %2 transitions %%

— ruthenates
— rare-earths

<f;p.A(R+ r)

But: cross-section scales as (p/w)!‘ !

A. Alexandrescu, PRL 96, 243001 (2006)



Conventional dichroism
subtract spectra with left and right polarized light

61 k m )
e "
1 < B Transition metal

1s

"Orbital dichroism"
subtract spectra with positive and negative orbital angular momentum of the beam

q=1
Use left (g=1) circularly polarized light Transition metal
1s



Predicted spectra

(@) ,—_1 _ (a) OAM dichroic signal using circularly (e,,e ;)

: and linearly (e, ) polarized x-rays for a Cu?*ion
in spherical symmetry and z-axis B-field. (b) Cu?*
ion in crystal field with D,,, symmetry.

Intensity

OAM dichroism spectrum of Mn3* ion.

[ntensity

fiw—E (eV) van Veenendaal and McNulty, PRL (2007)

cCore
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