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Coherent transfer of orbital angular momentum from an atomic system to a light field
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We generated orbital angular momentum in atoms with a spin degree of freedom and coherently transferred
it to a light field, which resulted in the generation of a Laguerre-Gaug&i@n beam. In this method, atoms
obtain orbital angular momentum through Larmor precession around the quadrupole field. Successive opera-
tions of quadrupole and homogeneous magnetic fields lead to a change of sign in the LG beam or even
generation of superposition states of the LG beam with different indexes in real time. Possible applications to
control orbital angular momentum of arbitrary photons are also discussed.
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I. INTRODUCTION we present experimental results on generation of LG beams
by using a simple rubidium vapor cell filled witlHe buffer
The Laguerre-Gaussiafi.G) mode is an eigenmode of gas. Control of the sign and generation of superposition
the paraxial wave equatidr], whose unique properties are States are also demonstrated. Finally, we discuss possible ap-
now attracting considerable attention in various research aplications for manipulating orbital angular momentum for
eas. Its doughnutlike intensity profile is suitable for trappingsingle photons by combining our method with the recently
cold atoms[2]. The discrete orbital angular momentum of proposed and demonstrated “storage of light” technique
photons in the LG mode can be utilized for generating mul{18-21.
tidimensionally entangled statg3—5]. Due to the phase sin-
gularity, the LG beam is often called an optical vortex, and
recent observation of the dynamic inversion of its topologi- Il. THEORY
cal charge is providing degp insights into othgr vortip&ls A. Generation of the LG beam
Generally, an LG beam is generated by using computer- ] i ) )
generated hologran{g—9), spiral or nonspiral phase plates  We consider a spin-1 atomic systeffig. 1(a)], where
[10,13, mode converter$12], and so on. The most fre- eigenstatesZeeman sublevelsalong thez axis are given by
guently used and robust methods are, we believe, computer-

1 0 0
generated holograms and phase plates.

Here we report a method for generating LG beams. IM=1)=| 0|, |m,=0)=| 1], |m,=-1)=|0].
Atomic spins are rotated around a quadrupole magnetic field, 0 0 1
and the generated spatially varying quantum phase was D
transferred to a light field, which resulted in the generation of
an LG beam. The interaction rate between atomic spin and le> —_

the applied magnetic field can be easily increased by just ot \Pmbe
increasing the field intensity, and thus real-time control of
—@—b>

LG beams becomes possiljlE3]. Note that the mechanical

orbital angular momentum of the LG beam has already been o, =L, =
confirmed experimentally through observation of the rotation
of micro-objects irradiated by an LG bedri4—16. There-
fore, our result proves that the quantum phase given by a
qguadrupole magnetic field leads to the mechanical orbital
angular momentum even for atomic systems. In this sense,
our experimental result verifies the validity of the recently
proposed idea for creating vortices in an atomic gas Bose-
Einstein condensafd 7].

In this paper, we first theoretically present how to gener-
ate LG beams through interaction between atomic spins and
magnetic fields. We also clarify that successive operations of
qguadrupole and homogeneous magnetic fields change the
sign of an LG beam or even generate superposition states of
LG beams with different indexes. In the following section,

la>

FIG. 1. (a) Atoms are initially pumped to thfp) state.(b) Spin
coherence is generated by Larmor precession. A probe beam is gen-
*FAX: +81-3-5734-2451. Email address: kozuma@ap erated by applying the control beafe) Time evolution of atomic
titech.ac.jp spin in a quadrupole magnetic field.

1050-2947/2003/62)/0238038)/$20.00 67 023803-1 ©2003 The American Physical Society



D. AKAMATSU AND M. KOZUMA PHYSICAL REVIEW A 67, 023803 (2003

We express the unit vector on tRgplane as,=cos(@)é+sin(h)é,. On this basis, the Larmor precession of atomic spin along
magnetic fieldB=B&, is expressed as

E(1+COSwAt) - i—e‘i‘9sinwAt - Ee‘2i 9(1—coswAt)
2 o) 2
i i )
R(wAt)= — —e'’sinwAt COSwAt ——e "sinwAt . )
V2 V2
Ly g L
2e (1—coswAt) e'’sinwAt 2(1+cos<uAt)

Here, w is the Larmor frequencyw=gugB/%, and At is the precession timeay is the Lande factor ang.g is the Bohr
magneton. By substituting=0 into Eq.(2), we obtain the matrix representati®y for Larmor precession due to a homo-
geneous magnetic field along theaxis. The quadrupole magnetic field at poimt ) is represented b¥,=cos(®)é
—sin(¢)€, andB=B,r, whereB,=dB/Jr [see Fig. 1c)]. Substitutingd=— ¢, matrix representatioR,, which represents
spin precession around a quadrupole field, is obtained as follows:

1 i 1
§(1+COSwAt) —Esmwm —5(1—c05wAt)

[ i
Ry (wAt)= — Esinwm CoswAt - 5sinwAt , (39

1 i 1
—E(l—COSwAt) —‘725|nwAt §(1+c05wAt)

N| =

P 1
(1+ coswAt) ——e?sinwAt  — -e??(1—coswAt)
V2 2
i ) i
Ry(wAt)= — —e ?sinwAt coswAt — —e'YsinwAt . (3b)
V2 V2

- Ee*Z‘d’(l—COSmAt) - i—e*i‘ﬁsinwm 1(1nL COSwALt)
2 o) 2

Atoms are initially pumped into thgn,= 1) state. Applying |m,=1) stateq|a) and|b) in Fig. 1(@)] is given by
magnetic fieldB= B&, during At, the atomic spin precesses
and the state evolutes as

1 .
Pab=— Zsm2 wAtexp —2i6). (5)
1
§(1+COSwAt)
1 ) In this paper, we call this spin coherence. When atoms are
AT irradiated by control light in Gaussian mode correspondin
_ ol = _ e Irraj y g p g
|¥(waD)) R(wAt)( O) ‘/je sinwAt to the |a)«|c) transition for A7, polarizationP,. propor-

tional to p,,0.AT is generated betweeh) and |c) states,
_ lezi 6(1—coswAt) where(); represents the single-photon Rabi frequency of the
control beam:
4

Therefore, the coherence generated betwegs — 1) and Ppcoexp( —r?/wg)exp —2i 0)[si(wAt)Ar].  (6)
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Here,wg represents the beam waist of the control beam. This 1
polarization generates a probe beam corresponding to ADY=R R (wADR 0
|b)—|c) transition[Fig. 1(b)]. When a homogeneous mag- [ 0AD) =R (M) R(@ADR(7) 0
netic field is applied along the axis, successive irradiation

of control light generates polarization of 1
> (1+coswAt)
. (-
Ppcexp —r2/w)[sirf(wAt)Ar]. 7) - —  e?sinwAt . 9)
V2
) ] 1.,
This means the generated probe beam has the same Gaussian - Ee '(1—coswAt)

intensity profile. In a quadrupole magnetic field, the polar-

ization within the range of <#A/(gugB,At) is given by
Here, for comparison, we give the spin state only after the
quadrupole operation is performed, i.e.,

P2 exp( —r2/w2)exp 2i ¢)Ar(At)2. 8 1
be o o exp2i¢)Ar(At) (8) ~ (1+coswat)

is exactly equal to that of the second-order LG beam. | 8

other words, the photon constituting the probe beam pos-

sesses an orbital angular momentum éf Atoms receive 1

spatially varying quantum phase through Larmor precession — —e 2%(1—coswAt)
around a quadrupole field, which leads to the mechanical 2

orbital angular momentum of the system. This mechanical (10)
orbital angular momentum is coherently transferred to the

probe beam. We find that only the sign for azimuthal angfeis different
between Eqs9) and(10). Magnetic operations given by Eq.
(9) generate spin coherenggpxexp(—2i¢). One can thus
obtain an LG beam with a negative index.

1 .
Equation(8) reveals that the electric field of the probe beanH W wAt))= Rq(wAt)( ) _ _ I—e“"’sinwAt

B. Control of the sign of the LG beam

Here, we consider how to change the sign of the LG C. Generation of superposition states

beam. As can be seen from H8), the sign of the LG beam  Next, we consider how to generate the superposition state
does not depend on the direction of the current flowing in thexf LG beams with different indexes. After Larmor precession
quadrupole coil. The following successive operationdRef  around a quadrupole field, we apply a homogeneous mag-
andR are required to generate an LG beam with a negativeaetic field along thex axis. The atomic spin state after these
index: operations is given by

1
[(A1))=Ry( 9X)Rq(aq)( o)
0

%{(1— c0s0y)(1—cosb,)e 2% —2 sin 0y)sin( 6)e~ '+ (1+cosb,) (1+cosb,)}

= Zlﬁ{(l—coseq)sin( 0x)e” 2% —2 sin g,)coq fy)e ' — (1+cosb,)sin 6,} , (11)

%{— (1—cosf,)(1+cosy)e 2% —2 sin 6,)sin(6,)e ¥~ (1+cosf,)(1—cosb,)}
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FIG. 2. Schematic explanation of the experimental setup. PBS:
polarizing beam splitter. BS: beam splittef4: N4 plate. LD: laser
diode. AOM: acousto-optic modulator. PD: photodetector.

o1

where ¢, and 6, are precession angles. Spin coherence is

thus given by (8 (h) (1)
. ; FIG. 3. (a),(d),(g) Intensity profiles of generated probe beams.
2 2
pap™ — (14 cos6,)? sin’(fg)e”' ?— 2(1+ cosby) (b),(e),(h) Interference patterns of the generated probe beams.
% sir1(20q)sir1( 0x)ei‘/’+2(1—3 co2 aq)sinz 0, (c),(f),(i) Numerical simulations.
+2(1—cosb,)sin(26,)sin(6,)e " ? The intensity of the control beam derived from an ex-
. a tended cavity diode laser was controlled by using an acousto-
—(1—cosfy)? sir(6,)e 2. (12)  optic modulator. The spatial mode of the beam was purified

by using a single-mode fiber, where the beam waist and total

We find that the generated probe light is in the superpositioffO'Wer Were 3 mm and 1 mW. Applying a circularly polarized
state of LG modes with mode indexes fron® to +2. This  (¢7) control beam for 10 ms pumped atoms to the
result can be explained qualitatively. As can be seen from EqF =2/m,=2) state. After the control beam was turned off,
(10), the |m,=i) spin componentiE—1,0,+1) acquires W€ applied a homogeneous magnetic pulse along theis
variation of the quantum phase around the azimuthal anglfr 30 S, which corresponded to@2 pulse. As a result, the

#, which is proportional ta\m,=i — 1, through Larmor pre- SPIN coherence expressed by E%). was generated l_aetween
cession around a quadrupole magnetic field. Successive afite |[F=2m,=2) and|F=2m,=0) states. By turning the
plication of a homogeneous magnetic field coherently mixe$0ntrol beam on again, we could generate a circularly polar-
these spin components. Botm,= +1) states thus obtain 1z€d (c) probe beam. Only the probe beam passed through
phase variations o~ '¢ ande™2'¢. When the order of op- the M4 plate and polarizing beam splitter, and its intensity

eration forR, andR,, is exchanged, superposition states withWas monitored by a photodetector. The peak power of the
mode indexes from O to 4 are generated. Note that by repea@enerated probe beam was W, and its pulse length, 20

ing the set of operations, one can generate superpositiofS- NOteé that the spin coherence was maintained for more
states with higher indexes. than 100us because of the magnetic shields and tHe

buffer gas[22]. By using Flipper 1, we also monitored the
spatial profile of the probe beam with a charge-coupled de-
1. EXPERIMENT vice camera. As shown in Fig.(&, the probe beam had a
Gaussian profile identical to that of the control beam. By
using Flipper 2, we overlapped two probe beams split by a
Our experiment was carried out in a pdf®b vapor cell  peam splitter with a small crossing angle. As discussed later,
filled with 5 torr of *He buffer gagFig. 2. The 10-cm-long, when the beam has orbital angular momentum, the fringe
30-mm-diameter cell was magnetically shielded by threefoldhattern exhibits a forking structure. The observed inf&gg.
permalloy, and its temperature was actively stabilized ta3(c)] did not exhibit such a forking pattern.
50°C with a nonmagnetic wire, which corresponds to an Next, we applied a quadrupole magnetic field for 36
atomic density of 1.4 10** cm™3. We employed th®; line  after the optical pumping stage. The applied magnetic field
52Sy,, F=2—5 2Py, F=1 transition(795 nm. Here, corresponded to ar/2 pulse at the position of laser beam
|[F=2m,=0), [F=2m,=2), and |[F'=1m,=1) corre- waist. When we turned the control beam on, a probe beam
spond tola), [b), and |c), respectively. Inside the magnetic with a power of 30uW was generated for 2@s. The probe
shield, two coils were installed to generate homogeneous angeam had a doughnutlike spatial profilEig. 3b)]. The
guadrupole magnetic fields. doughnutlike intensity profile does not necessarily mean the

A. Generation of the LG beam
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probe beam has phase singularity. The best way to check th
phase singularity is to observe the interference pattern b
overlapping the probe beam with a tilted plane wave. Be-
cause the phase of the probe beam varies by 2n is an
intege) around the beam center, datkright) lines in a .
fringe pattern vanish at the center of the beam, i.e., the fork

ing fringe pattern appears. The number of dédrkght) lines
that vanish at the center represents the index of the LG beal
In our experiment, we overlapped the probe beam with its
copy for convenienc¢23,24. When the beam centers are
separated enough compared to the fringe spacing, one pro

beam serves roughly as a plane wave for the other bea

Eventually, one can see two forking fringe patterns. The

fringe pattern obtained by our experiment clearly exhibited F 3
such a forking structurgFig. 3(e)], which agrees well with

the simulation[Fig. 3(f)] for the second order of the LG

beam. From Eq(4), the order of the generated LG beam

depends only on the difference of spin between the two
ground state$l) and |2), i.e., Am,=2. We varied the mag-
nitude of the applied magnetic field within the rangerof
<hl(gugB,;At) and checked the order of the LG beam by
using the interference method. The order did not change, bu

the total intensity did. Note that our theory is constructed for
the spin-1 system, while the experiment was performed for
the spin-2 system. Transition strength fdF=1m,
=1y |F'=1m,=0) (|[F=1m,=1)&|F'=2m,=0)) is
much weaker than that fgF =2m,=2)<|F'=1m,=1),
which decreases probe signal intensity and thus we did no
employ F=1 ground state. While the experiment was per- (a)
formed for the spin-2 system, the experimental results were

well explained by our theory, which was because only three FIG. 4. (a) Intensity profile of the probe beam generated by
Zeeman sublevels, i.eLF=2,mz=2>, |F:2,m2: 0>, and successively applying the homogeneous and quadrupole magnetic
|[F’=1,m,=1), mainly contributed to the signal generation. fields. The horizontal and vertical lines correspond mdy axes.

(b) Simulations of probe beam intensity profilés) The square of

the coefficient in expanding the probe field by the LG mode.

B. Control of the sign of the LG beam

Next, we generated an LG beam with a negative inde
based on the magnetic operation depicted by(BqWe first
optically pumped atoms to th& =2,m,=2) state using the
control beam. Applying a homogeneous magnetic field alon
thex axis rotated the atomic spin i, i.e., the spin state was
converted tgF =2,m,=—2). After generating the spin co-
herence betweefF =2m,=—2) and|F=2,m,=0) with a
guadrupole field, we rotated the spin inagain with a ho-
mogeneous magnetic field. Eventually, the spin coherenc
between|F=2m,=—2) and|F=2m,=0) was converted

)by an angle of§, around thex axis. Next, we applied a
quadrupole magnetic field corresponding ter2 pulse for
0 ws. Figure 4a) shows intensity profiles of probe beams
enerated by turning the control beam @rom the topé,
=0, 74, w2, 3m/4, andw). The images appeared to rotate
around they axis as angle, increased. Figure(#) shows
the numerical results of spatial profiles of the probe beams
(éalculated based on induced polarization. Experimental re-
Sults are in good agreement with simulations. Figu(e) 4
B - z - S displays the square of the coefficient in expanding the probe
tc;()thg:tit;ita\:\lleg diz;pzérz?zb; 2'>I'uar?1(ijn|F;hi’n::Z(;1?r>c;l Vl\;glgrr:] Ison field by the LG mode. One can find out that generated probe
prop : g S beams were superposition states of LG modes with mode
again generated an LG beam with a negative index. The . ;
. . ' ; indexes from 0 to 4, as was discussed in Sec. || C. The ex-
experimentally observed spatial profile and interference pat-

g perimental result foré,= 7 [bottom of Fig. 4a)] has two
tern Of. the prc_>be beam are shown in Flgég_)aand ah). The dark spots, while the numerical result has only one §ipot-
intensity profile had the same doughnutlike shape, but th? . X 4
) . o fom of Fig. 4b)]. We experimentally determined that the
interference pattern was upside down, which is a clear evi- o

. A phase of the electric field changed byr 2round each of
dence of an LG beam with a negative index. T o
these two dark spots. This is the superposition state of
Gaussian and the second-order LG beams, which is different
from the simulationsee bottom of Fig. @)] [25]. Optical
Finally, we generated superposition states of LG beampumping could not be perfect because of the hot atomic
with different indexes. First, applying a homogeneous magsample, i.e., atoms were partially pumped fe=2,m,=1),

netic field for 30us rotated atoms in thgF =2,m,=2) state  not |[F=2m,=2). While atoms in|F=2m,=2) were ro-

C. Generation of superposition states
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tated in &= by applying a homogeneous field, atoms in

. : . Axicon x Axicon
|F=2,m,= 1) were rotated inm/2, which created spin coher- lenses lenses
ence betweenF=2m,=1) and |[F=2m,=—1) states. ;n 7=
Eventually, when the control beam was turned on, both a i ) AN ) fEH}—»

second-order LG beam and a Gaussian beam were generate

IV. DISCUSSION
FIG. 5. Setup for manipulating the orbital angular momentum of
Recently, it was theoretically shown that quantum infor-the stored light field. The spatial profile of injected light is con-
mation of light can be perfectly transferred to coherence beverted to a ring type by using axicon lenses. After passing through
tween different spin states of atorfi3,19. Preliminary ex-  an atomic medium, the beam profile is again converted to the origi-
periments have also been carried out with sodium anehal Gaussian mode.
rubidium atoms[20,21]. An interesting application of this
storage and retrieval of light method is manipulating stored [Fe, ] =6, (15)
photonic information. Because all photonic information is ’ e
converted to atomic spin coherence, the information can beet ys consider the situation in which a single photon is
easily manipulated through electromagnetic interactions. Ifniected into the atomic medium. This state is described as
fact, the relative phase between the control and retrieved
optical pulses was successfully controlled by applying a ho- a.]0)|by- by =]1)| by - -by). (16)
mogeneous magnetic field along the optical d#26]. The
pulse length of the retrieved light was also controlled byHere,|b,---by) meansN atoms are in spin staie) in Fig.
changing the intensity of the control ligh21]. 1(a). Adiabatically decreasing control light intensity converts
Here, we discuss the possibility of controlling orbital an- the state to a purely atomic one, i.e.,

gular momentum of arbitrary photons by combining our
method with the storage and retrieval of light technique. In . 1 XN
the storage and retrieval of light technique, coherent light is Uab|0>|b1”'bN>:|0>\/_—Z [by---aj---by).  (17)
stored as a coherent state of collective atomic spins. Even if Ni=1
the light is in a nonclassical state like squeezed light, photo

L . ; After storing a single photon, we perform spin operation
nic information can be stored as a spin-squeezed E2ate g gie p P b b

X ) with a magnetic field. Note that the spatial profile of a single-
29], where atoms are correlated with each other in a nonloc 9 D P 9

| incile. sinale phot be stored in atomi hoton source is originally converted to a ring type by using
manner. 1n principie, singie photons can be storéd In alomi, 5yicon |ens systertsee Fig. % where only the spatial

%rofile is changed and thus the photon does not obtain any

quantum phase through magnetic interaction after .'nf.ormabrbital angular momentum. The ring profile is converted to a
tion of a single photon is transferred to purely atomic infor-

. . . . _normal Gaussian mode after passing through an atomic me-
mation. By applying the control beam again, one can retrieves \m When magnetic operation is not performed, the pro-

the stored photgn thaj now has orbital 3”9.“'6” momentuntqq is reversed in a unitary manner and a single photon is
Here, we will briefly discuss such a possibility based on ther trieved by recovering the control light intensity.

dark-state polariton concept established by Fleischhauer an Next, we consider the case where the following magnetic

Lukin [18,19. . )
" o . operations[see Fig. are performed after the storage
Propagation of an electromagnetic field in an atomic me P [ 9. 6] P 9

. s ‘ ; . ‘stage[17], i.e.,
dium is well described as a mixture of electromagnetic ande' gef17]

collective atomic excitations of spin transitions, i.e., dark- t
state polaritons. When the electric field and the atomic spin B,=B, cos{w 1- T” (183
coherence are representeddiz,t) anda,,(z,t), the dark-
state polariton is given by and
U(z,t)=cosh(t)é(z,t)—sinB(t) yNGp(z,t), (13 t
(2, =cosf(t)&(z,t)—sino(t) \Naa(z),  (13) Bq:Brrsir{w(l—f”. b
where
For simplicity, we assume that the ring beam is narrow
g\/ﬁ enough so that the magnetic field can be approximately uni-
tand(t)= ¢ O (14)  form within the ring region, i.e.B,,=B,r=B,. Here, we
Cc

also assume the adiabatic conditiefn T>1, where o,

. = By/#i. Time evolution from 0O tdl leads to a popula-
Here,aandN are the mixing angle and the numb.e.erf atomstio?]M:xc%ange betweeln) and |b) states, and a Berfy ?)hase
involved. Introducing a plane-wave decompositi¢fiz,t)  appears between them. Note that this operation does not gen-
=3 (1)e'*? mode operators obey the following commu- erate any additional spin coherence. After completing this
tation relations when the photon number density is muclprocedure, we perform the following magnetic operafieee
smaller than the atomic density, Fig. 6b)]:
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3 apparently satisfies the commutation relation in the same
z ! B way as Eq.(15). Turning the control beam on again thus
= /><| adiabatically converts the atomic state after magnetic opera-
E 0 0 4 T Time (s) tion,
z ’ N
2 A(Berry)+|o |by---by) =€"4"|0 iE Da @ - b
{3 Tab )by --by) =€ >\/Nj:1| 118y b)),
(22)
3 @ to
! B, 5(LG2)+ iame
P ay |0)[by---by)=€'“"¢[1)[by---by). (23
§ 0 0 T Time (s) L. ) ) 3
Z B Namely, it is possible to manipulate the orbital angular mo-
g_ mentum of the injected single photon. This experiment is

1
E § now being conducted at our laboratory.
V. SUMMARY

(b) . . .
We gave an atomic gas sample a spatially varying quan-

FIG. 6. Magnetic operations for inducing orbital angular mo- tum phase by using a spin degree of freedom, which led to
mentum into the injected light field. Pictures under graphs are schemechanical orbital angular momentum of atoms. The gener-
matic illustrations of time evolutions of atomic spirig) Through  ated orbital angular momentum was coherently transferred to
interaction with quadrupole and homogeneous fields, atoms obtaia light field. In our method, a specific order of the LG beam
Berry phase but spin direction is inverted) By using homoge- can be selectively generated. Just by changing the magnetic
neous fields, atomic spin direction is inverted again. pulse sequence, one can control the sign of an LG beam or

even generate a superposition state of LG beams with differ-

t ent indexes in real time. Combining our method with the

B,=Bo COS{ 77(1_ f” (198 storage and retrieval of light technique will enable freely

manipulating orbital angular momentum of arbitrary pho-

and tons. It is very fascinating to consider storing twin photons in
separate atomic samples and manipulating their orbital angu-

B,=Bysin = 1— —||. (19b) lar momenta. Suc_h manlpulat_lon WI.|| be a _pqwerfu! tool for
T quantum information processing with multidimensional en-
o _ ) tangled states for photons.
The population is again exchanged, and the spin coherence
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