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We report on an experiment demonstrating the conservation of the orbital angular momentum in stimulated
down-conversion. It has been demonstrated that the orbital angular momentum is not transferred to the indi-
vidual beams of the spontaneous down-conversion. It is also known that it is conserved when twin photons are
taken individually. We observe the conservation law for an individual beam of the down-conversion through
cavity-free stimulated emission.
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The cavity-free stimulated parametric down-conversion Light beams with OAM can be described by Laguerre-
was first studied by Mandel and co-work¢is2] and more  GaussL G, ,, modes, wheré andm are radial and azimuthal
recently it has been explored by other authi8s5]. One  mode numbers. Under the paraxial approximation the angu-
important aspect of this process is its connection with thdar momentum of a light beam can be separated into orbital
spontaneous parametric down-conversion, where entanglghd spin contributiongl4] and the OAM is given byn per
states for two photons can be easily prepared. Signals otphoton[7]. Therefore, the conservation of topological charge
tained in stimulated down-conversion are much larger thafnay be read as a statement of OAM conservation. In our
those obtained in the spontaneous process and carry inform@XPeriment,LGo; modes are produced by diffraction on
tion about the details of the parametric interaction, such a§omputer-generated holograms as in Reg], for example.
phase matching conditions. This information is preserved N€ identification of the modes was made in our experiment
thanks to the stimulation without optical cavities, where thePY the passage of each beam through a Michelson interfer-

optical mode properties are determined mainly by the cavit)Pmeter' operating with a small misalignmens]. The re-

configuration. Therefore, stimulated down-conversion is asultmg interference pattern shows the sign and the absolute

. . value of the topological charge in the mode. This method is
ugeful tool for understanding entanglement properues of th(?/ery simple and presents some advantages compared to other
twin photons from the parametric down-conversion. We havefnost common ones, where a coherent reference field is

recently demonstrated the transfer of coherence and imag?]%eded[le] or where a Dove prism is inserted inside a
from the pump and auxiliary lasers to the stimulated down'l\/lach-Zhen’der interferometét 7].

conversion field5], in direct connection with the analogous  The spatial intensity distribution of the idler beam in the
process in the context of the quantum correlations observegtimylated down-conversion for thin crystals can be pre-

in coincidence measuremengy. dicted by Eq.(10) of Ref.[4],

The possibility of preparing entangled photons in different
degrees of freedom has also become a subject of interest. In (1. “{fd W-(p)|2+ jd W (o)W
particular, the orbital angular momentU@AM) of the light (r) PVR(P)] PV (P)Vs(P)

has been studied in the context of class[@dland quantum K 112

optics[8]. Conservation of OAM in the up-conversion pro- ><ex;{i|pi—p|2—' } (1)

cess[9,10], optical pumping of cold atomgll], and quan- 2z

tum entanglemeri] have been observed experimentally for . .

this degree of freedom. However, in the spontaneous par wherer;=(p;, z) is the position in the plane transverse to
) o X . he idler beam propagation at a distarecffom the crystal.

metric down-conversion process, the OAM is not transferre

e . : p and Ws are, respectively, the pump and the auxiliary
fro_m .the pump to each individual S|gnaI. or idler b_eé]ﬂ]. lasers transverse field distributions at the crystallgrid the
This is a consequence of the fact that signal and idler bea

Mdler wave number. Pump and auxiliary lasers can be pre-
are incoherent when considered individudiy]. P y P

) . . . _pared inLG, ,, modes, so that the above equation can be
In this work, we observe experimentally the manlfestatlonW ; ; '
. i X ritten in terms of them,
of the conservation law for the OAM in the stimulated down-
conversion process, for the idler beam. In this case, besides (r;)o
the pump, a second auxiliary laser is aligned with one of the (ri

down-conversion modes, inducing emission. Conservation of

[ abl(Le, o+ [ dpt ey

2
the topological charge can be writtenrag=mg+m; , where * ; 2 Ki
. . . . X ! ! T -~ .
p, s, andi stands for pump, signal, and idler, respectively. (LG m)s(p)exnilpi—pl 2z @
One special, but important case, is the one where sponta-
*Corresponding author. Email address: phsr@if.ufrj.br neous emission is negligible. We can do it experimentally, by
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D culation is not straightforward and is beyond the scope of the

& present work. In the following, we will present experimental
X results supporting the predictions in Eq8) and (4), con-

A cerning the intensity distributions and supporting the intu-
I ition that if the idler presents a doughnut shape it “should”
/ possess some OAM.

The experimental setup is sketched in Fig. 1. A 200 mW

c He-Cd laser pumps a type Il, 3 mm long BBO nonlinear
L. crystal, with a cw 442 nm wavelength beam. Nondegenerate
\ twin beams are generated with signal and idler wavelengths
M‘@ P around 845 nm and 925 nm, respectively. An auxiliary beam

A (b) is obtained from a diode laser oscillating around 845 nm.
The diode laser power is about 150 mW. It is aligned with
the signal beam, so that their modes have good overlap and
crystal, M is a diffraction mask] is the idler beam, an® is the emission is stimulated_ in this dOV\_/n-conversion mode by the
detector. The idler beam is directed to the Michelson interferometeaSer- As a result, the idler beam is completely changed with
and the measurements are performed in its outi@itThe pump ~ '€SPect to its intensity and spectral properties, as described in

beam is prepared in theGy; mode. (b) The auxiliary beam is Refs.[1-5]. The goal of the experiment is to prepare the
prepared in thé.G,; mode. pump beam in aih.Gy; mode and to measure the OAM of

the idler beam. The same procedure is repeated, preparing
decreasing the pump intensity compared to the auxiliary lathe auxiliary beam in arlLGy; mode and measuring the
sers’. Thus, the first term of the above equations can be néAM of the idler beam. The idler beam is directed onto a
glected. The transverse amplitude of one of the laser fieldblichelson interferometer, before it is detected by an ava-
can also be approximated by a constant, if we expand one d#nche photodiode single-photon counting module. The
the laser beams. IfL(G, ), is constant, we have Michelson interferometer is slightly misaligned along the
horizontal axis, so that for a plane-wave input, the resulting
interference pattern presents vertical parallel stripes. The
' 3 larger the misalignment, the narrower the stripes. When an
LGom (m#0) mode enters the interferometer, the beam with
and if (LG, )¢ is constant, we have doughnut shape is divided in two and the misalignment
works to make the side of one beam interfere with the center
of the other and vice versa. Two opposed bifurcations appear
“) in the interference pattern. The orientation of the bifurcations
is related to the sign of the topological charge and the num-
Equation(3) [(4)] tells us that the intensity profile of the ber of derivations in the fork is related to the absolute value
idler beam will look like a doughnut if the pum(@uxiliary) of the charge. For example, the fork on the left pointing up
laser is prepared in adnGy, (M+#0) mode. They also show and fork on the right pointing down means that the topologi-
that the idler beam propagates ak@g,, mode. cal charge is negative. A rotation of the pattern does not
In Refs.[4,5], the quantum treatment used has shown tachange this configuration, only a reflection would change it,
be useful in describing the stimulated down-conversion probut a reflection implies in changing the sense of propagation.
cess and it would be interesting to derive the state of the idleThose are the signatures of th& mode, which can be easily
field when either the pump or the auxiliary laser is prepareddentified by comparing the measured interference patterns
in LG modes, within the same formalism. However, this cal-with calculated ones.

FIG. 1. Schematic representation of the experimerabels the
pump beamA is the auxiliary bearl. is the lensC is the nonlinear
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FIG. 2. (a) Interference pattern
for the pump in anLG,, mode.
CCD camera picture(b) Gray
scale bitmap plotted from a 30
X 30 matrix with the transverse
interference pattern of the pump
beam in arL G, ; mode. Detection
with a photon counting detector.

X(mm) 2
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FIG. 3. Gray scale bitmap
/g — plotted from a 2 20 matrix with
£ g the measured transverse intensity
— ; of the idler beam(a) PumpL G ;
e mode my=+1 and (b) auxiliary
LGp 1 modemg=+1.
0 0
0 X (mm) 5 0 x(mm) 3

The pump beam was prepared in b6 mode withm, higher intensities are white and the lower ones are black. The
=+1. After crossing the crystal, the beam is directed to anterference pattern measured for the pump beam is shown in
Michelson interferometer, in the same fashion as describeBig. 2. In Fig. 2a) we have presented a charge-coupled de-
above for the idler, in order to be able to compare the intervice (CCD) camera picture of the interference for a 4§
ference patterns for pump and idler. All interference patternsnode and in Fig. @) the interference pattern for the G
are measured by scanning the detector in the transverseode detected with photon counting detectors is shown. The
plane. The resulting matrix with the intensities at differenttwo forks would be oriented along the vertical axis if the
positions is converted into a gray scale bitmap where thenisalignment were only in the horizontal direction. Due to a

FIG. 4. Gray scale bitmap
plotted from a 2 20 matrix with
the measured transverse interfer-
ence pattern of the idler bearta)
PumpLGg; modem,=+1 (raw
datg. (b) auxiliary LGg; mode
m¢=+1 (raw data. The arrows
follow the forks orientation.
Treated image of the experimental
results.(c) PumpL Gy, modem,
=+1, (d) auxiliary LGg; mode
ms= + 1. Theoretical simulations,
(e) pump LGg; mode mg=+1,

(f) auxiliary LGy; mode ms=
+1.
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small vertical misalignmerjtL8], the forks are oriented along tected are very low. The data acquisition takes a rather long
an axis making an angle with the vertical direction. From thetime (about 1 h and small drifts of the phase difference may

orientation of the forks it is possible to identify the topologi- take place in the interferometer. The most important point is,
cal chargem,=+1. As a consequence of OAM conserva- however, the fact that the stimulated emission only gives rise

tion, when the pump is prepared Wl“’b: +1 and the aux- to coherent ||ght In this case, if the OAM transfer was not
iliary laser with mg=0, the idler must havem=+1. complete, other coherent modes would be present and inter-

However, when the auxiliary laser is prepared with= + 1 ference between them would be detected in the intensity pat-
and the 6ump withn.=0_ the idler must haven = — 1 terns of Figs. 8a) and 3b). Therefore, the OAM transfer and
The idler beamp ob,tained in the stimblated. down_conservation is guaranteed by both the intensity profiles of

conversion is then analyzed with the Michelson interferom-F'gl'n3tﬁgdrg;t5|;fserernecsee;rtlgge;bg]:,zg{ht OAM was actuall
eter in the same way as described above for the pump,. P i t

. 7 nsferred from the pump and auxiliary lasers to the stimu-
Auxiliary Ias_er POWETIS h|gh_enough to ensure that the SPON[ated idler beam. When the OAM comes from the pump with
taneous emission is negligible compared to the stimulate

: . -I0 p= 11, the idler is changed into m;=+1 LGg; mode.
one (signal to noise ratio is e.lbOUt 3D0°‘S. a result, whgn When the OAM comes from the auxiliary laser withs=
either the pump or the auxiliary laser is prepared in an, 1 the idler is changed intorm, = — 1 LGy _; mode. This

LGom(m#0) mode, the_ id!er be_am _alsp propagates as agy compatible with the conservation of the total topological
LGom(m+0) que anq Its .|nt(_anS|_ty distribution Ioo_ks I|}<e a chargem,=ms+m;. The OAM is conserved within the light
doughnut. Idler intensity distributions are shown in Fig. 3,p .- 1< 'in the same way as it is for the second-harmonic gen-
when (a). mp=+1 and ms=0 an_d (b) m;=0 and m,= .eration and spontaneous down-conversion at the single-
+1. In Fig. 4 we have shown the interference patterns, agaiBhoton level. The relationn, = —m, whenm,=0, can be

— - — — " L] S P ’
for (8 m,=+1 andms=0, and(b) m,=0 andms=+1. | hqerstond in terms of the phase conjugation of the idler in
The experimental re.sults presented In F@s) 4nd 4b) are comparison with the auxiliary las¢b], as anLG beam with
raw data. We also display the respective images in Figs. 4 m=+1 looks like anLG beam withm=—1 propagating
and 4d), treated with some smoothing and blurring, in orderp, 1\vards.
to im.prove the visualization of the features of the patterns. | conclusion, we have observed experimentally the trans-
The .|nterference- patterns for the p&modes can alsc_) be fer of orbital angular momentum from the pump and auxil-
obtained theoretically. In Figs.(& and 4f) the theoretical 51y |asers to the stimulated parametric down-conversion

simulations are shown. The parameters of the simulatiofyer heam. This transfer implies the conservation of the to-
were adjusted in order to provide patterns as similar as po jological charge.

sible to the measurements. Note that the orientation of th

forks of the idler in Fig. 4e) (m;=+1) is inverted(mirror The authors thank Dr. D. Petrov and Dr. P.A.M. dos San-
image when compared to the idler itf) (m;=—1). tos for help in manufacturing holographic masks and Dr. C.

The interference patterns in Fig. 4 have a rather low visH. Monken for fruitful discussions. P. H. Souto Ribeiro

ibility. Even though the spontaneous emission is negligible invould like to thank Professor G. A. Barbosa and Professor R.
our experiment, we still have some sources of noise, as th€hiao for bringing the subject to our attention. Financial sup-
residual light background in the room and the dark countingport was provided by Brazilian agencies CNPg, PRONEX,
rate of the APD detector, because the final intensities de€APES, FAPERJ, and FUJB.

[1] Z.Y. Ou, L. Wang, X.Y. Zou, and L. Mandel, Phys. Rev4A, A 56, 193(1997).

1597(1990. [11] J.W.R. Tabosa and D.V. Petrov, Phys. Rev. L&8, 4967
[2] L.J. Wang, X.Y. Zou, and L. Mandel, J. Opt. Soc. Am8B978 (1999.

(1991). [12] J. Arlt, K. Dholakia, L. Allen, and M.J. Padgett, Phys. Rev. A
[3] P.H. Souto Ribeiro, S. ®aa, J.C. Machado da Silva, and G.A. 59, 3950(1999.

Barbosa, Phys. Rev. B1, 1631(1995. [13] P.H. Souto Ribeiro, C.H. Monken, and G.A. Barbosa, Appl.
[4] P.H. Souto Ribeiro, C.H. Monken, and S.dea, Phys. Rev. A Opt. 33, 352(1994).

60, 5074(1999. [14] S.M. Barnett and L. Allen, Opt. Commu10, 670 (1994).

[5] P.H. Souto Ribeiro, D.P. Caetano, M.P. Almeida, J.A. Hugue-[15] N.R. Heckenmberg, R. McDuff, C.P. Smith, and A.G. White,
nin, B. Coutinho dos Santos, and A.Z. Khoury, Phys. Rev. Lett. Opt. Lett.17, 221(1992.

87, 133602(2001). [16] See for example, I.V. Basistiy, M.S. Soskin, and M.V. Vas-
[6] C.H. Monken, P.H. Souto Ribeiro, and S.dRa, Phys. Rev. A netsov, Opt. CommuriL19, 604 (1995.

57, 3123(1998. [17] See, for example J. Leach, M.J. Padgett, S.M. Barnett, S.
[7] M. Padgett and L. Allen, Contemp. Phy&.275 (2000. Frank-Arnold, and J. Courtial, Phys. Rev. Le88, 257901
[8] A. Mair, A. Vaziri, G. Weihs, and A. Zeilinger, Naturg.on- (2002.

don) 412, 313(2007). [18] The interference pattern for the pump beam can be easily con-
[9] K. Dholakia, N.B. Simpson , M.J. Padgett, and L. Allen, Phys. trolled. We have intentionally introduced a small vertical mis-

Rev. A54, 3742(1996. alignment in order to demonstrate its effect. For the idler beam
[10] J. Courtial, K. Dholakia, L. Allen, and M.J. Padgett, Phys. Rev. it is harder to control as it is a weak infrared beam.

041801-4



