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Parametric down-conversion for light beams possessing orbital angular momentum
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We investigate the spontaneous parametric down-conversion for light beams possessing orbital angular
momentum. The experimental results indicate that the orbital angular momentum is not conserved within the
classical light fields. This is in contrast to second harmonic generation where the conservation of orbital
angular momentum leads to a well-defined mode transformation. We attribute this difference in behavior to the
loss of spatial coherence within each of the down-converted figgki950-294{®9)01205-9

PACS numbegps): 42.65.Ky

A circularly polarized light beam possesses spin angulamode structurg8]. They also investigated the parametric
momentum attributable to the spin of the individual photonsamplification of beams with optical vortices and found that
Light beams can also carry orbital angular momentum assdepological charge is conserved in the process. A vortex with
ciated with their azimuthal phase structure. It was showrchargel in their experiment is associated with an azimuthal
theoretically in 1992 that light beams with an azimuthalphasee'? and this result can, therefore, also be interpreted
phase terme''¢, of which Laguerre-GaussiafLG) modes as the conservation of orbital angular momentum for para-
are an example, have a well-defined orbital angular momemetric amplification.
tum of I 4 per photor{1]. Experimentally the orbital angular In this paper we discuss parametric down-conversion of
momentum of light beams has been used to rotate micrdight beams with orbital angular momentum. Parametric
scopic particles trapped in optical tweezg2s3]. To confirm  down-conversion is a nonlinear process in which an incom-
the quantitative orbital angular momentum content of beaming pump field generates two new fields, named signal and
with an azimuthal phase dependenceebf, such rotation idler, which must fulfill both the conservation of energy and
has been compared to that induced by the spin angular mghase-matching conditions within the nonlinear cry$€l
mentum of a circularly polarized light bea]. In the degenerate case, when the signal and idler fields have

Light beams carrying orbital angular momentum are conthe same frequency wsigna™ ®igier= ®@pumd2), Parametric
veniently described in terms of Laguerre-Gaussian modeslown-conversion appears to be exactly the inverse process of
As they form a complete orthonormal basis set, any paraxiadecond harmonic generation. If the orbital angular momen-
beam can be described as a superposition of such modegsm within the light fields is conserved, it should be divided
Laguerre-Gaussian modes are characterized by two mode irqually between signal and idler. For pump modes with an
dicesl| andp, wherel is the number of 2r cycles in phase even mode index I2 one therefore might expect that the
around the circumference amqdt 1 is the number of radial fluorescence would form a mode with of orbital angular

nodes. Their amplitude'p is given by momentum per photon. For pump modes with an odd mode
index |, or for fluorescence away from degeneracy, down-
ulpccefikrzlzRefrZ/wzefi(ZpH+1)W conversion would result in beams with noninteger multiples
of A orbital angular momentum per photon. Such beams are
xe Me(—1)P(r \/Elw)'L'p(Zrzlwz), (1)  perfectly feasible, but are not circularly symmetric nor do
they propagate in a structurally stable fashi&f].
whereR is the wave-front radius of curvature,is the radius Figure 1 shows the experimental setup. The pump beam

for which the Gaussian term falls toeléf its on-axis value, was produced by a commercial frequency-doubled Nd:YVO
¥ is the Gouy phase, arid'p(x) is a generalized Laguerre laser which gives 100 mW of cw light at a wavelength of
polynomial. 532 nm. Computer-generated holograms were used to pro-

Although frequency doubling of beams with phase singu-duce beams with an azimuthal phase te't, carryingl#
larities was first reported in 199(%], it was only subse- orbital angular momentum per photon. The blazed transmis-
guently that the doubling of LG modes of various order wassion holograms were manufactured on holographic film and
investigated in the context of orbital angular momentum of

light [6,7]. It was found that a mode with azimuthal index L z
generates a second harmonic field withefi? phase term. —— Pl I 14 o LBO s
Thus a mode with# orbital angular momentum per photon P U" “Wl! U”’ - F&D» 1 )
produces a frequency doubled field with%2orbital angular Laser Hologram A J cco
momentum per photon. As the number of photons in the Camera

second harmonic field is only half that of the depleted pho-  FiG. 1. Experimental setup: Lenses L1 and L2 expand the laser
tons of the fundamental beam, the orbital angular momenturgeam to avoid damage to the hologram; L3 and L4 collimate the

wi_thin the_ light fields is conserved. Berzanslas al. ob- ~ beam generated by the hologram; the aperiremoves the un-
tained similar results by looking at sum-frequency generationvanted diffraction orders is a filter blocking the pump beam; and
of beams of the same frequency but differing azimuthakhe lens L5 images the beams onto a CCD array.
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FIG. 3. Profiles of the down-converted beams generated by a
pump beam witH =1 for a range of positions behind the backface
of the nonlinear crystal.
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FIG. 2. (a) The profile of the green pump beam for 2 and(b) frequency ratio of 2:1 for signal and idler, that ¥Sgiga

the profiles of the down-converted infrared beam for a range of=798 nm and\ ye,=1596 nm. As the CCD camera was
positions behind the backface of the nonlinear crystal. Note that thaot sensitive at the idler wavelength we could look at the
grayscale for the last two infrared profiles has only half the range okignal field on its own, but this showed the same qualitative
the others. behavior as in the degenerate case.

Clearly, the absence of an on-axis intensity minimum is
had an efficiency of about 25% at 532 rdi]. The gener- inconsistent with the down-converted light having et
ated beam had an annular intensity profile similar to a@hase structure. More detailed examination of the phase
Laguerre-Gaussian mode with radial index 0. Decompo-  Structure of the down-converted beam was achieved by in-
sition of the beam in terms of Laguerre-Gaussian modeterfering it with a sheared image of itself. Within our experi-
showed that about 80% of its energy was carried in the mod#&ental setup this was accomplished by introducing a blazed
with p=0; the remainder was distributed among modes withPhase grating into the system after the crystal. About 60% of
higher radial indexp but the same azimuthal inddx{12]. the transmitted light was diffracted into the first order and
The beam was then collimated with a spot size of alwgyut Most of the rest was in the undiffracted beam. The camera
=360 um and passed through the down-conversion crystalens recombined the first order and the undiffracted beam on
that was a 20-mm long lithium triborat&BO) crystal cut the CCD array. If the grating was positioned in the object
for type | noncritical phase matching. The temperature wa$lane of the camera, the beams overlapped completely.
set to 148 °C to achieve degenerate output at 1064 nm. Th&/hen the grating was moved away from the object plane, the
generated signal and idler fields are indistinguishable as theiteral shear between the beams was increased. For complete
have similar wavelength and the same polarization. The inoverlap, the degree of spatial coherence of the beams was
tensity profile of the down-converted light was investigatedirrelevant and straight line interference fringes were formed
using a cooled charge-coupled-devi€CD) array (Meade With a spacing determined by the intersection angle of the
Pictor 216XT, 336242 pixel$. The camera unit, which is beams. However, if the two beams were sheared, no interfer-
an imaging lens and the CCD array, was moved along th&nce fringes were observégig. 4). This shows that each of
propagation direction to image the beam profiles in differenthe down-converted beams is spatially incoherent.
planes behind the crystal. The quantum efficiency of the Although optical vortices have been associated with ap-

CCD array at our signal wavelengthn€1064 nm) was Parently random laser speckle pattefi8], the low spatial
only about 0.1%. As the signal was very weak, aboutcoherence of the down-converted beams shows that they do

10 pW, fairly long integration times of 1 to 3 min were Not have a well-defined orb?ta! angular momentum. Conse-
required. quently, we conclude that within the process of spontaneous

Figure 2 shows the recorded intensity profiles for bothParametric down-conversion, orbital angular momentum is
pump and down-converted beams at various positions aftd}ot conserved as {:m.obs.ervable property within the classical
the nonlinear crystal for a pump beam with an azimuthalight beams. This is in direct contrast to the process of sec-
index| = 2. One might expect such a pump beam to give ris€?d harmonic generatiof6] or sum frequency mixing8]
to down-converted beams with azimuthal index1 if para- vyhere the conservation of qrbltal a_mgular momentum gives
metric down-conversion were the inverse of frequency doulisé t0 & mode transformation. It is well known that spin
bling. Although the collimated pump beam propagates in ghgular mo-
structurally stable fashion, the down-converted light changes
its form as it propagates. In the vicinity of the nonlinear
crystal the intensity profile of the down-converted light re-
sembled that of the pump beam with a clearly distinguishable
intensity null on the beam axis. But further away from the @
crystal the ring became ill-defined and at about 40 mm be-
hind the crystal, the on-axis zero could no longer be distin-
guished.

Figure 3 shows the parametric fluorescence generated by

a pump beam with azimuthal indéx-1. The intensity pro- FIG. 4. Profile of the interference between a down-converted
files display the same qualitative behavior aslfer2. The  peam and a sheared image of itsélj. The beams overlapped com-
wide tuning range of the LBO crystal also allowed the inves-pjetely and produced interference fringés. When the beams were
tigation of phase matching away from degeneracy, where ifaterally sheared by approximately 6@m, which corresponds to

is possible to distinguish signal and idler field by their dif- roughly a third of the fringe period in Fig.(d), the interference
ference in frequency. We looked at down-conversion at dringes disappeared.
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mentum is not conserved within the light during nonlinearspatial coherence of the pump beams is transferred to the
frequency conversion. For example, type Il phase matchedenerated wave. However, in parametric down-conversion,
second harmonic generation with circularly polarized lightonly one of the fields, that of the pump beam, has an exter-
yields a linearly polarized frequency doubled beam. We asnally defined phase;. Consequently, although at any point
sume that, as for circularly polarized light, the angular mo-there is a well-defined phase relationship between the signal
mentum in our experiment might be transferred to the nonand idler fields, neighboring positions in either of the beams
linear crystal. have no fixed phase relationship. Hence the spatial coherence
Our observation that spontaneous parametric downof the pump beam is not transferred to the down-converted
conversion yields signal and idler beams, which individuallybeams.
have low spatial coherence, is consistent with results of Although the orbital angular momentum for spontaneous
Ribeiro et al. [14] and Ghostet al.[15]. They demonstrate parametric down-conversion is not conserved within the
that for a fundamental Gaussian mo@0) pump beam the classical light beams, other parametric processes may be ex-
down-converted light has low spatial coherence. The subsdkected to behave differently. For example, it seems likely
quent spread of the down-converted beam is a function of ththat if optical feedback were to be introduced to one or both
phase-matching acceptance cone. Ghosh showed, too, thahthe down-converted fields, the mode selectivity associated
higher-order correlation relating to the behavior of nonclasWwith the cavity may well favor the oscillation of self-
sical light also occurs. However, the implications of the lowreproducing signal and idler modes. Spatial overlap with the
spatial coherence with respect to the conservation of the o@nnular Laguerre-Gaussian pump mode would presumably
bital angular momentum has not previously been consideredavor annular signal and idler modes. Thus it is possible that
The spatial incoherence of the signal and idler fieldsthese generated modes could themselves be Laguerre-
stems from the nature of the three wave interaction. In thre&aussian possessing the corresponding orbital angular mo-
wave interactions in which one or more fields build up frommentum.
noise, the phases of the fields are constrained by the equation Our experiment indicates that, unlike second harmonic
generation, orbital angular momentum is not conserved in
™ the spontaneous parametric down-conversion of a classical
b3— b1~ da= %7, (2) light beam.

Note added in proofOur experiment examines the orbital
where the sign depends on the direction of the energy tranangular momentum of down-converted classical beams.
fer between the three field46]. In sum frequency mixing, However, a recent experiment by Mair and Zeilinga#]
¢, and ¢, are defined by the two input beams. It follows shows that at the single-photon level the orbital angular mo-
that the phase of the generated figlglis delineated and the mentum is conserved for da=0 pump beam.
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