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We study experimentally nonlinear optical processes in which Stokes and anti-Stokes fields build up under
strong, resonant, counterpropagating pump laser excitation in atomic sodium vapor. We find that, at some pump
frequency, two off-axis anti-Stokes emissions propagating along reflection-symmetric directions are strongly
temporally correlated, with a correlation time of 0.5ms and a correlation range of 1 mrad. It is shown by the
numerical analysis based on six-wave mixing process involving pump, Stokes, and anti-Stokes waves in the
forward and the backward directions that such correlated anti-Stokes emissions are possible when the medium
is opaque for the Stokes field and transparent for the anti-Stokes field. Possibilities of quantum correlation for
entangled photon generation using this system are discussed.
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I. INTRODUCTION

It has long been known that parametric processes due to
strong nonlinear optical effects generate correlated emissions
in different propagation directions satisfying the phase
matching condition. Typical examples are found in paramet-
ric down conversionsthree-wave mixingd in nonlinear crys-
tals and nearly degenerate four-wave mixing in alkali atomic
vaporsf1g. In particular, correlated emissions, or twin pho-
tons, produced by parametric down converterssPDCsd are
now essential ingredients of quantum information processing
such as quantum cryptography and quantum teleportation
f2g. In PDC, two waves, called signal and idler, are para-
metrically amplified under a strong, nonresonant pump beam
excitation. Since they build up from a common infinitesi-
mally small incident field, synchronization and correlation of
the two emissions are guaranteed.

Correlated emissions in resonant systems like atomic va-
pors, on the other hand, have been less extensively studied,
and applications to quantum communication have been few.
Recently, using a Rb atomic vapor with a three-levelL sys-
tem, parametric self-oscillation was observed where Stokes
and anti-Stokes photons are parametrically created by coun-
terpropagating resonant excitationf3,4g. Besides, it was
theoretically shown that generated Stokes and anti-Stokes
photon pairs can be quantum-mechanically correlatedf5g. An
important advantage of using atomic vapors, compared to
nonlinear crystals, is that generated emissions can be directly
stored in their hyperfine splitting structure with a technique
called light storagef6,7g, or quantum memoryf8–10g, and
can be retrieved at any time later, by applying a read pulse.
In this way, both generation and storage of quantum infor-
mation can be completed in the same sample with the same
excitation wavelength in a compact experimental setup, and
this very fact makes the study of correlated emissions in

atomic vapors quite important and meaningful.
In this paper we will show our experimental studies of

coherent emissions in a sodiumsNad atomic vapor by para-
metric processes. Two counterpropagating pump beamssfor-
ward and backward pumpsd resonant to the NaD1 transition
are applied to the sample as illustrated in Fig. 1. Our experi-
mental findings are summarized as follows:s1d Depending
on the pump laser frequency, strong, coherent, off-axissor
conicald emissions are observed symmetrically in both the
forward and the backward directions.s2d These conical emis-
sions have distinct threshold behavior as a function of the
pump intensity. This type of transverse pattern formation and
threshold behavior has been reported earlierf11–13g. Tem-
poral instabilities of these emissions have also been observed
and analyzed extensivelyf14–17g. s3d These emissions are
mainly composed of Stokes and anti-Stokes photons.s4d At
one particular pump laser frequency, the emissions are al-
most purely anti-Stokes photons.s5d At this frequency, two
anti-Stokes emissions, related by the reflection symmetry
with respect to the plane perpendicular to the propagation
axis ssee Fig. 1d, are strongly temporally correlated. In other
words, the ones with wave vectorskWa andkWa−2kWp are corre-
lated, wherekWa and kWp denote wave vectors of anti-Stokes
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FIG. 1. Conical anti-Stokes emissions in the forward and the
backward directions by the counterpropagating pump beams.
Strongly correlated mirror-symmetric anti-Stokes emissions are in-
dicated by arrows.
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and pump beams. The last finding seems rather puzzling
since we may think that two correlated emissions propagate
point symmetricallyskWa and −kWad instead of mirror symmetri-
cally. In order to explain this observation, we propose a six-
wave mixing process where pump, Stokes, and anti-Stokes
waves in the forward and the backward directions are in-
volved, and we show by using a numerical simulation that,
when there is a large difference between the absorption co-
efficients at the Stokes and the anti-Stokes frequencies, it is
possible that two anti-Stokes emissions in the mirror sym-
metric directions are correlated. In the following sections we
first explain our experimental setup and the experimental re-
sults, and then we present our interpretation of the observa-
tions.

II. EXPERIMENT

A. Setup

The experimental setup is schematically illustrated in Fig.
2. The basic configuration was similar to the ones shown in
our previous worksf18–20g. As a pump source, we em-
ployed a single-frequency ring dye lasersCoherent Radiation
CR899-21d, tuned around the 3S1/2-3P1/2 D1 transition of the
Na atom at 589.6 nm. The beam, after passing through a
Faraday isolator, was divided into two by a polarizing beam
splitter sPBSd snot shown in Fig. 2d for the forward pump
sFPd and the backward pumpsBPd and the two beamssbeam
diameter, 2 mmd were impinged on a Na cylindrical cell
slength 4.0 cm; diameter 2.5 cmd in a collinear, counter-
propagating fashion as shown in Fig. 2. The peak linear
transmission for a weak beam was almost null and the
atomic density is estimated to be 331012 cm−3. Typical
powers of FP and BP in front of the cell were 40 mW, re-
spectively. The Na cell did not contain any buffer gas and
was surrounded by a magnetic shield.sWe also tried a
sample containing 30 Torr of Ne buffer gas, but the results
reported below were not observed in this case.d Two quater-
wave plates placed on both sides of the cell allowed the
transmitted FP and BP beams to reflect at the two PBSs,
while maintaining the total symmetry with respect to forward

and backward beams. The transmitted beams were analyzed
in three ways. First of all, by placing paper cards, the beam
profiles were checked by eyes or photographs. Second, a
certain part of the beam pattern was sent through an iris
sdiameter 2 mmd and was received by an optical spectrum
analyzersOSAd, with a free spectral range of 7.5 GHz, to
check the optical spectrum of the emission. Third, the OSA
was replaced by a photodetector followed by a digitizing
oscilloscope for the analysis of temporal behavior of the
emission. Great care was taken in the alignment to keep the
symmetry for the backward and the forward directions.

B. Experimental results

As has been noted early, the onset and the behavior of the
transverse pattern formation are very complicated, depending
on many parameters such as pump intensity, pump fre-
quency, and atomic density. As expected, the pump intensity
dependence of these transverse patterns showed a clear
threshold behavior, indicating that these emissions are due to
parametric amplification and oscillation processes.

The pump frequency dependence of the transverse pattern
was then studied. Basically, we observed off-axis, or conical
emissions around the pump beam at four different frequency
regions, A, B, C, and D as shown in Fig. 3sad. These fre-
quency positions were identified by simultaneously taking
the saturated absorption spectrum using a different Na cell,
as shown in Fig. 3sbd. Four points were located at a few
hundred MHz to the lower sidesAd and the higher sidesBd of
the F=2 to F8=1,2 hyperfine transitions and at a few hun-
dred MHz to the lower sidesCd and the higher sidesDd of the
F=1 to F8=1,2 hyperfine transitions. The transverse beam
profile was sometimes very large and diffusedslike point Ad,
or sometimes very clear and distinctslike point Dd. In this
paper, however, it is not our purpose to go into further detail
on the frequency dependence of the beam profile. The ring
patterns observed around the main pump beam were spec-

FIG. 2. Schematic of the experiment:sPBSsd polarizing beam
splitters;sOSAd optical spectrum analyzer.

FIG. 3. sad Photographs of forward and backward beam profiles
at four different frequency positions, A, B, C, and D.sbd Saturated
absorption spectrum of the 3S1/2-3P1/2 D1 transition of the Na atom,
indicating the frequency positions A, B, C, and D. Stokes frequency
ns and anti-Stokes frequencyna are also indicated when pump fre-
quencynp is at D.
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trally analyzed by using OSA, and it was found that they are
composed mainly of the Stokes emission and the anti-Stokes
emission and the ratio of those two intensities vary depend-
ing on the pump frequency.

The ring pattern was most clearly seen in the frequency
region D, detuned 600 MHz to the high-frequency side of the
F=1-F8=2 transition, and from now on, we will focus only
on this pattern. This type of ring formation for the blue de-
tuning is probabaly due to the positive nonlinear refractive
index of the medium, as pointed out earlierf16g. A typical
ring pattern is shown again in Fig. 4sad. The outer ring has a
diameter of 18 mm and a width 2 mm at a distance 2 m
away from the cell. The cone angle is thus 4.5 mrad. The
intensity at the ring is 4.1 mW/cm2. By using an iris, we
picked up one part of the ring and analyzed the spectrum by
the OSA, and a typical OSA output is shown in Fig. 4sbd. As
it is clear, the emission is mainly anti-Stokes and the fre-
quencyna is given byna=np+n21=np+1.772 GHz, wherenp
is the pump frequency andn21 is the hyperfine splitting fre-
quency of the Na atomf15,16,21g. Although Stokes and
pump components are slightly seen in Fig. 4sbd just for ref-
erence, they could become almost negligible with further
alignment and we can assume that the emission is purely
anti-Stokes. This spectrum was common for any part of the
ring pattern. This may be reasonable because whennp is at
frequency point D as shown in Fig. 3sbd na is away from
resonance and the absorption is negligible. On the other hand
the Stokes frequencyns=np−1.772 GHz is right at the center
of the absorption and is subject to strong absorption. We will
consider this problem in detail in Sec. III.

Next we analyzed the temporal behavior of anti-Stokes
emissions by picking up certain points of the rings. In par-
ticular, we picked up two points denoted asa of the forward
ring and pointb of the backward ringfsee Fig. 4sadg, corre-
sponding to the emissions with the wave vectors related by
reflection symmetry, i.e.,kWa and kWa−2kWp. The results are
shown in Fig. 4scd. The temporal wave forms of the signals
were chaotic and no particular periodic components were
found in the Fourier transform of this signal, but it is evident
from this figure that the two wave forms have strong corre-
lation. When these two wave forms are denoted asfastd and
fbstd, its cross-correlation functiongstd, given by

gstd =
kfastdfbst + tdl

kfastdlkfbst + tdl
, s1d

can be calculated and presented in Fig. 4sdd. The strong cor-
relation peak att=0 is seen with a correlation timetc
=0.5 ms.

This type of strong correlation is only seen when the two
spots are chosen such that they are related by reflection sym-
metry and any other points show no correlation. Figure 5
shows the position dependence of the correlation functions.
That is, in Fig. 4sad, with the spota fixed, the spotb was
moved by a distanced=0,1,2,3 mmaway from the exactly
correlated spot. This was done by moving the iris horizon-
tally on the ring. The wave forms for these spots were taken
and the corresponding cross-correlation functions are given
in Fig. 5. This figure shows that the correlation takes place

only in the limited spatial range of,1 mm, or angle range of
,1 mrad and, away from that, the emissions are regarded as
totally independent. We have also tried correlation measure-
ments for symmetrical points such as forward top versus for-
ward bottom and forward top versus backward bottom. How-
ever, no apparent correlation was identified in these cases.

III. THEORY

From the experimental evidence, it is natural to conclude
that two anti-Stokes emissions alongkWa andkWa−2kWp simulta-

FIG. 4. sad Forward and backward beam profiles when pump
frequency was at D. Spotsa and b in the rings indicate the parts
where optical spectra and temporal wave forms were analyzed.sbd
Optical spectrum analyzersOSAd output of the spota. A similar
spectrum was obtained for the spotb. scd Typical temporal wave
forms for spotaffastdg and spotbffbstdg. sdd Cross-correlation of
fastd and fbstd based upon Eq.s1d.
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neously and parametrically build up from the same infinitesi-
mally small initial fieldsspontaneous emissiond, thus having
strong temporal correlation. Our biggest concern was why it
is so. It would have been more understandable if point-
symmetricscounterpropagatingd Stokes and anti-Stokes pho-
tons were correlated. The key to answer this problem seems
to lie in the asymmetry in the absorption coefficients at the
Stokes and anti-Stokes frequencies. As we mentioned in Sec.
II and as it is shown in Fig. 3sbd, when pump frequencynp is
at position D, anti-Stokes frequencyna is in an almost trans-
parent region while Stokes frequencyns is at the peak of the
absorption spectrum. Therefore the Stokes field will experi-
ence strong attenuation while the anti-Stokes field will not.
sRemember that, although the two-photon resonance condi-
tion ns=np−n21 is satisfied, electromagnetically induced
transparencysEITd does not take place when the pump fields
are counterpropagatingf22g.d

To theoretically study this problem, in what follows we
will consider a six-wave mixing process as shown in Fig.
6sad. The six waves include forward pumpswave vectorkWpd,
forward StokesskWsd, forward anti-StokesskWad, backward
pumps−kWpd, backward StokesskWs8d, and backward anti-Stokes
skWa8d. There are two kinds of four-wave mixing processes cre-
ating each Stokes or anti-Stokes photons. One is the forward
scattering processfFig. 6sbdg where two forward pump pho-
tons convert a forward Stokes to a forward anti-Stokes or
vice versa. In this case, from momentum conservation,kWa

=2kWp−kWs. Similarly, two backward pump photons convert a
backward Stokes to a backward anti-Stokes or vice versa
skWa8=−2kWp−kWs8d. The other process is the backward scattering
processfFig. 6scdg where counterpropagating pump photons
convert a forward Stokes to a backward anti-Stokes or vice
versa skWa8=−kWs and kWs8=−kWad. By combining these two pro-
cesses it is clear that the forward and the backward anti-
Stokes beams are related askWa8=kWa−2kWp, i.e., mirror symmet-
ric.

Now we start investigating the propagation of each field.
We assume that the two pump fields are sufficiently strong

and the intensities are not affected by the other fields. Then
we seek the propagations of the four light fieldsE fs, E fa, Ebs,
and Eba corresponding to forward Stokes, forward anti-
Stokes, backward Stokes, and backward anti-Stokes, respec-
tively. Four macroscopic polarizationsP fs, P fa, Pbs, andPba
should be basically derived by the three-level Liouville equa-
tions for four waves including the inhomogeneous Doppler
broadening. To obtain the explicit forms of susceptibilities,
detailed information of quantities such as optical and
hyperfine-level dephasing times, pump Rabi frequencies, and
the Doppler width is necessaryf3,4,23g. Here, however, we
will not try to derive the explicit forms, but will introduce
these as parameters. By the symmetry consideration, there
are only four susceptibilities,x f, xb, xs, and xa, and using
these, the four polarizations are written as

P fs = x fE fa
* + xbEba

* + xsE fs,

P fa = x fE fs
* + xbEbs

* + xaE fa,

s2d
Pbs= x f8Eba

* + xbE fa
* + xsEbs,

Pba = x f8Ebs
* + xbE fs

* + xaEba.

The susceptibilityx f sx f8d is the one for the forward scat-
tering process due to the forwardsbackwardd pump beam
and is proportional to the intensity of the forwardsbackwardd

FIG. 5. Cross-correlation functions when the spotb was shifted
by distancesd=0, 1, 2, and 3 mm, while the spota was fixed.

FIG. 6. sad Six-wave mixing configuration where forward pump
sFPd, forward StokessFSd, forward anti-StokessFAd, backward
pumpsBPd, backward StokessBSd, and backward anti-StokessBAd
are involved.sbd Forward scattering process where two FP photons
and a FS photon generate a FA photon.scd Backward scattering
process where FP, BP, and FS photons generate a BA photon.
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pump beam, whilexb is the one for the backward scattering
and is proportional to the product of the forward and back-
ward pump amplitudes. The susceptibilityxs sxad describes
the sum of the linear and nonlinear susceptibilities for the
Stokessanti-Stokesd field.

If these are substituted into Maxwell’s propagation equa-
tions, we obtain the following equations:

]E fs

]z
= − cfE fa

* − cbEba
* −

as

2
E fs,

]E fa

]z
= − cfE fs

* − cbEbs
* −

aa

2
E fa,

s3d
]Ebs

]z
= cf8Eba

* + cbE fa
* +

as

2
Ebs,

]Eba

]z
= cf8Ebs

* + cbE fs
* +

aa

2
Eba,

where cf ;−sikx f /2e0d, cf8;−sikx f8 /2e0d, cb;−sikxb/2e0d,
as;−sikxs/e0d, and aa;−sikxa/e0d sk;ukWsu,ukWaud. The
above equations can be solved numerically, with a small
amount of the initial field, say, forward Stokes. The boundary
conditions at the sample ends atz=0 and L, then, are
E fss0d=E0, E fas0d=0, EbssLd=0, andEbasLd=0.

The asymmetry between the Stokes and the anti-Stokes
fields arises when the two absorption coefficientsas andaa
differ by a large amount, in our case,as@aa. Although the
four quantities grow up owing to the coupling coefficientscf,
cf8, andcb, only the anti-Stokes fields, free from absorpion,
build up rapidly. Meanwhile the Stokes fields are attenuated
by strong linear absorption. This situation becomes even
more favorable for the anti-Stokes field if the optical pump-
ing effect is taken into account. For the laser detuning to the
high frequency side of resonance, the population is more
accumulated to theF=2 hyperfine level thanF=1, causing a
stimulated Raman gain for the anti-Stokes field. In this case
aa can become even negative whileas is still large. This
argument is consistent with the fact that we have not ob-
served conical anti-Stokes emissions in the sample with a
buffer gas, where the optical pumping is not possible due to
broad optical homogeneous linewidths.

An example of the numerical simulations for the above
equations is shown in Fig. 7, and it shows that only the two
anti-Stokes fields build up towards their propagation direc-
tions, starting from the common infinitesimally small initial
field, thereby having a strong correlation. In the simulation
we considered the simplest case where allxs appearing in
Eq. s2d are purely imaginary, in which case all the quantities
in Eq. s3d become real.sIn the simulation, in order to sup-
press the divergence, the saturation factorS=f1+sE fs

2 +E fa
2

+Ebs
2 +Eba

2 d /Es
2g−1 was multiplied tocf, cf8, and cb sEs is the

saturation amplituded. The absorption of the pump field was

also taken into account by adding the factor expf−apzg to cf,
and expf−apsL−zdg to cf8. No factor is necessary forcb be-
cause the two attenuations are cancelled out. The basic fea-
ture of the curves did not change for the case of negativeaa
sstimulated Raman gain for the anti-Stokes fieldd. It was also
determined that the final curves do not change no matter
which field was nonzero in the boundary conditions, and no
matter how small the initial magnitudeE0 is.

IV. DISCUSSION AND CONCLUSION

In this paper we have limited ourselves to the case of
classical correlations. It is no doubt, then, that it would be of
great importance in the next stage to investigate quantum
mechanical correlations between two anti-Stokes photons, ei-
ther by taking fluctuation spectral densityf9g, or by obtain-
ing correlation functions using a photon counting method
and observing violation of a Cauchy-Schwarz inequality
f10g. From the viewpoint of twin-photon generation, the dis-
covery reported here has a couple of crucially important ad-
vantages. One is that they are off-axis emissions. The corre-
lated photons reported so far in atomic vaporsf9,10g have
been on-axis emissions and in that case it is essential to
spectrally filter out pump photons that are orders of magni-
tude larger in numbers than Stokes or anti-Stokes photons,
which is a very challenging taskf24g. In our case correlated
photons are already spatially separated from pump photons
and no spectral filtering is necessary. The other is that the
off-axis emissions are purely anti-Stokes and we do not have
to filter out Stokes emissions. Once correlated photon pairs
are quantum mecahnically identified, it would be rather easy
to generate entangled photon pairs. As a final goal, these
entangled photon pairs will be stored and recalled at will in
the atomic vapor cell by the quantum memory technique.

To summarize, parametric oscillations of Stokes and anti-
Stokes fields by multiwave mixing under strong, resonant,

FIG. 7. Numerical simulation for the intensities of forward
StokesE fs

2 szd, forward anti-StokesE fa
2 szd, backward StokesEbs

2 szd,
and backward anti-StokesEba

2 szd waves as a function of the sample
distancez. In the simulation, the parameters are set ascf =cf8=cb

=5, ap=5, as=10, aa=0.02,Es=8, andE0=0.01.
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counterpropagating pump excitation in sodium atomic vapor
have been studied. We found that two anti-Stokes emissions
related bykWa and kWa−2kWp in wave vectors have strong tem-
poral correlation, with a correlation time,0.5 ms and a cor-
relation range,1 mrad. This seemingly peculiar correlation

can be explained well by considering the six-wave mixing
process with pump, Stokes, and anti-Stokes fields in both the
forward and the backward directions. The extention of this
study to investigate the existence of quantum correlation is
definitely needed.
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