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Observation of correlated anti-Stokes emissions by multiwave mixing in sodium vapor
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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 Q5 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 atomic vapors quite important and meaningful.
] In this paper we will show our experimental studies of

It has long been known that parametric processes due tgyherent emissions in a sodiuiNa) atomic vapor by para-
strong nonlinear optical effects generate correlated emissiongetric processes. Two counterpropagating pump beéons
indifferent propagation directions satisfying the phaséyard and backward pumpsesonant to the NB; transition
matching condition. Typical examples are found in parametyre applied to the sample as illustrated in Fig. 1. Our experi-
ric down conversior(three-wave mixingin nonlinear crys-  mental findings are summarized as follow) Depending
tals and nearly degenerate four-wave mixing in alkali atomicy, the pump laser frequency, strong, coherent, off-gais
vapors[1]. In particular, correlated emissions, or twin pho- conica) emissions are observed symmetrically in both the
tons, produced by parametric down convertd?®C9 are  forward and the backward directiorf&) These conical emis-
now essential ingredients of quantum information processingjons have distinct threshold behavior as a function of the
such as quantum cryptography and quantum teleportatiogymp intensity. This type of transverse pattern formation and
[2]. In PDC, two waves, called signal and idler, are parathreshold behavior has been reported eaflidr13. Tem-
metrically amplified under a strong, nonresonant pump beargora| instabilities of these emissions have also been observed
excitation. Since they build up from a common infinitesi- 5, analyzed extensive[j14—17. (3) These emissions are
mally small incident field, synchronization and correlation of yajnly composed of Stokes and anti-Stokes phot6fjsat
the two emissions are guaranteed. . . one particular pump laser frequency, the emissions are al-

Correlated emissions in resonant systems like atomic vgnost purely anti-Stokes photon&) At this frequency, two
pors, on the other hand, have been less extensively studiegnti-Stokes emissions, related by the reflection symmetry
and applications to quantum communication have been fewyith respect to the plane perpendicular to the propagation
Recently, using a Rb atomic vapor with a three-lefesys-  5xis (see Fig. 1, are strongly temporally correlated. In other
tem, parametric self-oscillation was observed where StOke\?(/ords, the ones with wave vectdks andK,— 212,3 are corre-

and antl—Stqkes photons are pargmetncally _createq by CourI]élted, wherek, and IZp denote wave vectors of anti-Stokes
terpropagating resonant excitatid,4]. Besides, it was

theoretically shown that generated Stokes and anti-Stoke~
photon pairs can be quantum-mechanically correlgédAn
important advantage of using atomic vapors, compared tc
nonlinear crystals, is that generated emissions can be directl
stored in their hyperfine splitting structure with a technique
called light storagd6,7], or quantum memory8-10], and -
can be retrieved at any time later, by applying a read pulse

In this way, both generation and storage of quantum infor- backward
mation can be completed in the same sample with the sampump
excitation wavelength in a compact experimental setup, anc.
this very fact makes the study of correlated emissions in
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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-
*Electronic address: mitunaga@sci.kumamoto-u.ac.jp dicated by arrows.
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FIG. 2. Schematic of the experimenPBS39 polarizing beam FIG. 3. (a) Photographs of forward and backward beam profiles
splitters;(OSA) optical spectrum analyzer. at four different frequency positions, A, B, C, and (®) Saturated

absorption spectrum of thesg,-3P¢,, D4 transition of the Na atom,

and pump beams. The last finding seems rather puZZ”n@dicating Fhe frequency positions A, B,.C,.and D. Stokes frequency
since we may think that two correlated emissions propagaté 2nd anti-Stokes frequenay, are also indicated when pump fre-
point symmetrically(k, and -,) instead of mirror symmetri- quencywy is at D.

cally. In order to explain this observation, we propose a Six- )

wave mixing process where pump, Stokes, and anti-Stokeand backward beams. The transmitted beams were analyzed
waves in the forward and the backward directions are inin three ways. First of all, by placing paper cards, the beam
volved, and we show by using a numerical simulation thatProfiles were checked by eyes or photographs. Second, a
when there is a large difference between the absorption cdertain part of the beam pattern was sent through an iris
efficients at the Stokes and the anti-Stokes frequencies, it igliameter 2 mm apd was received by an optical spectrum
possible that two anti-Stokes emissions in the mirror symanalyzer(OSA), with a free spectral range of 7.5 GHz, to
metric directions are correlated. In the following sections wecheck the optical spectrum of the emission. Third, the OSA
first explain our experimental setup and the experimental revas replaced by a photodetector followed by a digitizing

sults, and then we present our interpretation of the observadscilloscope for the analysis of temporal behavior of the
tions. emission. Great care was taken in the alignment to keep the

symmetry for the backward and the forward directions.

Il. EXPERIMENT .
B. Experimental results

A. Setup As has been noted early, the onset and the behavior of the

The experimental setup is schematically illustrated in Figtransverse pattern formation are very complicated, depending
2. The basic configuration was similar to the ones shown iron many parameters such as pump intensity, pump fre-
our previous workg18-20. As a pump source, we em- quency, and atomic density. As expected, the pump intensity
ployed a single-frequency ring dye lag@oherent Radiation dependence of these transverse patterns showed a clear
CR899-2), tuned around theS,,-3P;,, D, transition of the  threshold behavior, indicating that these emissions are due to
Na atom at 589.6 nm. The beam, after passing through parametric amplification and oscillation processes.
Faraday isolator, was divided into two by a polarizing beam The pump frequency dependence of the transverse pattern
splitter (PBS (not shown in Fig. 2 for the forward pump was then studied. Basically, we observed off-axis, or conical
(FP) and the backward pum(BP) and the two beaméeam emissions around the pump beam at four different frequency
diameter, 2 mrm were impinged on a Na cylindrical cell regions, A, B, C, and D as shown in Fig(ag These fre-
(length 4.0 cm; diameter 2.5 gnin a collinear, counter- quency positions were identified by simultaneously taking
propagating fashion as shown in Fig. 2. The peak lineathe saturated absorption spectrum using a different Na cell,
transmission for a weak beam was almost null and thes shown in Fig. ®). Four points were located at a few
atomic density is estimated to bex3l0?cm . Typical  hundred MHz to the lower side\) and the higher sidéB) of
powers of FP and BP in front of the cell were 40 mW, re-the F=2 to F’=1,2 hyperfine transitions and at a few hun-
spectively. The Na cell did not contain any buffer gas anddred MHz to the lower sidéC) and the higher sidéD) of the
was surrounded by a magnetic shieldVe also tried a F=1 to F’'=1,2 hyperfine transitions. The transverse beam
sample containing 30 Torr of Ne buffer gas, but the resultprofile was sometimes very large and diffugékie point A),
reported below were not observed in this ca®o quater- or sometimes very clear and distindike point D). In this
wave plates placed on both sides of the cell allowed theaper, however, it is not our purpose to go into further detail
transmitted FP and BP beams to reflect at the two PBS%n the frequency dependence of the beam profile. The ring
while maintaining the total symmetry with respect to forward patterns observed around the main pump beam were spec-
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trally analyzed by using OSA, and it was found that they are  (a)
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-F'=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 earl[@6]. A typical (b)
ring pattern is shown again in Fig(a}. 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/cm By using an iris, we
picked up one part of the ring and analyzed the spectrum by Stokes Pump
the OSA, and a typical OSA output is shown in Figo¥ As I
it is clear, the emission is mainly anti-Stokes and the fre- \ ; WMW
quencyw, is given byv,=vy+ vy =v,+1.772 GHz, wherey, 3 > =] 0 1
is the pump frequency and, is the hyperfine splitting fre- Frequency (GHz)
quency of the Na aton15,16,2]. Although Stokes and !
pump components are slightly seen in Figo)4just 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 when at
frequency point D as shown in Fig(l8 v, is away from
resonance and the absorption is negligible. On the other hand
the Stokes frequencys=1,—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. Ill.

Anti-Stokes

OSA output

Next we analyzed the temporal behavior of anti-Stokes

emissions by picking up certain points of the rings. In par- e

ti_cular, we picked up two points d(_anoted (.a:pf the forward 14

ring and point3 of the backward ringsee Fig. 4a)], corre- 05 s

sponding to the emissions with the wave vectors related by 12

reflection symmetry, i.e.k, and K,—2k,. The results are '

shown in Fig. 4c). The temporal wave forms of the signals NN I\AAAM " M nan . MAL L Aa

were chaotic and no particular periodic components were {VWJ VVVVV w V”\N \/\]VVV VU v VV'V\

found in the Fourier transform of this signal, but it is evident g

from this figure that the two wave forms have strong corre- -20 -0 0 10 20

lation. When these two wave forms are denoted &5 and time (1)

fg(t), its cross-correlation functiog(), given by FIG. 4. (a) Forward and backward beam profiles when pump

frequency was at D. Spotg and g in the rings indicate the parts

(5= (fa(t)fg(t + 7)) 1) where optical spectra and temporal wave forms were analybgd.

v (f(OXfat+ 7)) Optical spectrum analyz€fOSA) output of the spotr. A similar
spectrum was obtained for the sp8t (c) Typical temporal wave

can be calculated and presented in Figl) 4The strong cor-  forms for spota[f,(t)] and spotB[f4(t)]. (d) Cross-correlation of

relation peak atr=0 is seen with a correlation time, f,(t) andf,(t) based upon Eql).

=0.5 us.

This type of strong correlation is only seen when the twoonly in the limited spatial range of 1 mm, or angle range of
spots are chosen such that they are related by reflection sym=1 mrad and, away from that, the emissions are regarded as
metry and any other points show no correlation. Figure 3otally independent. We have also tried correlation measure-
shows the position dependence of the correlation functiongnents for symmetrical points such as forward top versus for-
That is, in Fig. 4a), with the spote fixed, the spot3 was  Wward bottom and forward top versus backward bottom. How-
moved by a distancé=0,1,2,3 mmaway from the exactly ~€ver, no apparent correlation was identified in these cases.
correlated spot. This was done by moving the iris horizon-

. Ill. THEORY
tally on the ring. The wave forms for these spots were taken
and the corresponding cross-correlation functions are given From the experimental evidence, it is natural to conclude
in Fig. 5. This figure shows that the correlation takes placghat two anti-Stokes emissions alokgandk,— 2K, simulta-
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FIG. 5. Cross-correlation functions when the spavas shifted
by distances5=0, 1, 2, and 3 mm, while the spatwas fixed.

(c)
BA
neously and parametrically build up from the same infinitesi- \
mally small initial field (spontaneous emissiprthus having \
strong temporal correlation. Our biggest concern was why it

is so. It would have been more understandable if point- —]-
symmetric(counterpropagatingStokes and anti-Stokes pho- FP

tons were correlated. The key to answer this problem seems g . () six-wave mixing configuration where forward pump
to lie in the asymmetry in the absorption coefficients at thggp), forward Stokes(FS), forward anti-StokesFA), backward
Stokes and anti-Stokes frequencies. As we mentioned in Segump (BP), backward Stoke€8S), and backward anti-StokéBA)

Il and as it is shown in Fig.(®), when pump frequency, is  are involved.(b) Forward scattering process where two FP photons
at position D, anti-Stokes frequeney is in an almost trans-  and a FS photon generate a FA photér). Backward scattering
parent region while Stokes frequengyis at the peak of the process where FP, BP, and FS photons generate a BA photon.
absorption spectrum. Therefore the Stokes field will experi-

ence strong attenuation while the anti-Stokes field will NOt.and the intensities are not affected by the other fields. Then
(_Remember thatz altho_ug_h the two-photon resonance condjye seek the propagations of the four light fielils &z, Eps

tion vs=v,—1y; is satisfied, electromagnetically induced 5.4 &, corresponding to forward Stokes, forward anti-
transparencyEIT) does not take place when the pump fieldsgygkes, hackward Stokes, and backward anti-Stokes, respec-
are counterpropagatin@2].) _ tively. Four macroscopic polarizatiofi&g, Pia, Pps andPy,

_To theoretically study this problem, in what follows we gpq1d be basically derived by the three-level Liouville equa-
will consider a six-wave mixing process as shown in Fig.ions for four waves including the inhomogeneous Doppler
6(a). The six waves include forward punimave vectorky),  proadening. To obtain the explicit forms of susceptibilities,
forward Stokes(ky), forward anti-Stokes(k,), backward detailed information of quantities such as optical and
pump(—IZp), backward Stokeelzg), and backward anti-Stokes hyperfine-level dephasing times, pump Rabi frequencies, and
(K.). There are two kinds of four-wave mixing processes crethe Doppler width is necessaf$,4,23. Here, however, we
ating each Stokes or anti-Stokes photons. One is the forwar@ill not try to derive the explicit forms, but will introduce
scattering proces¥ig. 6(b)] where two forward pump pho- these as parameters. By the symmetry consideration, there
tons convert a forward Stokes to a forward anti-Stokes ofre only four susceptibilitiesys, xp, xs and xa, and using
vice versa. In this case, from momentum conservatign, these, the four polarizations are written as
=2K,~ks. Similarly, two backward pump photons convert a Prs= XiEta + XoEa+ XStsr
backward Stokes to a backward anti-Stokes or vice versa
(K,=-2k,~k). The other process is the backward scattering Pra= XiErs+ XoEost XaCiar
procesgFig. 6(c)] where counterpropagating pump photons )
convert a forward Stokes to a backward anti-Stokes or vice Pos= X\ Eoat XoEra+ X
versa (K.,=-ks and k,=-k,). By combining these two pro- ® 2 2 °
cesses it is clear that the forward and the backward anti-
Stokes beams are relatediis K, 2K,, i.e., mirror symmet-
ric. The susceptibilityys (x;) is the one for the forward scat-

Now we start investigating the propagation of each field.tering process due to the forwafBackward pump beam
We assume that the two pump fields are sufficiently strongnd is proportional to the intensity of the forwatzhckward

—

BP

Ppa= X;g:)s"' ng;s + Xalba-
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pump beam, whiley, is the one for the backward scattering
and is proportional to the product of the forward and back-
ward pump amplitudes. The susceptibiljgy (x,) describes
the sum of the linear and nonlinear susceptibilities for the
Stokes(anti-Stokes field.

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

(95f5
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INTENSITY (arb. units)
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—_ * x Qs | forward . backward
o Cifra Cofha™ L s [ Stokes Stokes |
Esa . . Qg i : : T =
pe = - Cfgfs_ Cbgbs_ ?Efa, 0 0.2 0.4 L 0.6 0.8 1
9E ©) FIG. 7. Numerical simulation for the intensities of forward
bs _ ClEp .+ Col + s oo Stokes€Z(2), forward anti-Stokes2,(2), backward Stokeg?2(2),

Jz 2 and backward anti-Stoke%(2) waves as a function of the sample
distancez In the simulation, the parameters are setcasc; =cy,
=5, a,=5, as=10, @;,=0.02,£,=8, and&;=0.01.

IEpa

_ 12 k3 k3 a_a
7z CtEps T Colrs 2 Eba also taken into account by adding the factor[exg,z] to c,

and exp-ap(L-2)] to c;. No factor is necessary fay, be-

. R . cause the two attenuations are cancelled out. The basic fea-
where ;= ~(ikxi/2€0), c;=—(ikx;/2€0), co==(ikxo/2€0). 1 of the curves did not change for the case of negative
as=~(ikys/€), and a,=-(ikxa/€) (k=|k{~lks). The (stimulated Raman gain for the anti-Stokes fieldwas also
above equations can be solved numerically, with a smaljetermined that the final curves do not change no matter
amount of the initial f|e|d, say, forward Stokes. The boundarmhich field was nonzero in the boundary Conditionsy and no
conditions at the sample ends 2t0 and L, then, are matter how small the initial magnitudg is.

Ers(0)=E&, E1a(0)=0, Epg(L)=0, and&p,(L)=0.

The asymmetry between the Stokes and the anti-Stokes
fields arises when the two absorption coefficiem{sand a,
differ by a large amount, in our cases> «,. Although the
four quantities grow up owing to the coupling coefficieots In this paper we have limited ourselves to the case of
¢, andcy, only the anti-Stokes fields, free from absorpion, classical correlations. It is no doubt, then, that it would be of
build up rapidly. Meanwhile the Stokes fields are attenuate@reat importance in the next stage to investigate quantum
by strong linear absorption. This situation becomes evefnechanical correlations between two anti-Stokes photons, ei-
more favorable for the anti-Stokes field if the optical pump-ther by taking fluctuation spectral dens[§], or by obtain-
ing effect is taken into account. For the laser detuning to theng correlation functions using a photon counting method
high frequency side of resonance, the population is morend observing violation of a Cauchy-Schwarz inequality
accumulated to the=2 hyperfine level thaf=1, causing a [10]. From the viewpoint of twin-photon generation, the dis-
stimulated Raman gain for the anti-Stokes field. In this caseovery reported here has a couple of crucially important ad-
@, can become even negative whitg is still large. This  vantages. One is that they are off-axis emissions. The corre-
argument is consistent with the fact that we have not obtated photons reported so far in atomic vapf®sL0] have
served conical anti-Stokes emissions in the sample with @een on-axis emissions and in that case it is essential to
buffer gas, where the optical pumping is not possible due tgpectrally filter out pump photons that are orders of magni-
broad optical homogeneous linewidths. tude larger in numbers than Stokes or anti-Stokes photons,

An example of the numerical simulations for the abovewhich is a very challenging tagi24]. In our case correlated
equations is shown in Fig. 7, and it shows that only the twophotons are already spatially separated from pump photons
anti-Stokes fields build up towards their propagation direcand no spectral filtering is necessary. The other is that the
tions, starting from the common infinitesimally small initial off-axis emissions are purely anti-Stokes and we do not have
field, thereby having a strong correlation. In the simulationto filter out Stokes emissions. Once correlated photon pairs
we considered the simplest case wherexallappearing in  are quantum mecahnically identified, it would be rather easy
Eq. (2) are purely imaginary, in which case all the quantitiesto generate entangled photon pairs. As a final goal, these
in Eq. (3) become real(In the simulation, in order to sup- entangled photon pairs will be stored and recalled at will in
press the divergence, the saturation fa®e{1+(£5+&7,  the atomic vapor cell by the quantum memory technigue.
+E5+E0,)1 €217 was multiplied tocy, ¢f, andc, (& is the To summarize, parametric oscillations of Stokes and anti-
saturation amplitude The absorption of the pump field was Stokes fields by multiwave mixing under strong, resonant,

IV. DISCUSSION AND CONCLUSION
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counterpropagating pump excitation in sodium atomic vapocan be explained well by considering the six-wave mixing
have been studied. We found that two anti-Stokes emissionsrocess with pump, Stokes, and anti-Stokes fields in both the
related byk, and IZa—ZIZp in wave vectors have strong tem- forward and the backward directions. The extention of this
poral correlation, with a correlation time0.5 us and a cor-  study to investigate the existence of quantum correlation is
relation range~1 mrad. This seemingly peculiar correlation definitely needed.
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