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Observation of giant gain and coupled parametric oscillations between four optical channels in
cascaded four-wave mixing
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In this work, we explore both the internal and external atomic degrees of freedom to demonstrate the
observation of giant gain and parametric oscillation in multiple four-wave mixing (FWM) processes in a
sample of cold cesium atoms. We employ a standard backward FWM beam configuration to achieve parametric
probe-beam gains exceeding 2000. This giant gain is accompanied by the generation of three other beams of
equivalent power emitted along the directions satisfying the phase-matching conditions for multiple cascade
forward and backward FWM triggered by the incident probe and the counterpropagating pumping beams.
Moreover, we have also observed a simultaneous threshold for parametric oscillation of the four coupled optical
fields with the pump intensity. These results point to an alternative pathway to generate multipartite correlated
optical fields associated with long-lived atomic systems for applications in quantum information.
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I. INTRODUCTION

Optical parametric amplification, or the exchange of en-
ergy between different light fields mediated by an atomic
medium, plays a fundamental role in the generation of clas-
sical and nonclassical light [1]. This phenomenon is usually
governed by the second-order (χ (2)) or third-order (χ (3)) non-
linear susceptibility associated, respectively, with the three-
and four-wave mixing (FWM) nonlinear processes. Forward
FWM with gain factors on the order of 10 associated with
strong intensity squeezing [2] is behind, for example, the
generation of entangled images [3], with possible applications
in the multiplexing of continuous-variable quantum communi-
cation protocols. With the addition of a cavity around the non-
linear medium, optical parametric oscillators (OPOs) based on
three-wave mixing have found a wide range of applications in
quantum information as well, with the notable achievement
in recent years of large-scale entangled quantum states [4,5].
In most applications of quantum optics, the OPO works be-
low its oscillation threshold. However, above-threshold OPOs
have also been applied recently for the generation of multi-
color hexapartite entanglement [6,7].

Optical parametric oscillation can actually be achieved
even without a cavity, using phase conjugation to reflect waves
inside a nonlinear medium. Since the first theoretical propos-
als for such mirrorless optical parametric oscillation (MOPO)
based on three- and four-wave mixing [8,9], which occurred
more than four decades ago, several experimental demon-
strations of this phenomenon have been reported [10–12].
Specifically, in the case of FWM with two counterpropagating
pumping beams, the generated photon pair propagates in
opposite directions, thus providing the distributed feedback
necessary for optical oscillation without the need of any
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external cavity. FWM-based MOPO via electromagnetically
induced resonance (EIT) was demonstrated in thermal rubid-
ium vapors [13,14] and more recently also in cold rubidium
atoms [15]. Previous work has also reported cavityless super-
radiance [16] and MOPO [17] based on the atomic external
degrees of freedom. In the previously mentioned MOPO
studies, only two spatial modes are usually considered to be
coupled. Nevertheless, it was also demonstrated that multi-
mode MOPO can be achieved via multiple FWM processes
in a sample of sodium thermal atoms [18–20], exploring the
atomic internal degrees of freedom. In particular, in their four-
wave parametric oscillation scheme the coupled-mode wave
vectors and frequencies lead to Stokes and anti-Stokes modes
shifted from the pump frequency by the sodium hyperfine
splitting. Also, due to the much larger Doppler broadening,
this multiple parametric oscillation depends critically on the
position of the pump frequency inside the Doppler width, and
EIT is crucial for canceling the absorption of the generated
fields.

In this work, we present a demonstration of multiple
parametric four-wave mixing in a sample of cold atoms
exploring both the internal and external atomic degrees of
freedom, where the restrictive conditions mentioned above
are not required for the observation of MOPO. As a result,
we report on the observation of extremely high values of
saturated optical parametric gain (on the order of 2000) with a
very narrow bandwidth (around 15 kHz) and moderate pump
intensities (180 mW/cm2 total). This gain on a probe beam
is accompanied by simultaneous generation by the medium of
three other beams of similar intensity. We measured a simul-
taneous oscillation threshold for the four fields, highlighting
their fundamentally coupled nature.

II. EXPERIMENTAL SETUP AND RESULTS

Our basic configuration consists of two counterpropa-
gating pumping beams (C1 and C2) with orthogonal linear
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FIG. 1. (a) Simplified experimental beam configuration to ob-
serve multiple FWM processes. The two counterpropagating pump-
ing beams (C1 and C2) with linear orthogonal polarizations and
the seeding probe (P) orthogonally polarized to C1 generate the
four modes specified by S1, S2, S3, and S4, with the indicated
polarizations and incident at different avalanche photodetectors (D).
(b) Partial Zeeman levels associated with the cesium closed transition
6S1/2, F = 4 → 6P3/2, F ′ = 5, showing the interaction diagrams as-
sociated with forward and backward FWM processes. The pump
frequencies are ωC1 = ωC2 = ω, and the probe (P) frequency is ωP =
ω − δ.

polarizations and a very weak seeding probe beam (P) with
linear polarization orthogonal to that of the nearly copropagat-
ing pump beam, as depicted in Fig. 1(a). The two pump beams
have the same frequency ω and wave vectors �kC2 = −�kC1 ,
while the seeding probe has frequency ω − δ and wave vector
�kP. For such beam geometry interacting nearly in resonance
with a Zeeman degenerate two-level system, several nonlinear
third-order χ (3) processes can occur. As examples, consider
the two processes shown in the diagrammatic photon-atom
interaction picture of Fig. 1(b), where the two signals S1

and S2, with wave vectors �kS1 = 2�kC1 − �kP and �kS2 = −�kP,
are generated, satisfying phase matching for θ << 1 via
nearly degenerate forward and backward FWM, respectively.
In particular, coherent Bragg scattering associated with recoil-
induced resonance (RIR), also contributes to the signal gen-
erated along the direction �kS2 [21,22]. The polarization of
the generated signals S1 and S2 is determined by the angular
momentum selection rules, and it is specified in Fig. 1(a). If
the efficiency of these FWM processes is sufficiently high,
the generated signals S1 and S2 act as the new seeding beams
to generate, via the same nonlinear processes, the signals S3

and S4, with wave vectors �kS3 = −�kS2 and �kS4 = −�kS1 and
the indicated polarizations in Fig. 1(a). Closing the feedback
loop, the signals S3 and S4 couple parametrically with the
pumping beams to generate again the S1 and S2 signals. As
a result of these multiple cascading FWM processes, one can

obtain, in each generated mode, optical powers that exceed
by a huge factor the power of the incident seeding beam. In
the following, we describe the experimental apparatus and
results.

In the experiment, we employed cold cesium atoms ob-
tained from a conventional magneto-optical trap (MOT), with
atomic clouds of approximately 1 mm diameter and an optical
depth of 5, initially prepared in the higher hyperfine ground
state 6S1/2, F = 4. The trapping and the repumping beams,
as well as the MOT quadrupole magnetic field, are turned off
during all measurements. We use a microwave spectroscopy
technique to cancel any stray magnetic field, as described
previously in [23,24]. The pump beams C1 and C2 have ap-
proximately the same diameter of 0.8 mm and are provided by
an external cavity diode laser locked to a saturated absorption
signal. They have their frequencies shifted by an acousto-
optic modulator (AOM) detuned by about � = 6� (�/2π =
5.2 MHz) below the resonance frequency of the cesium closed
transition 6S1/2, F = 4 → 6P3/2, F ′ = 5. The seeding probe
P with a slightly smaller diameter is also obtained from the
same laser, and its frequency can be scanned around the pump
frequency by an independent AOM.

We used auxiliary beams to align the four avalanche pho-
todetectors along the four symmetric directions making an
angle of θ = 1◦ with the pumping beams. The angle θ is
determined by the incident seeding beam. The pumping and
seeding beams are turned on for a period of 400 μs. For δ = 0,
in the insets of Fig. 2 we show the time evolution of each
generated signal. As can be seen, after some tens of μs the
generated signals start to build up, reaching approximately
maxima values of the same order of magnitude. The time
required to reach the stationary state decreases with increasing
pumping beam intensity, and for longer excitation times all
signal amplitudes show a slight reduction due to optical pump-
ing, which removes the atoms from the interacting transition.
For pumping beams with the same intensity of 90 mW/cm2

and a seeding probe intensity of 10 μW/cm2, we show in
Fig. 2 the maximum signal amplitudes as a function of the
probe-pump detuning −δ for the four generated signals. If
we define the optical gain as the ratio between the generated
intensity and the intensity of the incident seeding probe, these
data correspond to a gain of about 1000. We should note that
the four generated signals have approximately the same inten-
sity. Furthermore, it is worth mentioning that under specific
conditions, we have observed maximum gain exceeding 2000.
Indeed, we observed that this measured giant gain saturates
strongly for increasing probe beam intensity, in a manner
similar to gain saturation in conventional lasers.

III. EXPERIMENTAL ANALYSIS AND DISCUSSIONS

As theoretically discussed in [21] and experimentally ob-
served in [25], for the above polarization configuration the
probe transmission spectrum can have contributions from
different mechanisms associated with Raman and parametric
FWM processes involving either the internal or the external
atomic degrees of freedom. This lin ⊥ lin pump polarizations
configuration gives rise to Sisyphus cooling and to the cre-
ation of vibrational levels for atoms localized in the potential
wells of the associated optical lattice, and to the corresponding
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FIG. 2. Measured signal spectrum as a function of the probe detuning, ωP − ω, corresponding to each generated mode, as indicated in each
frame. Inset: Time evolution of the amplitude of each generated signal, for δ = 0, after turning on the incident beams at t = 0.

Raman absorption and gain involving these vibrational levels
[26–28]. At the same time, the counterpropagating pump C2

and the incident probe can also give rise to RIR as well as
to the associated FWM via the Bragg scattering process. The
present polarization configuration can also produce Raman
gain and absorption involving the internal Zeeman states with
different populations [29,30].

Thus, to better understand the observed gain mechanism,
we have measured the spectrum of each generated signal, un-
der the same experimental conditions as in Fig. 2, at different
times after the turning on of the beams, as shown in Fig. 3.
For short times (t0 ∼ 64 μs), the probe transmission spectrum
reveals an absorption and gain that have mainly a structure
associated with Raman transitions involving the internal Zee-
man levels. The corresponding width of the dispersive feature
of the probe transmission spectrum, of the order of 100 kHz, is
consistent with the minimum spread in Zeeman shifts we have
measured by the μ-wave spectroscopy technique employed
for cancellation of the magnetic field. As it takes some time
for the atoms to populate the vibrational levels as well as
to create the density grating responsible for the generation
of the RIR signals, we should expect a time delay for these
mechanisms to manifest themselves. Therefore, only for later
times (t0 ∼ 100 μs) can we see the appearance of the narrower
central peak associated with the RIR process, having a width
of the order of 15 kHz [25,28], which then evolves according
to the coupled cascading FWM to reach a steady state where
all the generated modes have approximately the same intensity
for much later times (t0 ∼ 300 μs).

In another series of measurements, we recorded the probe
beam transmission for different values of the intensity of the
counterpropagating pumping beam C2, keeping the intensity

FIG. 3. Time evolution of the probe transmission and the FWM
spectra recorded in different times (t0) after the turning on of the
incident beams, as indicated in each frame. The curves were shifted
vertically in each frame for better visualization, but the vertical scales
determine the relative amplitudes between them.
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FIG. 4. Probe transmission (S3) (black) and forward FWM (S1) (green) spectra for different values of the pumping intensity C2 and for a
fixed intensity of the pumping beam C1 equal to 60 mW/cm2, taken at stationary regime (t0 ∼ 300 μs).

of the C1 beam fixed at 60 mW/cm2. As shown in Fig. 4(a),
for zero intensity of the C2 pump, we obtain the well-known
dispersive line shape showing absorption and gain in the probe
transmission spectrum [29,30]. We have also recorded the
spectrum of the associated forward FWM signal, shown by
the green curve. We note that, for this particular situation, this
is the only allowed FWM process. However, for increasing
values of the C2 pump intensity, the transmission spectrum
evolves with the simultaneous generation of the correspond-
ing backward FWM signals, as shown in Figs. 4(b) and 4(c),
with the formation of the central narrow peak associated with
the RIR phenomenon. Finally, for higher C2 intensities all
four modes are generated, leading to a constructive inter-
ference around δ = 0 and to sustained oscillation through
the mentioned cascade multiple FWM processes producing
macroscopic signals in all four modes with comparable in-
tensities. We have verified experimentally that the appearance
of the narrow gain peak in the probe transmission spectrum
is accompanied by the simultaneous generation of the FWM
signals in the other three modes, and that the gain reaches its
maximum when the two pumping intensities are equal.

Finally, in Fig. 5 we present the dependence of each gener-
ated signal intensity with the common intensity of the pump-
ing beams. This result clearly reveals a threshold behavior for
this coupled parametric amplification. We have also verified
experimentally an optical density threshold value of about
3 for this gain mechanism. Moreover, for sufficiently high
pumping beam intensity we have observed that the system
builds up spontaneously in self-oscillation without the need
of any seeding beam. As this self-oscillation can occur in

many different spatial modes existing inside a cone around
the pumping beam, the competition and coupling between
these modes should induce fluctuations in time for the in-
tensity measured in each detector, a fact we have observed
experimentally.

FIG. 5. Dependence of the amplitude of the generated signals as
a function of the common intensity of the pumping beams, measured
at t0 ∼ 300 μs, revealing a threshold behavior with a threshold pump
intensity of about 40 mW/cm2. We attribute the different relative
amplitudes for the corresponding signals in Fig. 2 to their high
sensibility to alignment over the ensemble and on the detectors.
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IV. CONCLUSIONS

In summary, we have demonstrated experimentally the
observation of giant gain (up to 2000) and self-oscillation
via multiple cascading parametric FWM in a sample of
cold cesium atoms for moderate intensities of the pumping
beams. We have monitored the time evolution of the var-
ious mechanisms responsible for the generation of several
FWM processes, and we verified experimentally that the main
contribution comes from processes associated with the RIR
phenomenon. Furthermore, we believe that we have found a
very promising system to investigate a branch of interesting

quantum physical phenomena, such as, for example, multi-
mode quantum correlations, and storage and multiplexing of
optical information. Indeed, we are currently investigating the
use of this mechanism for light storage and for the production
of high-intensity quantum correlated beams.
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