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We report the demonstration of a mirrorless optical parametric oscillator with a tunable threshold in laser-
cooled atoms with four-wave mixing (FWM) using electromagnetically induced transparency. Driven by two
classical laser beams, the generated Stokes and anti-Stokes fields counterpropagate and build up efficient
intrinsic feedback through the nonlinear FWM process. This feedback does not involve any cavity or spatially
distributed microstructures. We observe the transition of photon correlation properties from the biphoton
quantum regime (below the threshold) to the oscillation regime (above the threshold). The pump threshold can
be tuned by varying the operating parameters. We achieve the oscillation with a threshold as low as 15 uW.
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As coherent light sources, mirrorless laser oscillators
have some unique properties such as cavity-free alignment
and large tunability. Unlike photonic crystal lasers [1,2]
and random lasers [3,4] that rely on spatially distributed
feedback from ordered or disordered scattering inside the
medium, the mirrorless optical parametric oscillation
(MLOPO) is based upon nonlinear interaction of counter-
propagating fields. Since first proposed 51 years ago [5],
MLOPO has been often used for studying the instability and
self-oscillation of degenerate four-wave mixing (FWM) in
atomic vapor cells [6-10]. In 1999, MLOPO of nondegen-
erate FWM was realized in a hot rubidium vapor cell with
electromagnetically induced transparency (EIT) [11]. Then
not until 2007, the first MLOPO for parametric down-
conversion (y® nonlinearity) was achieved making use of
quasiphase matching for realizing the counterpropagation
condition [12].

For backward FWM, the phase matching of the y©
nonlinear process endows the possibility of a counter-
propagation configuration, but so far FWM-based MLOPO
has been achieved only in hot atomic vapor cells, because a
large parametric gain requires a high atomic optical depth
(OD) [6-8,11]. Although spontaneous FWM with cold
atoms having negligible Doppler broadening has been
intensively used for generating narrow-band entangled
photon pairs (termed biphotons) in the small parametric
gain regime [13-15], MLOPO above the threshold has
never been achieved. Reference [2] reported OPO in cold
atoms, but its spatially distributed feedback is formed from
a one-dimensional lattice structure [16], so it is not in the
category of MLOPO discussed here with intrinsic feedback
purely from the nonlinearity. A similar result has also been
obtained with self-organized atomic density grating [17]. In
addition, although the theory predicted that by making use
of EIT the pump threshold can be tuned [18], this threshold
tunability has not been fully exploited experimentally.

0031-9007/17/119(15)/150406(5)

150406-1

In this Letter, we report the demonstration of MLOPO
with a tunable threshold in laser-cooled atoms. Without
involving any cavity or spatially distributed linear scatter-
ers, the intrinsic feedback is built up by the counter-
propagating nonlinear FWM process with EIT. Unlike
the periodically poled ¥® nonlinear crystal whose quasi-
phase-matching condition and fixed geometry are
extremely difficult to be tuned in situ, our atomic-sys-
tem-based FWM provides a large tunability as demon-
strated in this work. As compared to the hot atomic vapor
systems in which the single-photon quantum level is
difficult to reach because of the Doppler broadening,
thermal fluctuation, and incoherent scattering noises, our
cold atom system with a large OD is a much cleaner model
system [19]. For the first time, it allows us to study the
transition of photon correlation properties from the bipho-
ton quantum regime (below the threshold) to the MLOPO
regime (above the threshold). The experiment agrees with
the theory in a large parameter space. Our system provides
an ideal platform for studying the quantum interactions of
the MLOPO process in a resonant atomic medium.

The experimental setup and relevant atomic energy level
diagram are illustrated in Figs. 1(a) and 1(b). We work with
8Rb cold atoms in a dark-line two-dimensional (2D)
magneto-optical trap (MOT) [20] with a longitudinal length
L of the atomic medium of 1.5 cm. The experiment is run
periodically, with each cycle of 1 ms divided into the MOT
time (0.9 ms) and MLOPO time (0.1 ms). At end of the
MOT time, the atoms are prepared in the ground level |1).
In the MLOPO time window, a pump laser (780 nm, w,,) is
blue detuned by A, from the D2 transition |1) — [4), and a
coupling laser (795 nm, w,) is on resonance to the D1
transition |2) — |3). The counterpropagating pump and
coupling laser beams are collimated with the same 1/¢?
diameter of 1.40 mm and aligned with an intersection angle
of 6 = 2.8° to the longitudinal z axis. Phase-matched and
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FIG. 1. Experimental configuration for realizing the MLOPO with FWM in cold atoms. (a) Experimental setup. (b) ®Rb atomic
energy level diagram and FWM transitions. The atomic hyperfine levels are chosen as |1) = |58}, F = 2), [2) = |55,/,. F = 3),
[3) = |5Py)2, F = 3), and |[4) = |5P5),, F = 3). The circularly polarized (¢~) pump laser (780 nm) is blue detuned by A, from the
transition |1) — |4}, and the coupling laser (6, 795 nm) is on resonance to the transition |2) <> |3). The generated circularly polarized
Stokes (67) [anti-Stokes (67)] photons pass through a quarter-wave plate (QWP) and a linear polarizer before they are collected by a
SMF. Here the combination of the QWP and polarizer works as a polarization filter. Both Fabry-Perot (FP) filters have the same
bandwidth of 500 MHz. (c) Detection setup for measuring the autocorrelation function ¢? (), used for spectrum measurement below
the threshold. (d) Detection setup for determining the photon spectrum above the threshold by beating the output with a reference laser
beam. The reference laser beam beating with the Stokes emission is phase locked to the pump laser. The reference laser beam beating
with the anti-Stokes emission is phase locked to the coupling laser.

backward Stokes (w,) and anti-Stokes (w,,) fields are
produced in opposing directions along the z axis and
collected by two single-mode fibers (SMFs) with a waist
diameter of 250 pm at the center of the MOT. The emitted
Stokes and anti-Stokes photons are then detected by single-
photon counting modules (SPCMs). Figure 1(c) is the
detection configuration for measuring the autocorrelation
functions which are used to determine the photon spectrum
below the threshold. For a stronger emission above the
threshold, we use the setup in Fig. 1(d) to measure the
spectrum by beating the output to a reference beam. In our
experiment, the OD for anti-Stokes photons is 80, and the
dephasing rate y, between the two hyperfine ground states
is 2z x 0.15 MHz, which is much smaller than the natural
linewidth ' = 27z x 5.75 MHz of the %Rb D1 transition.

The inset in Fig. 1(a) shows the mechanism of the
nonlinear intrinsic feedback: As a Stokes photon, generated
at the right side of the medium (position 1), propagates to
the left side (position 2), it induces a FWM process that
produces a counterpropagating anti-Stokes photon. As this
anti-Stokes photon travels to the right side at position 1, it
stimulates another FWM process that generates a second
Stokes photon traveling to the left, the same as the first
Stokes photon. This feedback results from the FWM
nonlinear process and requires no cavity made of mirrors.
As the intrinsic feedback meets the amplitude-phase

condition, a laserlike oscillation of coherent Stokes and
anti-Stokes beams, or MLOPO, will be emitted from the
medium. Here the EIT effect not only prevents the anti-
Stokes photons from resonant absorption but also dramati-
cally increases the y® nonlinearity through resonance
enhancement.

To simplify the problem, we use two SMFs to collect
generated Stokes and anti-Stokes photons [Fig. 1(a)], so
that in this study we focus on the FWM with all four fields
in single transverse spatial modes and take the plane-wave
approximation for the theoretical treatment. Assuming the
pump and coupling beams are undepleted inside the atomic
medium and working under the slowly varying amplitude
approximation, the counterpropagating single-mode Stokes
field envelope E (@, + o, — @, z) and anti-Stokes field
envelope E,(w,,z) are governed by the following
coupled equations [21]:

OE Ak

a—ZaS + <aas - l?) Eas = iKasE;F’ (1)
OE* Ak
a; + <gs + 12> ET = iKsEas’ (2)

where a,, =—i(w,/2¢)yqs and g,=—i(w,/2¢)y describe
the linear absorption, gain, and dispersion of the
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anti-Stokes and Stokes fields, with y,, and y, being their
linear complex susceptibilities [22,23]. Ak = (k,, — k) —
(ko —k,)cos@ is the phase mismatching in vacuum.
Kas = (a)as/2c))(£,3s)EpEC and x; = (a)s/Zc))(?)*E;Ej are
nonlinear coupling coefficients [22]. Solving Egs. (1) and
(2) with the boundary condition E((z = L) = 0, we obtain
the conversion efficiency between the Stokes and anti-
Stokes fields at the Stokes output port z = 0:

E((z=0)
Eas(z = O)

2
€ =

2K,
g + i\/4Kk,s + q* cot (% VAK K g qz)

where ¢ = Ak — i(g, — a,,) describes the complex phase
mismatching in the medium. At the frequencies where the
system meets the perfect phase-matching condition, i.e.,
q = 0, taking

El

=K Wy ~ N\/ 6136241 ngc % (4)
“ Yo, 4“90'2 + 2711 A, o

we reduce Eq. (3) to
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Here o;; is the absorption cross section of the transition
li) = |j), and Q, and Q. are the pump and coupling
Rabi frequency, respectively. OD = No3L is the atomic
optical depth on the anti-Stokes transition with N as the
atomic density. It is clear that the conversion efficiency goes

to oo at
ODFQPQC Oy o T (6)
41Q* 4+ 271lA, Vo3 27

which is the threshold condition for MLOPO. In our
system, the dephasing rate y;, is very small. With
712 =0, Eq. (6) is reduced to

€ =

(5)

QP N 2 013 Ap (7)
QC a OD Oy r )

In such an ideal system, the threshold condition can be met
with arbitrarily small pump and coupling powers, as long as
the ratio Q,/Q,. satisfies Eq. (7). This unusual behavior
agrees with the earlier theoretical prediction in Ref. [18].
For a system with finite y;,, in order to create the EIT, the
coupling power cannot be arbitrarily low. In this case,
the coupling power is bounded by Q2 > 20Dy ,I". Then the
pump power can be determined from Eq. (6).

Figure 2(a) shows typical plots of Stokes and anti-Stokes
photon rates as functions of the pump laser power. The
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FIG. 2. (a) Output Stokes and anti-Stokes photon rates as

functions of the pump laser power, showing the threshold at
1000 yW. (b) Normalized Stokes—anti-Stokes cross-correlation
function under different pump powers. The pump laser
detuning is A, = 2z X 60 MHz, and the coupling laser power is
1200 uW.

pump laser is blue detuned by 60 MHz, and the coupling
laser power is fixed at 1.2 mW. Both the Stokes and anti-
Stokes plots display a clear signature of the threshold at the
pump power of 1000 uW, showing different slopes below
and above the threshold. The low noise cold atom system
allows us to study how the Stokes and anti-Stokes nor-

malized two-photon correlation gﬁs(r) = (af (t)af,(t+
7)ag (1 + 7)a(1))/[{@) (1)a,(1)) (G (1) a (1)) varies in
the transition from the nonclassical biphoton regime
(below the threshold) to the classical coherent state regime
(above the threshold). Here a™ and & are the field creation
and annihilation operators, respectively. It is well known
that two classical fields are bounded to the Cauchy-Schwarz
inequality (1% (2)1%/[9:2 (0)gias (0)] < 1 [24]. Figure 2(b)
shows gﬁs (7) at different pump powers: As we increase

the pump laser power to the threshold, the peak value of

gﬁils(r) reduces to 1. The peak values of gg,za)s(r) are

12, 2, and 1, for the cases with a pump power of 10, 100,
and 1000 W, respectively. With measured autocorrelation

functions g@ (0)= E})m (0) <2 (see Supplemental Material
[21]), the case with a pump power of 10 uW violates the
Cauchy-Schwarz inequality by a factor of 36, while the case
close to the threshold approaches the classical limit.

We next vary the pump laser detuning and coupling laser
power to confirm the tunability of the threshold as predicted
by the theory [Eqgs. (6) and (7)]. Figure 3(a) shows the
measured threshold as a function of the pump detuning and
coupling power, and Fig. 3(b) shows the pump threshold
versus coupling power at different pump detunings. It is
clear that, with a fixed pump detuning, the pump threshold
is nearly linearly proportional to the coupling power. With a
fixed coupling laser power, the pump threshold reduces as
we reduce its detuning. The experimental data quantitatively
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FIG. 3. (a) Pump threshold versus pump detuning and coupling

power. (b) Pump threshold as a function of the coupling power at
different pump detunings. The dots are experimental data, and the
solid lines are calculated from the theory.

agree well with the prediction of Eq. (6) for a large pump
detuning (A, > 27z x 60 MHz). For a smaller detuning
(A, <2z x 60 MHz), while the trend agrees with the
theory qualitatively, the exact values deviate from the
theoretical prediction, because the absorption of the pump
beam makes our undepletion assumption invalid. The lowest
pump threshold we achieved in this system is 15 4W at the
pump detuning of 5 MHz and coupling power of 50 uW.

We use two different methods to determine the output
spectral widths. Below the threshold, we measure the
output autocorrelation functions gEZR (7) and gﬁ)ﬂs (7) using
the setup in Fig. 1(c). Because of the chaotic nature
of the emission below the threshold, the first-order coher-
ence function g\ (z) = (a*(¢)a,(t + 7))/ {a* (t)a(r)), and
the second-order coherence (autocorrelation) function
g?)(7) satisfies ¢@(z) =1+ [g""(7)]* [25]. Then from
the measured ¢ (z) we obtain ¢g(')(z) and thus the
emission power spectrum [which is the Fourier transform
of g!)(7)]. In this regime with OD = 80, the spectral width
is determined by both the EIT and the FWM phase-matching
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FIG. 4. FWHM spectral widths of the Stokes and anti-Stokes
emissions versus the pump power at two different coupling
laser powers: (a) 300 and (b) 50 yW. The pump detuning is
A, =27 x 60 MHz. The pump thresholds for (a) and (b) are
about 350 and 200 W, respectively.

condition, not by the lifetime of the atomic excited states |3)
and |4) [15,22]. Above the threshold when the oscillation is
formed, the above relation between g(!)(z) and ¢'?) (z) is not
valid [25,26], and we beat the output with a reference beam
to determine the spectrum [Fig. 1(d)]. The measured full
width at half maximum (FWHM) of the Stokes and anti-
Stokes output spectrum as functions of the pump power at
different coupling laser powers is plotted in Fig. 4. As we
increase the pump laser power to its threshold, the output
spectral widths reduce significantly. Above the threshold,
we observed temporal intensity fluctuations on the outputs
which broaden their spectrum gradually as we increase the
pump power. The narrowest FWHM spectral width of the
MLOPO we achieved is 16 kHz for both outputs, at the pump
detuning of 60 MHz, with a coupling power of 50 uW and
pump power of 150 uW.

In summary, we demonstrate narrow-band MLOPO with
a tunable threshold using backward FWM in cold atoms.
EIT plays an important role in such a system by not only
creating transparency for generated anti-Stokes field but
also resonantly enhancing the y©) nonlinearity. The pump
threshold can be tuned by varying the operating parameters:
the pump detuning, the coupling laser power, and the
atomic OD. We achieved a pump threshold as low as
15 uW, which is limited by our OD and ground-state
dephasing. The narrowest FWHM spectral width of the
MLOPO we achieved is 16 kHz for both outputs.
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