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Continuous variable entanglement in a cold-atom mirrorless optical parametric oscillator
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In this work, we explore both the internal and external atomic degrees of freedom to observe quantum
entanglement between the modes produced by a mirrorless optical parametric oscillator operating below the
oscillation threshold in a sample of free-space cold cesium atoms. Using a new heterodyne technique, we recover
the covariance matrix that reveals the quantum entanglement for two different pairs of modes, thus demonstrating
the generation of four entangled modes in this system. Applications to quantum networks and the possibilities
of studying higher orders of entanglement are a direct consequence of the present study.
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A nonlinear optical medium can efficiently generate for-
ward and backward waves through parametric processes,
conserving energy and momentum between input and out-
put fields. The first proposal to use this principle to achieve
mirrorless optical oscillation, almost 60 years ago, considered
a three-wave-mixing process in a medium with second-order
x @ nonlinearity [1]. The implementation of this original idea
succeeded only in 2007 [2], using quasi-phase-matching in
a nonlinear photonic structure to satisfy its stringent phase-
matching requirements. In 1977, a decade after the original
proposal, it was shown that the four-wave-mixing (FWM)
process, employing a third-order x ® nonlinearity, could also
result in mirrorless optical oscillation [3]. Since the phase-
matching requirements were much easier to achieve in this
case, in the following year, the first experimental observation
of mirrorless oscillation in four-wave mixing was already
reported [4]. Since then, in the last four decades, many groups
have experimentally observed the formation of a mirrorless
optical parametric oscillator (MOPO) in four-wave mixing in
different physical systems [5—16]. The MOPO based on both
kinds of nonlinearities may work as robust and self-aligned
coherent light sources analogous to distributed feedback lasers
[2,17,18]. In addition, the x @ MOPO provides tunable coher-
ent light sources covering wavelengths in the terahertz [19]
and near-infrared regions [20], while the less-stringent phase-
matching condition of the x @ MOPO is well suited for the
self-established formation of cascaded parametric oscillations
in multiple directions [5,8,9,12,16,21,22].

On the other hand, optical parametric oscillators (OPOs)
have been established as a standard platform to generate
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nonclassical states in continuous variables (CVs). From the
squeezed vacuum in subthreshold operation [23] to the twin
beam generation [24], and the entanglement generation be-
low [25] and above [26] threshold, these systems soon found
applications in construction of networks of entangled states,
directly coupling distinct modes, discriminated in time [27],
frequency [28], or wavelength [29]. Use of third-order nonlin-
earity, on the other hand, led to the possibility of integrating
those devices, resulting in on-chip manipulation of quantum
states that led to demonstrations of quantum advantage [30].

We show here that a mirrorless OPO based on the four-
wave-mixing process in a cold atomic cloud [16] can produce
entangled fields from the parametric amplification of vacuum
input. Differently from usual FWM experiments involving
only two beams [31,32], the process in MOPO is intrin-
sically multipartite. Using a new approach that allows us
the simultaneous measurement of both quadratures of the
field, at the cost of an extra unit of vacuum noise, we
demonstrate entanglement between three fields in two in-
dependent measurements. However, the symmetry of the
system indicates a more extensive network of entangled
states that could be useful for quantum information appli-
cations. Moreover, this MOPO has been used to store and
recover the orbital angular momentum of a light field [33]
in the atomic degrees of freedom, suggesting a possibility
of combining multipartite entanglement in CVs with memory
capabilities.

The MOPO involves two counterpropagating pumping
beams (P; and P») with the same frequency w and orthogonal
linear polarizations, as depicted in Fig. 1, over a cloud of cold
cesium atoms. For such beam geometry interacting nearly
in resonance with a degenerate two-level system, multiple
FWM processes can take place associated with Zeeman co-
herence as well as coherences between momentum states via
recoil-induced resonance (RIR) (see the Supplemental Mate-
rial [34]). In these conditions, it has been demonstrated that a
probe field can be amplified by a factor exceeding 2000 due
to a feedback loop [16].
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FIG. 1. (a) Simplified experimental setup. The counterpropagat-
ing pumping beams (P; and P,) with linear orthogonal polarizations
interact with the atoms and generate the four modes specified by
S1,5,, 83, and S4. Modes S, S,, and S; are sent to independent
heterodyne detection systems. (b) Time sequence of the involved
fields and detection process.

The dynamic of the pairwise photon creation involving
the four modes can be understood with a combination of
parametric amplifiers, and the Hamiltonian of this process can
be written as

Hyp = ihi[x120182 + X340304 + X24G204 + x130103 — H.c.],

ey

using the field operators for modes 1-4. A useful approach
considering balanced couplings in the FWM process, such
that x;; = x, allows for a simple substitution in the operators,

as &, = (@1 + a4)/2, a4y = (2 + a3)/~/2, resulting in
H; = ilix[a.a, — Hc.). 2)

In this case, one can observe that we have the generation of
photon pairs on a mode given by a combination of modes
1 and 4 and another in a combination of modes 2 and 3,
corresponding to a Bloch-Messiah decomposition involving
two-mode squeezing states [34]. As first approach to the sys-
tem, we started by the evaluation of entanglement involving
just two pairs of modes, namely, S; — S, and S| — S3, as
shown in Fig. 1, in two independent measurements.

The experiment is performed in a cold cloud of cesium
atoms obtained from a magneto-optical trap (MOT) using
the Zeeman structure of the hyperfine levels 6S,,(F = 4)
and 6P3;>(F' =5). The trap (cooling beam, repump beam,
and magnetic quadrupole field) is kept on for 20 ms, and
then followed by a 1 ms cycle of repump (Fig. 1), resulting
in a cold sample of Cs atoms in the 6S;,,(F =4) ground
state, with about 2 mm diameter, optical density of 5, and
temperature in hundreds of microkelvin range. Three pairs

of Helmholtz coils are employed to compensate for residual
magnetic fields, whose current values are adjusted by opti-
mization of microwave spectroscopy [41] in the cesium clock
transition 68 ,,(F = 3) — 6S2,(F = 4).

Differently from the configuration in Ref. [16], we use
a probe beam only for alignment purposes [34] and only
measure the spontaneous process. The pump beams P; and
P, have approximately the same waist diameter of 1.6 mm
and are switched on during 6.5 ms after turning off all MOT
beams and trapping magnetic field. Pump beams are provided
by a Ti:sapphire laser locked to a saturated absorption signal
and their frequencies are shifted by an acoustic-optic modula-
tor detuned around A = 25 MHz (= 5T") below the resonance
frequency of the cesium closed transition 6Si,, FF =4 —
6P3 /25 F' =5.

The measurement of the field uses a heterodyne detection
based on the interference of the amplified vacuum with an
optical field, shifted by 5 MHz from the pump frequency,
used as an optical local oscillator in a balanced detection.
Subtraction of the photodiode’s currents is further demodu-
lated by a pair of in-quadrature electronic references at the
shift frequency, thus providing a combined measurement of
both quadratures of the signal of interest, plus one unit of
vacuum [34]. The resulting measurement of the quadrature
for each field is recorded by an analog-to-digital converter
and the statistics is further performed, in order to recover the
covariance matrix of the signal.

Differently from the majority of the CV systems, which
have a continuous generation of the fields, a measurement
involving the cold cloud is performed when the trapping fields
are turned off and the cloud is left for free expansion. Given
the narrow bandwidth of the RIR resonances (on the order of
20 kHz [16]), there is a lower limit for the repetition rate of
the aquisitions. In our case, an acquisition time shorter than
25 us implies in correlation of sequential measurements and
data redundancy. On the other hand, the upper limit for the
acquisition cycle is given by free expansion of the cloud. A
reasonable time between 3.0 and 6.5 ms results in a total of
120-260 acquired values of the quadratures for each run of
the MOT, which is enough for a reliable statistics to evaluate
the variances of the quadratures for distinct values of the pump
beams. Precise calibration of the standard quantum level, used
as our normalization factor in the present results, is assured by
running a previous cycle of acquisition before turning on the
pump fields (Fig. 1). The resulting input on the detection has
only vacuum fluctuations, independent of the trap and repump
fields as was experimentally verified.

The experiment is performed in two distinct configura-
tions of the acquisition system. One performs the detection
over opposite outputs 1 and 2, while the other evaluates the
quadratures of outputs 1 and 3. While performed indepen-
dently, these results are obtained under the same experimental
conditions of the MOPO, and they are used to check the
entanglement of these modes.

The entanglement properties of the generated Gaussian
states can be completely characterized by their second-
order moments, which can be conveniently organized as
a covariance matrix, V = (€7 + (EET)T)/2, involving the
quadratures of the fields £ = (7, 0;, P;, 0;)". For a given
pair of modes, we can divide the covariance matrix into three
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2 x 2 submatrices, from which two (A ;) represent the reduced
covariance matrices of the individual subsystems and one
(C;;) expresses the correlations between the subsystems:

_ (A G
v=(& D) ©)

ij .
Entanglement can be probed by the physicality of the co-
variance matrix under partial transposition [42]. For a pair of
modes, the physicallity condition can be recast in terms of the

determinant of the covariance matrix and its submatrices as
[42,43]

W = 1+ Det[V] — 2 Det[C;;] — Det[A,] — Det[A] > 0.
“4)

The partial transposition modifies the sign of Det[C;;], re-
sulting in the following sufficient and necessary condition for
entanglement in bipartite Gaussian states:

WPPT =1+ DCt[V] + 2Det[(C,-j] — Det[A,-] — Det[Aj] < 0.
)

The terms of the covariance matrix are evaluated for each
run of the experiment, and from them the determinants used
in Egs. (4) and (5) are calculated. Afterward, these results
are grouped according to the measured pump intensity, and
the average of the determinants and their standard deviation
are calculated. The pair of quadratures of each output field is
used to evaluate the gain of the MOPO. The four variances
are averaged and then normalized to the variance of the vac-
uum present at the input, obtained from the first part of the
acquisition cycle [Fig. 1(b)]. Figure 2 presents the evaluated
determinants over many MOT cycles, for pump intensities up
to 1.6 mW /cm?.

The gain unbalance between the generated modes leads to
an unbalance between the determinants of matrices A;, and
is a consequence of the occasional imbalance in the couplings
Xij [34]. This behavior can be analyzed, following the descrip-
tion of the process given by Eq. (1), using a Bloch-Messiah
decomposition [34], and is the only fitting parameter left in
the modeling of the curves for these determinants in Fig. 2.
The different relative variance between the fields and the in-
tensity of the correlations are related to their high sensibility to
alignment over the ensemble that changes the phase-matching
condition and the competition between the modes. The nature
of each FWM process itself can also influence, since the back-
ward FWM (between S| and S,) is perfectly phase matched,
whereas the forward FWM (between S and S3) is not.

Entanglement comes from the correlation between the
modes. Notice that Det[C;;] < 0 over the entire range, fulfill-
ing a necessary condition for entanglement [42]. We model
the expected outcome of this determinant following the
Bloch-Messiah decomposition, but with a weighting factor
accounting for the mismatch of the spatial modes that are
selected by the heterodyne detection. The model of the curve
for Det[C,;] considers a mode mismatch of 0.65 and 0.7 be-
tween amplified vacuum modes (1, 3) and (1, 2), respectively,
at the heterodyne measurement, as described in Ref. [34] and
is compatible with the observed mismatch coming from an
intense generated field upon the injection of a seed through
port 1.
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FIG. 2. Measured values for the determinants of the covariance
matrices of fields i (Det[A;]) and j (Det[A ]), the cross-correlation
Det[C;;], and the covariance matrix Det[V'], for modes 1 and 2 [panel
(a)] and modes 1 and 3 [panel (b)]. The lines are adjustment of the
model, as described in the text.

These results allow the evaluation of the entanglement
witness Wppr, along with the physicality test of the covariance
matrix W, as presented in Fig. 3. Experimental data present
a good match to the calculated results from the model, all of
them evaluated from the values in Fig. 2. We can notice that,
for a gain smaller than 1.5, entanglement of the pair of modes
is observed. The loss of observed entanglement for higher
gains comes from the imperfect matching of the modes on
the detection.

The complete symmetry in geometry [Fig. 1(a)] and atomic
dynamics [34] allow us to infer that the correlations between
S4 — S3 and S4 — S5 should follow a behavior similar to S| —
S, and S| — S3, respectively. Therefore, even though a full
quadripartite characterization requires simultaneous measure-
ment of all four modes, the existence of entanglement in two
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FIG. 3. Physicality test of the measured covariance matrix (W)
and entanglement witness (Wppr), evaluated from the data in Fig. 2,
and their respective adjustement (for the lines).

different subpartitions and the symmetry of the whole system
provides strong evidence of the system’s multipartite nature.

It is our expectation that, under the full measurement of
the involved modes, a rich structure of entanglement can thus
be recovered, and the observed results, presented here for
modes (1, 2) and (1, 3), will be presented in pairwise analyses
involving pairs of modes (3, 4) and (2, 4), as well the several
bipartitions of the four modes (1-2, 3—4), (1-3, 2-4), and so
on, as could be measured by the technique here developed.

Moreover, as demonstrated in the previous work of the
group, the driven atomic cloud has memory [33]. Therefore,
it should be possible to have this system as a key component
in quantum networks, using the possibility to generate large-
scale spatially separated entanglement using both spatial and
time multiplexing for applications in quantum information.

The MOPO provides an interesting tool for a multimode
node in a quantum information network. Its reproducible gen-
eration in a cloud of cold atoms provides pulses of entangled
modes with a seamlessly unbounded parametric gain. Thus,
extremely high levels of quantum correlation can be generated
in this system. On the other hand, the capacity to couple more
than four modes [5,9,21,22,44] can eventually lead to more
complex Hamiltonians with the ability to expand this quantum
toolbox beyond the bilinear set. The process presented here is
only the first step in this investigation.
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