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EXECUTIVE SUMMARY

The research described herein is an investigation of schemes for the generation of nonclassically correlated
or entangled photon pairs in a laser-cooled rubidium ensemble. In particular, we wish to develop schemes that
may lead to the efficient production of photons that are entangled in multiple degrees of freedom, sometimes
referred to as “hyperentangled” photons. Hyperentangled photons have been proposed as a resource for
quantum secure direct communication and superdense coding, efficient Bell-state measurement for quantum
teleportation and quantum repeater demonstrations, and even optical sensing with improved resolution.

We focus on simple pump laser schemes that make use of a single, retroreflected laser beam and perform
experiments to determine the viability of variations on a simple, read-on-resonance scheme. We vary the pump
detuning to increase the probability of the simultaneous operation of multiple four-wave-mixing processes.
We also add phase-modulation sidebands to the pump laser to drive multiple near-resonance processes. We
additionally alter the aspect ratio of the pump, effectively changing the Fresnel number of the participating
atomic sample. We also perform four-wave-mixing experiments with the cold-atom ensemble optically
pumped to a single magnetic sublevel.

As part of this work, we developed a cold-atom apparatus that attempts to achieve multiple goals
simultaneously: high optical depth (the threshold criterion for photon pair generation), sub-Doppler cooling,
efficient optical pumping, and high repetition rate.
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PHOTON PAIR GENERATION BY FOUR WAVE MIXING IN AN ATOMIC
ENSEMBLE

1. INTRODUCTION

Laser-cooled atoms are an important tool for the study of fundamental light-matter interactions and for 
applications in quantum optics and quantum information. The ability to control interactions between laser light 
and atoms is vital in frontier research areas such as quantum computation and quantum communication [1, 2]. 
For quantum communication in particular, two key requirements must be fulfilled: photons that encode and 
transmit information, and remote quantum memories that can receive, store, and retransmit the photon state. 
The generation of quantum states of light that are compatible with storage in a quantum memory is thus an 
important goal. This can be achieved by generating narrowband photons in an atomic ensemble that is also 
capable of operation as a quantum memory.

Photon pairs entangled in more than one degree of freedom, often called hyperentangled photons, are 
desirable since they can carry more information per photon [3]. They can also employ one degree of 
freedom of entanglement as an ancilla to enable complex operations. Generation of hyperentangled photon 
pairs has been demonstrated in a variety of systems: non-linear crystals [3], quantum dots [4], and atomic 
ensembles [5, 6]. Solid-state systems such as 𝛽-barium borate [3] and periodically poled lithium niobate [7] 
can be used to generate hyperentangled photon pairs at a high rate, but the resulting pairs have optical 
bandwidths on the order of 1 nm. The large bandwidth prevents an efficient interface with long-duration 
quantum memories such as cold atomic ensembles, whose optical linewidths are on the order of 6 MHz. On 
the other hand, despite narrow-linewidth photon pair generation, cold-atom experiments exhibit a relatively 
low rate of photon emission and require an optically dense sample of atoms [8, 9].

Key results in hyperentangled photon pair generation in cold atoms were obtained by Yan et al. [10] and 
Zhao et al. [6]. The underlying physics that governs the non-classical correlations between the photons in a 
pair was studied earlier by Lukin et al. [11, 12] and are based on enhancement of nonlinear optical processes 
using electromagnetically induced transparency (EIT) studied by Harris et al. [13]. Further experimental and 
theoretical details can be found in the work of Balic et al. [9] and Kolchin et al. [14] and references therein.

Relevant prior works [6, 10] in atomic ensembles have exploited EIT-based Λ-level schemes with an 
off-resonant write beam and a near-resonant read b eam. In contrast, our primary proposed implementation 
uses a single pump field that is detuned by roughly half the ground state hyperfine splitting of 87Rb for both 
the read and the write process. For atoms optically pumped to the central magnetic sublevel in the rubidium 
hyperfine ground state, the electric dipole selection rules may allow four different four-wave-mixing processes 
to take place simultaneously. The intended outcome of this scheme is the interference of these four processes 
to produce photons entangled in both polarization and frequency, with the emitted frequencies differing by 
the 87Rb ground-state hyperfine s plitting. In this work we have performed experiments to determine whether 
the process of quantum correlated photon generation persists with this alteration in the pumping configuration 
compared with prior work. We present the details of the level scheme, experimental setup, and measurements
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2 Sunil Upadhyay

of quantum correlated photon production. This scheme is called the Raman scheme hereafter. Additionally,
we have carried out experiments using a multilevel EIT-based scheme not explored hitherto in literature. This
scheme is called the EIT scheme hereafter. We present experimental findings in this report.

2. PROPOSED METHODS

2.1 Raman scheme

Consider the level diagram of figure 2 and the geometric configuration of cold atoms and write/read beam
in figure 3. All the relevant energy levels of 87Rb are shown in figure 1. We start with all the atoms initialized
by optical pumping in the |F = 1,mF = 0⟩ state. Upon optical excitation by a 𝜋-polarized “write” beam
red-detuned by ΔHF/2 from P3/2, an atom in |F = 1,mF = 0⟩ can Rayleigh scatter into states |F = 1,mF = ±1⟩
or Raman scatter into states |F = 2,mF = ±1⟩ with some probabilities. This atom can undergo another optical
excitation when illuminated by a counter propagating “read” beam (provided by a retroreflection of the write
beam), followed by another set of Rayleigh scattering or Raman scattering back into the original state with
some probability. There are thus four different Raman scattering paths due to the write-read process where
the atoms start and end in the same initial state |F = 1,mF = 0⟩ as required by the four-wave-mixing process.
These pathways are listed in table 1.

S1/2

P3/2

F=1

F=2

F' = 0

F' = 1

F' = 2

F' = 3

6.8 GHz

72.2 MHz

157 MHz

266.6 MHz

780.241 nm

Fig. 1—87Rb D2 transition hyperfine structure.

The probability amplitudes for these four paths can interfere, leading to correlations between the
spontaneously emitted photon pairs (shown by wavy dashed lines in figure 2). One can understand this
correlation in a manner similar to polarization correlations between photons in Aspect’s landmark experiment
described in reference [15]. Due to conservation of energy and angular momentum in the process, the
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Fig. 2—Schematic of level scheme for hyperentangled photon pair production using
87Rb D2-line. No hyperfine states are shown for the excited state. |𝑒⟩ and |𝑒′⟩ are
two “virtual” states detuned to the red and the blue side of the optical transition by ΔHF/2.
Solid straight lines indicate absorption and dashed wavy lines indicate spontaneous emission.

Path # Paths
1 |F = 1,mF = 0⟩ → |𝑒⟩ → |F = 1,mF = −1⟩ → |𝑒⟩ → |F = 1,mF = 0⟩
2 |F = 1,mF = 0⟩ → |𝑒⟩ → |F = 1,mF = +1⟩ → |𝑒⟩ → |F = 1,mF = 0⟩
3 |F = 1,mF = 0⟩ → |𝑒⟩ → |F = 2,mF = −1⟩ → |𝑒′⟩ → |F = 1,mF = 0⟩
4 |F = 1,mF = 0⟩ → |𝑒⟩ → |F = 2,mF = +1⟩ → |𝑒′⟩ → |F = 1,mF = 0⟩
Table 1—Four allowed four-photon absorption and emission paths indicated

in figure 2 and discussed in the text.

entangled state of the photon pairs emitted is of the form:

Ψ ∝
(
𝛼
��𝜎+〉

1 |𝜎
−⟩2 + 𝛽 |𝜎−⟩1

��𝜎+〉
2

)⊗ (
𝛾
��𝜔p

〉
1

��𝜔p
〉

2 + 𝜒
��𝜔p − ΔHF

〉
1

��𝜔p + ΔHF
〉

2

)
(1)

where 𝛼, 𝛽, 𝛾, and 𝜒 are complex constants. ΔHF is the hyperfine splitting between the ground F=1 and F=2
levels as shown in figure 2. 𝜔P is the frequency of the linearly polarized write/read laser beam. The linearly
polarized laser beam drives 𝜋-transitions with respect to the quantization axis defined by a small bias-field
indicated in figure 3. 𝜎+ and 𝜎− refer to left-hand circularly polarized and right-hand circularly polarized
photons, respectively, emitted via spontaneous decay as shown in figure 2.

Additionally, conservation of linear momentum (part of the phase matching condition) leads to entan-
glement in the wave vector degree of freedom. The choice of quantization direction indicated in figure 3
along with linear momentum conservation dictate that the probability of 𝜎+/𝜎− photon pair emission is
maximum in the direction perpendicular to the incident write/read beams. Due to the orientation of the
electric field vector of the write/read beam, the undesired background of Rayleigh-scattered 𝜋-polarized light
is also minimized along this direction.
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Fig. 3—Schematic of a cold atom setup for entangled photon pair generation and
characterization. The quantization direction is defined by a small bias field along the
𝑧 direction. A 𝜋-polarized write laser beam is retroreflected and serves as the read beam. L,
SM fiber, BS, and SPAD refer to lens, single-mode fiber, 50/50 beam splitter, and single-photon
avalanche diode respectively.
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2.2 EIT scheme

In this subsection we propose an EIT-based hyperentangled photon pair production scheme. This scheme
is designed to produce photons that are entangled in the polarization and frequency degrees of freedom.
In contrast to other schemes in the literature [6, 10], the entangled photon frequency states are separated
by the ground state hyperfine splitting of 87Rb. This results in frequency states that may be separated and
recombined with low loss (for example, using a fiber Bragg grating), and that are directly compatible with
storage in an EIT-based rubidium quantum memory.

The energy level diagram with relevant write/read fields and spontaneously emitted photons is shown in
figure 4. Similar to the Raman scheme, initially all the atoms are optically pumped to the |F = 1,mF = 0⟩
state. A write beam, field 𝐸1 in figure 4, resonant on |F = 1,mF = 0⟩ to |F′ = 1,mF′ = 0⟩ transition causes
Raman scattering into |F = 1,mF = ±1⟩ or |F = 2,mF = ±1⟩. Followed by a read beam (retroreflected write
beam) excitation which Raman scatter the atoms back to the original state. The read beam can be field 𝐸1 or
𝐸2 where the later is resonant on |F = 2,mF = 0⟩ to |F′ = 2,mF′ = 0⟩ transition. Note that |F = 1,mF = 0⟩ to
|F′ = 1,mF′ = 0⟩ and |F = 2,mF = 0⟩ to |F′ = 2,mF′ = 0⟩ are not allowed due to selection rules, the scattering
is therefore off-resonant from nearby levels. To infer the two-photon hyperentangled state, we can break down
the scheme into two parts.

In the first part, write beam is the field 𝐸1 and read beam is the field 𝐸2. The two paths that can interfere
are:

1 |F = 1,mF = 0⟩ → |F′ = 1,mF′ = 0⟩ → |F = 2,mF = +1⟩ →
|F′ = 2,mF′ = +1⟩ → |F = 1,mF = 0⟩

2 |F = 1,mF = 0⟩ → |F′ = 1,mF′ = 0⟩ → |F = 2,mF = −1⟩ →
|F′ = 2,mF′ = −1⟩ → |F = 1,mF = 0⟩

The spontaneously emitted two-photon state is of the form:

Ψ ∝
(
𝛼
��𝜎+〉

1 |𝜎
−⟩2 + 𝛽 |𝜎−⟩1

��𝜎+〉
2

)⊗
𝛾 |𝜔1 − ΔHF⟩1 |𝜔1 + Δ⟩2 (2)

where 𝛼, 𝛽, and 𝛾 are complex constants whereas 𝜔1, ΔHF, and Δ are the frequency of field 𝐸1 , hyperfine
splitting between F=1 and F=0 and hyperfine splitting between F′=1 and F′=2 respectively.

In the second part, write and read beams are both the same field 𝐸1. The two paths that can interfere are:

1 |F = 1,mF = 0⟩ → |F′ = 1,mF′ = 0⟩ → |F = 1,mF = +1⟩ →
|F′ = 1,mF′ = +1⟩ → |F = 1,mF = 0⟩

2 |F = 1,mF = 0⟩ → |F′ = 1,mF′ = 0⟩ → |F = 1,mF = −1⟩ →
|F′ = 1,mF′ = −1⟩ → |F = 1,mF = 0⟩

The spontaneously emitted two-photon state is of the form:

Ψ ∝
(
𝛼
��𝜎+〉

1 |𝜎
−⟩2 + 𝛽 |𝜎−⟩1

��𝜎+〉
2

)⊗
𝛾 |𝜔1⟩1 |𝜔1⟩2 (3)
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Considering both the aforementioned parts, we can infer the total two-photon state to be of the form:

Ψ ∝
(
𝛼
��𝜎+〉

1 |𝜎
−⟩2 + 𝛽 |𝜎−⟩1

��𝜎+〉
2

)⊗
(𝛾 |𝜔1⟩1 |𝜔1⟩2 + 𝜒 |𝜔1 − ΔHF⟩1 |𝜔1 + Δ⟩2) (4)

where 𝛼, 𝛽, 𝛾, and 𝜒 are complex constants. We expect to measure a hyperentangled two-photon state of this
form.

-1 0 +1

-1 0 +1-2 -2 F=2

F=1

-1 0 +1

-1 0 +1-2 -2 F′=2

F′=1

σ−

σ+

σ+ σ−

σ−

σ+

157 MHz

6.83 GHz

σ+

σ−
σ+

87Rb D2-line

E2

E1

Fig. 4—Schematic of an EIT-based level scheme for hyperentangled photon pair production
using 87Rb D2 line. Solid straight lines indicate absorption and dashed lines indicate
spontaneous emission.

3. BEAM GEOMETRY

In this section we discuss geometry of the relevant beams and the bias magnetic field. As discussed
in the section 2, we implement a right-angle geometry between write/read beams and Stokes/anti-Stokes
emission axis. Real implementation of the schematic of figure 3 is shown in figure 5. Due to experimental
constraints of the cooling beam propagating along the main MOT axis (z-direction), the bias field for optical
pumping is applied at ∼14 degrees to the z-axis. The linearly polarized optical pumping beam is adjusted to
propagate along the bias field and is retroreflected. The write/read beam propagates along the y-direction and
is retroreflected. The polarization of the write/read beam is set such that the electric field vector is aligned
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along the bias field. Ideally the Stokes/anti-Stokes collection axis should be aligned along the bias field
direction to minimize Rayleigh scattering; however, due to experimental constraints, the collection axis is at
∼19 degrees to the z-axis.

Stokes and anti-Stokes fields are coupled into two single-mode fibers using standard aspheric lenses
located ∼23 cm from the atoms. The Gaussian beam waist diameter of each collection mode at the atoms is
∼130 𝜇m.

Read/write beam, retroreflected

Cooling beams, MOT axis

Optical pumping, retroreflected

Stokes/anti-Stokes

X

Y

Z

Fig. 5—Schematic of various laser beams with respect to the MOT.

4. COLD ATOM APPARATUS

The cold atom apparatus we use is a standard 3D MOT loaded from a 2D MOT. The glass-and-silicon
vacuum cell, magnetic coils, and laser delivery optics are provided by a commercial system from ColdQuanta,
with technical details similar to those described in reference [16]. The cooling laser is a Toptica 780 nm
extended cavity diode laser locked to a rubidium saturated absorption spectroscopy cell and amplified by
a tapered amplifier. Frequency control and switching are provided by a set of single-pass and double-pass
acousto-optic modulators.

There are two key requirements for the nonclassical photon pair generation methods investigated in this
program: high optical depth (OD) of the cold atomic cloud on the relevant atomic transition and optical
pumping to a single Zeeman state. The former is necessary for enhancement of the nonlinear four-wave
mixing mechanism responsible for photon correlations [14, 17] and the later is only specific to the level
scheme in our experiment. A significant experimental challenge in this experiment is the simultaneous
realization of both these conditions.
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4.1 Optical depth

In our experiments we achieve high optical depth (OD) using two related methods. In the first method
method we load the MOT at a quadrupole field gradient and cooling light detuing of ∼7.5 G/cm and ∼-9
MHz, respectively. Although the MOT loading rate is maximum under these parameters, the OD is only
approximately 2. We increase the density and OD by carrying out a compressed MOT (CMOT) [18] step
simply by further detuning the cooling light to ∼-60 MHz for ∼10 ms. In the second method, we load the 3D
MOT at a higher quadrupole field gradient of ≳11 G/cm and a higher cooling light detuning of ≳-15 MHz.
Under these parameters we capture a smaller total atom number while realizing a higher atomic density and a
higher OD.

To accumulate photon statistics rapidly, experimental schemes optimizing duty cycle are often used. In
this case, we employ the second method since it eliminates the CMOT stage and ∼10% atom loss during
a CMOT stage while maintaining high enough optical depth. In our experiment, this method allows us to
perform an initial long MOT loading followed by ∼100 experimental runs before observing ∼10% atom loss.
An example of this experimental sequence is shown in figure 6.

An experimental scheme where the duty cycle is lowered due to inclusion of intermediate steps such as
turning off trap beams, quadrupole field turn off, application of a bias field, and optical pumping leads to loss
in optical depth due to free expansion of the gas during the interval. In such cases, having an initial CMOT
stage prior to the intermediate steps leads to a sufficiently high optical depth even after the intermediate steps.
This is necessary for implementation of our experimental scheme where the atoms are optically pumped to
|F = 1,mF = 0⟩. An example of this experimental sequence is shown in figure 7.

Figures 8 and 9 are representative of typical optical depths in our experiment. The data was taken at a
quadrupole field gradient of 11 G/cm and a cooling light detuning of -15 MHz during the MOT loading stage
followed by an optical depth measurement. The two figures indicate enhancement in OD with a CMOT stage.
The optical depth is measured using absorption imaging technique on the F=1 to F′=2 transition [19, 20].

4.2 Optical pumping

We use a single linearly polarized laser beam with two frequency components to optically pump atoms to
|F = 1,mF = 0⟩ state. The laser beam propagates along the direction of a bias field (∼290 mG) as discussed
in section 3. One frequency component is resonant on F=2 to F′=2 transition which depumps atoms from
F=2 to F=1 ground hyperfine manifold while the other frequency component is resonant on F=1 to F′=0
transition. In the presence of the linearly polarized light resonant on F=1 to F′=0 transition, atoms are pumped
to the dark-state |F = 1,mF = 0⟩. To quantitively verify optical pumping efficiency, we carry out microwave
spectroscopy. Once atoms are optically pumped, we apply a microwave Π-pulse on the |F = 1,mF = 0⟩ to
|F = 2,mF = 0⟩ clock transition followed by a pulse of cooling light on F=2 to F′=3 transition to determine
the transfer. Due to technical limitation of the microwave apparatus, we can estimate that at least 80% of the
atoms are transferred to the |F = 1,mF = 0⟩ state. Typical populations in mF = −1, mF = 0, and mF = +1
after optical pumping are shown in figures 10, 11, and 12 respectively.

Optical pumping beam is ∼5 mm in diameter with ∼0.5 mW power and a typical pumping duration is ∼1
ms. Relative power between the two frequency components are set by adjusting the drive power to an EOM in
the optical pumping beam path. The drive power is set for optimum optical pumping to the |F = 1,mF = 0⟩
state.
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Long
MOT

Short
MOT

Optical
pumping

Photon
counting

time
0 ms 400 ms

404.5 ms

406 ms

406.5 ms

A

B Repeat B 99 times

Repeat all steps

Fig. 6—Example of a high duty cycle experimental sequence.

We find that an unintended consequence of high optical depth along the pump direction is poor optical
pumping. As shown by data in figures 10, 11, and 12 with a CMOT in the experimental sequence which leads
to a higher optical depth, we find poorer depletion of the |F = 1,mF = ±1⟩ states. We speculate that residual
populations in the mF = ±1 states may degrade the observation of the intended four-wave-mixing process.
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Fig. 7—Example of a low duty cycle experimental sequence.
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Fig. 9—Optical depth as a function of detuning with an initial CMOT stage in the
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5. MEASUREMENTS

Entangled photons are non-classically correlated [21]. A first step in verifying entanglement is to measure
non-classical intensity correlations between photons and establish whether the measured correlations violate
Cauchy-Schwartz inequality [9, 21]. We measure cross-correlations between Stokes and anti-Stokes fields
and respective auto-correlations followed by evaluation of the inequality:

(𝑔 (2)
12 (𝜏))2 ≤ 𝑔

(2)
11 (0)𝑔 (2)

22 (0) (5)

where 𝑔
(2)
12 is the normalized cross-correlation and 𝑔

(2)
22 , 𝑔

(2)
11 are normalized auto-correlations. Standard

photon counting techniques are used to measure these quantities [22, 23]. The photon counting measurements
are done after all the preparatory steps as indicated in figures 6 and 7. Stokes and anti-Stokes photon counting
is carried out simultaneously while the write/read laser beam is incident on the cold atom cloud. Experiments
are carried out at laser detunings and intensities at which non-classical correlations were observed in prior
experiments with similar cold atoms parameters [9, 14].

Additionally, we have explored the influence of the atom cloud geometry on the four-wave-mixing process.
Rather than directly alter the distribution of atomic positions, we have instead modified the pump laser beam
geometry. For a large, circular pump beam, the entire atom cloud contributes to the four-wave-mixing process.
On the other hand, for a highly elliptical pump beam, the participating atom cloud is optically thin in the
direction perpendicular to the detection axis while having high optical depth along the detection axis. In
either case, only those emitted photons within the effective aperture of the detection fiber are measured. The
following two cases were studied:

1. Circular beam of ∼4.3 mm diameter.

2. Elliptical beam with ∼4.4 mm x 0.062 mm diameter.

A 87Rb level diagram with relevant detuning and write/read beam profile with respect to the Stokes/anti-
Stokes axis is shown in figure 13.

5.1 Raman scheme

In this subsection we discuss experimental measurements relevant to the Raman scheme discussed in
section 2.1. The experiments were conducted in two steps. First we implement the Raman scheme with atoms
optically pumped to F=1 state but not necessarily to the single Zeeman state mF = 0. Second we move to the
full Raman scheme where we start with all the atoms optically pumped to |F = 1,mF = 0⟩.

We begin by implementing a system in which observation of nonclassically correlated photon pairs is
expected based on prior work. In this initial scheme, the single retroreflected pump beam is configured to
provide an off-resonant write beam and on-resonance read beam (figure 13). In this configuration, similar to
the experiment carried out by Kolchin et al. [14], nonclassically correlated photon pairs are clearly observed
through the violation of the Cauchy-Schwartz inequality. Next we change the detuning and appropriately
adjust write/read beam intensity and again measure the photon correlations. A sample of key results with a
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circular pump beam is shown in figure 14 and with an elliptical pump beam is shown in figures 15 and 16.
These data are taken with atoms optically pumped to the ground F=1 hyperfine level but not necessarily to
the single Zeeman mF = 0. All the lasers apart from the pump are extinguished and the quadrupole field of
the MOT is left on during the photon couting interval for the data shown in this section. The normalized
auto-correlations, 𝑔 (2)

11 (0) and 𝑔
(2)
22 (0) are ∼1.2 for the data and are not shown in the figures.

The data for the initial on-resonance case shown in figure 14 was taken under similar conditions as the
experiment described by Kolchin et al [14]. We observe damped oscillations in the cross-correlation function
whose period is close to 1/

√︁
Ω2

𝑐 + 𝛿2 where Ω𝑐 and 𝛿 are the coupling field Rabi frequency on F=2 to F′=2
transition and detuning from the transition, respectively. For the on-resonance case where 𝛿 = 0, a coupling
beam with ∼2.15 mm waist and ∼210 mW power we obtain a RMS Rabi frequency of ∼72 MHz and a Rabi
period of ∼13.2 ns. This value is fairly close to the Rabi period of ∼9 ns observed in the data. The RMS
Rabi frequency is defined as

√︃
1
5
∑5

𝑖=1 Ω
2
𝑖

where Ω𝑖 is the Rabi frequency from |F = 2,mF⟩ to |F′ = 2,mF⟩.
We point out that, as discussed by Kolchin et al. [14], the cross-correlation behaves differently based on the
experimental parameters such as coupling Rabi frequency, optical depth, and decoherence of the ground
state coherence between F=1 and F=2 during the EIT process. Our work did not extensively explore the
experimental parameter space of the on-resonance case.

Next we investigate photon correlations as we depart from the on-resonance scheme. When the read beam
is detuned to the red by 0.5 GHz from the 5P3/2, we observe diminished non-classical correlations. The
cross-correlation in this case show higher-frequency oscillatory structure, which we speculate may be due to
the fact that the off-resonant read beam is now interacting with multiple hyperfine states of the 5P3/2 level.
Interestingly, when the read beam is instead blue-detuned by an equal amount, we observe only classical
correlations. This strong asymmetry between red and blue detunings in atomic four-wave-mixing is surprising
and has not, to our knowledge, been previously observed. Similar observations are made in the case of an
elliptical write/read beam as shown in figure 15. Additionally, for the elliptical write/read beam case we
carried out identical set of measurements where we pump most of the atoms to |F = 1,mF = 0⟩ state and
observe same behaviour with respect to detuning (data not shown in this report).

As read beam detuning is further increased, cross-correlations diminish as shown in figure 16 despite an
increase in pump beam intensity to maintain similar scattering rates into the Stokes/anti-Stokes collection
modes. Asymmetry in the cross-correlation between red vs blue detuing is observable even at 1.5 GHz
detuning. We note that our observation window for cross-correlation is typically [-250 ns, 250 ns] or larger
and only the relevant portion of the cross-correlation functions are shown.

In summary, experiments conducted using the Raman scheme indicate that, under the experimental
parameters explored, the Stokes/anti-Stokes photons are only classically correlated in the Raman scheme
where the write/read laser is detuned by half the ground-state hyperfine splitting of 87Rb . A gradual falloff
in correlation is observed as the pump is tuned away from resonance on the red side, while a more sudden
elimination of correlations is observed on the blue side of resonance. The origin of this asymmetry remains
under investigation.
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Fig. 13—Simplified level structure with relevant read/write laser frequencies on the left.
Schematic of the read/write beam geometries implemented.

Fig. 14—Normalized 𝑔
(2)
12 (𝜏) for different detunings. The read/write beam is circular as

described in the text. Histogram bin width used is 0.53 ns. Adjacent points are connected
using lines in the figure.
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Fig. 15—Normalized 𝑔
(2)
12 (𝜏) for different detunings. The read/write beam is elliptical as

described in the text. Histogram bin width used is 0.53 ns. Adjacent points are connected
using lines in the figure.
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Fig. 16—Normalized 𝑔
(2)
12 (𝜏) for different detunings. The read/write beam is elliptical as

described in the text. Histogram bin width used is 0.53 ns. Adjacent points are connected
using lines in the figure.



Photon Pair Generation 19

5.2 EIT scheme

In this subsection we describe our investigation into the EIT-based scheme proposed in section 2.2.
We developed this new scheme following the observation in the previous section that nonclassical photon
correlations are eliminated when the “read” field is far from resonance. This scheme is designed to provide
multiple, simultaneous four-wave-mixing paths while maintining the resonance condition for the read field.
Implementation of the scheme is carried out as follows:

1. Optically pump most of the atoms into |F = 1,mF = 0⟩ ground state.

2. Turn on the pump beam with field 𝐸1 and 𝐸2 (figure 4) simultaneously. Relative strength between the
fields is controlled by RF drive power to an EOM in the beam path. Carrier field is 𝐸2 and 𝐸1 is a
sideband. The carrier field power is low enough that there is negligible off-resonance scattering from
atoms in F=1.

3. Carry out cross-correlation measurements as a function of various 𝐸1 powers.
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Fig. 17—Normalized 𝑔
(2)
12 (𝜏) for different drive powers on the F=1 to F’=1 transition. The

read/write beam is circular as described in the text. Histogram bin width used is 0.53 ns.
Adjacent points are connected using lines in the figure.

Preliminary results are shown in figure 17. The normalized auto-correlations, 𝑔 (2)
11 (0) and 𝑔

(2)
22 (0) are

∼1.2 for the data and are not shown in the figures. The write/read beam is circular and has a diameter ∼4.3
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mm and a bias field of ∼290 mG is used to define quantization axis for optical pumping. Only the bias field
and the write/read beam are on during the photon counting interval. The powers of the fields 𝐸1 and 𝐸2 are
indicated in the figure.

We make the following observations:

1. We find a qualitatively similar cross-correlation shape similar to the resonant case shown in figure 14
and discussed in section 5.1. There are two different read fields, 𝐸1 and 𝐸2, with powers ratio > 1/1000.

2. The cross-correlations are highly diminished and decrease further as we increase the power of field 𝐸1.
This is unexpected.

3. Experimentally, 𝐸2 is the dominant read field and we expect it to dominate the cross-correlation. Similar
to the analysis done in 5.1, using the 𝐸2 field power of 9.4 mW and the beam waist of 2.15 mm, the
peak Rabi frequency for the |F = 2,mF = 1⟩ to |F′ = 2,mF′ = 1⟩ transition is ∼11 MHz. This translates
to a Rabi period of ∼92 ns which is within a factor of 2 of the observed damping period of the ∼50 ns
observed in the data.

4. Fields 𝐸1 and 𝐸2 are responsible for two four-wave mixing processes that are enhanced due to EIT. The
level scheme shown in figure 4 requires that transparency be established for multiple emitted fields in
order for EIT to be effective. In such a case, there may be interference effects that reduce the efficacy of
EIT and give rise to diminished cross-correlations.

6. CONCLUSIONS

We have studied the production of nonclassically correlated photon pairs from a laser-cooled rubidium
ensemble in a variety of pump configurations that may be expected to lead to the production of polarization-
frequency hyperentangled states. Interestingly, nonclassical correlations are either strongly diminished or
entirely eliminated in schemes that were expected to optimally produce photons entangled in frequency using
the ground-state hyperfine splitting. It is likely that the interference between multiple four-wave-mixing,
absorption, and EIT processes leads to this reduction of correlations.

A number of other unexpected results were observed. After reproducing the generation of photon pairs
using the scheme of Ref. [14], we attempted to operate the four-wave-mixing process away from resonance.
We found that moving the pump laser frequencies below resonance retained nonclassical correlations at a
reduced level, while moving them above resonance entirely eliminated observable correlations. We have
speculated that possible reasons for this detuning asymmetry may include mechanical effects on the atoms
due to the optical potential of the pump beam, absorption by nearby transitions, or else a disruption of phase
matching due to dispersion. Additionally, we observed that the addition of a small (< 0.1%) sideband driving
the |𝐹 = 1⟩ → |𝐹′ = 1⟩ transition is sufficient to virtually eliminate nonclassical photon correlations in a
four-wave-mixing system similar to [14].

This project involved a number of refinements to the cold-rubidium experiment. These included the
optimization of optical depth using a compressed MOT, the characterization and optimization of optical
pumping using microwave spectroscopy, and the optimization of duty cycle required to obtain the necessary
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photon counting statistics. The apparatus is well-situated for future quantum entanglement, quantum memory,
or quantum optics experiments.
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