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The generation of entangled photon pairs which are compatible with quantum devices and stan-
dard telecommunication channels are critical for the development of long range fiber quantum net-
works. Aside from wavelength, bandwidth matching and high fidelity of produced pairs are necessary
for high interfacing efficiency. High-rate, robust entanglement sources that satisfy all these condi-
tions remain an outstanding experimental challenge. In this work, we study an entanglement source
based on four-wave mixing in a diamond configuration in a warm rubidium vapor. We theoretically
and experimentally investigate a new operating regime and demonstrate an entanglement source
which produces highly non-degenerate 795 and 1324-nm photon pairs. With this source we are able
to achieve in-fiber pair generation rates greater than 107 /s, orders of magnitude higher than previ-
ously reported atomic entanglement sources. Additionally, given our source’s native compatibility
with telecom infrastructure and atomic systems, it is an important step towards scalable quantum
networks.

INTRODUCTION

Entanglement sources are critical in the field of quan-
tum networking, for applications such as distributed
quantum computing [1–4], sensing [5–7], and secure com-
munication [8, 9]. For these areas, the sources should be
bright, high fidelity, and produce photons which are com-
patible with both the quantum channels and any quan-
tum devices which are being used. Additionally, these
applications will require many of these sources, so it is
essential that they be simple and robust.

Spontaneous parametric down-conversion in nonlinear
crystals has long been the go-to method for producing
entangled pairs of photons [10–13]. However, photons
produced in this manner are typically spectrally broad,
making them incompatible with devices such as quan-
tum memories, atomic sensors, quantum computers and
simulators. While work has been done to narrow the
linewidth of these sources using optical cavities [14, 15],
this increases the complexity.

Alternatively, there is a growing body of work that uti-
lizes spontaneous four wave mixing (FWM) in both warm
and cold atomic vapors to produce narrowband entangled
photon pairs [16–20]. While cold atomic systems have
proven a good platform for studying this phenomenon,
they require complex experimental setups which make
their widespread use outside the lab prohibitive. Con-
versely, warm-atomic ensembles are a natural system
for implementing entanglement sources given their com-
pactness, robustness, simplicity, and native compatibility
with atom-based quantum devices.

Early work on FWM in warm ensembles leveraged
a diamond level system in rubidium atoms to generate
bichromatic polarization entangled photon pairs at tele-
com and near-infrared (NIR) wavelengths [18], useful for
interfacing atomic quantum devices through fiber net-
works. However, these entanglement sources were lim-
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FIG. 1. Experimental setup for generation and analysis of en-
tangled photon pairs. Inset: Relevant rubidium level diagram
for the four-wave mixing process. PBS: polarizing beam split-
ter, DM: dichroic mirror, BPF: bandpass filter, LCR: liquid
crystal retarder, QWP: quarter waveplate, HWP: half wave-
plate, L: Lens.

ited to low absolute brightness (pairs per unit time),
≈ 5×103 /s, attributed to the inability to simultaneously
address all the velocity groups within the vapor in the
photon production process [21]. Recent literature on the
topic has focused on FWM in a ladder scheme with near-
degenerate wavelengths [16, 17, 22, 23]. There, higher
absolute brightness entanglement sources, ≈ 2 × 104 /s,
have been demonstrated, but the output photons are nec-
essarily close in wavelength restricting their utility. In
addition to entanglement sources, there exists work on
pair sources based on warm atomic ensembles. For these
sources high absolute brightness, ≈ 8× 105 /s, and high
spectral brightnesses (pairs per unit time per unit band-
width), ≈ 4 × 105/s/MHz, have been demonstrated in
ladder [24] and double Λ configurations [25] respectively.

In this paper, we demonstrate a source of bichromatic
entangled photon pairs based on diamond-scheme FWM
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in a warm rubidium ensemble with high absolute and
spectral brightness. We theoretically and experimentally
explore a new operating regime in the diamond scheme
that allows us to address all the atoms within the va-
por, which we believe to be a general result not unique
to our system. We achieve entangled pair rates in-fiber
exceeding ≈ 107/s, with a lower bound on the |Φ+⟩ Bell
state fidelity of > 95%. To the best of our knowledge
this is the highest demonstrated absolute brightness for a
warm-atom entangled photon pair source. Additionally,
the source produces narrowband telecom-NIR entangled
photon pairs (1324 and 795 nm respectively), making our
source well suited for interfacing quantum devices over
optical fibers.

EXPERIMENTAL SETUP

In this work we explore spontaneous FWM in a warm
87Rb vapor. The relevant atomic level structure for the
diamond FWM process is shown inset in Fig. 1. We
use a 780-nm pump and 1367-nm coupling laser to drive
the two-photon
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To stabilize the coupling light we use a dual resonance
optical pumping (DROP) setup [26]. We use an electro-
optic modulator (EOM) to allow us to offset the detuning
of the 1367-nm light from resonance.

The experimental setup is shown in Fig. 1. The pump
and coupling beams are overlapped on a dichroic mirror
so that they co-propagate through a 5-mm long enriched
87Rb vapor cell. Both the pump and coupling beams
are horizontally polarized prior to the vapor cell using a
common polarizing beamsplitter (PBS). We use a pair of
f ≈ 50 mm achromatic lenses to focus the beams to a
1/e2 beam radii of ≈ 30 µm inside the cell. We collect
the 1324-nm signal, and 795-nm idler at zero angle to
the pump, which naturally satisfies the phase matching
condition [27]. Both signal and idler are coupled into
collimators with equivalent 1/e2 mode radii of ≈ 20 µm
in the vapor cell. We heat the cell using a pair of metal
ceramic heaters placed directly on the faces of the cell.

After the cell we use a dichroic mirror to separate the
telecom and NIR light. We use bandpass filters to sup-
press leakage of the coupling and pump beams into the
signal and idler fibers. On the signal and idler paths, a
quarter waveplate (QWP), half waveplate (HWP), and
PBS allow us to select the detected polarization modes.
We align a liquid crystal retarder (LCR) on the idler path
so that the slow axis is in the vertical direction. By tun-
ing the retardance we can apply arbitrary phase shifts
between the |H⟩ and |V ⟩ polarization modes.

We detect the idler photons using a single photon

FIG. 2. Heralding efficiency of the source as a function of the
spectroscopically measured vapor cell temperature, and the
two-photon detuning, δ. The single photon detuning is fixed,
∆/2π ≈ 1.1 GHz. The pump power is fixed at ≈ 250 µW.
For each detuning/temperature we vary the coupling power
to set the signal rate to ≈ 100 kcps.

avalanche photodiode, and the signal photons using a su-
perconducting nanowire single photon detector (≈ 350-ps
and ≈ 90-ps timing jitter respectively). The detection ef-
ficiency, which includes only the quantum efficiencies of
the detectors and post fiber coupling losses, is 78(2)%
and 68% for the signal and idler photons respectively.

RESULTS

We first explore the dependence of the source parame-
ters on the two-photon detuning and the vapor cell opti-
cal depth (OD, measured for 795-nm idler photons). To
adjust the OD we change the vapor temperature, while
the two-photon detuning is varied using the EOM in the
offset DROP lock. For this data we fix the pump power
at ≈ 250 µW, and vary the coupling power to bring the
detected signal rate to ≈ 100 kcps. Here, we only mea-
sure the |V V ⟩ mode of the source.
We look at the heralding efficiency, the probability of

detecting a 795-nm photon upon the detection of a 1324-
nm photon. In Fig. 2, for fixed atomic temperature,
we see that increasing two-photon detuning increases the
heralding efficiency.
To understand this behavior we analyze the three level

Hamiltonian associated with the excitation process, un-
der the rotating wave approximation, for an atom with
velocity, v
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FIG. 3. Numerical simulations of the simplified three-level
system in the near (blue) and far-off (orange) two-photon res-
onance regimes. Plot (A) ((B)) shows the scattering proba-
bility, unweighted (weighted) by the Maxwell-Boltzmann dis-
tribution, as a function of atomic velocity. (B) has been re-
normalized so that the peak weighted scattering probability is
unity for ease of comparison. Dashed green line in (B) shows
the Maxwell Boltzmann distribution for vapor temperature
used in the simulation. In both cases the pump detuning is
fixed far from resonance (∆/2π = 1150 MHz), the pump and
coupling Rabi frequencies are held at reasonable experimen-
tal values (Ωp/2π = Ωc/2π = 350 MHz), and temperature is
fixed at T = 80◦ C.
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We treat atomic motion as one dimensional along the
beam propagation direction. This is a valid approxima-
tion for our collinear experimental geometry. The large
single photon detuning used in the experiment avoids
significantly populating the

∣∣5P3/2

〉
state. We numer-

ically solve for the steady state of the Liouvillian as-
sociated with the reduced three-level system. As the∣∣6S1/2

〉
→

∣∣5P1/2

〉
decay rate is proportional to the∣∣6S1/2

〉
steady state population, we use this as a proxy

for the signal photon scattering probability. In Fig. 3(A)
we show two examples of the scattering probability as
a function of atomic velocity to demonstrate the near
(blue) and far-off (orange) two-photon resonant regimes.
In both regimes a sharp resonant peak (v ≈ 250m/s and
v ≈ 1000m/s for the near and far detuned case in Fig.
3(A)) is seen in the scattering probability at

v ≈ − cδ

ω6S1/2

, (2)

due to the two-photon Doppler shift, where h̄ω6S1/2
is the

energy of the
∣∣6S1/2

〉
state. Two broader and less promi-

nent peaks are seen in the figure at v ≈ −1000m/s, where
the

∣∣5P3/2

〉
state is resonantly excited. To determine the

scattering probability in the atomic vapor we weight the∣∣6S1/2

〉
population by the Maxwell-Boltzmann distribu-

tion, shown in Fig. 3(B). For the near detuned case a
significant fraction of the population resides at the reso-
nant velocity class, giving rise to a sharp feature in the
figure. However, for the far-off two-photon resonance
regime the resonant velocity has a near negligible pop-
ulation fraction. After weighting we find that the ma-

jority of the scattering occurs off-resonantly despite the
unweighted scattering probability for this process being
significantly smaller than for resonant scattering. As seen
in Fig. 3(B), for far-off two-photon resonance excitation
the weighted scattering probability follows the Maxwell-
Boltzmann distribution.
The significance of this behavior can be understood by

considering the collective excitation projected onto the
atomic system upon detection of a signal photon [28].
The likelihood of phase matched emission of the idler
scales with the atom number participating in the collec-
tive excitation [29]. Given that the collective excitation
has a distribution similar to that of the weighted scat-
tering probability, we expect, for a fixed atomic density,
phase matched emission of the idler to be more likely for
off-resonant excitation relative to near-resonant excita-
tion. For a given vapor temperature, we therefore expect
higher heralding efficiencies when the source is operated
in the far-off-resonant regime as seen in Fig. 2.
While the technique has been presented for the specific

diamond scheme shown inset in Fig. 1, we believe it is
generally applicable, and is potentially responsible for the
behavior observed in a different diamond scheme in [30].
From our theory model we expect the source behavior

to be symmetric about zero two-photon detuning. How-
ever, we see that is not the case in Fig. 2. We attribute
this to undesired interaction with 85Rb atoms within the
vapor at positive two-photon detunings (≈ 99% 87Rb
vapor cell purity). Additionally, we would expect the
heralding efficiency to saturate to a constant value at
large two-photon detunings. However, we see a clear peak
in the heralding efficiency as the two-photon detuning is
increased. We believe this is related to the increased cou-
pling power needed at large two-photon detunings.
In addition to a trend as the two-photon detuning is

changed, for fixed two-photon detuning, we see a peak in
the heralding efficiency as the vapor cell temperature is
altered. This phenomenon has been previously observed
[28] and is attributed to the competing processes of an
increase in directed collective emission, and decrease in
idler photon transmission, as the vapor temperature, and
therefore OD, is increased.
For the remainder of this paper we operate with a two-

photon detuning of δ/2π ≈ −2400 MHz and a cell tem-
perature ≈ 93◦ C (measured spectroscopically), where
the maximum measured heralding efficiency is, ≈ 16 %
(≈ 24 % corrected for idler detection efficiency). This is
comparable to the detector corrected heralding efficiency
observed with nearly-Doppler-free ladder pair sources
[24]. Here, the resonant OD of the cell for the idler pho-
tons is ≈ 9.
Next, we investigate scaling properties of the source

with the coupling and pump powers. We again only
measure the |V V ⟩ mode of the source. In Fig. 4(A)
we show how the coincidence rate varies with the pump
and coupling powers. For low pump and coupling power
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FIG. 4. Scaling behavior of the source with pump and cou-
pling power. (A) displays measured signal-idler coincidence
rate as a function of coupling power, for various pump pow-
ers. We use a ∝ PcouplingPpump fit that accounts for the finite
detector dead times. We calculate a measured scaling con-
stant of the |V V ⟩ mode coincidence rate ≈ 3 × 105 /s/mW2

(≈ 6 × 105 /s/mW2 when accounting for detection efficien-
cies). Inset table displays the coincidence values displayed in
the plot. (B) shows the peak value of the signal-idler cross-
correlation, gsi, as a function of the |V V ⟩ mode coincidence
rate. Orange line is a ∝ 1/Coincidences fit, taking into ac-
count the finite detector dead time in the system. Inset dis-
plays a typical gsi curve, using 100-ps bins. In both plots
error bars, arising from statistical uncertainties, are smaller
than the data points.

we see a near-linear scaling in the coincidence rate as
function of power, with a measured scaling constant of
≈ 3× 105 /s/mW2 (≈ 6× 105 /s/mW2 when accounting
for detection efficiencies). At high power we observe a
saturation in the coincidence rate for increasing power.
This is partly due to the finite dead time of the detectors
(≈ 20 ns for both signal and idler), which we account
for in the fit shown in the figure. However, we have re-
peated the measurements, using neutral density filters on
both the signal and idler paths to reduce this issue, and
still observe deviation from linearity at higher coupling

powers. We attribute this to saturation of the atomic
medium.
Similar to other sources, as the pair production rate

is increased, we expect the signal-idler cross-correlation
function, gsi to decrease. We show the scaling of the
maximum value of gsi with coincidences in Fig. 4(B),
with a typical curve of gsi as a function of the de-
lay time between detections, τ , shown inset. In theory
gsi ∝ 1/Coincidences. We observe this inverse scaling
for low coincidence rates. However, for high coincidence
rates we see a deviation from this behavior. We attribute
this to the finite detector dead time, as this is not seen
when the measurement is repeated using neutral density
filters on the signal and idler arms. We take this detector
saturation into account in the model in the figure.
At the maximum used powers of 1 and 20 mW, for

the pump and coupling beams respectively (used for the
remainder of the paper), the measured |V V ⟩mode coinci-
dence rate is ≈ 1.7× 106/s with gsi ≈ 40, corresponding
to a |V V ⟩ mode rate of ≈ 5 × 106/s, when correcting
for detection efficiency and dead time saturation of the
detectors.

From the gsi curve, shown inset in Fig. 4(B), we es-
timate the biphoton linewidth to be under 2π × 1 GHz
(after deconvolving the finite response time of the detec-
tors), similar to that in the ladder-type FWM systems
where all velocity classes participate in the collective ex-
citation [28]. This value is corroborated by stimulated
FWM biphoton measurements, similar to those in [31].
We attribute the biphoton bandwidth to the convolution
of the Doppler broadened emission and the absorption of
the idler as it propagates through the cell. While not ex-
plored here, we do expect similar variability of the band-
width with OD as in [28]. We note that this bandwidth
is comparable to those demonstrated by existing warm
atom quantum memories [32, 33], opening the door for
an all warm-atom based telecom compatible quantum re-
peater.

With the pumping scheme used, and the rubidium Zee-
man structure, we expect the source to produce |Φ+⟩ =
1√
2
(|HH⟩+ |V V ⟩) entangled pairs [18]. We find that

the dichroic used to separate the signal and idler pho-
tons, and mirrors used to couple the signal and idler pho-
tons into their respective fibers, adds an arbitrary but
stable phase shift between the |HH⟩ and |V V ⟩ modes.
We tune the retardance of the LCR to compensate these
phase shifts, and recover the |Φ+⟩ state. To verify the en-
tangled state produced after this operation, we perform
two-photon tomography. We use neutral density filters
with OD ≈ 1 on both the signal and idler paths to en-
sure there are no issues with detector saturation during
the tomography. Using the maximum likelihood method
discussed in [34] we reconstruct the density matrix for
the two-photon state, shown in Fig. 5. From the recon-
structed density matrix we place a lower bound fidelity
to the |Φ+⟩ Bell state of 95%[35], for an entangled pair
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FIG. 5. Real and imaginary parts of the maximum-likelihood
density matrix reconstruction of the signal-idler state. Lower
bound on the fidelity to the expected |Φ+⟩ Bell state is 95%.

rate greater than 107 /s.

CONCLUSION

The development of large-scale quantum networks re-
lies on the deployment of practical entanglement sources
that operate with high pair generation rate, narrow
linewidth, high fidelity and wavelength compatibility
with telecom and quantum devices. We have theoret-
ically and experimentally investigated a new operating
regime for warm-atom FWM entangled photon sources in
the diamond configuration that can satisfy all the above
conditions simultaneously. Under these conditions, we
are able to address all the velocity groups within a va-
por, enabling us to achieve an entangled in-fiber pair
absolute brightness greater than 107/s. Given the sub
GHz bandwidth of the biphotons produced, the corre-
sponding spectral brightness is ≈ 104/s/MHz. To the
best of our knowledge, this is the highest absolute and
spectral brightness achieved for a warm-atom entangled
photon source. We have demonstrated that the bichro-
matic photon pairs (1324 and 795 nm) are well corre-
lated, gsi ≥ 40, and from maximum likelihood estimation
we place a lower bound on the fidelity to the |Φ+⟩ Bell
state of 95%. Given that our source produces entangled
pairs that are compatible both with telecom infrastruc-
ture and existing quantum devices, it has applications
for quantum repeating, distributed quantum processing,
and quantum enhanced sensor networks. Additionally,
the relative simplicity of the source allows for the de-
velopment of robust devices for integrating into existing
telecom infrastructure.
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