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We experimentally investigate four-wave mixing (FWM) in a diamond interaction scheme using 85Rb vapor, and
identify the optimal conditions for joint amplification and relative intensity squeezing of two optical fields: one
near the 85Rb D1 optical transition (λ = 794.6 nm) and the other in the telecom O-band (λ = 1324 nm). We achieved
a reduction of relative intensity noise by up to 2.6± 0.4 dB compared with the shot noise level, signifying the
non-classical quantum correlations. The observed level of intensity squeezing is primarily limited by the available
pump laser power, which constrains the achievable FWM gain. Numerical simulations show good agreement with
the experimental results.
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Thanks to the rapid progress in quantum information science
(QIS) over the past two decades, the number of potential QIS
applications has expanded dramatically, ranging from quantum
computing and quantum information processing to quantum
cryptography and quantum sensing. The variety of physical plat-
forms for these applications is also steadily increasing. Most
quantum information carriers are based on electromagnetic
radiation at a specified frequencies, making direct interfacing
between different platforms highly challenging or even impos-
sible [1,2]. This has renewed interest in solving the problem of
interconnects—both local and remote—between various plat-
forms [3,4]. An efficient frequency converter, capable of shifting
the frequency of a quantum state without inducing decoherence,
offers an ideal solution. Several such systems have been proposed
and realized [5,6], many of which rely on nonlinear optical mate-
rials and often require a waveguide or cavity to achieve sufficient
nonlinearity [7,8].

Nonlinear processes in hot or cold atoms present a promis-
ing alternative due to the strong enhancement of nonlin-
ear interactions near atomic resonances. A double-ladder
(or diamond) scheme in Rb or Cs atoms is particularly
appealing for frequency conversion [9–11]. Given that alkali
metal atoms have become a versatile platform for QIS, the
double-ladder system could facilitate the conversion of their
natural optical quantum carriers to the telecom bandwidth,
enabling low-loss integration into quantum networks. Along this
direction, several experiments have successfully demonstrated

single-photon conversion using both cold and hot Rb vapor
[9–14].

In this work, we focus on generating quantum fields, rather
than single photons, to facilitate the implementation of quan-
tum protocols based on continuous variables (CV), or qumodes
[15–19], instead of discrete variables (DV) qubits [20–22].
Specifically, we investigate the generation of two optical fields
at different frequencies with correlated quantum fluctuations,
resulting in two-color, two-mode intensity squeezing. This pro-
cess is driven by four-wave mixing (FWM) in a double-ladder
scheme in 85Rb, as illustrated in Fig. 1(a). The detunings are
referenced to 5P3/2, F′ = 4, 5P1/2, F′ = 2 and 3 centeroid, and
6S1/2, F′ = 3, respectively. In this scheme, two strong pump
lasers at 780 nm (D2 Pump) and 1367 nm (IR Pump) excite
atomic coherence between the 5S ground state and the 6S excited
state, amplifying the probe field at 795 nm and producing a new
conjugate field at 1324 nm. The photon numbers in these two
fields are quantum-mechanically correlated. Conceptually, this
approach is similar to FWM-based two-mode squeezing and
entanglement generation in a double-Λ system, where up to
9 dB of squeezing has been demonstrated [23–25]. However,
FWM in the double-ladder scheme is less efficient [26,27] due
to faster decoherence, weaker available laser power, and larger
Doppler mismatch. One potential solution is to operate closer to
atomic resonance, but this leads to increased residual resonant
absorption of the probe field, which degrades nonclassical cor-
relations [28]. Consequently, the main experimental challenge
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Fig. 1. (a) Double-ladder atomic configuration of 85Rb employed
in the experiment. (b) Experimental setup: the D2 pump (red) and
IR pump (blue) are linearly polarized in the same direction and
intersect inside the vapor cell with an orthogonally polarized probe
beam (black). The conjugate field (purple) is generated with the
same polarization as the probe. (c) Phase-matched four-wave mixing
geometry of the optical fields within the vapor cell.

in this project was optimizing conditions where the FWM gain
is sufficiently high and resonance losses are sufficiently low to
observe two-mode squeezing. After optimization, we obtain a
maximum intensity squeezing of −2.6 dB, corresponding to the
FWM gain of approximately 2.1 (or ≈ 2.45 when accounting
for losses). These results are in qualitative agreement with our
numerical model and suggest that even better squeezing could
be achieved with higher pump laser power.

The general experimental setup is depicted in Figs. 1(a)–1(c),
with a detailed description of the apparatus provided in Ref. [29].
We use a 1.9 cm long pure 85Rb cell with infrared anti-reflective
(AR) coating, with the temperature maintained at 100.5◦C. The
cell is enclosed within three-layer µ-metal shielding to reduce
the magnetic background Two intense pump optical fields cou-
ple the ground state |1⟩ (5S1/2, F = 3) to the excited state |4⟩
(6S1/2) through the intermediate state |3⟩ (5P3/2) via two cas-
caded optical transitions: |1⟩ −→ |3⟩ (λD2 = 780 nm, PD2 = 260
mW, d ≈ 0.6 mm) and |3⟩ −→ |4⟩ (λIR = 1367 nm, PIR = 35 mW,
d ≈ 0.4 mm). These two nearly collinear laser beams intersect
in a Rb vapor cell, producing FWM gain on the other two-
photon transition pathway |1⟩ −→ |2⟩(5P1/2) −→ |4⟩. As a result,
a weak seeded probe field, tuned to the |1⟩ −→ |2⟩ transition
(λP = 795 nm, probe power ≈ 600µW, d ≈ 0.3 mm), is ampli-
fied, and a fourth conjugate optical field at λC = 1324 nm is
generated. All optical fields are linearly polarized, with the two
pump fields sharing the same polarization, which is orthogonal
to the polarization of the probe and conjugate fields. Orthogo-
nal linear polarizations allow better filtering of harmful residual
pump fields before the detector. All beams are generally well-
overlapped across the cell length, with an effective length of
≈ 1.8 cm used for later modeling. The exact frequencies and
relative orientation of the laser beams are determined by the
phase-matching conditions

∆k⃗ = k⃗D2 + k⃗IR − k⃗P − k⃗C = 0,
∆ω = ωD2 + ωIR − ωP − ωC = 0,

(1)

where ωi and k⃗i are the frequencies and wave vectors of the
optical fields, as labeled in Fig. 1(c). Note that the wave vectors
|k⃗i | = ωini/c account for variations in the refractive indices ni

due to both resonant linear and nonlinear optical dispersion (c
is the speed of light in vacuum). In the experiment, ∆k⃗ was
adjusted to be approximately zero to maximize the FWM gain

for the chosen input laser frequencies. For other detuning values,
∆k⃗ was not zero due to frequency-dependent dispersion (see
Supplement 1 for further details).

After the vapor cell, the probe and conjugate beams are
directed to two photodiodes with quantum efficiencies of 95%
for 795 nm and 85% for 1324 nm, respectively. Due to the
wavelength mismatch between the probe and conjugate fields,
the photon energies differ. Therefore, it is essential to measure
and compare the photocurrents, which are proportional to the
photon number rate in each field, rather than comparing light
powers. We define the FWM generation efficiency, or gain GP/C,
as the ratio of the average photon number in the probe or conju-
gate field (respectively) after the cell (z = L) to the input photon
number of the probe field at z = 0:

GP/C =
⟨n̂P/C⟩(z = L)
⟨n̂P⟩(z = 0)

. (2)

According to this definition, in the absence of FWM and opti-
cal losses, GP = 1 and GC = 0. As the strength of the FWM
nonlinearity increases, the values of GP and GC become larger
and closer to each other. In the absence of optical losses, GP

will always exceed GC. However, if GC surpasses GP, it strongly
indicates non-zero resonant losses in the probe field.

To identify the optimal operating conditions, we scanned the
frequencies of the two pump lasers and measured the gain values
for the probe and conjugate fields, GP and GC. Preliminary stud-
ies [29] showed that at low pump powers, the gain occurs almost
exclusively when the pump fields are resonant with the cor-
responding optical transitions. However, at higher powers, it
become possible to shift the frequency of the FWM gain peak
farther from the optical resonance by optimizing the mutual ori-
entation of the optical fields. Figure 2 presents an example of
the measured probe and conjugate gain as a function of probe
laser frequency, with the pump laser frequencies locked at a
point that maximizes FWM gain near the wing of the probe
optical transition. The conjugate field is created at several probe
field frequencies where FWM occurs. As discussed, we delib-
erately optimized the beam geometry to maximize the FWM
amplitude at the positive slope of the Doppler profile and shift
it as far as possible from the center of the absorption line to
minimize resonant absorption. While the available pump laser
power was insufficient to push the FWM peak entirely outside
the Doppler profile, we operated at a point where the resid-
ual resonant absorption for the probe field without FWM ranged
between 60% and 80%. The additional modification of the probe
absorption profile for probe red detuning (∆D1<0) is due to
Autler–Towns splitting induced by the strong D2 pump laser.

To understand the underlying physics behind our observation,
we compared the measured output gain values for both the probe
and conjugate fields with the predictions of the numerical model.
In this model (detailed in the Supplement 1), we calculate the
probe and conjugate output gain by incorporating the hyperfine
structure of the 5S, 5P, and 6S atomic levels, as well as the ther-
mal velocity distribution of the Rb atoms and the evolution of the
optical fields as they propagate through the vapor. To achieve a
good match for all probe field detunings, it was crucial to account
for variations in optical dispersion, and consequently, changes in
the phase-matching conditions ∆k⃗, as defined in Eq. (1). Based
on the refractive index calculations from the model, we estimate
that the variations of the probe refractive index are relatively
small near the gain region, but become more significant outside
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Fig. 2. Experimentally measured (solid lines) and simulated (dot-
ted and dashed lines) probe and conjugate gains, (a) GP and (b) GC,
are shown as functions of probe detuning ∆D1. Zero detuning cor-
responds to the maximum resonance absorption, with vertical lines
marking the positions of the |5S1/2, F = 3⟩ → |5P1/2, F = 2, 3⟩ opti-
cal resonances. For these measurements, the two pump detunings
are set at ∆D2 = −280 MHz and ∆IR = 800 MHz [30], with their
respective powers: PD2 = 260 mW and PIR = 33 mW. The maxi-
mum measured FWM gain values are GP = 1.73 and GC = 1.05
at a probe detuning of ∆D1 ≈ 600 MHz. The calculated spectra
account for photodetector quantum efficiencies and probe light’s
resonant absorption. Simulation data for ∆k = 0 (dashed) and ∆k
with approximations (dotted, small in the gain region and larger
elsewhere) are also presented.

this region. The reasonable agreement between the experimental
data and the simulated results is illustrated in Fig. 2.

Figure 3 provides further insight into the FWM dependence on
the frequencies of the pump lasers. Each data point represents the
highest values of FWM gain for a given combination of the probe
laser detuning ∆P and the two-photon pump detuning ∆D2 + ∆IR.
To attain these gain values, we recorded the dependence of probe
and conjugate gains on the probe laser frequency for specific
two-photon detunings (an example spectrum is shown in Fig. 2),
identified the highest FWM gain peaks, and recorded their ampli-
tudes and frequency positions. We clearly observe two spectral
regions of FWM amplification, separated by approximately 400
MHz in probe detuning (corresponding to the hyperfine struc-
ture of the 5P1/2 level). These regions are also shifted “vertically”
due to the combined effects of the hyperfine structures of the
6S1/2 and 5P3/2 levels. In our experiments, we focus on the higher
frequency region (∆P ≈ 500–800 MHz), which corresponds to
higher FWM gain and lower resonant absorption. Figure 3 also
illustrates the necessary compromise between FWM gain and
resonant absorption of the probe field. For instance, the highest
values of GC occur closer to the D1 line transition of 85Rb, while
maximum GP is shifted toward higher probe detunings. This
can be explained by the probe field near the optical resonance
[as shown in Fig. 3(c)], which directly affects the output power
of the probe field. In contrast, the conjugate field experiences
negligible atomic absorption, so its output power is primarily
determined by the strength of the FWM process. To observe
intensity squeezing, we need to equalize the FWM gains for
both optical components, which can be maximally approached

Fig. 3. FWM gain map: maximum measured values of probe gain
(a) GP and conjugate gain (b) GC as a function of optimal probe
detuning ∆D1 (horizontal axis) and total two-photon pump detuning
∆D1 + ∆D2 (vertical axis). (c) Unamplified probe transmission (with-
out pump fields). The region where maximum intensity squeezing
is achieved is highlighted with a black circle. The same pump laser
powers as in Fig. 2 are used: PD2 = 260 mW and PIR = 33 mW.

in the region of experimental parameters marked by circles in
Figs. 3(a) and 3(b).

After identifying the optimal experimental configuration to
maximize FWM efficiency, the next step involved measuring
and analyzing the relative intensity noise of the probe and
conjugate fields. To determine the presence of nonclassical cor-
relations between these two fields, we electronically subtracted
their photocurrents and analyzed the resulting noise power spec-
trum using a spectrum analyzer. We characterized the degree of
quantum correlations using the squeezing parameter, S, where

S = 10 log10

[︃
Var(n̂P − n̂C)

⟨n̂P⟩ + ⟨n̂C⟩

]︃
, (3)

where n̂P and n̂C are the number operators describing the
photon flux in each optical field, proportional to the photoelec-
tron flux operators. According to this definition, the shot-noise
limit—representing the relative noise power of two indepen-
dent coherent fields—corresponds to S = 0. When the photon
numbers in the two fields are correlated quantumly, the joint
differential variance (Var) in the numerator becomes smaller
than the total fluctuation in the denominator, resulting in neg-
ative values of S. A larger negative value of S indicates better
intensity squeezing. In line with quantum optics, both the probe
and conjugate fields exhibit super-Poissonian statistics, imply-
ing that each field is noisier than a coherent field with the same
mean photon number.

Figure 4 presents representative measurements of the rela-
tive intensity noise for both the probe and conjugate optical
fields, along with their respective individual noise levels. The
shot-noise level (indicated by the horizontal black line) is com-
puted based on the photodiodes’ calibration using coherent state
inputs. As anticipated, each of the probe and conjugate fields
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Fig. 4. The variance of the relative photocurrent noise spectrum
(red), Var(n̂P − n̂C), for the probe and conjugate fields, along with
their individual intensity noise levels, Var(n̂P/C) (black/purple).
As reference, the black straight line marks the shot-noise level,
Var(n̂(coh)

P − n̂(coh)
C ), measured for two coherent laser fields. The

relevant detunings are ∆D1 ≈ 800 MHz, ∆D2 = −280 MHz, and
∆IR = 800 MHz, with two pump laser powers of PD2 = 350 mW
and PIR = 32 mW, respectively.

displays an excess noise of +9 dB above the shot-noise level
when measured independently. In contrast, the differential pho-
tocurrent noise is reduced by −2.6 dB below the shot-noise
level, indicating the emergence of quantum correlations. This
degree of squeezing was achieved with a probe field gain of
GP = 2.08 and an 85% transmission without the occurrence of
FWM (measured with the IR pump laser blocked). The corre-
sponding gain for the conjugate field was GC = 1.45, with no
observable resonant absorption.

To compare the measured squeezing values with the theo-
retically expected performance, it is imperative to account for
optical losses during beam propagation. Neglecting the contri-
butions of Langevin forces due to minor resonant absorption, we
employ a distributed beam splitter model. In this approach, the
interaction volume is divided into N slices, and the output quan-
tum fields are calculated using the FWM gain and loss in each
slice, as described in the Supplement 1. Under these conditions,
Eq. (3) is modified as follows:

S = 10 log10

[︃
(GP − GC)⟨n̂P,z=0⟩ +

∑︁N
1 χa,i(⟨n̂P,z=0⟩ + 1)

(GP + GC)⟨n̂P,z=0⟩

]︃
, (4)

where χa,i contains the added vacuum fluctuation contributions
due to losses for the ith slice of the atomic ensemble, as detailed
in Section 3 of the Supplement 1. Equation (4) now offers a rea-
sonable estimate of the expected squeezing level. For parameters
similar to the experimental conditions in Fig. 4, the predicted
two-mode squeezing level is approximately −3 dB. Typically,
the model predictions are 1–2 dB below the experimentally
measured values.

The primary source of additional noise is the phase noise of
the probe laser, which is converted into intensity noise near the
atomic resonance. When only the probe field is present in the
cell, its intensity noise increases by 1 to 3 dB at this detun-
ing, while it remains at the shot-noise level when the laser is
far-detuned. This noise is carried through the amplification pro-
cess, causing each individual beam to exhibit more noise than
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Fig. 5. Dependence of (a),(b) the FWM gain GP/C and (c),(d)
relative intensity squeezing on the pump laser powers. Panels (a)
and (c) show data for varying D2 pump power with fixed IR pump
power at PIR = 35 mW, while (b),(d) correspond to varying IR
pump power with fixed D2 pump power at PD2 = 290 mW. The
solid lines represent theoretical gain predictions from the numerical
model, while the dashed lines in the squeezing data provide a visual
guide. The small hollow circles denote the experimentally measured
values.

anticipated. Although this extra technical noise is partially can-
celed in the differential intensity measurements, the cancellation
is incomplete due to the differing gain values for the two fields.
Additional technical noise also arises from thermal fluctuations
and laser polarization instabilities.

For our system to become practical for QIS applications,
its performance must improve to achieve a level of squeez-
ing (and eventually entanglement) suitable for real-world use.
For instance, an entanglement threshold of around −9 dB is
demanded for implementing hybrid photon conversion proto-
cols [6]. To enhance squeezing, we need to acquire higher gain
and reduce losses. However, adjusting laser detunings can only
optimize one at the expense of the other. The most promising and
straightforward approach is increasing the pump laser intensity.
Figures 5(a)–5(d) show experimental results alongside numer-
ical simulations of the FWM gains GP and GC, as well as the
measured squeezing parameter S over a range of pump pow-
ers. The results clearly demonstrate that increasing laser power
improves system performance.

To explore potential improvements in achievable FWM gain
and squeezing levels at higher laser powers, we performed sim-
ulations over an extended pump power range (beyond what is
currently attainable with the lasers available for this experiment).
In these simulations, the laser detunings were fixed near the
experimental values: ∆D1 ≈ 400 − 800 MHz, ∆D2 = −280 MHz,
and ∆IR = 800 MHz. The results are presented in Fig. 6. It is
evident that increasing the IR pump power consistently leads
to higher FWM gain for both the probe and conjugate fields,
resulting in greater levels of squeezing. Initially, increasing the
D2 pump power also boosts the gain, but it eventually reaches
a peak at a value that depends on the available IR pump power.
As the IR power increases, the maximum FWM gain shifts to
a higher D2 power range, as shown in Figs. 6(a) and 6(b). The
predicted squeezing values in Fig. 6(c), obtained using Eq. (4)
and accounting for probe field optical losses calculated for each
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Fig. 6. Theoretically predicted FWM gain values for (a) the probe
and (b) conjugate output fields are shown over a wider range of pump
laser powers. The calculations assume detunings of ∆D2 ≈ −280
MHz, ∆IR ≈ 800 MHz. To locate the maximum FWM gain peak,
we adjust ∆D1 from approximately 400 to 800 MHz, accounting
for the light shift caused by the vastly different pump powers. (c)
Predicted differential intensity squeezing is shown, based on the
calculated gain values and the residual resonant absorption of the
probe field, using a beam splitter model. The black squares represent
the range of pump powers used in the experiment.

configuration, indicate that with reasonable laser powers, up to
6.5 dB of two-mode intensity squeezing can be achieved.

In principle, further steps can be taken to improve the
squeezing. The large wavelength difference between the opti-
cal fields in thermal atoms significantly limits the fraction of
atoms participating in the FWM process, while all atoms con-
tribute to resonant loss. Introducing velocity-selective pumping
could preferentially prepare atoms in the desired velocity group,
enhancing the FWM strength without imparting additional loss.
Preliminary studies [29] have shown some improvement in
FWM gain with use of a counter-propagating pumping field,
though its effect on quantum properties has yet to be fully
explored.

In conclusion, we have demonstrated an atom-based narrow-
band source of two-mode intensity correlations between optical
fields at different wavelengths: a 795 nm probe field resonant
with the 85Rb atomic resonance and a 1324 nm conjugate field,
falling within the telecom O-band. This was achieved using
four-wave mixing in a double-ladder configuration, with two
pump lasers of moderate power (up to 350 mW for the 780
nm laser and up to 35 mW for the 1367 nm laser). The max-
imum achieved gain GP exceeded 2, with up to 85% residual
resonant absorption for the probe field. Under optimized condi-
tions, we observed up to −2.6 dB of relative photocurrent noise
suppression below the shot-noise level, clearly demonstrating
nonclassical correlations between the intensity fluctuations of

the two optical fields. Our theoretical model predicts that up to 6
dB relative-intensity squeezing could be reachable with higher
laser power and reduced residual noise.
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