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1.  Introduction

The quantum entanglement state plays an important role in 
the field of quantum information processing because of its 
strong correlation and due to the no-cloning theorem. Several 
interesting works have been experimentally applied in the 
past few years, such as quantum communication networks [1, 
2], quantum computation [3, 4], and telecloning [5–8]. Since 
the early days of research on squeezed states of light [9], it 
has been verified that four-wave mixing (FWM) in an atomic 
vapor can generate non-classical states of light, and an approx-
imately  −0.2 dB of squeezing was demonstrated in a rubidium 
(Rb) vapor [10]. The amount of squeezing from FWM in atomic 
vapors is limited by the spontaneous emission noise and cannot 
rival parametric down-conversion systems. Recently, narrow-
bandwidth, time-frequency entangled, paired photons with two 
driving lasers running twin continuous wave modes were gen-
erated using electromagnetically induced transparency (EIT) 

[11] and spontaneous parametric FWM (SP-FWM), which 
not only possess narrow bandwidths but also automatically 
match the atomic transitions [12, 13]. Subsequently, a relative 
noise reduction of  −3.5 dB was observed in non-degenerate 
FWM process based on coherent population trapping in atomic 
vapors, and then the best squeezing of  −8.8 dB was optimized 
over a large frequency range [15]. Furthermore, the relative 
intensity squeezing up to 9.2 dB below the standard quantum 
limit was measured in [16]. The atomic ground state coher-
ence built from this system has successfully suppressed the 
excess noise that limited earlier atomic vapor-based squeezing 
generation methods. This system has been used for a number 
of applications, such as strong, low-frequency, quantum cor-
related beams [15], quantum entangled imaging [17], and the 
generation of high-purity, narrow-band, single photons [18]. To 
increase the degree of intensity difference squeezing (IDS), the 
technique of cascading more stages of the parametric ampli-
fied FWM (PA-FWM) process has been demonstrated. The 
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Abstract
We report that the optical gain and intensity difference squeezing (IDS) of four-wave mixing 
can be controlled using an external dressing field in a hot rubidium atomic system. The 
intensity of the parametric amplified four-wave mixing (PA-FWM) signal in the probe and 
corresponding conjugate channels can be enhanced using the dressed effect, resulting in an 
increase of the optical gain. So, the IDS in the dressed PA-FWM has a higher degree of  −7.1 
dB, as compared to that in the PA-FWM of  −2.5 dB. This scheme of enhancing the optical 
gain and the generated IDS requires a simple experimental setup that is mechanically stable. 
These outcomes can be used in the fabrication of quantum devices and the realization of 
quantum metrology.
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IDS is enhanced to (−7.0  ±  0.1) dB from (−5.5  ±  0.1) dB/
(−4.5  ±  0.1) dB initial squeezing using two cascaded atomic 
vapor cells [19]. Similarly, enhanced, continuous-variable, 
squeezed states have also been realized using two cascading 
PA down-conversion processes with two separate nonlinear 
crystals [20]. The ultimate enhancement limit that is reachable 
using additional stages of these cascade setups can be theor
etically derived [21].

Enhanced FWM processes due to atomic coherence have 
been experimentally observed in the atomic system using EIT 
[22–25]. Since the degree of IDS is mainly determined by 
the high optical gain realizable in the PA-FWM process, we 
develop an efficient way to enhance the optical gain in the 
same atomic medium, so the degree of IDS can be enhanced 
to (−8.1  ±  0.4) dB or (−9.0  ±  0.4) dB from a (−3.6  ±  0.4) 
dB initial squeezing [26]. Compared with the case of a single 
cell, this model has a lower pump power limit and higher gain 
saturation limit because of the degenerate multi-wave mixing 
process. This IDS light source may find potential applications 
in quantum metrology [27, 28], quantum communication  
[29, 30], and quantum information processing [31].

In this paper, we report that the optical gain and IDS can 
be controlled by the dressing effect of an extreme field. The 
dressing effect can enhance the PA-FWM signals in the probe 
and corresponding conjugate channels, while the absorption 
of the medium is also increased due to the electromagnetically 
induced absorption (EIA). There is a competition between the 
loss and gain of the atomic system, which change with the 
detuning and the Rabi frequency of the dressing field. Our 
goal is to find optimized conditions that enhance the IDS.

2. Theory and experimental setup

We consider a four-level atomic system as shown in fig-
ure  1(a). The four relevant energy levels are 5S1/2, F  =  2 
(|0〉), 5S1/2, F  =  3 (|1〉), 5P1/2 (|2〉), and 5P3/2 (|3〉) in 85Rb. 
The three-level ‘double-Λ’ type subsystem (|0〉 ↔ |1〉 ↔ |2〉) 
(see figure  1(a)), is used to generate the SP-FWM process. 
Two laser beams derived from a Ti:sapphire laser and an 
external cavity diode laser (ECDL) are coupled into the corre
sponding transitions. With the laser frequency tuned to the D1 
line transition (795 nm), the strong pump beam E1 (frequency 
ω1, wave vector k1, Rabi frequency G1, and vertical polariza-
tion) up to 350 mW is coupled into the cell with the polarizing 
beam splitting (PBS). The weak probe beam E2 (ω2, k2, G2, 
and horizontal polarization) at approximately 100 μW prop
agates in the same direction as E1. An EIT window will be 
created for the probe field due to the two-photon, Doppler-free 
configuration in this Doppler-broadened atomic medium. The 
SP-FWM process involves coupled Stokes channel and anti-
Stokes channel, and produces twin photons. Such SP-FWM 
process with the Hamiltonian can be written as [26]

H =
κ

v

Ä
â+b̂+ + âb̂

ä
,� (1)

where â+ (â) is the creation (-annihilation) opera-
tor that acts on the electromagnetic excitation of the ES 

channel, whereas b̂+
Ä

b̂
ä
 acts on the EaS channel. v is 

the group velocity of light in the nonlinear medium, and 

κ =
∣∣χ(3)E1E1

∣∣ =
∣∣∣Nµ2

10ρ
(3)
S/aS/�ε0GS/aS

∣∣∣ is the pump-

ing parameter of the SP-FWM, which depends on the non-
linearity χ(3) and the pump-field amplitude. �S and �aS 
is the central frequencies of generated Stokes and anti-
Stokes signals. With the detuning of E1 tuned far away 
from the resonance, the FWM process will occur in the 
subsystem, which can generate the Stokes field (ES) and 
anti-Stoke field (EaS) (satisfying the phase-match condi-
tion (PMC) 2k1  =  kS  +  kaS). Under the dipole and rotating-
wave approximation, the Hamiltonian for this system can be 
described as: Hint = −� [∆1 |2〉 〈2|+ (−∆1 +∆′

1) |1〉 〈1|]−  
� (G1 |2〉 〈0|+ G1 |2〉 〈1|), where Gi = µijEi/�  is the Rabi 
frequency of field Ei with the electric dipole matrix elements 
µij. Such an SP-FWM can be described using a perturbative 

chain: ρ
(0)
11

ω1−→ ρ
(1)
21

ωaS−−→ ρ
(2)
01

ω1−→ ρ
(3)
21(S) (ES) and ρ

(0)
00

ω1−→ 

ρ
(1)
20
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(2)
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ω1−→ ρ
(3)
20(aS) (EaS) [32, 33]. The evolution of the 

variables in the interaction representation is governed by the 
master equation, ∂ρ/∂t = −i [Hint, ρ] /�+ (∂ρ/∂t)inc, where 
the first term results from coherent interactions and the sec-
ond term represents damping due to decays with or without 
emission, dephasing, and other irreversible process. Under the 
steady-state approximations, the intensities of the Stokes field 
(ES) and anti-Stoke field (EaS) can be described by the density 

matrix elements ρ(3)
21(S) and ρ(3)

20(aS), which are given by

ρ
(3)
21(S) = −iG∗

aSG2
1/ (d21d01d′

21)� (2a)

ρ
(3)
20(aS) = −iG∗

S G2
1/ (d20d10d′

20)� (2b)

where d20  =  Γ20  +  iΔ1, d10  =  Γ10  +  i(Δ1  −  ΔS),  
d′

20  =   Γ20  +  i(Δ1  −  ΔS  +  ∆′
1), d21  =  Γ21  +  i∆′

1, d01  =  Γ01  +   
i(∆′

1  − ΔaS), and d′
21  =  Γ21  +  i(Δ1  −  ΔaS  +  ∆′

1) with ΔS 
and ΔaS representing the frequency detuning of the ES and 
EaS signals. The ∆′

1 and Δ1 are the frequency detuning of the  
E1 field from the transitions |1〉  →  |2〉 and |0〉  →  |2〉,  
respectively, and Γij  =  (Γi  +  Γj )/2 is the de-coherence rate 
between |i〉 and |j 〉.

Moreover, the probe field and vacuum field (i.e. |α, 0〉) are 
injected into the Stokes and anti-Stokes ports of the SP-FWM 
process, respectively. Then, the entire process can be viewed 
as a PA-FWM process. Therefore, the optical gain is given 

GF  =  cosh2(κL), where κ ∝ ρ
(3)
S/aS. Finally, IDS between ES 

and EaS is Sq = −Log10 (2GF − 1) [24, 25]. Considering the 
loss in probe and conjugate fields, IDS can be modified as [34]

Sq = 10Log


1 +

2 (GF − 1)
î
GF(ηa − ηb)

2 − η2
b

ó

GFηa + (GF − 1) ηb


 ,� (3)

where ηa and ηb are the fraction of the probe and conjugate 
beams transmitted/detected.

In an atomic coherence system, the optical gain GF can be 
modified using multiple parameters. We turn to the case with 
the strong coupling field E3 (ω3, k3, and G3) coupling to the 
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transition |1〉 ↔ |3〉. Taking into account the dressing effect of 
E3, equations (2a) and (2b) can be rewritten as [32, 35]:

ρ
′(3)
21(s) = −iG2

1Gas/d21d01Dd′
21,� (4a)

ρ
′(3)
20(as) = −iG2

1Gs/d20d10Dd′
20,� (4b)

where d01D = d01 + G2
3/d31, d31 = Γ31 + i (∆′

1 −∆as +∆3), 
d10D = d10 + G2

3/d13, and d13 = Γ13 + i (∆1 −∆s −∆3) with 
Δ3 defined as the frequency detuning of the E3 field from the 
transition |1〉  →  |3〉. The dressing field couples the trans
ition |1〉 ↔ |3〉 and creates the dressed states |G3±〉 (figure 
2(a)). Therefore, the PA-FWM signal for a large detuning is 
extremely small when G3  =  0, and the strong dressing field 
can cause resonant excitations for one of the dressed states 
if the condition (Δ1  −  ΔS  −  Δ3  ±  ∆G3  =  0) is satisfied, 
where ∆G3 is the splitting level relative to the original posi-
tion of the state |1〉 by the dressing field E3. So, the PA-FWM 
signal is strongly enhanced, and results in the enhancement 
of the optical gain GF. On the other hand, the absorption of 

Figure 1.  (a) Energy-level diagram. (b1) and (b2) Measured probe transmission signal and corresponding conjugate signal versus the 
probe frequency detuning Δ2. (c) Experimental setup scheme showing the PBS (polarizing beam splitter) and BPD (balanced homodyne 
photodiode detector).

Figure 2.  (a) The dressed-state picture for the enhancement of the PA-FWM process. (b1) and (b2) Measured probe transmission signal 
(ES) and the corresponding conjugate signal (EaS) versus the probe detuning, respectively, for a pump detuning as indicated by the arrow. 
The solid lines indicate E3 is off, and the dashed lines indicate E3 is on with Δ3  =  0.43 GHz. (c) The theoretical plots using experimental 
parameters. Panels (b2) and (c) share the same intensity (vertical) scale as (b1).

Figure 3.  Relative intensity noise levels versus the spectrum 
analyzer frequency. SNL (top curve), PA-FWM (middle curve), 
and dressed PA-FWM when field E3 is applied (bottom curve). The 
background noise is subtracted from all of the traces.

Laser Phys. Lett. 16 (2019) 055401
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medium is also increased due to the EIA generated by the 
external dressing fields. Fortunately, the overall effect of 
the dressing field shows the gain is enhanced in the condi-
tions of (Δ1  −  ΔS  −  Δ3  ±  ∆G3  =  0). We define the opti-
cal gain coefficient related to the matrix element ρ′(S/aS) as 

the dressed optical gain coefficient GdF  =  cosh2(κL), where 

κ ∝ ρ
′(3)
S/aS. Thus, both the nonlinear coefficient κ and GdF 

increase. It can be concluded that the degree of squeezing can 
be increased when the enhancement condition of the PA-FWM 
is satisfied. Therefore, the IDS between the ES and EaS is 

Sq = 10Log
ï
1 +

2(GdF−1)[GdF(ηa−ηb)
2−η2

b]
GdFηa+(GdF−1)ηb

ò
. In previous litera-

ture [14, 19], the optimized nonlinear gain is mainly regulated 
by the single photon detuning and two photon detuning, which 
is different from our theoretical model. In our model, two 
photon detuning is also a tunable parameter, but it is strongly 
dependent on the Rabi frequency of dressing field. In addi-
tion, the introduction of the external dressing field enhances 
the nonlinear coefficient of the system, which has been proved 
theoretically [36]. On the other hand, the dressed field will 
cause the population transfer effect which means that the non-
linear gain will further increased [26]. That is, our system has 
a higher gain saturation limit than the previous model.

We heat a natural rubidium vapor cell to 130 °C and use a 
Ti:sapphire laser with a power of up to 350 mW to generate 
the pump field E1 and an external cavity diode laser (ECDL) 
to provide the probe field (0.2 mW) in the dressed gain experi-
ment. In the IDS experiment, however, we split the pump light 
from the Ti:sapphire laser with a PBS into two parts. We let 
one beam pass through an acousto-optic modulator (AOM) 
twice. After this process, this beam is tuned to 3.04 GHz to the 
red of the pump field and acts as the probe field to couple with 
the other pump light. The weak probe beam E2 propagates in 
the same direction as E1 with an angle of 0.26°. The dressing 
field E3 generated by another ECDL propagates in the same 
direction as E1. The spatial beam trajectories are shown in fig-
ure 1(c). Then, the output probe and the conjugate beams are 
detected with two balanced homodyne photodiode detector. 
Finally, we use a radio frequency spectrum analyzer (SA) with 

a resolution bandwidth (RBW) of 300 kHz and a video band-
width (VBW) of 10 kHz to accept the difference between the 
two signals, which shows the relative intensity noise power. 
The generated signals (ES and EaS) are detected with the 
branch of a balanced and amplified photodetector with a tran-
simpedance gain of 105 V A−1 and 91% quantum efficiency. 
Figures 1(b1) and (b2) show the probe transmission signal and 
corresponding conjugate signal, respectively, versus the probe 
frequency detuning ∆2 at ∆1  =  0.98 GHz [22, 26].

3.  Results and discussion

The solid lines in figures 2(b1) and (b2) show the PA-FWM 
signals in the probe and the corresponding conjugate chan-
nels in the double-Λ 85Rb atomic system by scanning the 
probe field E2 and with the E3 off [26]. When E3 is turned 
on, the intensity of the PA-FWM signal increases in com-
parison with the pure PA-FWM signals. This is because the 
dressing field E3 couples the transition |3〉 to |1〉 and creates 
the dressed states |G3±〉 (figure 2(a)). Since this increases 
the detuning of the two photons, the enhancement condition 
(Δ1  −  ΔS  −  Δ3  ±  ∆G3  =  0) is satisfied. Namely, detuning 
the two photons meets the bright-state condition, where ∆G3 
is the splitting level (by the dressing field E3) relative to the 
original position of the state |1〉. Therefore, the PA-FWM is 
greatly enhanced, as shown by the dashed line in figure 2(b1). 
The corresponding PA-FWM signal in the conjugate chan-
nel increases, as shown by the dashed line in figure  2(b2). 
The optical gain is enhanced from ~1.5 (figure 2(b2)) to ~8 
(figure 2(b1)) due to the dressed effect. Figure 2(c) presents 
the theoretical predictions, which agree well with the exper
imental results.

Then, we investigate the relative intensity noise level 
between the probe and conjugate channel signals. Firstly, 
one of the two pump beams from the Ti:sapphire laser passes 
through the AOM twice and acts as a probe field. The beam out 
of the AOM is injected into the probe channel. We calibrate the 
shot noise limit (SNL) using a coherent beam whose power is 
equal to the total power on our photodiodes. Secondly, we split 

Figure 4.  (a) Relationship of the probe transmission (a1), and IDS (a2) of the dressed PA-FWM versus the dressing power (P3), P1  =  350 
mW. (b) Relationship of the probe transmission (b1) and IDS (b2) of the dressed PA-FWM versus the pump power (P1), P3  =  8 mW. Solid 
curves are the theoretical predictions.

Laser Phys. Lett. 16 (2019) 055401
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this beam 50/50 and direct them into separate photodiodes to 
record the noise power of the differences. All these noise power 
spectra are normalized to the corresponding SNL, as shown in 
the top curve of figure 3. From the middle and bottom curves 
in figure 3, we find that the IDS of the PA-FWM signal is  −2.5 
dB, which is below the normalized SNL. When E3 is on, the 
IDS of the dressed PA-FWM (bottom curve in figure 3) is  −7.1 
dB, which proves that the degree of squeezing is apparently 
enhanced by the dressed optical gain GdF. This is because the 
optical gain of the PA-FWM increases from ~1.5 to ~8 due 
to the dressed effect, as mentioned above. From the relation 
Sq = 10Log [1 − 2 (GdF − 1) ηb/ (2GdF − 1)] (ηa = ηb), the  
IDS increases as the PA-FWM signal is enhanced and the 
absorption is decreased. So, the measured IDS of the dressed 
PA-FWM (bottom curve in figure 3) is up to  −7.1 dB, which 
is much larger than that of the pure PA-FWM at  −2.5 dB 
(middle curve in figure 3). As well known to all, the relative 
noise reduction will decrease rapidly with the increase of 
loss. In our optical configuration, the optical loss is about 3%, 
resulting in a total detection efficiency of 0.88; the uncertainty 
is estimated at 1 standard. In addition, the population transfer 
effect is considered in our model [26], which further increases 
the nonlinear gain and makes the squeezing larger.

Furthermore, we examine the probe transmission and the 
squeezing of the PA-FWM and dressed PA-FWM by increas-
ing the dressing power. Figure 4(a1) shows the dressed Stokes 
signals versus the dressing power. The probe transmission 
increases with the increase of the dressing power, which 
means that the dressing field E3 significantly enhances the 
PA-FWM signal. Next, we measure the intensity of the probe 
transmission signal versus the dressing power. As the power 
of the dressing field E3 increases, the degree of IDS increases 
linearly. This is because the E3 field causes two effects: the 
dressing effect and EIA. The induced EIA will increase the 
absorption of the medium, but it will greatly increase the non-
linear gain under the two-photon resonance condition. The 
power also increases the optical gain GdF. Meanwhile, we also 
verify that the relative SqdF  of the dressed PA-FWM signals 
increases with the increase of the pump power (figure 4(b)). 
This rule is the same as seen in previous research [23].

4.  Conclusions

In summary, we have observed an IDS of the PA-FWM pro-
cesses in a hot Rb vapor. Compared with the pure PA-FWM 
process, the relative IDS is significantly enhanced to  −7.1 
gain. Meanwhile, we observe that the relative IDS in the 
dressed PA-FWM process could be controlled via chang-
ing the dressing power. In the quantum enhanced nonlinear 
interferometer, the sensitivity is proportional to the squeezing 
of FWM. On the other hand, the entangled state with higher 
squeezing in continuous variable regime can better resist 
environmental noise. Compared with previous model our sys-
tem has a higher gain saturation limit [36]. Such results find 
potential applications in quantum imaging [37, 38], quantum 
communication [39] and quantum metrology [28].
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