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Dressing-Shaped Rabi Oscillation of Photon Pairs in Hot
Atomic Ensemble

Kangkang Li, Sifan Li, Changbiao Li, Yin Cai,* Feng Li, and Yanpeng Zhang*

The nonclassical states of light serve as potential candidates for emerging
quantum information processes. A quantum information unit with higher
information capacity is interesting and useful in large quantum information
systems, such as quantum computations. The most mature way to increase
information capacity is to employ a post-selection or cascaded method with
the biphoton state and polarizing beam splitters to increase the qubits of the
entangled state. Another promising processing is shaping the temporal
correlations of entangled state to high-dimensional entangled states to
increase the superposed states of each qubit. Based on the photon pair state
in a hot atomic ensemble, experiments are conducted to shape its temporal
correlations to multi-periodic Rabi oscillations and nonlinear phase shifts. By
employing the external dressing field to quantum transitions, the nonlinear
interaction produces multiple frequency modes, shaping the temporal
correlation of photon pairs to multi-periodic Rabi oscillation and proposing a
3D energy–time-entangled qubit for photon pair state. Interestingly, the
maximum peak of the periodic Rabi oscillation can migrate with a longer
correlation time because of a nonlinear phase shift. Wave shaping of the
photon pair state, therefore, has the potential for applications in quantum
information processes with higher information capacity and quantum
memory.

1. Introduction

It is well known that photon pairs generated through nonlinear
processes provide standards for basic research and potential ap-
plications of quantum optics. Based on a two-qubit entangled
state, many theoretical and experimental works have made ef-
forts to increase the information capacity of the quantum infor-
mation unit, which are needed for large quantum information
processes. Generally, the most common way to generate photon
pairs is by employing spontaneous parameter down-conversion
(SPDC),[1,2] in which a strong pump laser drives a nonlinear pro-
cess and generates two down-converted beams. Based on such

Dr. K. Li, S. Li, Prof. C. Li, Prof. Y. Cai, Prof. F. Li, Prof. Y. Zhang
Key Laboratory for Physical Electronics and Devices of the Ministry of
Education, Shaanxi Key Lab of Information Photonic Technique
Xi’an Jiaotong University
Xi’an 710049, China
E-mail: caiyin@xjtu.edu.cn; ypzhang@mail.xjtu.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/qute.202000098

DOI: 10.1002/qute.202000098

entangled photon pairs, termed as bipho-
ton, many proposals have been developed
to generate multi-qubit entangled states by
the post-selection method with polarizing
beam splitters or optical frequency combs to
increase its information capacity.[3–5] How-
ever, the bandwidth of the photon pairs gen-
erated by the SPDC method is broad and
can reach the order of terahertz with short
coherence times of approximately a few
picoseconds.[6,7] Because of these features,
most of the existing single-photon detectors
(resolution in the nanosecond range) are
unable to distinguish the properties of the
waveform of such photon pairs. Therefore,
many proposals are explored for generating
a narrow bandwidth photon pair in the past
more than one decade, such as using the op-
tical cavity and passive filtering to narrow
down the bandwidth of SPDC photons.[8–13]

However, it is still far from the bandwidth
of atomic resonance and wider than the
bandwidth for most atomic transitions. Be-
sides, the low conversion efficiency in these
processes makes it difficult to implement
multi-qubit entangled states in an atomic-
memory-based quantum network.[12–17]

Subsequently, biphoton state produced from the atomic
ensemble with properties such as narrow bandwidths, long
coherence times, high spectral brightness, and high con-
version efficiency have been investigated both theoretically
and experimentally.[6,7,17–34] These optical properties of the
new entangled qubits source may have applications in long-
distance quantum communication and quantum information
processing.[18] In particular, in a hot atomic system, photon
pairs were generated with a smaller and simpler apparatus,
resulting in lower costs and simpler experimental operations
and requirements.[17,26] However, in such a system, a problem is
encountered in that uncorrelated photons are generated from the
resonance Raman scattering that overwhelms the biphoton. To
overcome this problem, Du’s team employs a spatially separated
optical pumping to suppress the uncorrelated photons, which
shows a good performance in reducing the number of accidental
coincidence of uncorrelated photons.[17]

Most importantly, with the benefits of long atomic coherence
and multiparameter control features in the photon–atom inter-
actions, the temporal correlation of biphoton can be conveniently
modulated with the parameters of classical input lasers.[6,7,17–34]

Therefore, shaping the temporal correlation with controllable
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Figure 1. Experimental setup. a) Spatial beam alignment of coexisting biphoton process. F, filter; FP, Fabry–Perot cavity; PBS, polarization beam splitter.
b) Energy-level diagram for the four levels configuration in 85Rb vapor.

wave functions of entangled states is particularly interesting in
the field of quantum information science and technology. In a
three- or four-level atomic system, the biphotons states are inves-
tigated theoretically and experimentally by the four-wave mixing
(FWM) process with the transparent electromagnetic induction
window.[6,7,17–34] Here, the properties of photon pairs can be
manipulated by changing the phase-matching function or/and
the nonlinear susceptibility.[6,7,17–34] Therefore, the wave function
of photon pairs can be shaped for observation of damped Rabi
oscillations or Sommerfeld–Brillouin optical precursors, or
in between.[6,7,17–34] Furthermore, a type of high-dimensional
energy–time-entangled qubit was studied theoretically and
proposed to exhibit greater information capacity resulting
from shaping the wave packet of photon pairs in an atomic
ensemble.[6] In this case, the energy–time-entangled biphoton
with multifrequency modes can increase the superposed states
of each qubit, which is a novel and effective method to enhance
the information capacity of the quantum information unit.[6]

In this article, we report dressing-shaped biphoton Rabi oscil-
lations in a hot 85Rb atomic vapor cell. It is efficient to shape the
temporal correlation of the wave packet of biphoton in hot atomic
ensembles because of the strong interactions in a photon–atom
coupling device. By controlling the biphoton wave shape with
different optical depth (OD) or/and the intensity of dressing
effect, the Rabi oscillations region and group delay region have
been observed in the temporal correlation of biphotons.[6,7,17–34]

In the group delay region, the temporal waveform of biphoton
with longer coherence time has advantages to encode quan-
tum information. Moreover, in the Rabi oscillation region, the
photon pair state can be allowed to shape as high-dimensional
energy–time-entangled qubits. In this case, the properties of
biphoton temporal correlation, such as oscillation period, fre-
quency modes, coherence time, and nonlinear phase shift, can
be shaped by multiparameter control features in atomic vapor
system. In a dressed-state picture with the effects of the internal
dressing field, the nonlinear susceptibility determines the wave
packet of the biphoton as a damped single-period Rabi oscilla-
tion. When an external dressing field is applied to the system,
the wave packet of biphoton changes from a single period to
a multi-periodic oscillation, in which the biphoton waveform
confirms the generation of a 3D energy–time-entangled states.
Simultaneously, the part oscillation wave peaks can be stored

with longer coherence time by multiple features of driving
fields, which is resulting from a nonlinear phase shift and delay.
Therefore, based on such biphoton state, we experimentally
investigated its nonclassical correlation properties in Rabi os-
cillation region. Moreover, the generated biphotons violate the
Cauchy–Schwarz inequality, which shows their nonclassical
behavior.[17] These coherent manipulations,[35,36] therefore, are
interested and useful in quantum information processes.

2. Experimental Generation of Biphoton

The experimental setup and associated atomic energy-level
diagram are illustrated in Figure 1. Our experiment was per-
formed in an 85Rb vapor cell at 75 °C. The three lasers, E1,
E2, and E3, are employed and pumped by three external cavity
diode lasers, respectively. In Figure 1a, the pump laser beam E1
(frequency 𝜔1, wave vector k1, Ω1, and horizontal polarization)
is employed with a wavelength 𝜆1 = 794.9780 nm and detuned
by −2.0 GHz from the resonance transition |1〉→|3〉, which
largely suppresses quantum atomic noise and forces the atomic
population to remain in the ground state. Interior dressing
coupling laser beam E2 (𝜔2, k2, Ω2, and vertical polarization)
drives the transition |2〉→|4〉 with 𝜆2 = 780.237 nm, and external
dressing laser E3 (𝜔3, k3, Ω3, and vertical polarization) drives
|1〉→|4〉 with 𝜆3 = 780.230 nm. The waist of pump and coupling
beams at the crossing point is 500 µm, while the waist of external
dressing beam is 600 µm. Here, Ωi = 𝜇ijEj/h̄ is the Rabi fre-
quency with the transition dipole moment 𝜇ij. E1 and E2 generate
the phased–matched Stokes (ES, 780 nm, 𝜔S) and anti-Stokes
(EAS, 795 nm, 𝜔AS) photon pairs using spontaneous four-wave
mixing (SFWM) under phase-matching conditions (k1 + k2 = kS
+ kAS) and energy conservation (𝜔1 + 𝜔2 = 𝜔S + 𝜔AS); these
propagate in opposite directions with a 4° angle along the z-axis
such that detecting photons can be distinguished from incident
laser beams. The generated photons are coupled through two
single-mode optical fibers to linear filters through self-made
narrowband etalon Fabry–Perot cavities and are ultimately
recorded by single-photon counting modules (SPCM1-SPCM2).
A time-to-digit converter with a temporal bin width of 0.0244 ns
was used to record the coincidence count of photon pairs. It
should be noted that the coupling efficiency of the fiber and the
detection efficiency of the SPCM is 70% and 40%, respectively.
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The free spectral range one-fourth of the etalon filter is 13.6 GHz.
The bandwidth, transmission efficiency, and extinction ratio of
the frequency filters are 350 MHz, 80%, and 60 dB for FAS
(frequency of Stokes photon), and 80 MHz, 30%, and 40 dB for
FS (frequency of anti-Stokes photon), respectively. To decrease
the noise from Raman scattering, an effective forward step of
spatially separated optical pumping has been applied in our
system.[6] Moreover, the construction involved fiber connec-
tions, single-band filters, and homemade narrowband etalon
Fabry–Perot cavities to filter most of the noise. Some residuum
of uncorrelated single photons and dark counts at SPCMs,
which constitutes the background of two-photon coincidence
counts, will remain. In hot atomic vapor cells, it is necessary
to consider the broadening resulting from the Doppler effect.
However, the Doppler effect can only broaden the effective
resonance frequencies and mismatching bandwidths but does
not change the number of them.[32] Here, we assume that the
cell temperature, T, with a very minute deviation and can be
viewed as a constant value. Therefore, by applying the Doppler-
broadening coefficients, we normalized the optical responses
of hot atomic systems and calculated the biphoton coincidence
counting rate. The Doppler width is near ΔΩD = 551 MHz;
the atomic density is N = 8.4 × 1011 cm–3; L is the rubidium
medium length of 7 cm; in this case, we obtain the optical
depth OD = N𝜎14L in the hot atomic medium with the value of
46, where 𝜎14 = 𝜋|𝜇14|2∕(𝜀0ℏ𝜆14𝛾14ΔΩD) = 3N𝜆214𝛾14L∕(8𝜋ΔΩD)
is the on-resonance absorption cross section in the transition
|1〉→|4〉; 𝜇ij are the electric dipole matrix elements; 𝜆ij are the
resonant transition frequency in the transition |i〉→|j〉; 𝛾 ij are the
dephasing rates of the upper level of the atom; ɛ0 is the permit-
tivity of vacuum; and h̄ is the Planck constant divided by 2𝜋.[37,38]

3. Shaping the Biphoton Temporal Correlations in
the Photon Coincidence Counting Measurements

The perturbation theory shows that the interaction Hamiltonian
can well describe the FWM and determine the evolution of the
two-photon state vector.[6,7,17–34] This shows a clear image of the
two-photon generation mechanism. The interaction Hamilto-
nian for our system can be written as

ĤI =
iℏ
2 ∫ d𝜔Sd𝜔AS𝜅Φ (ΔkL) â†S

(
𝜔S

)
â†AS

(
𝜔AS

)

× e−i(𝜔1+𝜔2−𝜔S−𝜔AS)t+H.c. (1)

where 𝜅 = −i(
√
𝜛S𝜛AS∕2c)𝜒 (3)(𝜔S,𝜔AS)E1E2 is the nonlinear

parametric coupling coefficient; ϖS and ϖAS are the cen-
tral frequencies of the generated photons; 𝜒 (3) is the third-
order nonlinear susceptibility of SFWM process; Φ(ΔkL) =
sin c(ΔkL∕2)exp{−iL∕2[kS(𝜔S) + kAS(𝜔S)]} is the longitudinal de-
tuning function and determines the natural spectral width;
Δk = kS + kAS − (k1 + k2) is the phase mismatch for the energy
configurations employed; â†S(𝜔S) and â

†
AS(𝜔AS) represent the pho-

ton annihilation operators of ES and EAS, respectively; and H.c.
is the Hermitian conjugate. According to the first-order pertur-
bation in the interaction picture, we know that the photon state
at the output surface is approximately a linear superposition of

|0〉 and |Ψ〉. We can only consider the two-photon part since vac-
uum |0〉 is not detectable. Combined with the quantized fields of
generated photons and the frequency entanglement of the bipho-
ton state, the biphoton amplitude (or wave function) in the time
domain is given as

Ψ (𝜏) = L
2𝜋 ∫ d𝜔AS𝜅

(
𝜔AS

)
Φ
(
𝜔AS

)
e−i𝜔AS𝜏 (2)

where the relative time delay is defined as 𝜏 = tS – tAS and L
is the length of the rubidium medium. In our experiments, we
set the distances between single-photon detectors and the cen-
ter of vapor cell are also uniform. In this case, the optical path
lengths of two fields are same. Here, the relative time delay 𝜏
represents the triggering time difference of two single-photon de-
tectors, which is a consequence of the temporal correlation of the
biphoton state. In the frequency space, the entanglement is the
result of the energy conservation, which implies that detection
of the photon frequencies 𝜔S requiring the detection of the sec-
ond one at frequency 𝜔1 + 𝜔2 − 𝜔S. Therefore, by measuring
the two-photon coincidence counting, we can obtain the tempo-
ral correlation of the biphoton state.
From the expression for 𝜓(𝜏), we can predict that the biphoton

wave function is determined by both the nonlinear coupling coef-
ficient and the longitudinal detuning function.[6,7,17–34] We apply
a strong power for coupling field E2, so it is important to con-
sider the strong dressing effect of E2; this could result in the
fine-structure-split excited states in a “dressed-state” picture, as
shown in Figure 2a.[34] If |4> is split, the bare state h̄ϖS of pho-
ton ES evolves into double-dressed states 𝜆± with the bare state
h̄ϖS ± Ωe2/2, where Ωe2 ∝ |Ω2|

2 is the efficient Rabi frequency.
In this case, the optical properties of 𝜓(𝜏) are mainly determined
by the nonlinear coupling coefficient 𝜅(𝜔S) and the longitudinal
detuning function Ф(ΔkL) ≈ 1. Consequently, by considering 1D
Doppler effect only, the corresponding nonlinear susceptibility
can be written as

𝜒
(3)
S = ∫ f (𝜈) d𝜈

−N𝜇13𝜇23𝜇24𝜇14
𝜀0ℏ

3
(
Δ1D + i𝛾31

) (
wD−𝛿 + Δ2D∕2 − Ωe2∕2 + i𝛾e2

) (
wD−𝛿 + Δ2D∕2 + Ωe2∕2 + i𝛾e2

)

(3)

Δ1D is the detuning of E1 and is defined as Δ1D = 𝜔31 −
WD−𝜔1; Δ2D is the detuning of E2 and is defined as Δ2D = 𝜔42
− WD+𝜔2; WD+ WD− are Doppler-broadening coefficients;
WD+ = (1 + 𝜈/c), WD− = (1 − 𝜈/c); 𝜈 is the speed of the
atomic motion, and 1D Maxwell–Boltzmann distribution is
f (𝜈) =

√
mRb∕2𝜋kBTexp[−mRb∕2kBT ];[17] here T is the cell tem-

perature and kB is the Boltzmann constant, in which the atomic
density is estimated from its saturated vapor pressure at the
corresponding T with N = P/(kBT); Ωe2 = [Δ2D

2 + 4(|Ω2|
2 +

𝛾21𝛾41)]
1/2 is the effective coupling Rabi frequency; Ω2 = 𝜇24E2/h̄

is the coupling-laser Rabi frequency; 𝛾41 and 𝛾21 are the dephas-
ing rates of coherence |4〉→|1〉 and |2〉→|1〉, 𝛾 e2 = (𝛾21 + 𝛾41)/2
+ 𝛾21Δ2D/(Δ2D ± Ωe2) is the effective dephasing rate. We approx-
imate the frequencies 𝜔S of generated photon as the deviation
parameter 𝛿 with the corresponding central frequencies ϖS. 𝜔S,
then, can be written as 𝜔S = ϖS + 𝛿. Here, 𝛿 represents both
the multifrequency nature of biphoton generation and small
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Figure 2. Two-photon coincidence counts. a) The energy-level diagram in the “dressed-state” picture with a strong dressing effect of the coupling field
E2. b) The calculated doublet resonances based on the optical resonances of the third-order nonlinear susceptibility 𝜒 (3); 𝛾31 = 𝛾41 = 2𝜋 × 3 MHz;
Γ11 = Γ21 = 0.01 × Γ31; Ω2 = 40 × Γ31; Δ1 = −106 × Γ31; −Δ2 = 5 × Γ31. c) Theoretical simulation pictures of biphoton coincidence counting rate;
c1) the parameters are same with (b), but Ω2 = 15 × Γ31; c2) the parameters are same with (b). d) Two-photon coincidence counting measurements
collected over 150 s with 0.02 ns bin width; OD = 43.5, P1 = 4 mW, Δ1 = −2 GHz, Δ2 = −100 MHz; d1–d5) with varying power of coupling field E2 as
P2 = 10, 15, 20, 25, and 30 mW, respectively; panels (e1–e5) same as (d5), but with varied detuning of the pumping field as −1.8, −1.9, −2.0, −2.1, and
−2.2 GHz, respectively.

quantum deviation window located around the corresponding
central frequency. On the one hand, with the dressing effect,
the variable deviation parameter 𝛿 characterizes the Fourier
components respect to the doublet or multiple resonant central
frequencies in spontaneous emission. On the other hand, in
the generated resonant central frequencies or dressed state, the
deviation parameter 𝛿 results a small quantum deviation window
located around the corresponding central frequencies with the
limitation of |𝛿|≪ ϖS. Because of the frequency correlation of the
biphoton state, the deviation windows for generated photons also
satisfy energy conservation and we automatically have 𝜔AS = ϖAS
− 𝛿. The different quantum properties of the biphoton states can
also be reflected by focusing on the photon deviation parameter.
The calculated doublet resonances of the third-order nonlinear
susceptibility 𝜒 (3) (Equation (2)) are shown in Figure 2b, where
each peak represents one of the SFWM coherent channels and
dressed states of biophotons. In this case, the photon pair state
can be written as a 2D energy–time-entangled state

|ΨS,AS⟩ = N1|Ψ𝜔AS+Ωe2∕2,𝜔S−Ωe2∕2⟩ − N2|Ψ𝜔AS−Ωe2∕2,𝜔S+Ωe2∕2⟩ (4)

whereN1 andN2 satisfyN1
2 +N2

2 = 1 andN1
2 –N2

2 = 0 because
of the normalization and destructive interference.

When the pump field E1 and coupling field E2 are kept con-
stant, the external dressing laser E3 is applied to the quantum
transition |2〉→|4〉 with a detuning of Δ3D = 𝜔14 − WD−𝜔3 from
the atomic transition |5S1/2, F = 2〉→|5P3/2, F = 2〉. In this case,
the generated dressed-state 𝜆+ could be split a second time as
𝜆+± as shown in Figure 3b and the third-order nonlinear suscep-
tibility with the double-dressing effect for the generated Stokes
photon can be rewritten as follows

𝜒
(3)
S =∫ f (𝜈) d𝜈

−N𝜇13𝜇23𝜇24𝜇14
⎡⎢⎢⎣

𝜀0ℏ
3
(
Δ1D + i𝛾31

) (
WD−𝛿 +

(
Δ2D − Ωe2 − Δ3D + Ωe3

)
∕2+i𝛾e3

)
×
(
WD−𝛿 +

(
Δ2D − Ωe2 − Δ3D − Ωe3

)
∕2+i𝛾e3

) (
WD−𝛿 + Δ2D∕2 + Ωe2∕2 + i𝛾e2

)⎤⎥⎥⎦
(5)

where the dressed effective Rabi frequency Ωe3 can written as
Ωe3 = [(Δ2D − Ωe2 − Δ3D)

2 − Δ2D
2 − 2Δ2DΩe2 + |Ωe2|

2 − 2Δ2D
Δ3D + 2Δ3DΩe2 + 4|Ω3|

2 + 4𝛾e2𝛾11)]
1/2 and the effective dephas-

ing rate as 𝛾 e3 = (𝛾e2 + 𝛾11)/2 − [(𝛾e2 + 𝛾11) (Δ2D − Ωe2)/2 −
𝛾e2Δ3D]/(Δ2D − Ωe2 − Δ3D ± Ωe3). The corresponding calculated
triple resonances of 𝜒 (3) is shown in Figure 3c. Similarly, the pho-
ton pair state can be rewritten as a 3D energy–time-entangled
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Figure 3. Two-photon coincidence counts. a) Experimental data (-∘- curve) and theoretical simulations (solid curve); the experiment conditions are same
as that of Figure 2c5, but with applied an external dressing field E3 and collection time of 60 s; Δ3 = 100 MHz; P2 = 10 mW. b) The energy-level diagram
in the “dressed-state” picture under the double dressing effect of E2 and E3. c) The calculated triple resonances based on 𝜒

(3); 𝛾31 = 𝛾41 = 2𝜋 × 3 MHz;
Γ11 = Γ21 = 0.01 × Γ31; Ω2 = 40 × Γ31; Ω3 = 40 × Γ31; Δ1 = −106 × Γ31; Δ2 = −5 × Γ31; Δ3 = 5 × Γ31; panels (d1–d3) are similar to (a), but with the
power of dressing field E3 varied as P2 = 20, 25, and 30 mW, respectively.

state

|ΨS,AS⟩ =[
N1|Ψ𝜔AS+Ωe2∕2,𝜔S−Ωe2∕2⟩ − N2|Ψ𝜔AS−Ωe2∕2−Ωe3∕2,𝜔S+Ωe2∕2+Ωe3∕2⟩
−N3|Ψ𝜔AS−Ωe2∕2+Ωe3∕2,𝜔S+Ωe2∕2−Ωe3∕2⟩] (6)

where N1, N2, and N3 satisfy N1
2 + N2

2 + N3
2 = 1 and N1

2 –
N2

2 – N3
2 = 0. In the third-order nonlinear susceptibility in

Equation (5), the ratio of resonant intensity of triple resonances
can be calculated. Therefore, the normalized coefficients Ni of
each dressed state can be fully determined. Based on these three
frequency modes of each generated photons, it proposes a 3D
frequency-entangled qubit. Therefore, in such 3D energy–time-
entangled photon pair state, the information capacity of this
quantum information unit can be calculated as 32, in which
2 represents the two qubits of this photon pair state and 3
represents the three superposed states corresponding to three
frequency modes of each qubit. Moreover, the information
capacity of such photon pair state can be extended to n2 with the
n-dimensional energy–time-entangled state by a multi-dressing
effect. Therefore, this is an efficient way to increase the num-
ber of superposed states of the qubit, thereby enhancing the
information capacity of a quantum system.
Ignoring the deviation of the detection, the average biphoton

coincidence counting rate is determined by

RCC (𝜏) = lim
T→∞

1
T

T

∫
0

dtS

T

∫
0

dtAS
|||⟨0|E(+)ASE

(+)
S |Ψ⟩|||

2
(7)

where Ψ is the biphoton amplitude; this can be written as
Ψ(𝜏) = 𝜓(𝜏) exp [− i(𝜔1 + 𝜔2)tS]. Therefore, mathematical cal-
culations allow the biphoton coincidence counting rate of Equa-
tion (3) to be expressed as

RCC (𝜏) = R0

(
e−2Γe2(𝜏−t𝜑)∕WD− − e−2Γe2(𝜏−t𝜑)∕WD−

× cos
[
Ωe2

(
𝜏 − t𝜑

)
∕WD− + Δ𝜑

])
∕WD− (8)

where R0 contains all of the constants and slowly varying terms;
Δ𝜑 = 𝜑S − 𝜑AS = 2n2(kS − kAS)e

−r2L∕n1 represents the relative
nonlinear phase shift between Stokes and anti-Stokes signals,
which results from cross-phase modulation based on the nonlin-
ear refractive index n2;

[39] 𝜑S (𝜑AS) is the nonlinear phase shift
induced on the Stokes (anti-Stokes) signal; the parameter r in the
formula is the radius of the Gaussian beam incident from the
laser, which is equal to the waist of input beams; n1 is the linear
refractive index; n2 is evaluated from the real component of non-
linear susceptibility as n2 = Re𝜒 (3)∕𝜀0n1c; and t𝜑 is the temporal
correlation delay from nonlinear phase shift. From Equation (8),
the temporal correlation in the biphoton coincidence counting
rate may be shown as a periodic Rabi oscillation with a period
of 2𝜋WD−/Ωe2 and decoherence rate of 2𝛾 e2/WD−, which results
from the beating and destructive interference between differ-
ent dressed states of generated photons and coherent energy
exchange in different SFWM channels. Here, if the relative
nonlinear phase shift is greater than 0, the wave packet could
shift far from 𝜏 = 0. Besides, different frequency modes of bipho-
ton state have different nonlinear phase shifts and resonance
strength in nonlinear susceptibility, which means it can result
in different time delay of different frequency modes in same
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temporal correlation of biphoton state. Therefore, the dressing
effect can shape the biphoton temporal correlation as a periodic
Rabi oscillation but also has the effect of a nonlinear phase shift.
Similarly, with the double-dressing effect of Equation (5), the

biphoton coincidence counting rate can be calculated, as shown
in Equation (9). In this case, the temporal correlation in the
biphoton coincidence counting rate is shown as a multi-periodic
Rabi oscillation. The oscillation period is roughly 2𝜋WD−/Ωe2,
2𝜋WD−/(Ωe2 + Ωe3 + Δ3D), 2𝜋WD−/(Ωe2 − Ωe3 + Δ3D), and deco-
herence rates are related to both 𝛾 e2/WD− and 𝛾 e3/WD−.Δ𝜑i (i= 1,
2, 3) are the relative nonlinear phase shifts between Stokes and
anti-Stokes photons in different frequency modes. t𝜑i (i = 1, 2,
3) are the temporal correlation delay from the nonlinear phase
shift of each frequency modes. Ni (i = 1, 2, 3) is the normalized
coefficients of each frequency modes, which are determined by
the third-order nonlinear susceptibility in Equation (5). In this
case, different parameters may manipulate the different tempo-
ral properties, such as oscillation periods, nonlinear phase shifts,
temporal correlation delay, and the intensity of each frequency
mode, of such a 3D energy–time-entangled state

RCC =
R0

4W2
D−

×

⎡⎢⎢⎢⎢⎢⎢⎣

2N1WD−Ωe3e
−𝛾e2(𝜏−t𝜑1)∕WD− cos

[
Ωe2

(
𝜏 − t𝜑1

)
∕2 + Δ𝜑1

]
+N2

(
Ωe3 − 2Ωe2 − Δ3D

)
e−𝛾e3(𝜏−t𝜑2)∕WD−

× cos
[(
Ωe2 + Ωe3 + Δ3D

) (
𝜏 − t𝜑2

)
∕2WD− + Δ𝜑2

]
+N3

(
Ωe3 + 2Ωe2 + Δ3D

)
e−𝛾e3(𝜏−t𝜑3)∕WD−

× cos
[(
Ωe2 − Ωe3 + Δ3D

) (
𝜏 − t𝜑3

)
∕2WD−+Δ𝜑3

]
+WD−W1

⎤⎥⎥⎥⎥⎥⎥⎦

2

(9)

4. Experiment Results of Photon Coincidence
Counting Measurements

Figure 2 shows biphoton coincidence counting measurements
done in the absence of an external dressing field. Here, the sig-
nal detected at SPCM1 serves as the trigger photon, and the sig-
nal detected at SPCM2 serves as the stop trigger photon, respec-
tively; we, therefore, recorded the biphoton coincidence counts
as shown in Figure 2. In Figure 2d, we observe clear and sharp
biphoton coincidence peaks located between 𝜏 = 0 and 𝜏 = 60 ns,
and each peak represents a strong correlation in this biphoton
state. At 𝜏 = 0, the biphoton coincidence counts rise sharply,
whereas at 𝜏→ ∞, they approach zero, and this phenomenon ap-
pears as an antibunching-like effect. In Figure 2d1–d5, the power
of E2 was increased from 10 to 30 mW. In this case, the Rabi os-
cillation in the biphoton temporal correlation is more obvious
with the enhanced dressing effect of E2. Here, the Rabi oscilla-
tion is caused by the beating and destructive interfering between
different dressed states of h̄ϖS ± h̄Ωe2/2 in Figure 2a,b. The os-
cillation period and correlation time are ≈4 and 44 ns in Fig-
ure 2d5, respectively. The oscillation period can be obtained with
the formula T = 2𝜋WD−/Ωe2 from Equation (8), which is deter-
mined by the effective Rabi frequency Ωe2. The damping rate is
determined by the inhomogeneous spreading of the ground-state
linewidth and the dipole dephasing rate 2𝛾 e2/WD−. With increas-
ing power of E2, the nonlinear susceptibility in Equation (3) is
enhanced, which results in increases in the generation of bipho-

ton signals in Figure 2d1–d5. In addition, the signal-to-noise ra-
tios (SNRs) of two-photon wave packets are similar in Figure 2d.
Based on the conditions used to generate Figure 2d5, we varied
the pumping detuning over the range of −1.8 to −2.2 GHz in
Figure 2e1–e5. Here, the pump field E1 is significantly detuned
from the resonance, and this is employed to suppress quantum
atomic noise and force the atomic population to remain in the
ground state. Besides, using the start trigger photon as a fast
light is an effective method for increasing the efficiency of the
coincidence count measurements. Moreover, based on the corre-
sponding theoretical simulations (solid curve) in Figure 2c1,c2
from Equation (8), they are matching the experimental curves
obviously. Further, the near-resonant conditions can also assist
the nonlinear process. Therefore, with the increased detuning of
E1 seen upon going in Figure 2e1–e3, more biphotons are gen-
erated, and SNR increases and reaches a maximum value. The
increased SNR could increase the normalized cross-correlation,
which reflects a stronger correlation between the Stokes photon
and anti-Stokes photon. While pumping detuning increased in
Figure 2e4,e5, the biphoton count and SNR decreased gradu-
ally because of weak nonlinear susceptibility. To characterize the
nonclassical property of the photon pairs source, we confirm its
violation of the Cauchy–Schwarz inequality.[17] In Figure 2, the
normalized cross-correlation function g(2)S,AS(𝜏) of biphoton wave
packets reaches itsmaximum andminimum values of 28± 9 and
8 ± 2 in Figure 2d1,e3, respectively. With the autocorrelations
of the ES photon (g

(2)
S,S(0)) and EAS photon (g

(2)
AS,AS(0)), they have a

maximum value of 2 and can be measured using a fiber beam
splitter. We obtain a violation of the Cauchy–Schwarz inequality
[g(2)S,AS(𝜏)]

2∕[g(2)S,S(0)g
(2)
AS,AS(0)] ≤ 1 by the factors between 51± 15 and

16 ± 5 in Figure 2.
Noting the peculiarities of the biphoton temporal correlation

in Figure 2, we sought to realize shaping with the external dress-
ing condition. Based on the conditions used to generate Fig-
ure 2c5, we applied an external dressing field E3 with power
10 mW (Figure 3a). In this case with the double-dressing effect,
the bare state h̄ϖS of photon EAS evolved into three dressed states
as h̄ϖS + h̄Ωe2/2 ± h̄Ωe3/2 and h̄ϖS − h̄Ωe2/2 in Figure 3b,d.
These three dressed states are beating and interfere destructively
with each other, and the temporal correlation of biphotons in Fig-
ure 3a is shown as amulti-periodic Rabi oscillation. Here, two ob-
vious periods of 2.2 and 9 ns are observed. Such multi-periodic
Rabi oscillations may also resemble a high-dimensional energy–
time-entangled photon pair.[29] Compared with Figure 2c5, the
nonlinear susceptibility in Figure 3b is stronger with external
dressing field E3, which results in more biphotons and a longer
correlation time of 55 ns. In Figure 3d1–d3, we increased the
power of E3 from 20 to 30 mW and the multi-periodic Rabi
oscillation is more obvious, and the corresponding period be-
comes complex and changes. Moreover, the theoretical simula-
tions (solid curve) in Figure 3 from Equation (9) are matching
the experimental curves obviously. In Figure 3, the calculated
factors that violate the Cauchy–Schwarz inequality are between
24 ± 8 and 4 ± 1, which show the nonclassical property of such
a high-dimensional energy–time-entangled photon pair state.
Different multi-periodic Rabi oscillations provide different

information, which can effectively enhance information capacity.
Moreover, another method for shaping the biphoton temporal
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Figure 4. Two-photon coincidence counts for 10 s. a–c) Experimental data (-∘- curve) and theoretical simulations (solid curve); the experiment conditions
are same as that of Figure 2c5, but with detuning of E2 varied as −100, −300, and −500 MHz, respectively. d–f) Experimental date (solid curve) and
theoretical simulations (dashed curve); the experiment conditions are same as that of Figure 3a, but with the detuning of E3 varied as 200, 500, and
700 MHz, respectively.

correlation involves applying a nonlinear phase shift. Starting
with the conditions used to generate Figure 2d5, we varied the
detuning of E2 by −100, −300, and −500 MHz, as shown in
Figure 4a–c, respectively. In this case, a nonlinear phase shift
peak (NPSP) is separated from the highest wave peak near 𝜏 →
0 and moves far from 𝜏 = 0. According to mathematical theory,
if the nonlinear phase shift is negative, the peak of the wave
position shifts to the right, the nonlinear phase shift Δ𝜑 (Equa-
tion (8)) obtained in our case is negative, thus causing the peak
position to shift toward the right. Besides, the nonlinear phase
shift also results a term of time delay t𝜑 in Equation (8), which
makes the delay of NPSP is more than one Rabi oscillation pe-
riod. Here, the values of the nonlinear phase shifts in Figure 4a–c
are 0, −𝜋/2, −3𝜋, and −6𝜋, respectively, and the corresponding
time delay of NPSP are 5, 10, and 12 ns. In Figure 4a–c, the high-
est wave peaks are near 𝜏 → 0, which indicates simultaneous sit-
uations ofΔ𝜑= 0 andΔ𝜑≠ 0.Moreover, the generation of bipho-
tons is decreased, and NPSP is weaker, ongoing in Figure 4a–c,
because of the weaker nonlinear susceptibility. Also, the theoret-
ical simulations (solid curve) in Figure 4a–c from Equation (8)
are matching the experimental curves obviously. Based on the
multi-periodic Rabi oscillation shown in Figure 3a, we varied the
detuning of E2 to 100, 400, and 700MHz, as shown in Figure 4d–
f, respectively. In this case, the values of Δ𝜑 obtained are 0, −4𝜋,
and −6𝜋 ongoing in Figure 4d–f. The time delay of NPSP is obvi-
ouslymoving from left (𝜏 = 11 ns) to right (𝜏 = 45 ns). NPSPswith
long coherence times and delays are useful in quantummemory
applications. Besides, in Figure 4d–f, the nonlinear phase shift
peak is resulting from the destructive interference between the
FWM channel of 𝛿 = −Ωe2/2 + Ωe3/2 and others two FWM chan-
nels of 𝛿 = Ωe2/2 and 𝛿 = −Ωe2/2 − Ωe3/2. The other small peaks

are resulting from the destructive interference between FWM
channels of 𝛿 = Ωe2/2 and 𝛿 = −Ωe2/2 − Ωe3/2 and the residuum
part of the mode 𝛿 = −Ωe2/2 + Ωe3/2, which represent the
temporal correlation parts with a weaker nonlinear phase shift.
Also, the theoretical simulations (dashed curve) in Figure 4d–f
from Equation (9) are matching the experimental curves mainly.
Moreover, the calculated factors that violate the Cauchy–Schwarz
inequality are near 23 ± 6 in Figure 4. Therefore, the manipula-
tion of the nonlinear phase shift is a novel and effective method
for shaping the temporal correlation of the biphoton state.

5. Conclusion

We have investigated the dressing-shaped nonclassical correlated
photon pairs generated in hot atomic vapor from SFWM in a
four-energy-level system. With the addition of double-dressing
fields, the two-photon temporal correlation is shaped as a multi-
periodic Rabi oscillation. It is manipulated with the different
parameters of the dressing fields. Moreover, different relative
nonlinear phases for generated photons based on the nonlinear
refractive index result in different nonlinear phase shifts in two-
photon temporal correlations, which could delay the correlation
wave peak by more than 40 ns. These outcomes provide a new
method and platform for generating photon pairs with higher
information capacity and quantum memory.
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