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Abstract. The four-wave mixing process in atomic ensembles has many important applications in quantum
information. We review recent progress on the generation of optical quantum states from the four-wave mixing
process in hot atomic ensembles, including the production of two-beam, multi-beam, and multiplexed quantum
correlated or entangled states. We also review the applications of these optical quantum states in
implementing quantum information protocols, constructing SU(1,1) quantum interferometers, and realizing
quantum plasmonic sensing. These applications indicate that the four-wave mixing process in hot atomic
ensembles is a promising platform for quantum information processing, especially for implementing all-
optical quantum information protocols, constructing SU(1,1) interferometers, and realizing quantum sensing.
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1 Introduction
Optical quantum states, indispensable carriers of optical quan-
tum information, are important non-classical resources for quan-
tum information processing (QIP). There are two kinds of
quantum systems for generating optical quantum states, i.e., dis-
crete variable (DV)[1] and continuous variable (CV)[2] systems.
The DV system means that the physical quantity for encoding
quantum information has a discrete energy spectrum, including
a single photon[3–5], quantum bit[6,7], and so on. The CV system
refers to the physical quantity for encoding quantum informa-
tion with a continuous energy spectrum, including the optical
mode[8–10], microwave mode[11], and so on. DVand CV quantum
systems are two platforms of equal importance for QIP. They
have their own advantages. In the DV system, to enhance its
scale, increasing the number of entangled photons is a direct
way[12–14]. Due to the probabilistic generation of entangled pho-
tons, the detection rate of multi-photon entanglement will dra-
matically decrease with the increase in the number of entangled
photons. One solution for solving this issue is increasing the
dimensionality of the state, i.e., exploiting the high-dimensional

entanglement to increase the scale without significantly reduc-
ing the detection rate[15–20]. Photons can be entangled not only in
one degree of freedom (DOF), but also in multiple DOFs, pro-
ducing so-called hyperentanglement. Therefore, another solu-
tion is increasing the number of DOFs with which the
photons are entangled[21–23]. This can increase the number of qu-
bits, which increases the scale of the system without markedly
reducing the detection rate. Because coincidence measurement
in a DV system can rule out the unwanted vacuum or back-
ground contributions, the introduced losses from the environ-
ment and optical devices will not reduce the fidelity of the
entangled state. Therefore, the DV system is not very sensitive
to losses, and its transmission distance can be increased rela-
tively easily[24,25]. For example, DV-entanglement-based quan-
tum key distribution between two ground stations 1120 km
apart has recently been implemented[26]. In the CV system,
the entangled optical modes are generated deterministically,
and therefore the CV system is not bothered by the detection
rate. Consequently, the number of entangled modes can be
scaled relatively easily. For example, the number of entangled
modes to date has reached the level of 10,000[27,28]. The scale of
the CV system can be enhanced by increasing not only the num-
ber of entangled modes[27,28] but also the number of multiplexed*Address all correspondence to Jietai Jing, jtjing@phy.ecnu.edu.cn
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channels[29]. However, the CV system is very sensitive to the
noise introduced by losses, especially propagation losses, which
will introduce unwanted vacuum noise and deteriorate the qual-
ity of entanglement. This will finally limit its transmission dis-
tance in quantum communication. A recent trend is to combine
CV and DV systems to develop a hybrid quantum system by
exploiting their respective advantages[30]. Both have made a
series of important progress in generating optical quantum
states. In this review, we focus on the CV system.

In the CV system, the squeezed state is one of the most cru-
cial optical quantum states. In the early stage, the squeezed state
was generated by the group of Slusher in atomic vapor inside an
optical cavity[31], the group of Kimble in nonlinear crystal[32], and
the group of Walls in optical fiber[33]. However, the squeezing
degrees of these squeezed states are relatively low. Therefore,
improving the squeezing degree of the squeezed state has be-
come an important research topic for many groups. With the
development of experimental technology, the group of
Schnabel achieved a 15 dB squeezed state[34]. In addition, the
group of Peng successfully achieved the squeezed state with
13.2 dB squeezing[35]. Squeezed states are widely used in quan-
tum metrology due to their noise reductions. One example is
that the squeezed state can significantly improve the detection
sensitivity of the Laser Interferometric Gravitational Wave
Observatory (LIGO)[36–38]. In addition, the squeezed state can
also be used for laser beam positioning[39,40], rotation angle mea-
surement[41], and time transfer[42]. Therefore, it is important to
realize the squeezed state with a high squeezing degree in vari-
ous systems.

In the CV system, the entangled state is another important
type of optical quantum state. In 1992, the Einstein–
Podolsky–Rosen (EPR) entangled state[43] was realized by the
group of Kimble in the CV regime[44] based on the theoretical
proposal of Reid[45]. In 2000, Duan et al. and Simon proposed
the entanglement criterion for the CV system[46,47]. After that, the
EPR entangled state began to be widely generated experimen-
tally[8,48]. As quantum information has developed, generating
multimode entangled states[49,50] has attracted the attention of
many groups. In 2003, by using a linear optical beam splitter
(BS), the group of Peng realized the tripartite entangled
state[9]. After that, the group of Furusawa also realized a tripartite
entangled state[51–53]. Then, the group of Peng successfully real-
ized quadripartite[54] and eight-partite[55] cluster states. The group
of Nussenzveig and Martinelli realized bipartite[56,57] and hexa-
partite[58,59] entangled states in optical parametric oscillators
(OPOs). In 2013, the group of Furusawa successfully realized
the ultra-large-scale entangled state of more than 10,000 modes
by introducing time as a new entanglement DOF[60]. This experi-
ment provides a new method for generating ultra-large-scale en-
tangled states. Then, the group of Furusawa[27] and Andersen[28]

independently realized the ultra-large-scale two-dimensional
cluster state through two-dimensional time-multiplexing tech-
nology. In 2012, Armstrong et al. realized eight-spatial-mode
entangled states[61]. In addition, frequency multiplexing technol-
ogy is also used to generate large-scale entangled states. In
2014, the group of Pfister successfully realized a 60-mode en-
tangled state through frequency comb technology[62]. Yang et al.
realized an entangled state with 40 modes on a chip by fre-
quency comb technology[63]. The group of Fabre and Treps
realized large-scale quantum networks[64] and structurally recon-
figurable multimode entangled states[65] through wavelength
multiplexing technology. The entangled states are indispensable

resources for QIP because of their nonlocal properties. For ex-
ample, entangled states can be utilized to implement quantum
teleportation[66–69], quantum dense coding (QDC)[70], entangle-
ment swapping[71], and so on.

There are many different ways to generate squeezed and en-
tangled states, most of which rely on nonlinear processes, for
example, χ�2� and χ�3� nonlinear processes with a nonlinear crys-
tal or an atomic vapor cell. The conventional approach to gen-
erate CV quantum states is utilizing OPOs[56] and optical
parametric amplifiers (OPAs)[48] from a nonlinear crystal.
Compared with them, quantum light sources from atomic en-
sembles[72] have many advantages. First, the wavelength and
bandwidth generated by this system are naturally matched with
the atomic transition, and can be used in quantum memory.
Second, the atomic coherence property can enhance the nonlin-
ear interaction strength of the system, resulting in quantum
states of strong squeezing and entanglement without using an
optical cavity. Therefore, this system avoids the spatial mode
limitation of the light field caused by the optical cavity and en-
sures the multi-spatial-mode nature of the system. Compared
with the cold atomic ensemble system[18,22], which needs laser
cooling and trapping technology to cool the atoms, the hot
atomic ensemble system has many applications with its simplic-
ity, stability, and compactness. Because of these advantages, the
four-wave mixing (FWM) process in hot atomic ensembles
based on double-Λ energy level structure has been proved to
be a promising way to generate CVoptical quantum states[72–113].
In 2007, the group of Lett generated 3.5 dB squeezing based on
the FWM process[72]. In 2008, their group realized entangled im-
ages based on the FWM process[93]. This experiment proves that
the entangled beams generated by the FWM process have a spa-
tial multimode property[86,88]. In 2009, their group realized the
tunable delay of EPR entanglement based on the FWM pro-
cess[95]. In addition, their group found the slow[96] and fast[97–99]

light effects in this FWM process. Such a system can also be
used to construct noiseless optical amplifiers[100]. Due to these
properties, optical quantum states based on the FWM process
can be widely used in QIP.

In this review, we focus on recent progress on the production
of optical quantum states from the FWM process in hot atomic
ensembles and their applications. Section 2 reviews the gener-
ation of optical quantum states from FWM processes in hot
atomic ensembles. The applications of optical quantum states
in implementing quantum information protocols (quantum
metrology) are reviewed in Section 3 (Section 4). Section 5
concludes this review.

2 Optical Quantum States Based on Four-
Wave Mixing Process in Hot Atomic
Ensembles

Because of the advantages of the FWM process described
above, it has been used to generate different types of optical
quantum states[101–113]. In this section, optical quantum states
based on the FWM process are introduced. The generation
of two-beam quantum correlation is described in
Subsection 2.1. The quantum correlations from phase-sensitive
amplifiers (PSAs) are described in Subsection 2.2. The gener-
ation of multi-beam quantum correlations is introduced in
Subsection 2.3. To enhance the entanglement capacity of the
entangled source, orbital angular momentum (OAM) multi-
plexed entanglement is introduced in Subsection 2.4.
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2.1 Two-Beam Quantum Correlation

Quantum squeezing is an important non-classical effect related
to the “uncertainty principle” in quantum physics. Therefore, it
has important scientific value for the basic research of quantum
physics. At the same time, quantum squeezing can greatly re-
duce the quantum noise of the system[114], so as to significantly
improve the signal-to-noise ratio (SNR) and sensitivity of the
system. As a result, it has important value in quantum metrol-
ogy. For example, quantum squeezing can be used to improve
the sensitivity of LIGO[36–38], atomic magnetometers[115], optical-
mechanical magnetometers[116], and plasmonic sensors[117–122].

The FWM process in hot atomic ensembles has been dem-
onstrated as an effective method to produce quantum squeezing.
The quantum squeezed beams generated from this system
have found wide applications in the fields of quantum
imaging[85–94,123], quantum entanglement delay[95], and nonlinear
interferometers[124–129]. In this subsection, the generation and
characterization of quantum correlated twin beams from the
FWM process are introduced.

2.1.1 Generation of two-beam quantum correlation

In 1985, the first experimental generation of squeezed light with
the FWM process was based on sodium vapor[31]. Since then, the
FWM process has been used to generate squeezed light under
various conditions. Due to the limitation of spontaneous emis-
sion noise, the squeezing level is difficult to improve. In 2007,
for the first time, McCormick et al. improved the intensity dif-
ference squeezing (IDS) in hot rubidium vapor to 3.5 dB[72].
Their scheme uses ground-state coherence-based resonant non-
linearity in a three-level system.

As shown in Fig. 1(a), this FWM process starts with two laser
beams. One strong beam—1 GHz blue detuned from the 85Rb
D1 line transition—is used as the pump beam. The other beam
serves as the probe beam. The vertically polarized pump beam
and horizontally polarized probe beam are focused into a 85Rb
vapor cell with a temperature of 125°C. The pump and probe
beams intersect at a small angle of about 0.75°, resulting in
the production of a conjugate beam. When scanning the fre-
quency of the probe beam, due to the FWM gain, two intensity

gain peaks are observed, as shown in Fig. 1(c). Then
McCormick et al. fixed the probe beam 3.03 GHz red tuned
from the pump beam. Under these experimental conditions,
the probe beam has an intensity gain of four.

To verify the quantum correlation, the amplified probe beam
and newly generated conjugate beam are detected by a balanced
photodetector whose output is measured by a spectrum analyzer.
To calibrate the standard quantum limit (SQL), or shot noise
limit (SNL), of this system, a portion of the probe beam, with
power equal to the sum of the probe and conjugate beams, is
picked up before the Rb cell and equally split by a BS, and
the beams from the output ports of the BS are detected by
the photodetector. For a total optical power (probe plus conju-
gate) of 180 μW, the relative intensity noise between the probe
and conjugate beams is 3.5 dB below the SQL, as shown in
Fig. 1(d). Their results show that this system holds promise
as a considerable source of squeezed light.

By extending the above work on the D1 line of 85Rb, Pooser
et al. further demonstrated that quantum correlated beams can
also be generated from the FWM process in both the D1

(795 nm) and D2 (780 nm) lines of 85Rb and 87Rb and charac-
terized the degree of IDS for each of the four systems. The hy-
perfine levels of 85Rb and 87Rb are shown in Figs. 2(a) and 2(b),
respectively. As shown in Figs. 2(c) and 2(d), they observed
quantum correlations generated by all four systems. Despite
the similar double-Λ configuration, different level structures
of the four systems result in different degrees of IDS. In particu-
lar, the optimal squeezing of−8.0 dB and−7.8 dB ofD1 lines in
85Rb and 87Rb is observed. Their results indicate that it is pos-
sible to use systems with similar double-Λ configuration to gen-
erate squeezed light.

In addition to rubidium vapor, IDS can also be generated
from the FWM process in other alkali vapors[74–76]. In 2017,
Swaim et al. demonstrated the generation of IDS from the
FWM process in potassium vapor, which is a strongly absorbing
medium for one of the generated twin beams[74]. They showed
that quantum correlations can still be generated, albeit with a
significantly different absorption between the generated twin
beams. Figure 3(a) shows the double-Λ configuration in the
D1 line of 39K, in which one of the generated twin beams is

Fig. 1 Strong IDS from the FWM process in rubidium vapor. (a) Experimental schematic. PBS,
polarizing beam splitter; SA, spectrum analyzer. (b) Double-Λ energy level diagram.
(c) Transmission for the probe beam as a function of the detuning from the 85Rb D1 line transition.
The arrow indicates the pump detuning. (d) Experimentally measured noise power as a function of
spectrum analyzer frequency with (A)–(D) electronic noise, squeezed noise between the probe
and conjugate, SNL, and probe noise, respectively. Adapted from [72].
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located at the center of a Doppler-broadened absorption profile.
Therefore, the absorption for the generated twin beams is sig-
nificantly different. With a transmission of 17% for the probe
beam and detection efficiency of 0.5, they observed an IDS
of −1.1 dB, as shown in Fig. 3(b). Their results showed that
IDS can be generated even if the losses between generated twin
beams are significantly different. In addition, two-beam quan-
tum correlation has been generated in hot cesium vapor[75], and
an IDS of 6.5 dB is obtained[76].

2.1.2 Enhancement of quantum correlation

The degree of quantum squeezing directly determines the im-
provement of the performance of the system. The enhancement
of quantum squeezing is important for quantum metrology[34,35,78].
Based on the abovementioned FWM system of 85Rb D2 line
transition, Zhang et al. demonstrated the enhancement of
IDS through energy-level modulations[79]. An initial IDS of
−3.6 dB can be enhanced to −5.0 and −6.1 dB when using
two different dressing fields. Moreover, the IDS can reach
−9 dB when both dressing fields exist.

The experimental setup is shown in Fig. 4(a), where E1 and
E2 are the pump beam and probe beam, respectively. Two ap-
proachs are used to dress the double-Λ system based on 85Rb D2

line (780 nm) transition. One is through the E3 field between
levels j2i and j3i, and another is through the E4 field between
levels j0i and j4i, as shown in Fig. 4(b). When the initial pump
E1 is added with E4 (795 nm) and E3 (776 nm), they construct
two electromagnetically induced transparency windows and ap-
parently change the original FWM process. Compared with the
original FWM case (with −3.6 dB IDS), the degrees of IDS for

E3- and E4-dressed FWM processes can be enhanced to −5.0
and −6.1 dB, respectively. In particular, with E3 and E4 both on
simultaneously, the degree of IDS increases to −9.0 dB, as
shown in Figs. 4(d) and 4(e). The increase of IDS is due to
the increase of the two-beam-dressed FWM gain with coexisting
and constructive interference FWM, six-wave mixing (SWM),
and eight-wave mixing (EWM) processes in this system, as
shown in Figs. 4(c1)–4(c3). In addition to this scheme, it is pos-
sible to enhance the quantum correlation using other schemes,
which will be discussed in Subsections 2.2.2, 2.3.1, and 2.3.2.

2.1.3 Multi-spatial-mode nature for quantum imaging

Spatially multimode light can be used to probe or carry spatial
information, or for bright illumination and quatum imaging ap-
plications[85,89–92]. Due to the absence of an optical cavity, there is
no mode selection in the FWM process, and thus the generated
twin beams are spatially multimode.

In 2008, Boyer et al. experimentally verified this character-
istic with three different methods[86]. First, the multimode nature
of the FWM system can be verified by the fact that quantum
correlation can be generated for different angles θ and φ of
the probe beam, as shown in Figs. 5(a) and 5(b). It can be found
that squeezing exists in the angular bandwidth of Δθ ≈ 8mrad.
Second, they attenuated (Qa) or clipped (Qc) the output probe
with only a BS or a centered iris. As expected, the behavior of
the Mandel parameter, defined as Q � �hΔN̂2i∕hN̂i� − 1,
where N̂ is the photon number operator, with transmission dif-
ferent for these two methods, as shown on the left of Fig. 5(c).
This indicates that the various transverse areas are independent
in their intensity noise. Third, the multimode nature can be

Fig. 2 (a), (b) Hyperfine levels in D1 and D2 line transitions of 85Rb (a) and 87Rb (b).
(c), (d) Experimentally measured squeezing levels in the D1 (red circles) and D2 (blue triangles)
lines of 85Rb (c) and 87Rb (d) versus pump detuning. Adapted from [73].
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verified by symmetrically (QcS) or antisymmetrically (QcA)
clipping the probe and conjugate regarding the pump, as shown
on the right of Fig. 5(c). In the second (Qc) and third (QcS)
methods, the Mandel parameter is not constant and tends to zero
when the detection area is small. Such a phenomenon indicates
that there exists a coherence area, under which the light field can
be seen as a single mode. These results show that the FWM
process can generate spatially multimode quantum correlated
twin beams.

A natural question is how to increase the mode number gen-
erated from the FWM process. This is in fact related to the size
of the coherence area. To control the size of the coherence area,
Holtfrerich et al. studied how the size and spatial profile of the
pump beam affect the coherence area of the twin beams gen-
erated from the FWM process[87], as shown in Fig. 6(a). They
found that the size of the coherence area can be reduced by
increasing the size of the pump, and in this way, the mode
number of the generated twin beams can be increased. They

Fig. 3 IDS from the FWM process in potassium vapor, which is a strongly absorbing medium.
(a) Experimental setup and double-Λ energy configuration. (b) Experimentally measured IDS with
different intensity gain and probe transmissions (t). Adapted from [74].

Fig. 4 (a) Experimental details. (b) Energy level diagram of 85Rb D2 line transition. (c) Phase-
matching conditions for the spontaneous FWM (c1), spontaneous SWM (c2), and spontaneous
EWM (c3) processes. (d) Noise power as a function of spectrum analyzer frequency for SQL (c1),
FWM (c2), E3-dressed FWM (c3), E4-dressed FWM (c4), and E3- and E4-dressed FWM (c5).
(e) Noise power versus total optical power for SQL (A), FWM (B), E3-dressed FWM (C), E4-dressed
FWM (D), and E3- and E4-dressed FWM (E). Adapted from [79].
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also found that a flattop pump beam of the same size as a
Gaussian pump beam can reduce the coherence area by a
factor of more than two and therefore increase the number
of spatial modes by a factor of more than four, as shown in
Fig. 6(b).

The multi-spatial-mode nature of FWM is reflected not only
in IDS but also in quadrature squeezing. Embrey et al. showed
that the quantum correlated twin beams from the FWM process
are multi-spatial-mode squeezed and exhibit localized quadra-
ture squeezing using a bichromatic local oscillator (BLO) with
two different frequency components[88].

To generate the BLO, the probe and conjugate beams from
the FWM process are combined by a BS. Then the BLO is used
to measure the quadrature squeezing noise of the signal, as
shown in Fig. 7(b). By controlling the relative phase between
the signal and BLO fields, the signal quadrature can be obtained.
The seed beam is shaped with a slit mask to control the width of
the BLO as shown in Fig. 7(a). The impact of the width of the
BLO on the squeezing level is shown in Fig. 7(c). It can be
found that the local squeezing tends to zero when the width
is equal to 0.18 mm, i.e., coherence length. The squeezing level
versus the position of the BLO in two directions is shown in
Figs. 7(d)–7(i). When the gain is reduced from four (green
squares) to two (blue circles), the squeezing can be found for
a smaller width of BLO and over a larger range of positions.
From Figs. 7(d) and 7(g), the size of the squeezing region l
is equal to 3.1 mm in both x � y and x � −y directions.

Taking into account the coherence length of w0, the total number
of squeezed modes l2∕4w2

0 � 75 is obtained, showing the multi-
spatial-mode nature of quantum correlated beams from the
FWM process.

Based on the multi-spatial-mode nature of the FWM process,
Boyer et al. realized entangled images[93]. The FWM process,
which is a spatially multimode amplifier, is utilized to generate
twin images, as shown in Fig. 8(a). The images can behave as
bright fields exhibiting position-dependent IDS, or vacuum
fields that exhibiting quantum entanglement for a number of
spatial modes. The vacuum twin beams can be described by
the quadrature operators: X̂a and Ŷa for the probe field and
X̂b and Ŷb for the conjugate field. The joint quadrature operators
are defined by X̂− � �X̂a − X̂b�∕

���
2

p
and Ŷ� � �Ŷa�

Ŷb�∕
���
2

p
, which combines the quadrature operators of the twin

fields. When the intensity gain of the FWM process is larger
than one, the fluctuations hΔX̂2−i and hΔŶ2

�i are smaller than
the SQL, which is defined by the variance of these operators
for vacuum states, i.e., they are squeezed. For measuring the
fluctuations of the quadrature operators, two homodyne detec-
tors (HDs) are used. The local oscillators, mode-matched to the
detected mode pair, of the HDs are generated by setting a new
FWM process in the same vapor cell. For T-shaped modes, the
measured fluctuation is −3.6 dB below SQL, which verifies the
entanglement between two images, as shown in Fig. 8(b). These
three works confirm the potential of the FWM process for prac-
tical quantum imaging.

Fig. 5 (a) Setup geometry. (b) Gain and IDS as a function of the angle θ. (c) Mandel parameter for
the probe only (left) and for the intensity difference (right) versus the transmission. Adapted
from [86].

Fig. 6 (a) Experimental setup. (b) Experimental results of the effect of the size and spatial profile of
the pump beam on the size of the coherence area and the number of spatial modes. Adapted
from [87].
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2.1.4 Slow-light and fast-light effects

Atomic ensembles can control the dispersive properties that de-
termine the group velocity of light. Under certain conditions, the
FWM process has slow-light or fast-light effects.

In 2009, Marino et al. realized the tunable delay of entangle-
ment based on the FWM process in hot atomic ensembles[95].
The quantum correlations of the entangled beams can still be
preserved despite a significantly large delay between entangled
beams. This experiment uses two sets of FWM processes in two
rubidium cells, as shown in Fig. 9(a). The first cell is used to
generate entangled probe and conjugate beams, while the sec-
ond cell acts as a slow-light medium and delays the probe beam.
This delay can be described by the time shift of the cross-
correlation function between the generated twin beams relative

to the reference cross-correlation function. Through changing
the temperature of the second cell and pump power of the sec-
ond FWM process, this delay can be controlled. As shown in
Fig. 9(b), EPR entanglement, quantified by the EPR criterion,
disappears at a delay as large as 27 ns. Based on the spatially
multimode property of the FWM process, Marino et al. also
demonstrated the delay of entangled images. Their results show
that it is possible to use the FWM process to store quantum
states.

In addition to being used as a slow-light medium[95,96], the hot
rubidium atomic ensemble can also serve as a fast-light medium.
In 2012, Glasser et al. realized the stimulated generation of
superluminal pulses via the FWM process, in which both
seeded and generated optical pulses possess negative group
velocities[97]. The FWM process is used to generate strong

Fig. 7 (a) The masked and filtered probe beam is seeded into the center of the vapor cell.
(b) Generation and detection of the squeezed vacuum beam with BLO. (c) Squeezing versus
the width of the BLO. (d) Squeezing versus BLO position when it is translated along the x = y di-
rection. The green squares and blue circles show the squeezing in a gain of four and two, respec-
tively. (e), (f) Images of BLO corresponding to the green and blue data, respectively. (g)–(i) Similar to
(d)–(f) as the BLO position translates along the x = −y direction. Adapted from [88].

Fig. 8 Entangled images from the FWM process. (a) Geometry of the multi-spatial-mode property
of the FWM process. (b) Measured quadrature squeezing for T-shaped modes. Adapted from [93].
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anomalous dispersion, as shown in Fig. 10(a). The gain line ex-
perienced by the seeded pulse leads to negative dispersion at the
gain line edges. In addition, the asymmetric gain and absorption
line profile results in a broad region of negative dispersion for
the newly generated conjugate pulse. Therefore, the amplified
seeded pulse can have negative group velocity, and the newly
generated conjugate pulse can propagate faster, as shown in

Fig. 10(b). Also, the group velocities can be controlled by de-
tuning the seeded pulse or changing the seeded power, which
enables the tunable advancement or delay of the pulse.

Based on the above studies, Vogl et al. demonstrated the ad-
vancement of intensity-difference squeezed light according to
the fast-light effect of the FWM process[98]. As shown in
Fig. 11(a), this experiment is based on two FWM processes

Fig. 9 (a) The probe (Pr) and the conjugate (C) beams are generated from the FWM process in the
first rubidium cell. The second cell delays the probe beam. (b) EPR entanglement disappears for a
delay of about 27 ns. Adapted from [95].

Fig. 10 (a) Experimental setup and double-Λ configuration. (b) Normalized amplitude of the am-
plified seeded pulse and the newly generated conjugate pulse for two different seeded pulse de-
tunings. Adapted from [97].

Fig. 11 Advancement of bright intensity-difference squeezed light. (a) Experimental setup.
(b) Measured delay of the cross-correlation function versus the detuning of the pump beam of
the second FWM process and the observed IDS. Adapted from [98].
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in rubidium cells. The first FWM process generates bright in-
tensity-difference squeezed light, while the second serves as a
fast-light process and enables controllable advancement of a
conjugate beam while keeping the IDS present. The experimen-
tally measured delay of the cross-correlation function versus de-
tuning of the pump beam of the second FWM process relative to
the pump beam of the first process is shown in Fig. 11(b). The
results show that it is possible to advance one of the generated
twin beams and still maintain quantum correlation based on the
fast-light effect of the FWM process.

Furthermore, Clark et al. showed that quantum mutual infor-
mation can also be advanced through the FWM process based
on the fast-light effect[99]. As shown in Fig. 12(a), they used the
first FWM process to generate entangled probe and conjugate
beams and the second process as a fast-light or slow-light
medium by detuning the pump. In this way, they investigated
how dispersion related to FWM gain affects quantum correla-
tion. The quantum mutual information between the generated

twin beams versus relative delay for fast (red curve) and slow
(green curve) light is shown in Fig. 12(b). They found that when
one of the entangled beams passes through the fast-light
medium, the peak of the quantum mutual information can be
advanced, but the arrival of the leading edge cannot be advanced
due to the noise introduced by FWM gain, which degrades
quantum correlation. In addition, the leading and trailing edges
of the mutual information can both be delayed when the second
FWM process serves as a slow-light medium. Their results shed
light on the function of quantum noise in affecting quantum in-
formation transport.

2.2 Quantum Correlation from Phase-Sensitive
Amplifiers

The above reviewed works are on phase-insensitive amplifiers
(PIAs) based on the FWM process in hot atomic ensembles.
Studies of PSAs based on the FWM process are also of impor-
tance due to advantages in quantum manipulation and enhance-
ment in quantum correlation.

2.2.1 Noiseless optical amplifier and single-beam squeezing
from phase-sensitive amplifiers

Using the PSA based on FWM in hot Rb vapor, Corzo et al.
found that the noise figure (NF) of the PSA is always better than
the PIAwith the same gain[100]. In addition, they observe that the
amplifier supports hundreds of spatial modes, making it possible
to noiselessly amplify complicated two-dimensional images for
the first time.

The PSA scheme, inverting the previous double-Λ configu-
ration, is pumped by two strong beams (ν1 and ν2) having
frequencies and directions of the previous probe and conjugate
beams and seeded with a weak beam (νp) having the frequency
and direction of the previous pump beam as shown in Fig. 13(a).
The beams out of two acousto-optic modulators (AOMs) seed-
ing two tapered amplifiers are used to generate strong pump
beams. The performance of the amplifier can be characterized
by the NF, which is defined as the ratio between the SNR of
input and output signals. Using a gain of 3.9, the NFs of an ideal
PIA and PSA are 1.6 and 0.93, respectively. Thus, the PSA is
close to the quantum limit and outperforms an ideal PIA. The
multi-spatial-mode character of this PSA is verified by

Fig. 12 Quantum mutual information of advanced and delayed
entangled states. (a) Experimental setup. (b) Quantum mutual
information versus relative delay for fast (red curve) and slow
(green curve) light. Adapted from [99].

Fig. 13 (a) Experimental details for the FWM-based PSA. TA, tapered amplifier. (b) NF results
versus spatially varying losses when cutting by a slit (red circles), cutting by a razor blade (green
triangles), or attenuating by a neutral density filter (blue squares). (c) MTF of the PSA (MTFPSA)
measured along two directions. Adapted from [100].
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examining the influence of spatially varying losses on the NF, as
shown in Fig. 13(b). The different behaviors of these three meth-
ods exhibit the multimode nature of the PSA. To study the spa-
tial resolution, they also measured the modulation transfer
function (MTF) of the system, as shown in Fig. 13(c). It can
be seen that spatial frequencies as high as 35 lp/mm (line pairs
per millimeter) are supported, showing a spatial bandwidth
product of over 2000.

Based on the above PSA scheme, Corzo et al. also realized
the generation of multi-spatial-mode single-beam quadrature
squeezed light, as shown in Figs. 14(a) and 14(b)[101]. This system
can generate −3.0� 0.3 dB single-beam quadrature squeezing,
as shown in Fig. 14(c). In addition, they also verified the multi-
spatial-mode nature of the generated squeezed beam by studying
the degree of squeezing versus spatially varying loss. Such multi-
spatial-mode noiseless optical amplifier and vacuum squeezing
source could be applied in quantum imaging techniques.

2.2.2 Quantum squeezing enhancement in a two-beam
phase-sensitive amplifier

The PSA can also be used to enhance the level of IDS. In a
recent work, Liu et al. found a different scheme to experimen-
tally enhance two-beam quantum squeezing by utilizing the

interference effect in the PSA based on the FWM process in
hot atomic ensembles[102].

Different from the abovementioned PSA scheme with two
nondegenerate pump beams, the schematic of this PSA is shown
in Fig. 15(a). Weak probe and conjugate beams symmetrically
intersect with a strong pump beam in the 85Rb vapor cell. When
the average input photon numbers of the input fields are much
larger than one, i.e., hN̂a;ini � hN̂b;ini ≫ 1, the IDS of this PSA
can be given by

IDS � 1

�2G − 1� � 4
��������������������
G�G − 1�

p ��
η

p
1�η cosϕ

; (1)

where G is the intensity gain of the PSA, η is the power ratio of
two inputs, and ϕ is the phase of the PSA.

With the same gain, the IDS of the PIA is 1/(2G−1)[83].
Compared with the IDS of the PIA, there is an additional inter-
ference term in the denominator of Eq. (1). When the interfer-
ence term is larger than zero, the IDS between probe and
conjugate beams can be improved.

The detailed experimental layout is shown in Fig. 15(b).
Liu et al. measured the IDS generated by PIA and PSA with
identical experimental conditions, which is shown in Fig. 16.

Fig. 14 (a) The top panel shows the schematic of the PSA. The lower panel shows the double-Λ
configuration in the D1 transition of 85Rb. Here ν1 and ν2 represent the pump beams, and νp rep-
resents the probe beam. (b) Experimental setup. (c) Quadrature squeezing measured by HD.
Adapted from [101].

Fig. 15 (a) Configuration of PSA. â and b̂ are the probe and conjugate beams, respectively. ĉ is
the pump beam. (b) Detailed experimental setup. HWP, half-wave plate; rf, radio frequency;
D1 (D2), photodetector; S, subtractor. Adapted from [102].
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It can be seen that IDS is increased from 8.97� 0.24 dB or
8.76� 0.26 dB to 10.13� 0.21 dB under the same experimen-
tal situation, and successfully exceeds 10 dB. This work pro-
vides an effective method to increase IDS and may have
potential applications in improving the fidelity of QIP.

2.2.3 Phase manipulated two-mode entangled state from a
phase-sensitive amplifier

The CV quantum entangled state is a valuable resource for
quantum optics. The manipulation of the quantum entangled
state is important for QIP. By utilizing a PSA based on the
FWM process, Liu et al. experimentally implemented the phase
manipulation of a quantum entangled state[103], which is shown
in Fig. 17.

By manipulating the phase of the PSA, they obtained two
different quadrature entanglements. As shown in Figs. 17(a)
and 17(b), the amplitude-quadrature-difference and phase-
quadrature-sum entanglement can be obtained by locking
the phase of the PSA at zero. Differently, the amplitude-
quadrature-sum and phase-quadrature-difference entanglement
can be obtained by locking the phase of the PSA at π as shown
in Figs. 17(c) and 17(d). This work is a new method for entan-
glement manipulation and may be applied to quantum commu-
nication and quantum metrology.

2.3 Multi-Beam Quantum Correlation

In Section 2.1 and Section 2.2, we review the generation of two-
beam quantum correlation based on a PIA and a PSA utilizing
the FWM process in hot atomic ensembles, respectively. In ad-
dition, multi-beam quantum correlation is the cornerstone for
constructing quantum networks and finds wide applications
in distributed quantum sensing[130,131] and multi-user quantum
communication, such as quantum secret sharing[132], teleporta-
tion network[52], and controlled dense coding[9]. In this section,
the generation of multi-beam quantum correlation from the
FWM process is described.

Fig. 16 IDS of two-beam PSA process (a), probe-seeded PIA
process (b), conjugate-seeded PIA process (c), and probe-
conjugate-seeded PIA process (d) under the same experimental
situation. The inset of (d) shows the intensity profile of output fields
of probe-conjugate-seeded PIA process. Adapted from [102].

Fig. 17 Experimental results of amplitude-quadrature-difference (a) and phase-quadrature-sum
(b) entanglement; experimental results of amplitude-quadrature-sum (c) and phase-quadrature-
difference (d) entanglement. Adapted from [103].
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2.3.1 Cascaded system

The initial triple quantum correlated beams are generated based
on nonlinear crystal, such as OPO and linear optics[133] or two
cascaded OPOs[134]. Qin et al. extended the cascaded system to
the hot atomic ensemble and generated three quantum correlated
beams[135].

The detailed experimental layout for generating triple quan-
tum correlated beams by cascading two FWM processes is
shown in Fig. 18(a). To verify the strong quantum correlation,
Qin et al. measured the photocurrents of each beam and their
subtractions. The results are shown in Fig. 18(b). They found
that there is squeezing among the three beams, while there is
no squeezing between any two beams, which indicates the
triple quantum correlation generated by the cascaded FWM
process.

To better illustrate the squeezing enhancement of this cas-
caded system, Qin et al. measured the squeezing of twin beams
from a single vapor cell [trace B for cell1 and trace C for cell2 in
Fig. 18(c)] and triple beams from the cascaded configuration
(trace A). Trace D is their corresponding SNL. The ratios of
slopes between curves B/C/A and D give the degrees of the
IDS, 5.5� 0.1 dB, 4.5� 0.1 dB, and 7.0� 0.1 dB, respec-
tively, showing that the squeezing level can be enhanced by this
cascaded system. This scheme is immune to phase instabilities
and has potential applications in the production of multiple
quantum correlated beams.

In the abovementioned cascaded system, with the increase of
the number of generated beams, the number of atomic vapor
cells used will dramatically increase. The FWM process does
not need an optical cavity due to its strong nonlinearity; there-
fore, multiple FWM processes can be spatially multiplexed in an
atomic vapor cell.

Based on the concept of spatial multiplexing[93], Cao et al.
proposed a method to generate quadruple quantum correlated
beams with only two atomic vapor cells[136]. The detailed exper-
imental layout is shown in Fig. 19(a). The generated twin beams
from cell1 are simultaneously seeded into cell2 where they cross
with pump2 at the same angle but in a different plane. Under this
configuration, two new beams are generated synchronously. The
image of the output beams after cell2 is shown in Fig. 19(b).

Subsequently, they measured the quantum noise of the indi-
vidual beams and the quantum noise correlations of multiple
beams, as shown in Fig. 20(a). It can be seen that the IDS
of quadruple quantum-correlated beams is 8.2� 0.2 dB at
0.6 MHz below the SNL, showing a strong quadruple quantum
correlation. Most importantly, Cao et al. show that the quantum
correlation of quadruple beams can be enhanced from the quan-
tum correlation generated in a single atomic vapor cell, as shown
in Fig. 20(b). This work provides a new way to generate multiple
quantum correlated beams with spatial multiplexing, in which the
number of quantum correlated beams can be increased exponen-
tially (2n, where n is the number of atomic vapor cells).

Fig. 18 (a) Experimental layout. (b) Noise powers of beams A–C, and their subtractions D–G. H is
SNL of trace A–G. (c) Enhancement of quantum correlation. Adapted from [135].

Fig. 19 (a) Experimental setup. λ/2, half-wave plate. (b) Image of the output beams. Adapted
from [136].
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2.3.2 Spatially structured pump system

The spatial multiplexing based on cascaded FWM in the pre-
vious subsection shares one pump beam for generating two in-
dependent FWM processes. At the same time, Wang et al.[137],
Zhang et al.[138], Liu et al.[139,140], Swaim et al.[141], and Knutson
et al.[142] also demonstrated the spatially multiplexed FWM pro-
cess in an atomic vapor cell by utilizing a spatially structured
pump. This subsection focuses on generating spatially separated
six, ten, and fourteen quantum correlated beams, as well as four
bright beams in this way.

The experimental setup to generate six quantum correlated
beams by a spatially multiplexed FWM process is shown in
Fig. 21(a). The two pump beams are crossed with an angle
of 11 mrad and form the spatially structured pump, which is
crossed with the seed probe beam in the center of the vapor cell.
Under this configuration, seven FWM processes can be spatially
multiplexed in an atomic vapor cell, accompanied by the gen-
eration of six spatially separated beams. The spatial structure of
output beams and image are shown in Figs. 21(b) and 21(c),
respectively.

The measured quantum correlations of the multiple quantum
beams are shown in Fig. 22. It can be found that there is pairwise
quantum correlation between â1 and â3. In addition, the IDS of
the generated six beams is 4.2� 0.3 dB, indicating that there is
quantum correlation among the generated six beams.

After the demonstration of the intensity-difference quantum
correlation of six beams generated by a single atomic vapor cell,
the question arises as to whether there is entanglement among

them. To explore this, Zhang et al. employed six HDs to get the
fluctuations of amplitude and phase quadratures of the six
beams and constructed their covariance matrix[138]. The experi-
mental layout for generating and detecting of hexapartite entan-
glement is shown in Fig. 23(a). The camera-captured intensity
pattern is shown in Fig. 23(b). They found that the 31 symplec-
tic eigenvalues in cases of different balanced pump powers are
all smaller than one and decrease with the increase of pump
power, showing a clear manifestation of hexapartite entangle-
ment, as shown in Fig. 23(c). Most interestingly, they found that
the entanglement structure characterized by subsystem entan-
glement distribution can be efficiently manipulated by tailoring
the pump power ratio, showing the reconfigurability of the sys-
tem. The results are shown in Fig. 24. This work provides the
possibility to target a desired multipartite entanglement for a
specific quantum information protocol and provides a new plat-
form to generate large-scale spatially separated reconfigurable
multipartite entangled states.

To increase the number of quantum correlated beams from
the spatially multiplexed FWM process, Liu et al. demonstrated
that the number of quantum correlated beams can be increased
by changing the angle between the two pump beams[139]. The
experimental setup to generate 10 quantum correlated beams
is shown in Fig. 25(a). The angle between the two pump beams
is changed to 5.3 mrad. Under this configuration, 10 quantum
correlated beams can be generated. The output beams are
shown in Fig. 25(b). The IDS of the generated 10 beams is
6.7� 0.3 dB at the sideband of 2 MHz as shown in

Fig. 20 (a) Noise power of different beams and their subtraction. (b) Enhancement of quantum
correlation. Adapted from [136].

Fig. 21 (a) Detailed experimental layout. (b) Spatial structure of the output beams. (c) Image of the
output beams. Adapted from [137].
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Fig. 25(c), revealing a strong quantum correlation among the
10 beams.

Will the number of generated beams further increase if the
angle of the two pump beams is further reduced? Liu et al. pro-
posed a method to flexibly change the angle through the
spatial light modulator (SLM)[140]. By changing the holograms
loaded onto the SLM, the angle of the two pump beams can be
adjusted flexibly. The effects of angle, one-photon detuning, and
two-photon detuning on the degrees of IDS and the number of
beams are shown in Figs. 26(a)–26(c), respectively. They found
that 14 quantum correlated beams with an IDS of 6.29 dB can be
achieved when the angle between the two pump beams is
3.6 mrad, one-photon detuning is 0.8 GHz, and two-photon

detuning is 4 MHz. The generated quantum correlated beams
can be increased by shining more pump beams. These spatially
separated quantum correlated beams may find applications in
building a multi-user quantum network and realizing multi-
parameter quantum metrology.

In addition to using a SLM to adjust the angle between two
pump beams, Swaim et al. also proposed a new FWM geometry
with a structured pump, which is generated by using near-field
diffraction through a slit[141]. As shown in Fig. 27(a), the sponta-
neous FWM geometries of the asymmetrically structured pump
and circularly symmetric pump are different. When a rectangu-
lar slit with a width of 530 μm is placed 76 mm in front of the
center of the vapor cell, the experimental and theoretical images

Fig. 22 Measured IDS of the six quantum correlated beams. (a) Noise powers of beams â1 (B), â3

(C), â2 (D), â4 (E), and their SNL (A). (b) Noise powers of subtraction â1 − â3 (B) and their SNL (A).
(c) Noise powers of subtraction â1 − â2 (B) and their SNL (A). (d) Noise powers of subtraction â1 −
â4 (B) and their SNL (A). (e) Noise powers of subtraction â1 − â2 − â3 − â4 (B), â1 − â2 − â3 − â4 �
â5 � â6 (C) and their SNL (A). Adapted from [137].

Fig. 23 (a) Detailed experimental layout for generating hexapartite entanglement; (b) output
beams; (c) 31 symplectic eigenvalues in the cases of different balanced pump powers.
Adapted from [138].
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of the output are shown in Figs. 27(b) and 27(c), respectively.
The six-spot geometry is obtained under this diffracting pump,
whose intensity profiles along the propagation coordinate are
shown in Fig. 27(d). Moreover, the IDS between the probe
(2) and conjugate (5) is measured. The maximum squeezing
is 1.2 dB around 1 MHz, as shown in Fig. 27(e).

With dual-pump FWM processes, Knutson et al. also dem-
onstrated the generation of four bright beams through an un-
seeded multimode FWM process in a hot 85Rb vapor cell[143].
An experimental diagram for generating four bright beams is
shown in Fig. 28(a). Two strong pump beams with a small sep-
aration angle cross at a 25.4 mm long 85Rb vapor cell heated at
145°C. As shown at the top of Fig. 28(b), the FWM cones

generated from individual pumps become four spatially sepa-
rated modes when both pumps exist. Total output power is mini-
mum when the power ratio of two pump beams is near one, as
shown at bottom of Fig. 28(b).

So far, with the spatially structured pump based FWM pro-
cess, the maximum six quantum entangled beams and fourteen
quantum intensity-difference correlated beams have been dem-
onstrated. Another possible way to increase the number of quan-
tum correlated beams is to introduce more complex pump
structures, such as three or more pump beams[137]. With the in-
crease of quantum correlated beams, it is challenging to verify
the entangled properties of these beams since more HDs need to
be employed. At present, a promising way to increase the scale

Fig. 24 Reconfigurable hexapartite entanglement by tailoring the power ratio of the two pump
beams. Adapted from [138].

Fig. 25 (a) Experimental layout; (b) output beams; (c) measurement of 10-beam quantum corre-
lation. Adapted from [139].
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Fig. 26 Effect of the angle between the two pump beams (a), one-photon detuning (b), and two-
photon detuning (c) on the number of quantum correlated beams. Adapted from [140].

Fig. 27 (a) Unseeded, spontaneous FWM geometries for a circularly symmetric pump (left) and
an asymmetrically structured pump (right). (b) Output image of FWM when seeded by a weak
probe beam. (c) Output image in theory. (d) Experimental intensity images of the diffracting pump
along the propagation direction. The theoretical pump profile in the center of the cell is also shown.
(e) Measured IDS between beams 2 and 5. Adapted from [141].

Fig. 28 (a) Experimental diagram. (b) Top: images when the power ratio of PA to PB is changed.
Bottom: total intensity of output light, excluding pump beams, as a function of ratio PB/PA. Adapted
from [143].
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of quantum correlation is using the multiplexing method, which
will be discussed in the next subsection.

2.4 Quantum Correlation between Orbital Angular
Momentum Modes

The OAM of light is potentially useful for the manipulation of
small objects[144], the encoding of information[145], and the trans-
fer of OAM to atoms[146]. In principle, OAM has an infinite num-
ber of modes[147]. All these modes are orthogonal and do not
affect each other. Therefore, OAM has attracted a lot of attention
in recent years. For quantum information, especially in the field
of DV quantum information, OAM has been widely studied, in-
cluding two-photon[15,148] and multi-photon high-dimensional
entanglement[17] based on OAM. In recent years, the applica-
tions of OAM in the field of CV quantum information have also
developed rapidly.

2.4.1 Two-beam quantum correlation between orbital angular
momentum modes

In 2008, Marino et al. introduced OAM to the FWM process
based on atomic vapor and experimentally implemented the in-
tensity-difference-squeezed twin Laguerre–Gauss beams of
light carrying OAM[149]. In addition, they also demonstrated
the delocalized spatial correlations between the twin beams.

Two different scenarios are demonstrated with an OAM
beam serving as a probe or pump beam as shown in Figs. 29(a)
and 29(c), respectively. The IDSs of probe and conjugate
beams in these two scenarios are −6.7 dB and −4.4 dB, respec-
tively. To study the spatial distribution of the intensity correla-
tions, they equally attenuated the beams in several different
ways. In the spirit of the Mandel Q parameter, as mentioned
in Subsection 2.1.3, they plot the quantity Q = (intensity-
difference noise)/SQL−1 versus the fractional transmitted inten-
sity, as shown in Figs. 29(b) and 29(d). The probe beam is

correlated to a limited area of the conjugate beam. The different
behaviors of these four different ways show the multimode
nature of OAM modes. This study enables further progress
in the direction of CV QIP with OAM beams.

2.4.2 Orbital angular momentum multiplexed two-beam
entanglement

Entanglement is a very important quantum resource that can be
used to realize CV QIP. Improving the capacity of CV quantum
entanglement is important for realizing a large-scale quantum
information network. Multiplexing is an important way to im-
prove the information carrying capacity of classical commu-
nication systems. For classical communication, OAM can
greatly improve the data capacity through multiplexing[150–153].
In previous studies[16,21,22,154–173], OAM greatly increased the in-
formation capacity and brought new applications. In this sub-
section, multiplexing and optical OAM are combined and
then applied to CV entangled systems.

Pan et al. proposed and generated high-capacity CV entan-
glement by applying OAM mode multiplexing in the CV
system[29]. The detailed experimental layout is shown in
Fig. 30. In the experiment, Pan et al. used a strong pump beam
to seed into the hot 85Rb vapor cell, leading to the generation of
multiple pairs of LGl;pr and LG−l;conj modes in probe and con-
jugate beams, respectively, where l corresponds to the topologi-
cal charge of the OAM mode.

They measured the covariance matrix of these optical OAM
modes by using the HD technique. The experimental results are
illustrated in Fig. 31. It can be found that 13 pairs of entangled
Laguerre–Gauss modes are simultaneously generated. They also
demonstrated that there is no quantum entanglement between
LGl;pr and LGl;conj (l ≠ 0) modes in the system, showing that
the nonlinear interaction obeys the conservation of OAM. In
addition, the quantum entanglement characteristics of three
different OAM coherent superposition modes are also studied.

Fig. 29 (a) Intensity distribution (upper) and phase interferogram (lower) when OAM beam serves
as probe beam. (b) MandelQ parameter of the intensity difference versus the transmittance as the
two beams are attenuated equally. (c), (d) Similar to (a), (b) as the OAM beam serves as pump
beam. Adapted from [149].
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The results are shown in Fig. 32. Pan et al. applied the concept
of OAM multiplexing to the CV regime and greatly improved
the entanglement capacity of the system. This work provides a
new platform to study CV quantum communication.

2.4.3 Orbital angular momentum multiplexed tripartite entan-
glement

The study in the previous subsection is limited to OAM multi-
plexed bipartite entanglement. Multipartite entanglement[52,174] is
a necessary resource to realize quantum networks[2] and

quantum computation[175]. OAM multiplexing and multipartite
entanglements are combined here for realizing OAM multi-
plexed tripartite entanglement[176].

Li et al. generated OAM multiplexed tripartite entanglement
from a cascaded FWM process. Figure 33 shows the experimen-
tal layout. The measurement method is the same as that in the
previous subsection. The measurement results show that there
are both tripartite entanglement and bipartite entanglement in
the system. As shown in Fig. 34, the cascaded FWM system
can generate nine groups of OAM multiplexed tripartite

Fig. 30 (a) Detailed experimental setup. (b) Double-Λ energy level diagram of 85Rb D1 line tran-
sition. (c) OAM spectrum from the FWM process. (d) Dove prism is used to transfer LG−l,pr to LGl,pr.
Adapted from [29].

Fig. 31 (a) Entanglement test between LGl,pr and LG−l,conj versus topological charge l.
(b) Entanglement test between LGl,pr and LGl,conj versus topological charge l. Trace A is the intensity
gain of probe beam and trace B is the symplectic eigenvalue. Adapted from [29].

Fig. 32 Entanglement meaurement of (a)
����
k

p
LG1;pr �

������������
1 − k

p
LG5;pr, (b) LGl ;pr � LG−l ;pr, and

(c) LG1;pr � e2iθLG−1;pr. Adapted from [29].
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entanglement [shown in Fig. 34(c)] and twenty groups of OAM
multiplexed bipartite entanglement [shown in Fig. 34(d)].

At the same time, they also proved that no tripartite entan-
glement exists between modes LG−l;pr2, LG−l;conj1 and
LG−l;conj2, meaning that OAM conservation in the system is nec-
essary for preparing multipartite entanglement. The experimen-
tal results are shown in Fig. 35(a). Finally, they studied the
tripartite entanglement for coherent OAM superposition
modes. As shown in Figs. 35(b)–35(d), for three different types

of OAM superposition modes, tripartite entanglement
exists.

2.4.4 Large-scale quantum network over 66 orbital angular
momentum optical modes

In the previous subsection, tripartite entanglement is realized by
the cascaded FWM process. However, the complexity of the ex-
perimental layout will increase significantly as the number of
entangled beams increases. Wang et al. innovatively combined

Fig. 33 (a) Detailed experimental setup. (b) Double-Λ energy level diagram. (c) Dove prism is
used to transfer LG−l,pr2 to LGl,pr2. Adapted from [176].

Fig. 34 (a) Witnessing the OAMmultiplexed tripartite entanglement. Traces A and B represent the
gains of cell1 and cell2, respectively. Traces C, D, and E represent three symplectic eigenvalues.
(b) Witnessing the OAM multiplexed bipartite entanglement. Traces F, G, and H represent three
symplectic eigenvalues. Diagram of OAM multiplexed (c) tripartite and (d) bipartite entanglement.
Adapted from [176].

Fig. 35 (a) Measurements of OAM multiplexed tripartite entanglement. (b)–(d) Measurements of
the tripartite entanglement for coherent OAM superposition modes. Adapted from [176].
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spatial pump shaping technology with OAMmultiplexing, and a
large-scale multipartite entanglement over 66 OAM modes was
deterministically generated[177].

The principle of the scheme is illustrated in Fig. 36(a). By
using a pump shaping technique, the number of entangled
beams is increased to six (Subsection 2.3.2). Then, by using
OAM multiplexing, each node of hexapartite entanglement
can possess 11 orthogonal multiplexed channels, resulting in
the production of a large-scale quantum network over 66
OAM modes. The experimental setup is shown in Fig. 36(b).

The increase of topological charge number is limited by the
overlap between six OAM modes of the output light field.
Therefore, they measured the covariance matrix of topological
charge from −5 to 5. The results show that all 31 symplectic
eigenvalues are less than one, which means that 11-OAMmulti-
plexed hexapartite entanglement is generated, as shown in
Fig. 37. In recent years, the integrated quantum optical platform
has exhibited great potential in QIP because of its compact, scal-
able, and stable advantages[178–181]. Therefore, it is possible to
combine this large-scale quantum network scheme with the

Fig. 36 (a) Principle for generating large-scale multipartite entanglement. (b) Detailed experimen-
tal setup. Adapted from [177].

Fig. 37 (a), (b) Measurements of large-scale multipartite entanglement for different topological
charges l. (c), (d) Holograms loaded on the SLM and the six output LG beams. Adapted from [177].
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integrated optical platform for constructing a large-scale on-chip
quantum network.

In addition to the OAM of light, the spatial orthogonal
Hermite–Gaussian mode can also be utilized to enhance the
channel capacity. As discussed in Section 1, the number of en-
tangled modes has been increased with different DOFs of light,
such as time[27,28,60], space[61], and frequency[62–65]. It can be sup-
posed that the scale of entanglement can be further increased by
enhancing both the channel capacity and the number of en-
tangled modes, which is useful for constructing more complex
quantum networks.

3 Applications in Quantum Information
Protocols

Quantum information protocols are devoted to achieving high-
security, high-fidelity, and high-capacity information transmis-
sion and processing methods. Utilizing the optical quantum
states introduced above, several high-capacity and high-fidelity
quantum information protocols are developed as described in
this section. Moreover, the all-optical characteristic of these pro-
tocols affords them great potential to largely enhance the band-
width of QIP.

3.1 Orbital Angular Momentum Multiplexed All-Optical
Quantum Teleportation

Quantum teleportation is one of the most important and attrac-
tive protocols in quantum information. By utilizing this proto-
col, the high-fidelity disembodied transportation of unknown
quantum states can be realized. Since the concept of quantum
teleportation was proposed in 1993[182], it has attracted extensive
attention all over the world, and has made great progress in both
experiment[67,68,154,183–196] and theory[66,197,198]. In recent years, a
series of breakthroughs in long-distance quantum teleportation
has been demonstrated[191–193].

In addition to the transmission distance, the information
transmission capacity is another important index to measure
the performance of quantum teleportation. In classical optical
communication, multiplexing can greatly improve the informa-
tion transmission capacity by combining multiple communica-
tion channels into one channel. Therefore, the development of a
multiplexed quantum teleportation system will greatly improve
its information transmission capacity. In a recent work, Liu et al.
experimentally constructed nine-channel multiplexed all-optical
quantum teleportation (AOQT) by fully utilizing the high-
capacity characteristics of a multiplexed quantum entanglement
source[199]. More importantly, they experimentally demonstrated
the simultaneous teleportation of two independent and orthogo-
nal OAM[147] modes, which ensured the increase of information
transmission capacity[150,200].

The configuration of OAM multiplexed AOQT is shown in
Fig. 38(a). The CVOAMmultiplexed EPR entanglement source
is generated based on an OPA with the gain of G1;l. Then, it is
distributed to Alice and Bob participating in the multiplexed
AOQT. Alice utilizes a high-gain OPA with the gain of G2;l
to amplify the input state âin;l with the help of b̂2;−l (EPR en-
tanglement), and transmits the amplified state âc;l to Bob
through an all-optical channel without measurement. After re-
ceiving the amplified state, to retrieve the input state, Bob uses a
linear BS with a transmission of ε � 1∕G2;l to couple âc;l and
b̂1;l. The retrieved state can be expressed as

âout;l � âin;l �
�����������������
G2;l − 1

p
��������
G2;l

p �b̂†2;−l − b̂1;l�: (2)

When G1;l and G2;l are all much larger than one, the last term
of Eq. (2) will vanish. Under this situation, the output state
equals the input state âin;l, i.e., realizing quantum teleportation.
The corresponding fidelity can be given as

Fig. 38 (a) Configuration of OAM multiplexed AOQT. (b) Detailed experimental setup of OAM
multiplexed AOQT. (c) Fidelity of OAM multiplexed all-optical teleportation (AOT) with different
OAM channels. Adapted from [199].
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F � 1

1 � G2;l−1
G2;l

� ��������
G1;l

p − �����������������
G1;l − 1

p �
2
: (3)

The detailed experimental layout is shown in Fig. 38(b). Liu
et al. experimentally constructed nine quantum teleportation
channels with fidelity surpassing the corresponding classical
limit. The corresponding experimental results are shown in
Fig. 38(c).

To demonstrate that OAM multiplexed AOQT has the advan-
tage of enhancing information transmission capacity, Liu et al.
simultaneously encoded two independent and orthogonal OAM
modes into the input state. Using the OAM multiplexed AOQT
constructed above, the high-fidelity reconstruction of the input
state beyond the classical limit was realized, showing the advan-
tages of this system in improving information capacity. The cor-
responding experimental results are shown in Fig. 39. This work

opens an avenue to the deterministic realization of a multi-chan-
nel parallel quantum communication protocol, and provides a
platform for the construction of a high-capacity all-optical quan-
tum communication network.

3.2 All-Optical Entanglement Swapping

The entanglement swapping protocol is one of the most crucial
protocols in QIP. Because the entanglement swapping protocol
can entangle two particles without direct interaction, it is con-
sidered to be the core unit of a quantum repeater[201]. Since the
entanglement swapping protocol was first proposed in 1993[202],
it has attracted great attention in quantum information
and has achieved remarkable progress in DV and CV
regimes[2,71,156,203–211]. In the CV regime, Bell-state measurement
based on optic-electro and electro-optic conversion is needed to
realize entanglement swapping, which greatly limits the appli-
cation of entanglement swapping in constructing broadband
quantum networks. To address this issue, Liu et al. proposed
and experimentally realized an all-optical entanglement swap-
ping (AOES) protocol without measurement[212]. In this proto-
col, the low-noise OPA based on the FWM process[72,102,199,213]

is utilized to amplify the input state with high gain, avoiding
the use of optic-electro and electro-optic conversion.
Therefore, the function of the Bell-state measurement in the tra-
ditional scheme is realized without measurement.

The detailed experimental layout of AOES is shown in Fig. 40.
In this experiment, first, two sets of FWMprocesses are utilized to
generate two independent quantum entanglement sources (EPR1

and EPR2). Alice (Bob) has one beam of EPR1 (EPR2). Then, the
remaining two beams of the two independent EPR entanglements
are transmitted to Claire through the 4f imaging system. Claire
extracts the quantum information of these two beams through
a high-gain low-noise OPA based on the FWM process, and then
transmits the extracted quantum information to Bob through the
all-optical channel. Finally, by utilizing the linear optical BS, Bob
transfers the received quantum information to the beam he has, so
as to complete AOES. After completion of AOES, two initially
independent fields have the characteristics of quantum entangle-
ment without direct interaction.

The experimental results measured by Liu et al. are shown in
Fig. 41. After completion of AOES, the amplitude-quadrature-
difference (phase-quadrature-sum) variance of the two initially

Fig. 39 (a)–(d) Fidelities of simultaneously teleported OAM
superposition modes âin � âin;l � âin;−l . Adapted from [199].

Fig. 40 Detailed experimental setup of AOES. Adapted from [212].
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independent fields is 0.43� 0.06 dB (0.42� 0.05 dB) below
the corresponding SNL, showing significant quantum entangle-
ment characteristics between these two fields.

To demonstrate the broadband characteristics of AOES in
the experiment, Liu et al. also measured the bandwidth of
AOES. The experimental results showed that the AOES can
be realized within a certain bandwidth range. In addition, they
measured the anti-loss characteristics of the all-optical channel
of AOES, which demonstrated that this scheme can still
complete AOES when the channel loss is as high as
70%. This work provides an all-optical version for the reali-
zation of entanglement swapping and opens an avenue to con-
struct all-optical broadband quantum networks without
measurement.

3.3 Low-Noise Amplification of a Quantum State

A PIA for an optical state is important for realizing quantum
information tasks, in particular, as part of a quantum cloner
to copy a quantum state. Based on the cascaded FWM process,

Pooser et al. experimentally realized a low-noise and phase-in-
sensitive optical amplifier[213].

The experimental scheme of low-noise amplification is
shown in Fig. 42(a). The first cell is used to generate entangled
probe and conjugate beams, while the second cell is used to am-
plify the conjugate beam. A neutral density (ND) filter is used to
attenuate the amplified beam to initial power. Entanglement
measurements of the initial, amplified, and attenuated states
are shown in Fig. 42(b). It can be found that entanglement
has an amplifier gain of 1.8. To further analyze the limit of
the gain, the degree of entanglement versus gain is shown in
Fig. 42(c). Two different entanglement criteria are employed.
One is an inseparable criterion: I � �ΔX̂−�2N � �ΔŶ��2N < 2.
The other is an EPR criterion: Eij � VXijXj

· VYijYj
< 1, where

VX�Y�ijX�Y�j is the condition variance of system i given system j.
The state is inseparable (I < 2) for a gain as large as 2.8.
In particular, under a gain of two followed by 50% attenuation,
it can be seen as a quantum cloner. In contrast, EPR correlations
are maintained up to a gain of 1.2, showing that excess noise is
introduced to the conjugate by the amplifier, thus unbalancing
the variances. Due to multi-spatial modes of correlated

Fig. 41 Experimental results of AOES. Variance of (a) amplitude-quadrature difference and
(b) phase-quadrature sum between â1 and â0

2. (c), (e) are similar to (a) and (d), (f) are similar
to (b) except that the states are EPR1 and EPR2. Adapted from [212].

Fig. 42 (a) Experimental setup of low-noise amplification. (b) Squeezing trace at 1 MHz for quad-
ratures at two different amplifier gains. The left traces show the squeezing level with no amplifi-
cation and no attenuation. The right traces show the squeezing with an amplification of 1.8 and an
attenuation of 56%. (c) E12 and I versus gain. Adapted from [213].
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beams, the amplifier can realize the cloning of quantum
images.

3.4 All-Optical Optimal N-to-M Quantum Cloning

According to the basic laws of quantum mechanics, it is impos-
sible to clone unknown quantum states perfectly[214,215].
Nevertheless, the basic laws of quantum mechanics do not pro-
hibit the incomplete cloning of unknown quantum states, which
makes it possible to perform quantum cloning. Since its propo-
sition in 1996[216], quantum cloning has made much progress in
DVand CV regimes[53,170,217–224]. In quantum cloning, fidelity is a
significant index to measure the performance of quantum clon-
ing. Therefore, how to effectively improve the fidelity of quan-
tum cloning has become a critical issue to be addressed.

In the CV regime, an all-optical optimal N → M quantum
cloning protocol based on a low-noise linear amplifier and optical
BS was proposed theoretically[225,226]. The all-optical optimalN →
M quantum cloning protocol can not only avoid the optic-electro
and electro-optic conversion required in previous CV quantum
cloning, but also significantly improve the fidelity of quantum
cloning. Therefore, it is important to experimentally demonstrate
all-optical optimal N → M quantum cloning. In a recent work,

based on the low-noise amplifier in the previous subsection,
Liu et al.[227] experimentally realized all-optical optimal
N → M quantum cloning of coherent states by using a low-noise
linear amplifier based on the FWM process and optical BS.

The detailed experimental setup is shown in Fig. 43. In the ex-
periment, Liu et al. first prepared N original replicas in quantum
cloning through the state preparation device (composed of a set of
optical BSs). Then, they completed the energy concentration of the
N original replicas through the energy concentration device (com-
posed of a set of optical BSs). A low-noise OPA based on an
FWM process was used to amplify the energy-concentrated state.

To complete the all-optical optimal N → M quantum clon-
ing, the amplified state was equally divided into M clones.
To characterize the performance of the quantum cloning ma-
chine, a series of HDs was used to measure the fidelity, which
is defined as the overlap between the clone and the original rep-
lica. The fidelity of N → M quantum cloning can be given by

F � MN
MN �M − N

: (4)

To demonstrate the ability of all-optical optimal N → M
quantum cloning in improving cloning fidelity, Liu et al. studied

Fig. 43 Detailed experimental setup of all-optical optimal N → M quantum cloning. Adapted from
[227].
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the effects of the original replica number N and the clone num-
berM on fidelity in detail. The experimental results are shown in
Fig. 44. They demonstrated that the fidelity of all-optical opti-
mal N → M quantum cloning increased with the increase of the
original replica number N and decrease of the clone number M.
By changing the original replica number N and the clone num-
berM, the maximum cloning fidelity achieved by them is about
93.3%. This work proves that the fidelity of quantum cloning
can be effectively increased by utilizing all-optical optimal N →
M quantum cloning.

3.5 All-Optical Quantum State Transfer Machine

The quantum information protocol aims to develop high-security,
high-capacity information transmission and processing methods
by utilizing the basic principles of quantum physics[1,2,228]. With
the development of quantum information science, quantum
information protocols with different functions have been pro-
posed and experimentally implemented, such as quantum telepor-
tation[182–199,229,230], QDC[70,231], quantum secret sharing[232], and
quantum cloning[216–224]. The functions realized by these protocols
cannot be realized in classical information systems.

Generally, a quantum information system can execute only
one quantum information protocol. However, the quantum in-
formation task cannot remain unchanged. Therefore, the devel-
opment of a multifunctional platform compatible with diverse
quantum information protocols is important for the practical ap-
plication of QIP. In a recent work, Lou et al.[233] realized a multi-
functional all-optical quantum state transfer machine, which is
composed of a gain adjustable OPA, an optical BS, and an EPR
entanglement source. Such a machine can realize three all-op-
tical quantum information protocols with different functions, in-
cluding the AOQT protocol mentioned in the previous
subsection, the partially disembodied quantum state transfer
(PDQST) protocol, and the all-optical quantum cloning
protocol.

As shown in Fig. 45, in the experiment, Lou et al. con-
structed a multifunctional all-optical quantum state transfer ma-
chine by using an adjustable gain OPA based on the FWM

process, a BS with an adjustable splitting ratio, and quantum
entangled states. When the gain of the OPA is much greater than
one, this machine executes the AOQT protocol. The fidelity of
the output state is

FAOQT ≈
1

1 �
� �����

H
p − �������������

H − 1
p �

2
; (5)

where H is the gain of the FWM process for generating EPR
entangled beams. When the gain of the OPA does not meet
the condition of being much greater than one, this machine ex-
ecutes the PDQST protocol. The fidelity of the corresponding
output state is

F � 1

1 � G−1
G

� �����
H

p − �������������
H − 1

p �
2
; (6)

where G is the tunable gain of the OPA. When the quantum
entangled state is not used, this machine executes the all-optical
quantum cloning protocol. The quantum cloning fidelity can be
given by

Fclone �
G

2G − 1
: (7)

The typical experimental results when G � 2 and G � 16
are shown in Fig. 46. In addition, Lou et al. experimentally
proved the broadband characteristics of the multifunctional
all-optical quantum state transfer, as shown in Figs. 46(c)
and 46(f). It is able to realize quantum state transfer from 1
to 3.8 MHz. More importantly, they proved that under the same
entanglement, compared with the AOQT protocol, the PDQST
protocol can significantly improve the fidelity of quantum state
transfer. As shown in Fig. 46(g), the fidelity of quantum state

Fig. 44 Fidelities of the quantum cloning machine. Adapted from
[227].

Fig. 45 Experimental layout. Adapted from [233].
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transfer is enhanced from 0.62 to 0.80. This work opens the way
for the construction of a multifunctional CV quantum informa-
tion system.

3.6 Orbital Angular Momentum Multiplexed Quantum
Dense Coding

In the field of quantum information science, QDC is one of the
most important protocols, which can double the channel capac-
ity in principle. The QDC protocol was originally proposed and
demonstrated in a DV system[231]. In this protocol, with the help
of previously shared entangled pairs of qubits, the sender can
transmit two bits of classical information to the receiver by
sending only one qubit. Then, QDC was introduced in the
CV system theoretically[234–237] and demonstrated experimentally
using a pair of EPR beams[9,70,238]. Improving the channel capac-
ity of quantum communication protocols has always been im-
portant. To make further progress in enhancing the channel
capacity of QDC, different entanglement sources are utilized

to exceed the channel capacity limit of conventional QDC. In
the DV regime, Hu et al. implemented a superdense coding pro-
tocol by utilizing entangled ququarts, which can surpass the
channel capacity limit of the QDC of entangled qubits[239]. In
the CV regime, Shi et al. used a frequency multiplexed entan-
glement source to implement channel multiplexing quantum
communication[240]. In a recent work, by utilizing OAM multi-
plexed bipartite entanglement (introduced in Section 2.4.2) as
the quantum resource, Chen et al. experimentally implemented
the OAMmultiplexed QDC (MQDC) protocol, which surpasses
the channel capacity of conventional QDC with fixed quantum
resources[241].

The experimental layout is shown in Fig. 47(a). In this ex-
periment, the injected probe beam is coded on LGl mode (or
LGl � LG−l superposition mode) by the SLM. The EPR en-
tangled source is generated by an FWM process in hot atomic
ensembles, which is described in Subsection 2.4.2. After that,
EPR1 is sent to Alice, who modulates classical signals on
the amplitude quadrature and phase quadrature of EPR1 via

Fig. 46 (a)–(f) Experimental results when G = 2 and G = 16. (g) Fidelities versus G for all-optical
quantum state transfer machine. Adapted from [233].

Fig. 47 (a) Experimental layout. OAM multiplexed bipartite entangled beams are utilized to imple-
ment the OAM MQDC protocol. Alice encodes classical signals on EPR1, and Bob decodes the
signals by HDs. (b) Channel capacities of four schemes versus different topological charges l.
Adapted from [241].
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an amplitude modulator (AM) and a phase modulator (PM), re-
spectively. After that, EPR1 is sent to Bob, where the classical
signals are decoded with the help of EPR2 by HDs. When the
pump of the FWM process used for generating an EPR en-
tangled source is blocked, this process with coherent states
can be seen as the classical counterpart of conventional QDC
(or OAM MQDC).

The channel capacity of Gaussian quantum states can be ex-
pressed as[237]

C � 1

2
log2

�
1� S

N

�
; (8)

where S is the power of signal, N is the power of noise (vari-
ance), and the SNR � S∕N. To fairly compare the channel
capacities of four schemes, n (average photon number per band-
width per second) in the channel needs to be fixed. n will be
relevant to modulation power only if the power of modulation
signals is much larger than one. Therefore, in the experiment,
the power of modulation signals for different schemes is kept to
about 21 dB to keep n fixed. To obtain the channel capacities of
four different schemes (coherent state scheme with LGl mode,
coherent state scheme with LGl � LG−l superposition mode,
conventional QDC scheme, and OAM MQDC scheme), the
SNRs of these schemes are acquired by the measured noise
power spectra. The derived channel capacities of these four
schemes are shown in Fig. 47(b).

As can be seen from Fig. 47(b), conventional QDC schemes
slightly improve the channel capacities compared with coherent
state schemes. OAM MQDC schemes show great improvement
on channel capacity. Comparing the OAM MQDC scheme with
the conventional coherent state scheme, a 2.7 dB enhancement
of channel capacity can be observed, which is extremely diffi-
cult to achieve for conventional QDC. To reach such 3 dB level
enhancement of channel capacity with the same quantum re-
source in this experiment, all four Bell states need to be deter-
ministically discriminated for conventional DV QDC, or
ultrahigh level squeezing needs to be generated for conventional
CV QDC, both of which are very challenging in the experiment.
Therefore, the OAM MQDC scheme has a great advantage in
substantially improving the channel capacity for quantum infor-
mation tasks.

In this section, different quantum information protocols are
realized based on the FWM process in hot atomic ensembles.
Based on these quantum information protocols, it is promising
to construct a quantum communication network. In terms of
practical applications, long-distance quantum communication
in optical fiber or free space is necessary[24–26]. Therefore, apply-
ing these quantum information protocols to practical applica-
tions is a future research direction.

4 Applications in Quantum Metrology
Quantum metrology, an important field in quantum infor-
mation, utilizes quantum squeezing to enhance measurement
accuracy[242]. As an important quantum interferometer, the
SU(1,1) interferometer is used in quantum metrology to sur-
pass the classical limit[243]. Such an interferometer can be
implemented by the cascaded FWM process or nonlinear
crystal[244–246]. In this section, different properties of the SU(1,1)
interferometer and its different applications in quantum metrol-
ogy are introduced. The configuration of a truncated SU(1,1)

interferometer is also introduced in this section. In addition, sev-
eral works about quantum plasmonic sensing are introduced in
the last subsection.

4.1 Quantum Enhancement of Phase Sensitivity and
Degree of Entanglement Based on an SU(1,1)
Interferometer

As the basis of metrology, optical interferometers have greatly
contributed to precise phase measurement. Since the invention
of the Michelson interferometer, phase-measurement accuracy
has been largely improved[247]. Nevertheless, the phase sensitiv-
ity of traditional interferometers has a classical limit, which is
called the SNL, 1∕

������
Ns

p
, whereNs is the average photon number

inside the interferometer[114,248].
The interferometer is generally composed of three parts: ini-

tial injection state, hardware structure, and detection scheme.
Each part has a great influence on the performance of the inter-
ferometer. Therefore, based on these three parts, different
schemes are proposed to make the measurement accuracy of
the interferometer exceed the SNL[36,114,115,249–261]. In hardware
structure, the SU(1,1) interferometer is able to be realized by
using OPA to take the place of the BS in a Mach–Zehnder inter-
ferometer (MZI)[243]. Phase sensitivity estimates the uncertainty
of the internal phase of the interferometer and is an important
physical quantity to characterize the performance of the inter-
ferometer. In principle, the phase sensitivity of an SU(1,1) inter-
ferometer can be close to the Heisenberg limit (HL). In recent
years, the phase sensitivity of SU(1,1) interferometers has been
studied theoretically[262–264] and experimentally[127,265]. In a recent
work, Liu et al. experimentally demonstrated the quantum en-
hancement of the phase sensitivity of a bright-seeded SU(1,1)
interferometer by using direct intensity detection[266]. It is this
direct intensity detection that allows them to measure the en-
hancement of phase sensitivity of a bright-seeded SU(1,1) inter-
ferometer in real time.

The schemes of MZI and the SU(1,1) interferometer are
shown in Fig. 48. To compare the phase sensitivity of these
two interferometers, Ns should be equal. The phase sensitivity
of the interferometer can be given by

Δϕ2 � h�ΔÔ�2i
j∂hÔi∕∂ϕj2 ; (9)

where Ô consists of some combination of measurements of the
output fields, and ϕ is the phase of the interferometer.

Fig. 48 Structure of MZI (a) and SU(1,1) interferometer (b).
Adapted from [266].
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In this sense, the sensitivity of MZI is given by
ΔϕMZI � 1∕�j sin ϕj ������

Ns
p �. The corresponding SNL is the min-

imum of ΔϕMZI, i.e., ΔϕSNL � 1∕
������
Ns

p
. Under the same Ns, the

optimal phase sensitivity of the SU(1,1) interferometer can be
expressed as

Δϕc;min �
�����������������
G2 � g2

4G2g2

s
1������
Ns

p ; (10)

where G2 is the intensity gain of the parametric amplifier, and
g2 � G2 − 1. It shows that the optimal phase sensitivity of the
bright-seeded SU(1,1) interferometer is better than the corre-
sponding SNL when G2 > 1.32.

The detailed experimental layout is shown in Fig. 49(a). Liu
et al. demonstrated that the phase sensitivity of a bright-seeded
SU(1,1) interferometer can surpass its corresponding SNL by
1.15� 0.16 dB. The corresponding experimental results are
shown in Fig. 49(b). This work made a major advance in the
real-time quantum enhancement of bright-seeded SU(1,1) inter-
ferometers and may find potential applications in quantum-en-
hanced real-time phase tracking.

The structure of the SU(1,1) interferometer introduced above
is also a cascaded FWM structure, which is a potential method
to enhance the degree of entanglement. Entanglement enhance-
ment has been implemented by a cascaded nondegenerate OPA
system using nonlinear crystals in the cavities[267,268]. Xin et al.
experimentally realized entanglement enhancement using the
cascaded FWM process[269]. The cascaded FWM scheme is
shown in Fig. 50(a).

By controlling the internal phase (ϕ), the noises of joint am-
plitude-quadrature-difference ΔX̂2− and phase-quadrature-sum
ΔŶ2

� of the output fields can be manipulated. When
ϕ � 2 kπ, ΔX̂2− and ΔŶ2

� reach their minima. The typical noise
power results of measured joint quadrature squeezing for cas-
caded FWM and single FWM are shown in Fig. 50(b). The noise
power spectra are measured when the intensity gains of both
FWM processes are 1.9. One can see that the maximal quadra-
ture squeezing for the cascaded FWM scheme is about 6.6 dB
and shows about 2.8 dB squeezing enhancement compared with
the squeezing level generated by single FWM.

To obtain the maximal squeezing of the cascaded FWM
scheme, they changed the intensity gain of the two FWM proc-
esses from 1.1 to 3.1 and made a series of measurements, as

Fig. 49 (a) Detailed experimental setup of MZI and SU(1,1) interferometer. (b) Phase sensitivity of
SU(1,1) interferometer and SNL varying with Ns. Adapted from [266].

Fig. 50 (a) Cascaded FWM scheme. (b) Typical noise power spectra of measured joint quadra-
ture squeezing. Trace i shows the noise power of X̂ − for cascaded FWM processes; trace ii shows
the noise power of X̂ − for single FWM process; trace iii shows the corresponding SNL.
(c) Measured quadrature squeezing versus the intensity gain of FWM processes. Adapted
from [269].
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shown in Fig. 50(c). Entanglement enhancement is observed as
the intensity gain ranges from 1.1 to 3.1. The highest enhance-
ment (3.1 dB) and the maximal quadrature squeezing (6.8 dB)
are obtained with the intensity gain of 2.1. This work shows that
the cascaded FWM scheme has the ability of entanglement en-
hancement.

4.2 Effect of Losses on the Performance of an SU(1,1)
Interferometer

Quantum noise, the inherent property of the quantum system,
plays an important role in quantum metrology. Therefore, con-
trolling and reducing the quantum noise of the system has al-
ways been important. As a valid way to reduce quantum
noise, quantum-noise cancellation (QNC) has been widely stud-
ied in many systems[36,270–272]. QNC was also observed by utiliz-
ing an SU(1,1) interferometer[124,126,273,274]. However, QNC is very
sensitive to the internal losses of a quantum system. Xin et al.
theoretically and experimentally studied how the losses affect
QNC in the output fields of SU(1,1) interferometers[275]. They
found that losses in different arms of the interferometer lead
to a completely different impact on QNC of the output fields,
and in some cases, QNC of the output fields can be almost
insensitive to loss.

The amplitude-quadrature noises of the output fields of
SU(1,1) with vacuum injections can be calculated as hΔX̂2

pi �
hΔX̂2

ci � 1� 2G2g2�1� cos ϕ�, whereG is the amplitude gain
of the FWM process (g2 � G2 − 1), and ϕ is the internal phase
shift. ϕ � π, which is associated with destructive interference,
results in the minimum noises of the output fields. Then, losses
are introduced in different arms of the SU(1,1) interferometer.
The experimental and theoretical results for the effect of losses
on QNC are shown in Fig. 51.

They found that QNC is less sensitive to losses in conditions
of p; p↓ and c; c↓ than in conditions of p; c↓ and c; p↓. p; p↓
(c; c↓) is the loss case in a probe (conjugate) field as attenuation
acts on the probe (conjugate) arm of the SU(1,1) interferometer.
p; c↓ (c; p↓) is the loss case in a probe (conjugate) field when
attenuation acts on the conjugate (probe) arm of the SU(1,1)
interferometer. In the case of c; c↓, QNC is almost insensitive
to loss. The results in this work are promising for potential ap-
plications in quantum metrology.

As mentioned in Subsection 4.1, phase sensitivity is an im-
portant physical quantity for characterizing the performance of
an SU(1,1) interferometer. Such performance will be affected by
the losses of the interferometer. Marino et al. made a compre-
hensive analysis of the effect of losses on the phase sensitivity of
an SU(1,1) interferometer[125]. Analyses of the effect of internal
losses and external losses of SU(1,1) interferometers with direct
detection were both studied in their work.

Although external loss, such as imperfect detection effi-
ciency, can be a problem for the performance of MZI, the
SU(1,1) interferometer is robust against such external
loss[276,277]. However, its phase sensitivity is sensitive to internal
loss. When an SU(1,1) interferometer is injected with two vac-
uum fields or only one coherent input, a small deviation from
ϕ � 0 creates a large decrease in phase sensitivity for the ideal
case, which can be seen in the blue dashed trace in Fig. 52(a).
Therefore, any internal loss of the SU(1,1) interferometer will
make it impossible for phase sensitivity to reach the HL or even
surpass the SQL. When an SU(1,1) interferometer is injected by
two coherent states, the effect of internal loss (1 − η1) on the
phase sensitivity of the SU(1,1) interferometer is shown in
Fig. 52(b). For a small internal loss, the phase uncertainty of
the interferometer can still be close to the HL with a limit range
of ni and can still beat the SQL when the internal loss is ap-
proaching 50%. Their work provides a comprehensive
analysis of the effect of losses on the phase sensitivity of an
SU(1,1) interferometer.

4.3 Truncated SU(1,1) Interferometer

In addition to the above studies of conventional SU(1,1) inter-
ferometers, a variation of an SU(1,1) interferometer with one
nonlinear process is also useful for applications in quantum met-
rology. Such a truncated SU(1,1) interferometer that can be uti-
lized for phase sensing was theoretically studied and
experimentally implemented by Anderson et al.[127].

The configurations of a conventional SU(1,1) interferometer
with four measurement schemes are shown in Fig. 53(a).
Figure 53(b) shows the configuration of a truncated SU(1,1)
interferometer. This interferometer is realized by the replace-
ment of the second nonlinear process of an SU(1,1) interferom-
eter with two HDs. Theoretical predictions for the phase
sensitivities of a conventional SU(1,1) interferometer and a trun-
cated SU(1,1) interferometer versus intensity gain are shown in
Fig. 53(c). These results show that, for a lossless case, the phase
sensitivity of a truncated SU(1,1) interferometer is almost equiv-
alent to the conventional SU(1,1) interferometer with measure-
ment scheme (i) shown in Fig. 53(a)[127,263]. For experimental
implementation of the truncated interferometer, optimal phase
sensing can be obtained when both HDs measure the phase
quadrature of the outputs of the FWM process. To evaluate
phase sensitivity experimentally, they measured the SNR as
shown in Fig. 53(d). Compared with the SNR measured by

Fig. 51 Effect of losses on the QNC of the SU(1,1) interferom-
eter. p,c↓ (c,p↓) is the losses case in probe (conjugate) field when
attenuation acts on the conjugate (probe) arm of the SU(1,1)
interferometer; p,p↓ (c,c↓) is the losses case in probe (conjugate)
field when attenuation acts on the probe (conjugate) arm of the
SU(1,1) interferometer. Adapted from [275].
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the corresponding classical scheme where the nonlinear optical
medium (NLO) is absent (red dashed trace), the SNR of the
truncated SU(1,1) interferometer (blue solid trace) can be in-
creased by 4 dB.

Based on previous work on the truncated SU(1,1) interferom-
eter, Gupta et al. took loss into consideration and theoretically
analyzed the phase sensitivity of a truncated SU(1,1) interferom-
eter with loss[278]. In addition, they theoretically and experi-
mentally studied the optimized measurement for the truncated
SU(1,1) interferometer.

The configuration of the truncated SU(1,1) interferometer’s
considered loss is shown in Fig. 54. The optimal sensitivity can
be obtained with both HDs locked to measure the phase quad-
rature. The joint phase sum quadrature is given by M̂Q �
Ŷp � Ŷc, where Ŷp (Ŷc) is the phase quadrature of the output
probe (conjugate) beam. Different from the measurement of bal-
anced observable M̂Q in previous work, the measurement of
weighted observable M̂λQ � Ŷp � λŶc is able to further

enhance the phase sensitivity in this work. M̂λQ can be obtained
by electronically attenuating the HD’s output in experiment. For
a lossless case, the theoretical noise power of M̂λQ versus the
attenuation factor λ is shown in Fig. 55(a). The noise of M̂λQ
reaches the minimum with an optimal factor λopt, which also
corresponds to optimal phase sensitivity. λopt increases as the
gain increases. For the truncated SU(1,1) interferometer with
propagation loss, λopt can be calculated as λopt �
� �����

ηp
p �����

ηc
p

sinh 2r�∕�1 − ηc � ηc cosh 2r�, where ηc (ηp) is
the transmission of the conjugate (probe) beam. The effect of
the transmission on λopt is shown in Fig. 55(b). Gupta et al. also
implemented the truncated SU(1,1) interferometer experimen-
tally based on FWM and demonstrated a noise reduction of
M̂λQ. The experimental results of the noise power of M̂λQ versus
λ are shown in Fig. 55(c). The experimental results of λopt versus
FWM gain are shown in Fig. 55(d). These results, providing an
optimized homodyne measurement, are promising to further en-
hance the measured phase sensitivity.

Fig. 52 Uncertainty of the phase estimation with internal loss for the SU(1,1) interferometer in-
jected with vacuum fields (a) and coherent fields (b). Trace (i) shows the uncertainty in the lossless
case. Trace (ii) shows the contribution from the internal losses. Trace (iii) shows the uncertainty
with internal losses (1 − η1 = 0.1). Adapted from [125].

Fig. 53 Configurations of conventional SU(1,1) interferometer and truncated SU(1,1) interferom-
eter are shown in (a) and (b), respectively. i, ii, iii, and iv show different measurement schemes for
SU(1,1) interferometer. NLO, nonlinear optical medium; HD, homodyne detector. (c) Theoretical
results of the variance of the phase estimation versus gain in lossless case. (d) Measured SNR for
truncated SU(1,1) interferometer (blue solid trace) and corresponding coherent scheme (red
dashed trace). Adapted from [127].
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4.4 Ultrasensitive Measurement of Microcantilever
Displacement

In addition to improving phase sensitivity, the enhancement of
displacement measurement sensitivity is also an important task
in quantum metrology. An optical beam is widely used as the
readout for displacement measurement in micro-mechanical sen-
sors, nano-mechanical sensors, and force microscopes[279–281].
Displaying quantum-enhanced statistics, squeezed light plays
an important role in enhancing the displacement measurement
sensitivity beyond the SNL[282]. Pooser et al. implemented ultra-
sensitive measurement of microcantilever displacement below the
SNL using a two-mode squeezed state generated by FWM[40]. As
shown in Fig. 56, the squeezed light source is generated by FWM
in a hot Rb vapor cell, and then the probe beam is focused into the
cantilever by a microscope objective. The returned probe beam
and the conjugate beam are sent to a split detector, which can
subtract the noises between the correlated parts of each beam.

The measurement results for ultrasensitive displacement
measurement are shown in Fig. 57. Figure 57(a) shows the

measured SNR versus the displacement amplitude. With about
a 3 dB squeezing level, the SNR is largely improved compared
with the SNR of the coherent state scheme. The noise power for
split detector measurements versus optical power is shown in
Fig. 57(b). The minimum measurable displacement can be cal-
culated by the measured SNR and noise floor, which is shown in
Fig. 57(c). The measured displacement noise is between 2.5 and
2.8 dB below the classical limit. Their work implemented the
microcantilever beam deflection below the classical limit based
on FWM and may find applications in other cantilever devices.

To enhance displacement measurement sensitivity, Pooser
et al. also implemented a quantum-enhanced atomic force
microscopy (AFM) microcantilever utilizing the truncated non-
linear interferometer introduced above[128,283,284].

As shown in Fig. 58, the correlated beams and their corre-
sponding LO beams are generated by the FWM process. Either
the probe beam or its LO beam can be used to implement dis-
placement measurement. Figures 59(a) and 59(b) [Figs. 59(c)
and 59(d)] show the measurement results when the probe beam
(corresponding LO beam) is reflected from the AFM microcan-
tilever. It can be found that the quantum noise is reduced up to
3 dB, shown in Fig. 59(c), which corresponds to a quantum en-
hanced displacement measurement of 1.7 fm∕

������
Hz

p
. Their

scheme is a promising candidate for the implementation of
broadband and high-speed scanning probe microscopy.

4.5 Quantum Plasmonic Sensing

Quantum plasmonics has received more attention because of the
increasing applications in plasmonics from nanoimaging[285] to
subwavelength photonic circuits[286]. The sensitivity for plas-
monic biosensors based on extraordinary optical transmission
(EOT) can be greatly enhanced if squeezed light can be

Fig. 54 Schematic for the truncated SU(1,1) interferometer. λ is
the attenuation factor. Adapted from [278].

Fig. 55 (a) Theoretical noise power of M̂λQ versus the attenuation factor λ at different gains. (b) λopt
versus the intensity gain of FWM process at different optical transmissions (ηc = ηp).
(c) Experimental results of the noise power of M̂λQ versus the attenuation factor λ with an
FWM gain of 1.67 in the case of 79% conjugate transmission and 76% probe transmission.
(d) Experimental results of λopt versus FWM gain. Adapted from [278].

Zhang et al.: Optical quantum states based on hot atomic ensembles and their applications

Photonics Insights R06-31 2022 • Vol. 1(2)



coherently coupled through subwavelength hole arrays[287,288]. In
plasmonic systems, the wave vector independence of localized
surface plasmon (LSP) decay makes LSPs a workbench for
quantum information and quantum nanoimaging[288]. Based
on LSPs, Lawrie et al. demonstrated the transduction of a
squeezed state through EOT media[121].

The experimental layout is shown in Fig. 60(a). The probe
beam passes through an SLM and injected into a Rb vapor cell.
Then, the squeezed light source is generated by the FWM pro-
cess. The probe beam passes through the EOT heterostructure,
and the conjugate beam passes through an ND filter. The

existence of squeezing after EOT is shown in Fig. 60(c), dem-
onstrating that quantum information can be transduced by
LSPs.

For surface plasmon resonance (SPR) sensors[289,290], although
such sensors have high sensitivity because of nanoscale electric-
field confinement, the sensitivity of SPR sensors is still limited
by SNL. As introduced above, it has been demonstrated that
LSPs can coherently transduce squeezed states[121], which shows
the potential of quantum plasmonic sensors for beating the SNL.
In this work, Fan et al. implemented 5 dB sensitivity improve-
ment of SPR sensors utilizing squeezed light sources[118].

As shown in Fig. 61(a), after the squeezed light source is
generated by the FWM process, the probe beam is sent to
the prism coupling system and used as the optical transducer.
The conjugate beam is sent to the balanced photodetector di-
rectly. The measured squeezing level as a function of the reflec-
tivity (incident angle) of the SPR sensor is shown in Fig. 61(b)
[Fig. 61(c)]. The noise floor at higher reflectivity is suppressed
because of quantum squeezing. The noise at lower reflectivity is
increased because of the uncorrelated quantum noise between
the two quantum correlated beams caused by attenuation of
the probe beam. Compared with 6.4 dB absorption depth ob-
tained by using a single coherent light source, 11.4 dB absorp-
tion depth is obtained by using squeezed light, which shows a
5 dB enhancement in the sensitivity of the SPR sensor.

Fig. 56 Setup for ultrasensitive measurement of microcantilever
displacement. Adapted from [40].

Fig. 57 Measurement results for sub-shot-noise microcantilever deflection detection. Adapted
from [40].

Fig. 58 Experimental setup. MC, microcantilever. Adapted from [128].
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Their work experimentally demonstrates the sensitivity en-
hancement of SPR sensors.

Based on the above work, using two-mode squeezed light as
the optical readout for a plasmonic sensor, Pooser et al. increased
the sensitivity compared with the corresponding sensor using co-
herent light[119]. The experimental layout for sub-SNL plasmonic
sensing is shown in Fig. 62(a). A two-mode squeezed light source
is generated by the FWM process. The probe beam goes through
an AOM, which is used to modulate the probe field. Then, the
modulated probe beam is sent to the prism and the refracted beam

is sent to the detector. If there is a change in the concentration of
the analyte, the change of the index of refraction will cause a
resonance shift. Such measurement precision of the angular shift
can be enhanced by using a squeezed light source. Figure 62(b)
shows the height of the modulation peaks. Figure 62(c) shows the
quantum noise reduction for each point. The lower noise floor of
squeezed light leads to a better SNR and better sensitivity. The
index shift of 0.001 can be measured in their work, showing the
ability of a squeezed light source based on the FWM process to
enhance the sensitivity of plasmonic sensors.

Fig. 59 (a) Traces of microcantilever displacement when a weak probe is reflected from the micro-
cantilever. Different lines correspond to different voltages of PZT on the AFM microcantilever.
(b) SNR of the corresponding scheme. (c) Traces of microcantilever displacement when high-
power LO beam is reflected from the microcantilever. (d) SNR of the corresponding scheme.
Adapted from [128].

Fig. 60 (a) Experimental setup for the transduction of a squeezed state through an EOT medium.
ND is a neutral density filter used to balance the classical intensity noise. (b) Scanning electron
microscope image of triangle hole array of LSPs. (c) Measured squeezing levels versus trans-
missions. Adapted from [121].
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Fig. 61 (a) Experimental setup. (b) Measured squeezing versus the reflectivity of the SPR sensor.
(c) Measured squeezing versus the incident angle of the SPR sensor. Black, blue, and red lines
represent squeezing with a refractive index of 1.3, 1.301, and 1.305, respectively. Adapted
from [118].

Fig. 62 (a) Experimental setup. (b) Plasmonic resonance versus relative incidence angle and
refractive index. (c) Quantum noise reduction versus incidence angle and refractive index.
Adapted from [119].
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Fig. 63 (a) Experimental setup. DLP, digital light processor; HJ, hybrid junction for simultaneously
adding and subtracting the two signals. (b) Effect of EOT on spatial images coded on the corre-
lated beams. Normalized noise of the amplitude-quadrature sum (blue trace) and phase-quadra-
ture difference (red trace) of the entangled beams (c) before and (d) after the plasmonic films.
Adapted from [122].

Fig. 64 (a) Experimental setup. (b) Measured power spectra for probing the sensor with coherent
states and twin beams with Δn = 1.6 × 10−7 refractive index unit (RIU). (c) Measured power spectra
with Δn = 8.2 × 10−9 RIU. (d) Normalized power versus the change in refractive index. (e) SNRs
measured by probing the plasmonic sensor with coherent states (i) and with twin beams (ii).
Adapted from [120].
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After research on the interaction between quantum states
of light and LSPs or SPR sensors[117–119,121,291–295], Holtfrerich
et al. demonstrated multi-spatial-mode CV entanglement
transduction through independent plasmonic media[122].
Such an implementation that transfers entanglement from
light to separate plasmons and back to light is a crucial step
towards a CV quantum plasmonic network.

As shown in Fig. 63(a), the probe beam is sent to a digital
light processor (DLP), which can encode the spatial profile of a
probe beam. Then, the probe beam is sent to the vapor cell,
where entangled images are generated by the FWM process.
After that, the images go through two independent plasmonic
structures. The effect of plasmonic structures on the spatial dis-
tribution of entangled images is shown in Fig. 63(b). The bottom
row in Fig. 63(b) shows that the nanostructure does not degrade
images obviously and the spatial information is preserved.
Figure 63(c) [Fig. 63(d)] is the noise power of the joint quad-
rature of entangled beams before (after) the EOT process. The
−1.1 dB squeezing shown in Fig. 63(d) demonstrates that quan-
tum entanglement is preserved by the transfer from photons to
plasmons and back to photons. Their work first demonstrated
the transduction of CV entangled images through plasmonic
structures.

The sensitivity of plasmonic sensors was further enhanced
by ulilizing the quantum state of light by Dowran et al.[120].
Sensitive detection of the air refractive index variation caused
by ultrasonic waves can be extended to practical applications.
As shown in Fig. 64(a), entangled twin beams are generated by
the FWM process. The probe beam is sent to the SPR sensor.
When there is a small change in the local refractive index, the
SPR sensor will exhibit a frequency shift and a change in op-
tical transmission. The plasmonic sensor is placed in a hermeti-
cally sealed chamber to study the response of the sensor.
Modulation of the air refractive index is introduced by an
ultrasonic transducer. The noise reduction properties of
the squeezed light readout lead to a better SNR and better
sensitivity.

The measured noise power of the modulation signal is shown
in Figs. 64(b) and 64(c). For modulation of Δn � 1.6×
10−7 RIU [shown in Fig. 64(b)], a 4 dB enhancement of SNR
can be obtained by using entangled twin beams, providing the
ability to resolve smaller modulations. As shown in Fig. 64(c),
modulation of Δn � 8.2 × 10−9 RIU can be observed only with
entangled twin beams. The measured noise power versus the
change in refractive index is shown in Fig. 64(d). Figure 64(e)
shows the calculated SNR based on the results of Fig. 64(d).
A 56% quantum enhancement is obtained in their results.
This quantum-enhanced plasmonic sensing may have potential
applications in biomedical and chemical detection.

So far, these works are limited to using two-beam quantum
correlation to enhance measurement precision. A future direc-
tion is utilizing multiple-beam and multiplexed quantum corre-
lation generated by the FWM process in hot atomic ensembles
to realize distributed[130,131], multi-parameter[296], and multi-chan-
nel quantum sensing[297].

5 Conclusion
We have reviewed the recent progress on the generation of optical
quantum states based on the FWM process in hot atomic ensem-
bles, including the generation of two-beam quantum correlation,
multi-beam quantum correlation, and OAMmultiplexed quantum
correlation. These results clearly show that the FWM process is a

promising way to generate high-capacity and high-squeezing-de-
gree optical quantum states. More importantly, we have reviewed
the applications of such optical quantum states in the quantum
information protocol and quantum metrology.

In the quantum information protocol, we discussed the im-
plementation of OAM multiplexed AOQT, AOES, low-noise
amplification of quantum states, all-optical optimal N-to-M
quantum cloning, all-optical quantum state transfer machine,
and OAM MQDC. These results demonstrate that the FWM
process in hot atomic ensembles is very useful for implementing
all-optical quantum information protocols, and paves the way
for the construction of multifunctional all-optical quantum in-
formation systems and all-optical broadband quantum networks.

In quantum metrology, we reviewed the applications and
properties of SU(1,1) interferometers and quantum sensing
based on FWM processes, including quantum enhancement
of phase sensitivity, enhancement of entanglement, the effect
of losses on QNC, and quantum plasmonic sensing. These
works show that the SU(1,1) interferometer can achieve more
precise measurement, and may have applications in improving
the sensitivity of various measurement systems. Moreover, these
results show that optical quantum states generated from FWM
processes can be widely used in various quantum sensing tasks.

The FWM process in hot atomic ensembles is still developing
and finding new applications. For instance, the optical quantum
state generated by the FWM process in hot atomic ensembles will
have a larger scale by involving different DOFs, such as time and
frequency. With the increase of the scale of the generated optical
quantum state, the FWM process in hot atomic ensembles can be
used to build complex quantum networks and implement multi-
parameter quantum metrology.
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