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The quantummultimode of correlated fields is essential for future quantum-correlated imaging. Here we investigate
multimode properties theoretically and experimentally for the parametric amplified multiwave mixing process. The
multimode behavior of the signals in our system stems from spatial phase mismatching caused by frequency
resonant linewidth. In the spatial domain, we observe the emission rings with an uneven distribution of photon
intensity in the parametric amplified four-wave mixing process, suggesting different spatial modes. The symmetrical
distribution of spatial spots indicates the spatial correlation between the Stokes and anti-Stokes signals. While in the
frequency domain, the multimode character is reflected as multiple peaks splitting in the signals’ spectrum. A nov-
elty in our experiment, the number of multimodes both in the spatial and frequency domains can be controlled by
dressing lasers by modifying the nonlinear susceptibility. Finally, we extend the multimode properties to the
multiwave mixing process. The results can be applied in quantum imaging. © 2019 Chinese Laser Press
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1. INTRODUCTION

Multimode properties of correlated fields play a significant role in
increasing the information-carrying capacity of future quantum
information processing [1,2] and in improving the resolution
of quantum imaging [3–5]. Generally speaking, two types of pho-
ton modes are distinguished: one is a spatial mode that transverses
to the direction of propagation (cross section and divergence);
the other is a temporal mode that is defined in the direction
of propagation (time and frequency). Multispatial mode effects
in squeezed-light-enhanced interferometric gravitational wave de-
tectors have been researched by Töyrä et al. [6] and localized mul-
tispatial mode quadrature squeezing has been observed by
Embrey et al. [7]. The previous study has shown that many ap-
proaches for the generation of nonclassical multimode light, such
as parametric downconversion in χ�2� nonlinear crystals [4,8], are
particularly suitable for the preparation of multimode photons
because of its large emission bandwidth in the spatial frequency
domain [9]. Another approach is an optical parametric oscillator
operating continuously inside a cavity with degenerate transverse
modes [10]. Different from the above methods, the nondegen-
erate four-wave mixing (FWM) process is another competitive
candidate [11] in rubidium (Rb) vapor, which has no require-
ment for an optical cavity due to the embedded nonlinearity and
spatial separation of the twin output fields [12]. In the absence of
a cavity, no mode selection occurs, and spatially multimode twin
beams can be generated with few optical aberrations. Moreover,
it also could be applied to further multimode configurations such

as cascaded FWM processes or six-wave mixing (SWM) processes
[13], which have a wide application in quantum entangled im-
aging [9] and nonclassical squeezing states [14,15]. In this paper,
we present a deep analysis of multimode spatial and frequency
degrees of freedom in a parametric amplified multiwave mixing
(MWM) process. Dressing lasers are used to modulate the phase-
matching conditions and nonlinear susceptibilities in MWM
processes. In the spatial domain, we observed an inhomogeneous
intensity ring with light spots, and these light spots provide com-
prehensive evidence of different spatial multimodes in our system
of MWM. In the spectral domain, the multimode appears as one
nondegenerate signal peak that is split into multiple peaks by
dressing lasers. Such a splitting process can be attributed to both
internal and external dressing effects. These observed results are
consistent with theoretical simulation.

2. EXPERIMENTAL SETUP AND BASIC THEORY

The experimental setup is displayed in Fig. 1(a) along with the
signal detection scheme. A Rb cell is placed as a primary source
of nonlinear interaction and parametric amplification among
the employed laser beams under the spontaneous parametric
FWM process. The corresponding energy level configuration
is displayed in Fig. 1(b). In a three-energy level Λ-type configu-
ration (in the red dashed frame) involving two hyperfine
ground states of 5S1∕2 [F � 2�j0i� and F � 3�j1i�] and an
excited state 5P3∕2�j2i�, a pumping laser E1 (frequency ω1,
wave vector k1, Rabi frequency G1, vertical polarization) is
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set as 780.237 nm with power up to 100 mW. By applying a
pump beam E1 in the said configuration, a spontaneous para-
metric FWM process happens and generates a pair of Stokes
(ωs) and anti-Stokes (ωas) signals [16]. These two generated
signals are spatially symmetric to the axis of pump beam E1

with an angle of 0.26° [Fig. 1(a)], satisfying the phase-matching
conditions ks � 2k1 − kas and kas � 2k1 − ks. When a weak
probe laser E2 (ωp, kp,Gp, horizontal polarization, 400 μW)
intersects with an E1 laser inside the Rb cell with the same
angle of 0.26° and the same frequency as the Stokes or anti-
Stokes signal (ωp � ωs or ωp � ωas), the E2 laser could be
treated as an injection into the Stokes or anti-Stokes signal
channel; thus the Stokes or anti-Stokes signal could be amplified
and form the parametric-amplified FWM process (PA-FWM).
Next, another laser E3 (ω3, k3,G3, a wavelength of 776 nm,
vertically polarized) connects the energy transition 5P3∕2�j2i�
to 5D5∕2�j3i� and forms an inverted Y-type energy level configu-
ration. With the introduction of E3, the parametric-amplified
six-wave mixing (PA-SWM) process could happen if the lasers
E1,E2, and E3 are satisfying phase matching conditions
ks1 � 2k1 − ks2 − k3 � ks3 and ks2 � 2k1 − ks1 − k3 � ks3.
Similarly, laser E4 (ω4, k4,G4, wavelength of 794. 97 nm, ver-
tically polarized) acts as an external dressing laser for the SWM
process. While in the eight-wave mixing (EWM) process, the
phase-matching condition can be expressed by ks1 � 2k1−
ks2 − k3 � ks3 � k4 − ks4 and ks2 � 2k1 − ks1 − k3 � ks3�
k4 − ks4. It should be clarified that E3 and E4 lasers are treated
as external dressing fields for the FWM process in the following
analysis.

In the signal detection scheme, the Stokes and anti-Stokes
signals generated by the FWM process are separated into two
channels by a beam splitter (BS), and one channel is detected
by an avalanche photodiode (APD) to obtain the spectrum,
while the other channel is connected to a charge-coupled device
(CCD) camera for the spatial images. The CCD camera is moni-
tored by a computer. In the SWM detection process, the detec-
tion angle of S1 and S2 signals is nearly the same as those of
the Stokes and anti-Stokes signals in the FWM process, while
the output direction of the S3 signal is along the z axis, which
cannot be separated from the pumping beam. A similar occasion
happens in EWM configuration: the S3 and S4 signals also

cannot be detected; only S1 and S2 can be detected. We will
improve the experimental scheme in future work.

For generating a nonclassical FWM signal, the pump beam E1

and probe beam E2 are coming from the same Ti:sapphire laser,
and the probe laser frequency is shifted 3 GHz by an acousto-
optic modulator (AOM) and then injected into the probe chan-
nel. They couple with the Λ-type atomic system in a naturally
abundant Rb vapor cell. Then the PA-FWM process happens.
The dressing fields of E3 and E4 are provided by two Toptica
lasers. When E4 (795 nm, 4 mW) is added to E1 (in the same
direction) and E3 (776 nm, 8 mW) counterpropagates with E1,
they establish two electromagnetically induced transparency win-
dows in the system and significantly modify (dress) the original
PA-FWM process. Their frequencies are locked, but phases are
unlocked. Subsequently, the output probe and conjugate beams
are connected to a CCD camera for the spatial images [shown in
Section 3, Figs. 5(a)–5(c)], which are nonclassical signals. It
should be noted that, the phases of E1 and E2 are nonessential,
locked for detecting the spectrum signal. For the intensity differ-
ence squeezing (IDS) measurements, the output probe and con-
jugate beams are detected by two balanced photodetectors; then
the difference of the two detected signals is sent to a radio-
frequency spectrum analyzer with a resolution bandwidth of
300 kHz and a video bandwidth of 10 kHz. The two mode-
squeezing results have been published in Ref. [17].

For the SWM nonclassical experiment process, it occurs
with the four-level “inverted-Y” type configuration. A strong
pumping laser E1 (780 nm) and a weak probe beam E2

(780 nm) are generated from a cw Ti:sapphire laser. The weak
probe beam E2 is applied to an AOM and its frequency shifts; it
propagates in the E1 direction with an angle of 0.5° along the
horizontal plane. Next, another laser E3 (776 nm) is applied to
the system, and its phase is locked with pump beam E1. When
the input beams satisfy the phase-matching condition
2k1 � k3 � ks1 � ks2 � ks3, the SWM process could occur
spontaneously. When the E2 is injected to the S1 signal chan-
nel, the SWM parametric amplified process happens, and the
three output lights S1, S2, and S3 could be generated. The spa-
tial light spots are shown in Section 3, Figs. 6(a)–6(c). In the
future, we will continue to do the three-mode squeezing
experiment.

A. Theoretical Estimation of the Parametric Gain
Process
In order to ensure high chances of amplified output signal de-
tection, a probe laser is injected into the Stokes channel with
the matched frequency. However, in a parametric interaction of
the FWM process, only photons generated in phase-matched
modes lead to amplification. Under the undepleted pump
approximation, the mean number of photons at the output
of the medium can be expressed by [18]

G � �γΓ�2, (1)

where γ can be defined by

γ � g
K

8<
:

g > Δk
2 , K �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 −

�Δk
2

�
2

q
, Γ � sinh�K L�

g < Δk
2 , K �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�Δk
2

�
2 − g2

q
, Γ � sin�K L�

9=
;:

(2)

Fig. 1. (a) Experimental setup. PBS, polarized beam splitter; BS,
beam splitter; M, mirror; APD, avalanche photodiode. (b) Energy dia-
gram; (c) phase-mismatching diagram; (d) emission cone of Stokes.
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The phase mismatch term Δk is given by Δk �
2k1 − ks cos�φs� −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2as − k2s �1 − cos2�φs��

p
, and φs is the angle

between Stokes and the z axis. The Stokes and anti-Stokes
gain factor g is proportional to the nonlinear coupling coeffi-
cients κ, which is also directly proportional to third-order
nonlinear susceptibility χ�3�. The χ�3� can be obtained from
the corresponding density matrix elements as χ�3�s ��
Nμ220μ

2
21ρ

�3�
s
�
∕
�
ε0ℏ3FG1G2Gas

�
and χ�3�as ��

Nμ220μ
2
21ρ

�3�
as
�
∕

�ε0ℏ3FG1G2Gs�, whereN is the density of atoms, ε0 is permit-
tivity, μij is the transition dipole moment between the levels jii
and jji, and Gi � μijE i∕ℏ is the Rabi frequency for the laser E i.

The density matrix elements for Stokes ρ�3�21�s� and anti-Stokes

ρ�3�20�as� can be expressed by Eqs. (3) and (4), respectively. So,
we can make an approximate treatment that the gain is propor-
tional to jρ�3�21�s�j or jρ�3�20�as�j, which can be calculated from the

perturbation chain [19] ρ�0�11!
ω1

ρ�1�21!
ωas

ρ�2�01!
ω1

ρ�3�21�s�

(Stokes) or ρ�0�00!
ω1

ρ�1�20!
ωs

ρ�2�10!
ω1

ρ�3�20�as� (anti-Stokes).

The third-order nonlinear susceptibility of χ�3�s and χ�3�as can
be written as

χ�3�s � Nμ220μ
2
21

ε0ℏ3�Γ21 � iΔ 0
1�D1D2

, (3)

χ�3�as � Nμ220μ
2
21

ε0ℏ3�Γ20 � iΔ1�D 0
1D

0
2

, (4)

where Δ1, Δ 0
1 are pumping laser detuning and defined as Δ1 �

ω20 − ω1, Δ 0
1 � ω21 − ω1, respectively. Δ3 and Δ4 are the fre-

quency detuning of E3 and E4, respectively. D1 � Γ01 � iδ�
G2

4

Γ04�iδ�iΔ4
, D2�Γ21� iδ� iΔ1� G2

4

Γ31�i�δ�Δ1�Δ3�, D 0
1 �

Γ21 � iδ� iΔ1 � G2
4

Γ31�i�δ�Δ1�Δ3�, D 0
2 � Γ20 − iδ� iΔ 0

1�
G2

3

Γ30−i�δ−Δ 0
1−Δ3�, and Gi is defined as laser Rabi frequency. Γij de-

notes the dephasing rates of coherence energy level jii → jji. δ is
the signal fields’ resonance linewidth corresponding to its central
frequency.

Next, we come to the analysis of the gain factor g of the
SWM process, which happens in the inverted Y-type energy
level configuration [Fig. 1(b)], where laser E4 acts as an external
dressing laser connecting energy level j4i → j0i. The system
gain factor g is proportional to the fifth-order density matrix
elements jχ�5�S1

j and jχ�5�S2
j of S1 and S2 signals, respectively,

and can be expressed as

χ�5�S1
� Nμ20μ20μ21μ21μ32μ32

ε0ℏ5�Γ21 � iΔ2��Γ31 � iΔ2 � iΔ3�d 1d 2d 3

, (5)

χ�5�S2
� Nμ20μ20μ21μ21μ32μ32

�Γ20 � iΔ1��Γ30 − iδ1 � iΔ 0
1 � iΔ3�d 0

1d
0
2d

0
3

, (6)

where d 1, d 2, d 3, d 0
1, d 0

2, and d 0
3 can be defined by

d 1 �Γ21� iδ1� iΔ1� G2
1

Γ01�iδ1
, d 2 � Γ21 − iδ2 � iΔ2�

G2
3

Γ31�iΔ2−iδ2�iΔ3
, d 3 � Γ01 � iδ1 � G2

4

Γ41�iδ1�iΔ4
, d 0

1 � Γ20−

iδ1 � iΔ 0
1 − iδ3 � G2

1

Γ00−iδ1−iδ3
, d 0

2 � Γ20 − iδ1 � iΔ 0
1�

G2
1

Γ30−iδ1�iΔ 0
1�iΔ3

, and d 0
3 � Γ10 − iδ1 � G2

4

Γ14−iδ1−iΔ4
, respectively.

B. Frequency Mode Analysis
Based on the third-order nonlinear susceptibility in Eqs. (3)
and (4), we begin with the case of frequency multimode
through FWM. Here only pump beam E1 and probe beam
E2 interact inside the Rb vapor, which forms a PA-FWM pro-
cess. External lasers E3 and E4 are applied to the system as
dressing lasers to modify the nonlinear susceptibility. For the
sake of frequency multimode, the frequency linewidth δ is in-
troduced in calculation of χ�3�, which causes the wave vector k
to change in scale in a spatial degree of freedom as k � ωini∕c;
ni represents the reflective index. ωi is defined as the actual
frequency of Stokes (anti-Stokes), which is assumed as
ωs � ϖs � δ (ωas � ϖas − δ) as per the energy conservation
law in the FWM process; ϖs and ϖas denote the central fre-
quency of Stokes and anti-Stokes signals, respectively. Then the
phase mismatching Δk in the z axis and x axis components can
be expressed by Eqs. (7) and (8), respectively,

Δkz �
1

c
�2ω1n1 −�ϖs�δ�ns cos�φs�−�ϖas −δ�nas cos�φas��,

(7)

Δkx �
1

c
��ϖs�δ�ns sin�φs���ϖas −δ�nas sin�φas��: (8)

The equations show the relationship between Δk and δ.
The frequency linewidth δ locates in the range
ωs�cos�φs� − 1� < δ < ωas �1 − cos�φas��, which determines
the maximum tolerance of phase mismatching. So, getting the
exact values of resonance frequency δ is very important for quan-
titative analysis of phase mismatching. On the other hand, the
resonance position will determine how many frequency modes
can be generated for the Stokes and anti-Stokes signals and
how these modes are correlated with each other and the gener-
ation mechanisms behind the FWMprocesses [20]. By analysis of
the nonlinear susceptibilities in Eqs. (3) and (4), we can get the
exact roots of resonance frequency δ of Stokes and anti-Stokes.
Taking the nonlinear susceptibility of Stokes without the external
dressing effect, for example, and setting the whole denominator of
Eq. (3) equal to zero, we can get two roots δ1 � 0� iΓ01 and
δ2 � Δ1 � iΓ21. The real part of the roots denotes the maxima
of the resonances, whereas the imaginary part denotes the full
width at half-maximum (FWHM) of the resonance peak.
These two resonances correspond to two FWM processes existing
in the system. The first FWM process happens when the Stokes
mode is centered atϖs � 0, and the anti-Stokes mode is centered
atϖas − 0. The second FWMoccurs as the Stokes mode peaks at
ϖs � Δ1, while the anti-Stokes mode peaks atϖas − Δ1. As per
expectation, both the FWMs satisfy the energy conservation
2k1 − ωs − ωas � 0. Further, the simulation of nonlinear sus-
ceptibility of Stokes and anti-Stokes versus δ without external
dressing laser E3 is shown in Figs. 2(a1) and 2(a2), respectively.
The results show that both Stokes and anti-Stokes signals have
two maxima. The modes in Figs. 2(a1) and 2(a2) marked in same
number have correlation performance like that in Ref. [21].
When the external dressing laser E3 is turned on, we can get three
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maxima for Stokes and anti-Stokes signals from the numerical
simulations of frequency resonances δ versus nonlinear suscep-
tibility, shown in Figs. 2(b1) and 2(b2), respectively. The exact

roots of δ are δ � 0, δ � �−Δ3−2Δ2��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

3�4G2
3�4Γ21Γ31

p
2

, and

δ � �−Δ3−2Δ2�−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
3�4G2

3�4Γ21Γ31

p
2 . Furthermore, both the external

dressing lasers E3 and E4 are turned on, and Figs. 2(c1) and 2(c2)
display four resonant peaks of Stokes and anti-Stokes, respectively.
These simulation results suggest more frequency modes in
FWMs caused by the dressing effect.

A similar analysis method is used in the case of the SWM
process, which happens in the inverted Y-type configuration.
Two dependent variables, δ1 and δ2, are introduced into χ�5�,
the nonlinear susceptibility presented in Eqs. (5) and (6). The

exact roots of δ1 and δ2 are δ2� � �Δ3�2Δ2��
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

3�4G2
1�4Γ21Γ31

p
2 ,

δ1� � −Δ1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2
1�4G2

1�Γ21Γ01

p
2 , and δ1� � −Δ4�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

4
�4G2

4
�Γ41Γ01

p
2 ,

respectively. Then the actual frequencies of the S1, S2, and
S3 signals can be expressed by ωS1 � ϖS1 � δ1, ωS2 �
ϖS2 � δ2, and ωS3 � ϖS3 − δ1 − δ2, respectively. Figures 2
(d1) and 2(d2) show the simulation of the SWM nonlinear
susceptibility from Eqs. (5) and (6), respectively. Four resonant
peaks suggest there are four SWM processes coexisting and each
of the resonance splits into two peaks [partial enlargement of
Figs. 2(d1) and 2(d2)] if considering the internal dressing lasers
E1, E3. This splitting process indicates more frequency modes
in the SWM system. The SWM phase mismatchingΔk in the z
axis and x axis components can be expressed by Eqs. (9) and
(10), respectively,

Δkz �
1

c
f2ω1n1 − ω3 − �ϖS1 � δ1�nS1 cos�φS1�

− �ϖS2 � δ2�nS2 cos�φS2�
� �ϖS3 − �δ1 � δ2��nS3 cos�φS2�g, (9)

Δkx � �ϖS1 � δ1�nS1 sin�φS1� − �ϖS2 � δ2�nS2 sin�φS2�
− �ϖS3 − �δ1 � δ2��nS3 sin�φS3�: (10)

Here, we define φS1 , φS2 , and φS3 as the angle between the S1,
S2, and S3, and z axis, respectively. When extending to the
EWM process, four photons are generated by the χ�7� nonlinear

process. Three dependent variables (δ1, δ2, and δ3) are intro-
duced to the χ�7� expression for calculation. We also predict the
number of resonant frequencies in the EWM process. Table 1
lists the number of resonant frequency modes in FWM, single-
dressing FWM (SFWM), double-dressing FWM (DFWM),
SWM, dressing SWM (DSWM), and the EWM process.

C. Spatial Mode Analysis
In this part, we focus on the number of spatial modes theoreti-
cally, which can be expressed by Eq. (11),

N spacial �
PMarea

Spacial mode size
, (11)

where the phase-matching area (PMarea) can be calculated by
the solid angle ΔΩ � πΔΦ2, with ΔΦ being the maximum
internal angle of the signal. The solid angle where fluorescence
attains 44% of its maximum value is given by Eq. (12) [9],

ΔΩ � πΔΦ2 � π
Δk
jk1j

: (12)

From Eq. (12), we can see that the phase mismatching Δk is
related to the solid angle, which plays a crucial role in the num-
ber of spatial modes. So in the following, we present Δk with
detailed analysis. In the FWM process, the simple case is the
perfect phase-matching configuration Δk � 0 (corresponding
to the optimal phase-matching angle), meaning the beams are
completely phase-matched, which leads to the largest efficiency
to generate the FWMs on the phase-matching ring. However,
the number of spatial modes is nearly equal to zero according to
Eqs. (11) and (12). Figure 3(a1) shows the ideal Stokes cone
under a perfect phase-matching condition in the FWM process.
The anti-Stokes cone is nearly overlapped with a Stokes cone,
so it is not being put here. Figure 3(a2) shows the simulation

Fig. 2. Third-order nonlinear susceptibility of Stokes and anti-Stokes signals versus frequency linewidth δ obtained from FWM; (a1), (a2) without
dressing effect; (b1), (b2) with E 3 field single-dressing effect; (c1), (c2) with E3 and E 4 double-dressing effect; (d1), (d2) fifth-order nonlinear
susceptibility versus frequency linewidth δ obtained in SWM, δ1 � δ2 � δ3 � 0.

Table 1. Number of Resonant Frequency Modes
in MWM Process

FWM SFWM DFWM SWM DSWM EWM

S1 2 3 4 2 4 2
S2 2 3 4 4 8 2
S3 – – – 2 2 2
S4 – – – – – 8
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results of parametric amplified Stokes signal, and a very few of
modes are amplified because of the small tolerance of the phase-
matching condition.

Next, we focus on the phase-mismatching case Δk ≠ 0. In
Eqs. (7) and (8), the relaxation of the phase-mismatching con-
dition stems from the FWHM of the Stokes and anti-Stokes
frequency resonance peak, which brings about the spatial
deviation of k both in the x axis and the z axis. The transverse
component (x axis) of Stokes causes the emission cone having a
thickness in a spatial degree of freedom [Fig. 1(d)]. The phase-
mismatching schematic is shown in Fig. 1(c). Figures 3(b1) and
3(b2) show the simulation results of the Stokes and anti-Stokes
signals, respectively, at a certain cross section of the pump axis.
Both signals have two rings that correspond to two central spatial
modes. The ring width represents the maximum tolerance of
mismatching and the generation coefficient decreasing sharply
when deviating from this ring. By considering external dressing
laser E3, three rings emerge for both signals due to dressing en-
ergy level splitting. As expected, when considering the E3 and E4

lasers’ double-dressing effect, both the Stokes and anti-Stokes
signals have four rings, corresponding to the four central spatial
modes [Figs. 3(d1) and 3(d2)]. It indicates dressing lasers will
result in a large possibility of spatial multimode.

Following that, Figs. 4(a1)–4(a3) show the cross section
of S1, S2, and S3 emission cones in SWM, respectively.

Obviously, more rings arise in each signal compared to that in
FWM process, suggesting the potential of SWM carrying more
modes than the FWM process. However, the ring width is nar-
rower compared to that of FWM [Figs. 4(b1)–4(b3)], indicating
the SWMprocess needs a stricter phase-matching condition com-
pared to that of the FWM process. Table 2 lists the number of
central spatial modes for each signal in the MWM process. It
should be noted that the phase-matching configuration of
SWM in our experiment is a specific case: the ks3 is along the
z axis, and it does not have a component in the x axis, so the
S3 signal does not have spatial transverse modes; only S1 and
S2 signals have spatial modes.

As we know, the spatial modes of correlation photons are use-
ful in ghost imaging [22]. According to our experimental geo-
metric scheme in Fig. 1(a), the biphoton image of FWM is
reversed because the transverse momentum of Stokes and
anti-Stokes signals is anticorrelated and satisfies the condition
kxs1 � kxs2 � 0 (kxs1 − kxs2 � 0 scalar). When extending to the
MWM process, the photons’ transverse momentum of SWM
satisfies kxs1 � kxs2 � kxs3 � 0 (kxs1 − kxs2 � kxs3 � 0 scalar).
These correlated triphotons also can be applied in improving the
image information. When S1 photons and S3 photons pass
through the object, and S2 photons pass through the imaging,
it can get a reversed image because the sum momentum of S1
and S3 is anti-correlated with the S2 photons’momentum, while
for the quadphoton of the EWM process, their transverse
momentum satisfies the condition kxs1 � kxs2 � kxs3�
kxs4 � 0 (kxs1 − kxs2 � kxs3 − kxs4 � 0 scalar). It has many im-
aging possibilities. One case is that S1 acts as trigger, with S2 and
S4 photons passing through the object at the same time when S3
photons pass through the image. The image is reversed as the
sum momentum of S2 and S4 is anticorrelated by that of S3.

Briefly, provided that the probe laser E2 is not injected into
the Stokes or anti-Stokes channel, then each pair of correlated
Stokes and anti-Stokes photons could distribute evenly between
the ideal Stokes and anti-Stokes cones. So, at a certain cross
section of the pump axis, the intensity of photons appears
evenly on a circular ring. The larger number of spatial modes
caused by the dressing laser is reflected in the increasing num-
ber of spatial rings. Therefore, it can be proved that the MWM
process will have more potential to generate more spatial mul-
timodes.

3. EXPERIMENTAL RESULTS

After a theoretical detail analysis of multimode, next, we will
emphasize experimental results. When applying an injecting
laser to a system, the intensities of signals are amplified with
multiples of gain, which provides a better chance for detection.
However, the spatial multimode distribution is unaffected.

Fig. 3. (a1) In FWM process, the emission cone of Stokes signal;
(a2) parametric amplified Stokes signal. The cross section of Stokes
and anti-Stokes signals in FWM: (b1), (b2) without E3 laser dressing;
(c1), (c2) with E 3 laser dressing; (d1), (d2) with E 3 and E4 lasers’
double dressing.

Fig. 4. (a1)–(a3) Cross sections of S1, S2, and S3 signals cone in
SWM with E 3 and E4 lasers’ dressing; (b1)–(b3) partial enlargements
of (a1), (a2), and (a3), respectively.

Table 2. Number of Central Spatial Modes for Each
Signal in MWM Process

FWM SFWM DFWM SWM DSWM EWM

S1 2 3 4 2 4 2
S2 2 3 4 4 8 2
S3 – – – 2 2 2
S4 – – – – – 8

1458 Vol. 7, No. 12 / December 2019 / Photonics Research Research Article



In the PA-FWM process, the probe field E2 is injected into
the Stokes channel when its frequency detuning Δ2 is set at
Δ2 � Δs, where Δs is defined as the frequency detuning of
the Stokes signal. Figures 5(a1)–5(a6) show the evolution of
spatial images versus pumping laser frequency detuning Δ1

from −500 to 500 MHz. The shape of the anti-Stokes spatial
images shows a ring around the pump beam direction and ex-
hibits intensity inhomogeneity. First, at Δ1 � −500 MHz, the
light intensity in the rings has few bright spots; later, more spots
appear subsequently as Δ1 approaches resonance. These spots
gradually become weak and disappear as the laser’s detuning is
getting away from resonance. The different response of these spots
number toΔ1 suggests different spatial modes. So instead of using
a noise figure (NF) [23], we prove spatial multimode by carefully
analyzing the details of light spot images. The Stokes signal is not
put here because it nearly overlaps with the anti-Stokes signal.
Moreover, the ring approaches integrity with the medium temper-
ature increasing, shown in Figs. 5(a)–5(c). In addition, the light
spots are symmetrically distributed, indicating the spatial correla-
tion of Stokes and anti-Stokes signals, which are outlined by the
red dashed circle in Figs. 5(b3) and 4(b4).

Next, we begin spectral analysis of multimode in the PA-
FWM process. Figure 5(d1) shows the intensity change of the

anti-Stokes signal versus the spot radius of the pumping laser.
The anti-Stokes signal splits into two peaks because of the en-
ergy level splitting (j2i 5P2∕3) induced by intensive pump
fields, which is the so-called Autler–Townes splitting [24].
Multiple split peaks are direct evidence of multimode in the
frequency domain. Specifically, when the external laser E3 is
applied to the system, the dressing anti-Stokes signal exhibits
a suppression dip [25] by scanning the dressing laser’s detuning
[Fig. 5(d2)]. In the theory part above, we simulated the anti-
Stokes and Stokes optical response versus the frequency line-
width δ. In Fig. 2(b2), the anti-Stokes signal has two maxima
under the influence of internal dressing; then one of these two
maxima further splits into two maxima under the influence of
an introduced external dressing laser. The experimental results
in Fig. 5(d1) fit perfectly with our theoretical prediction.

After the discussion about multimode in PA-FWM, in
Fig. 6, we study the spatial and frequency multimode of the
PA-SWM process. In our experimental configuration, the out-
put direction of S3 is along the z axis according to the phase-
matching condition ks1 � 2k1 − ks2 − k3 � ks3, which cannot
be separated from the pumping beam. So, only S1 and S2
signals can be detected here. In the future, we will improve
the experimental scheme. When the probe beam is injected

Fig. 5. In PA-FWM process, evolutions of the generated anti-Stokes signals’ spatial images captured by discretely modifying pumping frequency
detuning Δ1. (a1)–(a6) Rb temperature is 55°C; (b1)–(b6) Rb temperature is 70°C; (c1)–(c6) Rb temperature is 85°C; (d1) frequency spectrum of
anti-Stokes versus pumping frequency detuning Δ1 at different diameters D of pump beam E1; (d2) frequency spectrum of anti-Stokes versus
external dressing laser E 3 frequency detuning Δ3 at discrete Δ1.

Fig. 6. In PA-SWM process, evolutions of the generated S1 signal spatial image captured by discretely modifying pumping frequency detuning
Δ1. (a1)–(a6) Rb temperature is set to 60°C; (b1)–(b6) Rb temperature is set to 80°C; (c1)–(c6) Rb temperature is set to 100°C; (d1) frequency
spectrum of anti-Stokes versus pumping frequency detuning Δ1 at discrete E4 frequency detuning; (d2) frequency spectrum of anti-Stokes versus
laser E3 frequency detuning Δ3 at discrete E4 frequency detuning.
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into the S2 photons channel, as expected, the photons of S1 are
amplified. The shapes of S1 spatial spot images also show a ring
centered on the pump beam direction, and these spots tend
to form an integral ring with increasing Rb temperature
[Figs. 6(a)–6(c)], indicating more spatial modes emerging in
the system. Interestingly, the intensity of light spots slightly de-
creases at a certain pumping frequency (Δ1 � −100 MHz);
then, its intensity increases with the pumping frequency in-
creasing, which is caused by electromagnetically induced ab-
sorption (EIA) [26]. This phenomenon is consistent with its
spectrum intensity evolutions in the frequency domain, shown
by the dashed line in Fig. 6(d1). To further confirm the fre-
quency multimode in the PA-SWM process, an external dress-
ing laser E4 (795 nm) is induced to the inverted Y-type
configuration. Figure 6(d2) shows pure dressed S1 signals
versus dressing laser E4 frequency detuning at discrete E3 fre-
quency values. At first sight, the spectrum of S1 signals shows
half dip and half peak, which is consistent with our group’s
previous theoretical results of dressing suppression and en-
hancement conditions [27]. In detail, the S1 further splits into
three or more peaks, indicating frequency multimode, which is
consistent with the theoretical prediction. Experimentally, the
multimode phenomena of SWM are now obvious in both the
spatial and spectral domains.

4. CONCLUSION

In conclusion, we have presented a theoretical and experimental
study of multimode properties in both frequency and spatial
domains by the dressing MWM process. In the spatial domain,
multimode behavior is visually demonstrated from the images
of the photon fields directly, while in the frequency domain, the
anti-Stokes signal spectrum exhibits multi-peaks, indicating the
existence of frequency multimode. Dressing laser beams are
used to modify the nonlinear susceptibility and then alter
the phase-matching condition in the MWM process, thereby
increasing the spatial modes and frequency modes. These re-
sults will have important applications in quantum imaging.
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