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We report the experimental observations of the second- and third-order hybrid intensity noise cor-

relation and intensity difference squeezing among two different multi-order nonlinear fluorescence

(FL) and two FL signals as well as one of pair of phase conjugate four-wave mixing in a

Pr3þ:Y2SiO5 crystal, respectively. The degrees of the correlation and squeezing as well as the

sharp and broad peaks are studied by changing the polarization of laser fields and gate position in

K-type three-level systems. We observed the multi-channel hybrid intensities’ correlation among

the composite and coexisting signals, which turn out to be positive and negative for the cases with-

out and with Autler-Town splitting of FL, respectively. A wide broad peak and a high sharp peak are

observed with respect to the degrees of correlation and polarization state controlled by wave plates.

Such results may find potential applications in optical transistor and optical hybrid communications.

Published by AIP Publishing. https://doi.org/10.1063/1.4998655

I. INTRODUCTION

In the last decade, quantum coherence excitation and

coherence transferring in atomic gases have been studied

extensively. These processes lead to many important physi-

cal phenomena, such as electromagnetically induced trans-

parency (EIT),1 four-wave mixing (FWM), six-wave mixing

(SWM),2–5 and so forth. Compared to atomic gases, solid

materials, especially the rare earth ion doped inorganic crys-

tals, can have more advantages for practical applications. To

be specific, controllable erasing of optically stored informa-

tion,6 all-optical routing based on optical storage,7 optical

velocity reduction and reversible storage of double light

pulses,8 and stimulated Raman adiabatic passage9 have been

realized with such crystals.

Also, the correlated bi-photons are produced from the

spontaneous parametric FWM (SP-FWM) in the Pr3þ:Y2SiO5

crystal.10,11 A hybrid entanglement has been demonstrated

using quantum mechanical single photon state and classical

coherent state for efficient quantum information processing

using the hybrid state as a new type of qubit.12 Recently, we

have experimentally generated the correlated light beams in

the Pr3þ:Y2SiO5 crystal.13 Furthermore, when multi-Zeeman

energy levels are involved, effects of the polarization of the

incident beam should be taken into account. Even though the

absorption and fluorescence (FL) spectra with different polar-

izations of probe and pump beams have been studied theoreti-

cally and experimentally,14,15 it is necessary to do further

study to realize the practical applications of the time-delayed

polarizing FL.

In this paper, we observed coexistence of multi-signals

(FL and SP-FWM) in the system, and the second-order cor-

relation and squeezing between two different multi-order

nonlinear FL, two FL signals as well as one of pair of the

phase conjugate FWM (PC-FWM), and the third-order corre-

lation and squeezing of among two FL signals and an SP-

FWM signal. The switching of correlation is achieved with

the assistance of Autler-Town (AT) splitting of FL, which

can be controlled by changing boxcar gate position and

polarization of incident lights. Further, the lineshapes of cor-

relation and intensity difference squeezing are investigated

under different polarization, which is modified by wave

plates. Further, the intensity of the FL and the degree of the

squeezing can be effectively modulated by changing the

polarization of the pumping field with a quarter wave plate

(QWP). Such an approach may provide the foundation for

the development of photonic quantum devices.

II. EXPERIMENTAL SCHEME

The sample used in the current experiment is 0.05%

rare-earth Pr3þ doped Y2SiO5 (Pr:YSO) crystal, which is

held at 77 K in a cryostat (CFM-102). Figure 1(a1) shows the

energy level diagram chosen in this experiment. The Pr3þ

impurity ions occupy two nonequivalent cation sites [Pr3þ(I)

and Pr3þ(II)] in the YSO crystal. The stark level d0 and d1 of

the ground-state 3H4 and the lowest stark level c0 of excited-

state 1D2 for Pr3þ (I) are selected to couple with each other.

The K-type three-level system for Pr3þ(I) is configured as

[j0i(d0)$j2i(c0)$j1i(d1)].

The laser field E1 (or E2) can be used to generate SP-

FWM in a “double-K-type” subsystem as shown in Fig.

1(a2), which is composed of j0i$j2i or j1i$j2i, determined

a)Author to whom correspondence should be addressed: ypzhang@mail.xjtu.

edu.cn
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by the field Ei (i¼ 1,2). Figure 1(b) shows the schematic dia-

gram of the experimental arrangement. Two tunable dye

lasers (narrow scan with a 0.04 cm�1 linewidth) pumped by

an injection locked single-mode Nd:YAG laser (Continuum

Powerlite DLS 9010, 10 Hz repetition rate, 5 ns pulse width)

are used to generate the pumping fields E1 (x1, D1) and E2

(x2, D2) with the frequency detuning of Di¼xmn – xi (i¼ 1

and 2), respectively, where xmn denotes the corresponding

atomic transition frequency and xi is the laser frequency.

Field E1 drives the transition j0i$j2i, and E2 couples the

transitionj1i$j2i.
The strong beam E1 and weak beam E2 counter-propagate

through the YSO crystal, and the generated forward Ec
S and

backward Ec
aS satisfy the phase-matching condition (PMC)

k1þk2¼kc
Sþkc

aS. Thus, PC-FWM can be generated, and the

corresponding Stokes (Ec
S) and anti-Stokes (Ec

aS) signals can

be described by the perturbation chains qð0Þ00 �!
x1 qð1Þ20 �!

xaS qð2Þ10

�!x1 qð3Þ
20ðSÞ, qð0Þ11 �!

x2 qð1Þ21 �!
xS qð2Þ01 �!

x1 qð3Þ
21ðaSÞ, while their corre-

sponding third-order nonlinear density matrix elements of Ec
S

and Ec
aS are given as

qð3Þ
20ðSÞ ¼ �iG2GaSG1=ðd2

20d10Þ; (1)

qð3Þ
21ðaSÞ ¼ �iG1GSG2=ðd2

21d01Þ; (2)

where d20 ¼ C20 þ iD1, d10 ¼ C10 þ iðD1 � D2Þ, d21 ¼ C21

þ iD2, and d01 ¼ C01 þ iðD2 � D1Þ, Gi ¼ liEi=�h is the Rabi

frequency of the field Ei (i¼ 1, 2).

One can obtain SP-FWM generated by E1 or E2 in a similar

“double-K-type” subsystem as shown in Fig. 1(a2), which satis-

fies the phase-matching condition 2ki ¼ kS
Si þ kS

aSi (i¼ 1,2),

respectively. Taking the dressing effect of E1 into account, we

can obtain SP-FWM Es
S1 and Es

aS1 (or Es
S2 and Es

aS2) via

perturbation chains qð0Þ11 �!
Ei qð1Þ21 �!

ðEaSiÞ
qð2Þ01 �!

Ei qð3Þ
21ðSiÞ and

qð0Þ00 �!
Ei qð1Þ20 �!

ðESiÞ
qð2Þ21 �!

Ei qð3Þ
20ðaSiÞ, respectively. Similarly, the

respective density matrix elements can also be written as

qð3Þ
21ðS1Þ ¼ �iGaS1 � G2

1= ðd21 þ G2
1=C00Þd001d021

� �
; (3)

qð3Þ
20ðaS1Þ ¼ �iGS1 � G2

1= ðd20 þ jG2
1j=C00Þd10d020

� �
; (4)

qð3Þ
21ðS2Þ ¼ �iGaS2 � G2

2=ðd21d010d021Þ; (5)

qð3Þ
20ðaS2Þ ¼ �iGS2 � G2

2=ðd20d10d020Þ; (6)

where d21 ¼ C21 þ iD0i, d001 ¼ C01 � id, d021 ¼ C21

þiðDi � dÞ, d20 ¼ C20 þ iDi, d10 ¼ C10 þ id, d020 ¼ C20

þiðDi þ dÞ(i¼ 1 or 2), and the quantity d is the width

between j0i and j1i as depicted in Fig. 1(a2).

The FL signal is simultaneously generated with output

Stokes and anti-Stokes from SP-FWM. Similarly, the inten-

sity of FL is proportional to the diagonal density matrix ele-

ments, via a Liouville pathway qð0Þ00 �!
x1 qð1Þ20 �!

x�
1 qð2Þ

22ðE1Þ. We

get FL1 from field E1, hence, taking the self-dressing effect

of E1, the density matrix element for FL1 can be written as

qð2ÞFL1 ¼ qð2Þ
22ðE1Þ ¼ �G2

1=½ðd20 þ jG1j2=C00ÞC22�: (7)

Further, with the presence of E2, we get the FL2 with split-

ting due to the dressing effect of E1, whose density matrix

can be written as

qð2ÞFL2 ¼ qð2Þ
22ðE2Þ ¼ �G2

2=½ðd21 þ jG1j2=d01ÞC22�: (8)

In addition, when the polarization of E1 is changed by a half

wave plate (HWP),16 the Rabi frequency jG1j2 in Eqs. (3),

(4), (7), and (8) can be replaced by c2
x jG1j2 cos22h for

FIG. 1. (a1) The K-type three-level

system in Pr:YSO and the correspond-

ing phase-matching condition. (a2)

The double-K type configuration and

the width of the ground state represent

the broadened degenerate state. (b)

Experimental setup. PMT: photomulti-

plier tube; PBS, polarization beam

splitter; WP, wave plate; and L, lens.

(c) The model of transistor amplifier.

163105-2 Li et al. J. Appl. Phys. 122, 163105 (2017)



horizontal components and c2
y jG1j2 sin22h for vertical com-

ponents, respectively. cx,y is the anisotropic factor in differ-

ent directions of the crystal.

When a QWP is used to change the polarization state of

E1, we assume the P-polarization direction (along an optic

axis of the crystal) to be the quantization axis, so the compo-

nent perpendicular to it (S-polarization) is decomposed into

balanced left- and right-circularly polarized parts, while the

component parallel to it (P-polarization) remains to be line-

arly polarized. So, the Rabi frequency jG1j2 in Eqs. (3), (4),

(7), and (8) is replaced by C2
g;linð cos4hþ sin4hÞjG1j2 and

C2
g;cirð2 cos2h sin2hÞjG1j2, respectively; here Cg;lin and Cg;cir

are Clebsch-Gordan (CG) coefficients for linear and circular

polarization, respectively.17 h is the rotated angle between

the QWP’s axis and the P-polarization direction.

In this experiment, the detector is placed at the proper

distance from the sample to collect coexisting FL and SP-

FWM signals, which is different from the previous

work.13,21 Consequently, the outputs of the photomultiplier

tubes (PMTs) contain different signals, and we can write

their intensities for calculating the correlation function. In

PMT1, two signals are summed as a non-classical composite

signal, which is composed of ES
S2 and Ec

aS. We label this

coexistence signal as Ci (NCS). Similarly, the PMT2 detects

two signals ES
S1 and FL2 (with AT-splitting FL), and they are

quoted as the Ck signal (HSWAT). PMT3 detects ES
aS2 and

FL1 (without AT-splitting FL). We label this coexistence sig-

nal as the Cj signal (HSAT). The fluctuations of correspond-

ing intensity of coexistence signal in three PMTs are dIi, dIk,

and dIj, respectively.

III. RESULTS AND DISCUSSIONS

Figures 2(a1)–2(a3) show the intensities of coexisting sig-

nals with AT-splitting (HSWAT) Ck, coexistence signal with-

out AT-splitting (HSAT) Cj, and nonclassical composite signal

(NCS) Ci in the time domain, respectively. The Ck is detected

by PMT2 as shown in Fig. 2(a1), which is composed of FL2

(qð2ÞFL2) with AT-splitting produced, and SP-FWM (ES
S1). Two

signals (qð2ÞFL2 þ ES
S1). are contained in Ck. Similarly, another Cj

is detected by PMT3 as shown in Fig. 2(a2), which is composed

of FL1 (qð2ÞFL1) without AT-splitting, and SP-FWM (ES
aS2). These

two signals (qð2ÞFL1 þ ES
aS2) are contained in HSAT. Ci detected

by PMT1 is shown in Fig. 2(a3), which is composed of anti-

Stokes of PC-FWM (Ec
aS) and SP-FWM (ES

S2). The strongest

intensities of Cj, Ci, and Ck are 1.2 lW [Fig. 2(b1)], 30 nW

[Fig. 2(c1)], and 260 nW [Fig. 2(d1)], respectively.

In Fig. 2(a), t1–t5 labels the different gate positions of

boxcar. Figure 2(b) shows the spectral intensity of Ck corre-

sponding to the different time positions, with the frequency

detuning of the generating field E1 scanned. Here curves

2(b1–b5) correspond to the gate position labeled as (t1–t5),

respectively. One can see the intensity of Ck signal decreases

as the boxcar integrator gate delays. The reason is that the

population decreases as the boxcar integrator gate moves

backward along the time axis, which leads to a decrease in

the intensity of the SP-FWM signal and FL1. We can see that

the external dressing field E2 is very week (E2 at the

minimum, P2¼ 1mW), and the dressed effect of E2 can be

neglected, so there is no AT-splitting in HSAT. Therefore,

such phenomena can be used for realizing an all-optical tran-

sistor amplifier with a gain factor of nearly 5. Figure 2(c)

also shows NCS (Ci) in the same fashion corresponding to

different time positions in Fig. 2(a3). One can see that the

intensities of SP-FWM and PC-FWM decrease with Ci.

Figure 2(d) shows Cj in the frequency domain and each

curve corresponds to the different time positions with strong

external dressing effect of E1. In Fig. 2(d), peak in the fre-

quency domain is suppressed by the dressing effect of E1

[the dressed term jG1j2=d01 in Eq. (8)]. After that, the dress-

ing effect decreases as the boxcar integrator gate delays. As

the dressing effect gets less dominant, the dip is converted to

original peak as shown in Fig. 2(d5).

Figure 3(a) shows the hybrid correlation between NCS

(Ci) and HSAT (Cj) at different time positions. Each correla-

tion curve [from Fig. 3(a1–a5)] is taken in accordance with

boxcar gate position t1 to t5, respectively. One can notice

that there exists a strong correlation at zero delay stage. With

the boxcar integrator gate delayed, the magnitudes of the

correlation peak (Gð2Þð0Þ) decreases with intensities of SP-

FWM and FL1 in both NCS [ES
S2 þ EC

aS(Ci)] and HSAT

[qð2ÞFL1 þ ES
aS2(Cj)] as shown in Figs. 2(c) and 2(b), respec-

tively. The decrease in total amplitude correlation depen-

dence is shown as the triangles in Fig. 3(A). Theoretically,

the degree of correlation depends on the intensity of signals

in Eq. (A4) in the Appendix. Moreover, the values of the cor-

relation are positive for Ci and Cj signals. The switching phe-

nomena of correlation to anti-correlation can be used to

construct a model for an optical transistor switch. Figure 3(c)

FIG. 2. (a1)–(a3) show coexisting signals with AT-splitting, coexisting sig-

nals without AT-splitting and nonclassical composite signal (PC-FWMþSP-

FWM), respectively, in time domain. (b) and (c) The corresponding intensities

of (a2) and (a3), while (d) shows the corresponding intensity of (a1), subjected

to constant circular polarization of E1 using QWP. x-axis in (b)–(d) shows the

corresponding timing positions mentioned in (a), while their signals are in the

frequency domain. P1 ¼ 9 mW and P2 ¼ 1 mW. Every figure is normalized

based on the strongest signal.
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shows the hybrid correlations between NCS (Ci) and

HSWAT(Ck). Likewise Fig. 3(a), the hybrid correlation at

zero delay stage is strong and decreases with the boxcar inte-

grator gate delay as shown in the total amplitude correlation

(the triangle points) dependence in Fig. 3(C), while the cor-

relation amplitude is negative. This phenomenon can be well

understood by looking at splitting of FL2 in HSWAT (Ck)

shown in Figs. 2(d) and 2(a1). At different positions of box-

car gate, the pulse distribution in Fig. 2(a1) has different

intensities, whose intensities in the frequency domain are

shown in Fig. 2(d). From (t1–t4), FL2 in Ck [Fig. 2(d)] shows

splitting of a peak into a dip. Due to this splitting, the initial

phase of FL2 has been changed due to dressing effect

uFL2 ¼ 2ðjE1j2nFL
2 Þfe�r2

z=n1, while the phase of ES
S1 is not

changed because field E2 is weak. The values of hybrid cor-

relation are negative on all positions except the last one (t5);

this is because the dressing effect is very weak at position t5.

This phenomenon can also be understood by looking at Figs.

2(b5) and 2(d5), where the intensity of the both signals is

small but has the same initial phase, which results in the pos-

itive correlation as shown in Fig. 3(c5). Similarly, Fig. 3(f)

shows the hybrid correlation between Cj and Ck. Here the

initial phase of FL1 in HSAT (Cj) is unchanged unlike FL2 in

HSWAT (Ck). Therefore, the negative correlation of Fig.

3(f) precisely matches correlation dependence illustrated in

Fig. 3(C). The lineshape of correlation of these hybrid and

composite signal can be well explained using a decay rate of

SP-FWM/PC-FWM and FL used in the perimeter A in Eqs.

(A7) and (A8), respectively, as well as their amount of con-

tent (SP-FWM/PC-FWM and FL) presenting at PMTs, where

C6S/aS and C6FL are calculated in time domain. Since the

deduced decoherence rate UFL is caused by the combination

of the dressing effect and the induced dipole-dipole interac-

tion (in turn, H-H states and D-D states, respectively), one

can say, that the decay rate decreases with increasing power

until the dressing effect is not dominant. Once the dressing

effect gets dominant, the decay rate starts getting decreased.

At large power, the dressing effect is dominant, and that’s

why we obtain the broad profile of the correlation function in

Figs. 3(a1-a2), 3(c1-c2), and 3(f1-f2) at boxcar gate position

of t1–t2 (boxcar integrator gate delay). The shapes of correla-

tion function change from broad to sharp peak (lineshape) as

shown in Figs. 3(a4-a5), 3(c4-c5), and 3(f4-f5) at higher

delay of gate position t4 and t5, respectively, which results in

weakening the intensity content of SP-FWM/PC-FWM and

FL at small power (resulting increase of decay rates); hence

the shape of correlation function becomes sharp. However,

Figs. 3(a3), 3(c3), and 3(f3) illustrate a hybrid shape (two-

stage lineshape) of correlation function at time position t3.

Figures 3(b), 3(d), and 3(g) show the squeezing corre-

sponding to the hybrid correlation in Figs. 3(a), 3(c), and

3(f), respectively. The black and red lines represent the

FIG. 3. (a), (c), and (f) Measured

hybrid intensity noise correlation

between (Ci and Cj), (Ci and Ck), and

(Cj and Ck), respectively, with chang-

ing the time position of boxcar gate

from t1 to t5 under circularly polarized

dressing field E1 and keeping E2 at the

minimum power in the K-level system.

(b), (d), and (g) Intensity-difference

squeezing corresponding to (a), (c),

and (f), respectively. (A), (C), and (F)

The amplitude dependence of the

broad (dotted red line), sharp (dashed

black line), and total amplitude (solid

blue line), respectively. (B), (D), and

(G) The total amount of squeezing

dependence.

163105-4 Li et al. J. Appl. Phys. 122, 163105 (2017)



intensity-difference signal d2ðÎ i � Î jðkÞÞ and noise signal

d2ðÎ i þ Î jðkÞÞ, respectively. The corresponding dependence of

magnitude of intensity difference squeezing is shown in

Figs. 3(B), 3(D), 3(G), where the squeezing follows approxi-

mately the total amplitude dependence of hybrid correlation.

In Fig. 4(a), we use QWP to modulate the polarization

of field E1 in the K-type three-level system. Figure 4(a1)

shows the NCS signal (Ci), whose intensity decreases with

changing polarization from linear to circular (h changing

from 0� to 45�). This phenomenon can be interpreted by the

decrease in the generation term C2
g;cirð2 cos2h sin2hÞjG1j2 of

Eq. (2). In Fig. 4(a2), HSAT(Cj) contains FL1, which is with-

out splitting as it is generated by E1 but has a less impact

from field E2. In the mean time, the generation term

C2
g;cirð2 cos2h sin2hÞjG1j2 of FL1 [Eq. (8)] contained in Cj

also decreases, resulting in the decreased intensity of FL1

component in HSAT as shown in Fig. 4(a2). Figure 4(a3)

illustrates HSWAT (Ck), which contains FL2 with AT split-

ting produced by E2 with external field dressing E1 from Eq.

(8). Due to the strong dressing effect of E1, the FL2 compo-

nent in Ck evolves from a strong peak to dip inside a peak.

On the other hand, a strong peak in the frequency domain is

suppressed to a dip by the dressing effect subjected to polari-

zation state of E1, which changes from linearly polarization

to circularly one.

Figures 4(b1)–4(b3) show intensities of NCS signal (Ci),

HSAT(Cj), and HSWAT(Ck), respectively. We use an HWP

to modulate the polarization of field E1. Figure 4(b1) shows

the NCS signal (Ci), whose intensity decreases with polariza-

tion changing from horizontal to vertical (h changing from

0� to 45�). The reason is that the generation term

c2
x jG1j2 cos22h in Eq. (2) decreases. Figure 4(b3) illustrates

HSWAT (Ck), which contains FL2 with AT splitting. The

suppression effect of dressing field E1 at horizontally polari-

zation (h ¼ 0o) is greater than that at vertically one

(h ¼ 45o). So, the suppression dip of FL2 decreases with the

rotation angle h of HWP. Such a difference results from the

crystallographic aeolotropy of the Y2SiO5 crystal.

Figures 5(a1)–5(a3) show the hybrid correlation curves

for Ci and Cj at different polarizations of E1. The polarization

state of E1 changing from linearly to circularly polarized (h3

changing from 0� to 45�), and the value of Gð2Þð0Þ decreases

as the polarization state of E1 changing from linearly to circu-

larly polarized, which is shown in the total amplitude depen-

dence of hybrid correlation [the triangles of Fig. 5(A)]. This

phenomenon can be interpreted in corresponding to the gener-

ation terms of Stokes and FL1 in NCS (Ci) and HSAT (Cj),

respectively, which changes from c2
x jG1j2 to 1/4 c2

x jG1j2 when

h3 varying from 0� to 45�. Hence, one can notice that the cor-

relation is positive and decreases with the polarization

changes from linear to circular. The gradual decrease in the

amplitude dependence of correlation is shown in Fig. 5(A).

Figures 5(c1)–5(c3) show the hybrid correlation between NCS

(Ci) and HSWAT (Ck) signals. Since the value of Gð2Þð0Þ is

decreasing as the polarization of E1 changes from linear to cir-

cular. The hybrid correlation is negative as the initial phases

of ES
S2 and Ec

aS in NCS are not changed because of weak

dressing effect of E2, while dressing phase (uFL2 ¼ 2

ðjE1j2nFL
2 Þfe�r2

z=n1) induced by polarized E1 is out of phase.

Similarly, Fig. 5(f) shows the hybrid correlation between

HSAT and HSWAT (Cj and Ck). Here the initial phase of FL1

in Cj is unchanged unlike FL2 in Ck. As a result, the negative

correlation in Fig. 5(f) precisely matches correlation depen-

dence illustrated in Fig. 5(C).

In particular, we observed high broad peak correlation

under circular polarization, sharp peak correlation function

under linear polarization, and hybrid line shape under elliptical

polarization when a QWP is applied. The reason is that

the generation terms C2
g;cirð2 cos2h sin2hÞjG1j2 of Ec

aS [Eq. (2)]

in Ci and C2
g;cirð2 cos2h sin2hÞjG1j2 of FL1 [Eq. (8)] in Cj

decrease with changing the polarization of field E1 from linear

to circular, which results in weakening the intensity content of

PC-FWM and FL1 (which can increase the decay rates); hence,

the shape of correlation function becomes sharp as shown in

Figs. 5(a3), 5(c3), and 5(f3).

With the linear polarization, the correlation is very low

due to initial phase of the non-classical and classical signals

with and without splitting; hence the squeezing is small. In

case of elliptical polarization, the amplitude of correlation

slightly increases because non-classical signal becomes

hybrid as in Fig. 5(a2), which results in higher squeezing. At

circular polarization, the super fluorescence signal evolves in

Cj,
18 which is in phase with the non-classical signal (Ci),

hence the correlation as well as the squeezing as shown in

Fig. 5(a3). In Figs. 5(c) and 5(f), initially with the linear

polarization, the state of the correlation is negative. With

elliptical polarization, there still exists the phase difference

between the hybrid state of non-classical signal (Ci) and

HSAT (Cj); and the phase difference between HSAT (Cj)

and HSWAT (Ck), which result in the negative correlation

(increasing in positive direction) with the polarization chang-

ing from linear to circular as shown in Figs. 5(d) and 5(g).

The corresponding dependence of magnitude of squeezing is

shown in Figs. 5(B), 5(D), and 5(G), where the squeezing

follows approximately the total amplitude dependence of

correlation.

FIG. 4. (a1), (a2), and (a3) The intensity of Ci, Cj, and Ck, respectively, in a

K-type level system by change polarization via QWP. (b1), (b2), and (b3)

The same as (a1), (a2), and (a3), respectively, but by changing polarization

using HWP. Every figure is normalized based on the strongest signal.
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Based on the results presented in Figs. 4 and 5, one can

realize the optical transistor as an amplifier as shown in Fig.

1(c). The two-mode correlation function or the two-mode

intensity difference squeezing is treated as the input signal,

and field E1 as the control signal and aout as the output of the

transistor. Thus, we can model the transistor as an amplifier

with the output written as aout¼Q*ain þ N, where N is the

internal noise. When the field E1 is set as circular polariza-

tion by using an electro-optic crystal, the output aout is low.

However, with the field E1 set to be linearly polarized, the

output will be amplified with gain Q, as shown in Fig. 4(a1).

As a result, the SP-FWM signal is enlarged almost three

times, while the signal in the squeezing case is almost four

times larger than that at linearly polarized.

Using an HWP (k=2) to change E1 from linear to circu-

lar polarization (h changing from 0� to 45�), we can see that

the correlation value Gð2Þð0Þ decreases first and then slightly

increases as shown in circular points of Fig. 6(A). The mini-

mum value is at elliptical polarization. This phenomenon can

be interpreted by the changing of generation term from

c2
x jG1j2 to 0:5c2

x jG1j2 and 0:5c2
y jG1j2 then to c2

y jG1j2 when h
changes from 0� to 22.5� then 45�. Again the hybrid

FIG. 5. (a), (c), and (f) Measured intensity noise correlation between (Ci and Cj), (Ci and Ck), and (Cj and Ck), respectively, by changing the polarization using

a QWP. [(a1), (c1), and (f1)], [(a2), (c2), and (f2)], and [(a3), (c3), and (f3)] are at linear, elliptical, and circular polarization, respectively, in a K-type system.

(b), (d), and (g) Measured intensity-difference squeezing in accordance with (a), (c), and (f), respectively. (A), (C), and (F) The amplitude dependence of the

broad (dotted red line), sharp (dashed black line), and total amplitude (solid blue line), respectively. (B), (D), and (G) The total amount of squeezing

dependence.
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correlation dependence is positive, this is because the initial

phase of ES
S2 and Ec

aS1 contended in NCS is unchanged and the

FL1 content in HSAT has no AT-splitting because of weak

dressing effect of E2. Figures 6(c1–c3) and 6(f1–f3) show the

hybrid correlation between NCS & HSWAT (Ci and Ck) and

HSAT & HSWAT (Cj and Ck). The values of correlation

Gð2Þð0Þ in both Figs. 6(c) and 6(f) are negative and decrease

first as the polarization state of E1 is changed from linear to

elliptical polarized and then slightly increase negatively when

the polarization state of E1 is changed from elliptical to circu-

lar polarized. The negative correlation in both Figs. 6(c) and

6(f) is attributed to the change in initial phase of FL2 in

HSWAT. The initial phase of ES
S2 and Ec

aS1 in NCS and FL1 in

HSAT remains unchanged because of the weak dressing effect

of E2, while dressing phase (uFL2 ¼ 2ðjE1j2nFL
2 Þfe�r2

z=n1)

induced by the polarization of E1 is out of phase; hence, the

hybrid correlations are negative in both cases.

In particular using an HWP, we observed the fluctuation

of high broad peak correlation in circular, linear in elliptical

polarized. We hardly found a sharp peak in any of the corre-

lation except positive one because of the dominant emission

of FL. Mathematically, this may be attributed to generating

terms C2
g;cirð2 cos2h sin2hÞjG1j2 and c2

x jG1j2 cos22h for QWP

and HWP, respectively, at linear or low angle polarization.

Moreover, the amplitude of broad peak correlation is a bit

lower at elliptical polarization. Moreover, the sensitivity of

HWP and QWP is precisely the same at low power case.

As a result, the correlation in Fig. 6 is a bit weaker than

that in Fig. 5 due to HWP, but the squeezing and correlation

phenomenon remain unchanged with the state of polariza-

tions changed from linear to circular.

Finally, we will discuss three-mode correlation and

degree of squeezing through dressing-induced competition

effect. In this case, all the three composite and coexistence

FIG. 6. Same as Fig. (5) but by changing polarization using an HWP.
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signals are taken (Ci, Cj, and Ck). Figures 7(a1–a3) and

7(b1–b3) show the experimental results of three-mode corre-

lation using Eq. (A6) and squeezing from Eq. (A11) for the

same experimental conditions defined in Fig. 3. One can wit-

ness that the correlation level is worse because there are

anti-correlations in the two-mode case; therefore, the overall

correlation in the three-mode case is very weak and is almost

zero, but there also exist two mode anti-correlations, which

can be verified by looking at the amount of intensity-

difference squeezing. So one can say, that such three-mode

hybrid correlation contains anti-correlation, which matches

with the phenomenon described by two-mode hybrid correla-

tion. Hence, the overall value of three-mode correlation is

reduced and illustrated as weak correlation in spite of high

intensity position of boxcar gate.

IV. CONCLUSION

We demonstrate the difference between FL without

splitting and with splitting in the frequency domain as well

as the variation of two-mode and three-mode hybrid correla-

tion by changing the time positions and polarization states of

pumping field. We observed the correlation between SP-

FWM and FL without splitting, which are turned out to be

positive at different positions of pulse distribution as well as

different wave plates used for modulating polarization. Also,

the correlation is switched to negative with the introduction

of AT-splitting. The broad profile of the correlation is associ-

ated with the strong correlation, while the sharp one is attrib-

uted to the weak correlation. Particularly for the QWP case,

we observed high and broad peak correlation in circular

polarization, sharp peak correlation in linear polarization,

and hybrid lineshape in elliptical polarization. The transistor

as an amplifier is proposed via the output correlation and

squeezing with the assistance of the gain effects induced by

modified polarization. In contrast to the QWP case, we

hardly found a sharp peak in any of the correlation except in

a positive one. In three-mode correlation and squeezing, the

amount of squeezing shows the anti-squeezing, while the

three-mode correlation is much weaker at circular

polarization and a bit stronger at linear polarization and

medium at elliptical polarization.
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APPENDIX: THE DERIVATIONS OF THE TWO- AND
THREE-MODE CORRELATION AND SQUEEZING

1. Two-mode and three-mode correlation

In the SP-FWM process, a pair of Stokes and anti-

Stokes fields can be simultaneously generated through two

FWM processes. The number of photons measured at Stokes

and an anti-Stokes channels can be expressed as19

N̂S ¼ âþS ðLÞâSðLÞ ¼ QâþS ð0ÞâSð0Þ þ ðQ� 1ÞâaSð0ÞâþaSð0Þ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QðQ� 1Þ

p
âþS ð0ÞâþaSð0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QðQ� 1Þ

p
âaSð0ÞâSð0Þ;

(A1)

N̂aS¼ âþaSðLÞâaSðLÞ¼QâþaSð0ÞâaSð0ÞþðQ�1ÞâSð0ÞâþS ð0Þ
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QðQ�1Þ

p
âþaSð0ÞâþS ð0Þþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QðQ�1Þ

p
âSð0ÞâaSð0Þ;

(A2)

where âþS=aSðâS=aSÞ is the creation (annihilation) operator that

acts on the electromagnetic excitation of the Stokes (anti-

Stokes) channel, and Q¼ cosh2(jL) is the gain coefficient

with the nonlinear coefficient j given as

j ¼ j�ixS=aSvS=aS
ð3ÞE1E2=2cj

¼ ðNl2
20l

2
21q
ð3Þ
S=aSxS=aSÞ=ð2ce0�h3GS=aSÞ: (A3)

The output correlation function Gð2ÞðsÞ between dIi and

dIjðkÞ can be calculated by20

FIG. 7. (a) Three-mode noise correlation

between, Ci, Cj, and Ck (NCS, HSAT

and HSWAT) signals for K-type system

by changing the gate position (t1, t2, t3).
(b1)–(b3) The corresponding three-mode

intensity difference squeezing.
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G
ð2Þ
i�j kð ÞðsÞ ¼

hdIiðtÞdIjðkÞðtþ sÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h dIiðtÞ½ �2ih dIjðkÞðtþ sÞ

� �2i
q cos ðuFLÞ; (A4)

where uFL is dressing phase induced by polarization dress-

ing. Similarly, the intensity noises correlation function

Gð2ÞðsÞ between other two coexistence signals Ck and Cj can

be calculated by

G
ð2Þ
j�kðsÞ ¼

hdIjðtÞdIkðtþ sÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h dIjðtÞ
� �2ih dIkðtþ sÞ½ �2i

q ; (A5)

where s is the selected time delay between the two signals.

When SP-FWM, FL1, and FL2 signals coexist in three

PMTS, we extend the two-mode correlation function Gð2ÞðsÞ
to hybrid correlation function Gð3ÞðsÞ as

Gð3Þi�i�kðsÞ ¼
hðdÎ iðtiÞÞðdÎ jðtjÞÞðdÎ kðtkÞÞiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hðdÎ iðtiÞÞ2ihðdÎ jðtjÞÞ2ihðdÎ kðtkÞÞ2i

q : (A6)

2. Sharpening and broadening of correlation peaks

The correlation function may have a pure sharp profile,

a pure broad one, or a combination one of both (two-stage

lineshape). In the two-mode case, the line-shape of the corre-

lation function for PMT which contains pure FL is deter-

mined by21

AFL ¼ R1jA1j2½e�ð2C�FLÞjsj þ e�ð2C�FLÞjsj

� 2 cos ðXejsjÞe�ðC
þ
FLþC�FLÞjsj�; (A7)

where A1 ¼ A2Nðl10l20E1Þ2-asL=ð2ce0�hÞ3, and Xe is the

Rabi oscillation. R1 represents a time-independent constant.

Where Cþ ¼C10 and C� ¼C20 are natural linewidths,

Xe¼ jD1j.
For hybrid (FLþ SP-FWM/PC-FWM) signals, the line-

shape of correlation function can be defined as

Ac ¼ R1jA1j2½e�2 Cþ
S=aS
þCþ

FLð Þjsj þ e
�2 C�

S=aS
þC�FLð Þjsj

� 2cos Xejsjð Þe�2 Cþ
S=aS
þCþ

FL
C�

S=aS
þC�FLÞjsj�:ð (A8)

The lineshape is primarily associated to the decay rate C
in this case.

3. Two- and three-mode squeezing

The intensity difference squeezing between composite

and coexistence signals is given by19

Sq ¼ Log10

hd2ðÎ i � Î jðkÞÞi
hd2ðÎ i þ Î jðkÞÞi

cos ðuFLÞ

� Log10

hd2ðN̂ i � N̂ jðkÞÞi
hd2ðN̂ i þ N̂ jðkÞÞi

cos ðuFLÞ; (A9)

where hd2ðN̂ i � N̂ jðkÞÞi is the mean square deviation of the

intensity difference and hd2ðN̂ i þ N̂ jðkÞÞi is the mean square

deviation of the intensity sum of coherent laser beams. As

discussed above, the intensity noise correlation and the inten-

sity difference squeezing are related to the nonlinear coeffi-

cient j and the third-order nonlinear density matrix element

qð3ÞS=aS, where j and qð3ÞS=aS can be modified by the dressing

effect. To be specific, dressing effects are different with the

polarizations of dressing fields. So both correlation and

squeezing can be changed via the polarization states.

Similarly, the intensity difference squeezing between

HSAT and HSWAT is given by

Sq ¼ Log10

hd2ðÎ j � Î kÞi
hd2ðÎ i þ Î kÞi

cos ðuFLÞ

� Log10

hd2ðN̂ j � N̂kÞi
hd2ðN̂ j þ N̂kÞi

cos ðuFLÞ: (A10)

For the case of three signals, the corresponding hybrid

intensity-difference squeezing can be defined as

Sqð3Þ ¼ Log10

hd2ðÎ i � Î j � Î kÞi
hd2ðÎ i þ Î j þ Î kÞi

: (A11)
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