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Polarization-Dressed Correlation and
Anti-Correlation Between Phase-Conjugate
Four-Wave Mixing and Fourth-Order Fluorescence

Ruimin Wang, Yang Liu, Kangkang Li, Peng Li, Muhammad Owais, and Yanpeng Zhang

Abstract— We report the two- and three-mode correlation of
phase-conjugate four-wave mixing and fourth-order fluorescence
in Pr3+:YZSi05 crystal. The degree of correlation is controlled
by changing the position of detecting time and polarization state
of pumping field. The switching between correlation and anti-
correlation was observed at different positions of detecting time
because of the competition between four-wave mixing and fourth-
order fluorescence signals. The obvious variation of correlation
degree was also observed at different polarization states, which
is interpreted by the different Clebsch—-Gordan coefficients and
the EIT subsystem induced by polarization dressing effect.

Index Terms— (190.4380) Nonlinear optics, four-wave mixing,
(260.2510) fluorescence, (270.1670) coherent optical effects.

I. INTRODUCTION

T HAS long been known that there exists correlation

between the intensity fluctuations recorded at two different
photo-detectors illuminated by the same light source [1]. Such
correlation photons have important applications in quantum
computation, communications and measuring of atmospheric
turbulence [2]. Based on atomic coherence, the generated
Stokes and anti-Stokes field components in four-wave mix-
ing (FWM) can possess perfect quantum correlation and
significantly suppress the quantum noise [3]. At the same
time, photon anti-correlations have been observed in FWM and
resonance fluorescence experiments [4]-[6]. In recent years,
the correlations among multiple fields [7], [8] have attracted
considerable attention because a real quantum information
network should be composed of many nodes and channels.
The high-order intensity correlations of electromagnetic wave
have been studied theoretically [9]-[11]. Nevertheless, many
technological challenges and fundamental issues remain in
multiple-field correlations.
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Rare-earth Pr3t doped Y»SiOs5 (Pr:YSO) exhibits obvious
advantages for coherent excitation experiment and practical
applications. Many progresses related to atomic coherence
effects have been reported in Pr:YSO, such as electromagnet-
ically induced transparency (EIT), enhanced FWM [12], [13]
and coherent storage [14]. Based on coherence dressing effect,
we observed multi-order fluorescence [15] and spontaneous
parametric four-wave mixing (SP-FWM) in Pr:YSO [16].
The competition effects [17] between FWM and fluorescence
have been investigated. At the same time, we also observed
significantly correlation and squeeze effect between stokes and
anti-stokes signals generated in FWM [18].

In this paper, we investigate the two- and three-mode corre-
lation among Stokes, anti-Stokes signals and fourth—order flu-
orescence (FL) in A-type and V-type level system of Pr:YSO
crystal. The variation of correlation degree and switching
between correlation and anti-correlation are observed at dif-
ferent time delay position and polarization state of pumping
field.

II. EXPERIMENTAL SETUP

The sample used in current experiment is 0.05% Pr3* doped
YSO crystal, which is held at 77 K in a cryostat (CFM-102).
Figure 1(a) shows the energy levels chosen in this experiment.
The Pr3* ions occupy two nonequivalent cation sites (Pr3+(I)
and Pr3t(I)) in the YSO crystal. The Stark level dyp and J;
of the ground-state 3 Hy and the lowest Stark level yo (7¢)
of excited-state ' Dy for PrH(I) (Pr3H(I)) are selected to
couple with each other. The homonuclear-like A-type three-
level system is configured as (|0) (dg) < [1) (yo) <
[3) (d1)). Due to the dipole-dipole interactions, the cou-
pling between Pr3*(I) and Pr3*(I) in the YSO crystal can
happen, so one can treat these ion pairs as heteronuclear-
like molecules. Hence, a heteronuclear-like V-type three-level
system (|0) (do) <> [1) (yo) <> 12) (yg)) can be made up.

Figure 1(b) shows the schematic diagram of the experi-
mental arrangement. Three tunable dye lasers (narrow scan
with a 0.04 cm™! 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 E; (w1, A1), E2 (w2, A3), and E3 (w3,
A3) with the frequency detuning of A; (i = 1, 2, 3),
respectively. E; drives the transition |0) (dp) < [1) (y0),
E> (E3) couples to the transition [0) (do) < [2) (y4)
(1)Y(y0) < 13)(61)). Two strong beams E| and E, (or E3)
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Fig. 1. (color online). (a) A-type and V-type three-level system in Pr:YSO.
(b) Experimental setup. PBS: polarized beam splitter, WP: wave-plate, and L:
lens. (c) Fluorescence and Stokes signals in time domain. (d) Fluorescence
and (e) Stokes spectra detected at different delay time, respectively.

counter-propagate through the YSO crystal, the generated
Stokes Eg and anti-Stokes Eag signals satisfy the phase-
matching condition ki + k> 3 = kg1 + kas2,3. The vertically
polarized components (S-polarization) of Stokes and anti-
Stokes signals reflected by PBS are detected by two photo-
multiplier tubes (D1 and D2). The half-wave-plate (HWP) and
quarter-wave-plate (QWP) are used to control the polarization
states of pumping field E;. Simultaneously, a composite
signal (including FL. and SP-FWM) are monitored by another
photomultiplier tube D3 with a fast boxcar gated integrator.
The signals from detectors were processed by the PC to obtain
the intensity noise correlation function. Figure 1(c) shows the
FL and Stokes signals in time domain. There exist two peaks
in FL spectrum. The reason is that particles are excited to |1)
which is split into |G1=%) caused by Ej. In addition, E; further
splits |G14) into |G24+). The obvious delay of the right peak
in FL spectrum is caused by the residual particles in |Goy+)
transferring to |G1—) through phonon-assisted nonradioactive
transition. The Stokes spectrum Eg has a single peak because
it is insensitive to dressing effect. Figures 1(d) and (e) show
the FL and Eg spectra detected at different delay time. We
get spectral signals by scanning frequency detuning A; and
temporal signals by fixing A} = 0.

II1. THEORETICAL MODEL

A. The Polarization-Dressed Phase-Conjugate Four-Wave
Mixing

The intensity of FWM is proportional to the third-order
nonlinear density matrix elements. For V-type three-level
system taking into account the self-dressing effect of E; and
the external-dressing effect of E, the third-order nonlinear
density matrix elements of Eg; and E4s2 are given by
(1) and (2), as shown at the top of the next page, where
di = TI'igo +iAq, do = Ta9 +iAj. Tyj is the transverse
decay rate. G; = u;E;/h is the Rabi frequency of the field
E;. Similarly, for A-type three-level system, the third-order
nonlinear density matrix elements of Eg; and E 453 are given

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 53, NO. 4, AUGUST 2017

by (3) and (4), as shown at the top of the next page, where
d3 =T13+1iA3, do=To3 +i(A3 — A1), diz =T13+iAy,
d{o =T —iA3.

When the polarization direction of pumping field E; is
modulated by a HWP, the effective density matrix elements
for detected S-polarization component are given as pgg =

(3) 3
P(xxyy) + Pyyyy):

Eq. (1)-(4) is replaced by cx |G1|2005 26 for p(””) and

cy|G1 |2 sin? 20 for p(yyyy), respectively. When a QWP is used
to change the polarization state of Ej, considering different
components decomposed in x and y axis, together with dif-
ferent Clebsch-Gordan (CG) coefficients for various transi-
tions the Rabi frequency |G1/? in Eq. (1) (4) is replaced by
fope |G’ 12(cos* 0 + sin* ) for pglyy) and cj |G’ |2 sin2 0 cos? O
for p((y;y ) respectively. Where 6 is the rotated angle of the
WP’s ax1s from the x axis, cx,y is the anisotropic factor in
different direction of crystal. G’ (i =-,0,+) is Rabi fre-
quency corresponding to left circular, linear and right circular
polarization respectively.

In this case, the Rabi frequency |G 1% in

B. The Fourth—Order Fluorescence

The fourth-order FL signal is generated accompanying the
FWM process with two strong pumping fields [17]. In V-type
three-level system, two fluorescence signals FL.1 (from |1) to
|0)) and FL2 (from |2) to |0)) are generated simultaneously.
The total intensity of fluorescence signals is the sum of two
signals. Considering the coherence of the system, such process
can be described by the fourth-order coherence process as
shown in (5) and (6) at the top of the next page, where
dio =T12+i(A1 — Az), do1 =T21 +i(Ar— Ar). In A-type
three-level system, only one fluorescence signal FL.1 generated
from |1) to |0), the density matrix elements of FL1 can be
described by (7), as shown at the top of next page.

C. Two Modes and Three Modes Correlation

In experiment, a pair of Stokes and anti-Stokes fields
can be simultaneously created through two FWM processes.
The intensity measured at Stokes and anti-Stokes channels
is proportional to the third-order nonlinear density matrix
elements p§3/)A g~ The output Stokes and anti-Stokes lights
exist quantum correlation [19]. The intensity noises correlation
function G (z) between Eg and E 45 can be expressed as:

(@55 @Tas tas))
Jistsp)6iasuas)

<Im 5ps )(ts)]lm[5p,(45)(fAS)]> ®

\/<{1m (oY )12 ) (1m13p 0451

where 7 is the selected time delay between Stokes and
anti-Stokes signals. The correlation is positive or negative
depending on the fluctuation of the imaginary part of two
fields. If they have same signs, the correlation is positive.
On the contrary, the correlation is negative.

2
ngAS(T) =
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(d1 +1G11?/ Too + |G21?/d12) (T11 + |G1[?/d1)
RO |G 1|2
FL2 ™ (dy +1G112/ Too + |G22/d12) (Too + |G112/d + |G2 |2 /d2)
y |G ? ©)
(d2 +1G2?/ Too + |G 11?/d21) (T22 + |G2|?/da)
|G1[? 1G5
- - o

(i +1GIP/ T +1G3P/d) (a5 + G312/ Ty + G112 /dxo) (Tiy + 1G5 /ds + 1G12/dy)°

Because the FWM and fourth-order FL signals illuminated
by the same pumping fields and generated simultaneously, they
are also correlated with each other. The intensity of fluores-
cence signals is proportional to the fourth-order density matrix
element, so the correlation function between fluorescence and
Stokes (or anti-Stokes) signals can be written as

(905} ) Imi0p ) 1545)1)

©)

Gg)LfS/AS(T): . 3
\/<[5p;g(r4)12)<{1m[5p§ D sts/49)112)

Correlation between FWM and fluorescence can also be pos-
itive or negative, depending on sign of fourth-order density
matrix elements and imaginary parts of the third-order density
matrix elements. When fluorescence, Stokes and anti-Stokes
signals coexist, we extend the two-mode correlation function
G@ (1) to the three-mode correlation function as

(3)
Gsas—rr(7)

(@52 @las (tas) GlrLtr 1)) o

J@ist2)(Giastas) 2) (e rn?)

IV. RESULTS AND DISCUSSION

First, we focus on the intensity evolution of FL and FWM
signals at different detected time. Figures 1(e) is the pure
Stokes signal detected by DI1. One can see the intensity of
Stokes signal decrease as the boxcar integrator gate delay. The
reason is that the population decreases as the boxcar integrator
gate moves backward along the time axis. Figures 1(d) show
composite signals detected by D3 with very strong pumping
field. In this case, there exists competition between FL and
SP-FWM [17]. On the left peak in the time domain, FL is

suppressed by the dressing effect, SP-FWM signal shows a
sharp peak and the intensity decreases quickly with delay
time. At the rising edge of the right peak in the time domain,
there exists an adiabatic population transition between the dark
states |Ga++), so the FL signal presents AT-splitting due to
the dressing effect of E (1G1)? /d1 in eq. (5)), as shown at
the top of this page. Finally, at the delay stage, the FL signal
is from the state |-) spontaneous radiation, the spectra of FL
signals show Lorentzian lineshapes.

Now, we investigate the correlation in A-type level system.
In this case, the ground state coherence is induced by E;
and E3. Therefore, the Stokes and anti-Stokes signals are
correlated. Figure 2(a) is the correlation function G(z)(r)
between Stokes and anti-Stokes signals detected by D1 and
D2 at different time positions and processed by Eq. (8).
There exists strong correlation at zero delay stage. With the
boxcar integrator gate delay, the magnitudes of the correlation
peak G@(0) decrease as FWM signal intensity decreases
in Fig. 1(e). Moreover, the values of correlation are positive.
It indicates the detected intensity fluctuations of Stokes and
anti-Stokes signals have same signs.

In current system, the fourth-order fluorescence FL1 is
generated accompanying the FWM process, figure 2(b)
and (c) show the correlations between composite signal and
Stokes or anti-Stokes signal, respectively. At the left peak in
the time domain, SP-FWM signal is dominant in composite
signal detected by D3, hence we can see positive correlation
peaks in both fig. 2(b) and (c). Gradually, correlation peak
decreases with the integrator gate delay. Further increasing
the delay time, FWM signal vanishes in composite sig-
nal, dominant FL signal appears the right peak (as shown
in Fig.1) caused by the phonon-assisted nonradioactive transi-
tion. So we can observe correlation between pure FL1 signal
and Stokes (anti-Stokes) signal at the right peak. Different
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Fig. 2.

(a) The two-mode correlation function G(z)(r) between Eg and Eag signals (b) Eg and FL signals (c) EAg and FL signals at different delay

times (signed by 1 to 7 in fig. 1(c)) in A-type level system. (d) Three-mode correlation function G 3)(r) of Eg, Eag and FL signals.
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Fig. 3.

(a) The two-mode correlation function G(z)(r) between Eg and Eag signals (b) Eg and FL signals (c) EAg and FL signals at different delay

time (signed by 1 to 7 in fig. 1(c)) in V-type level system. (d) Three-mode correlation function G 3)(1') of Eg, Epg and FL signals.

from the correlation of FWM, FL1 and Eg (Eags) signals show
anti-correlations. Such change can be attributed to the dressing
effect and the phase fluctuations induced by phonon. As shown
in Fig. 1(d), FL1 signal exhibits a suppression dip at the
rising edge of the right peak due to the dressing effect of Ej.
Therefore, the fluctuations 5p 7 L(tFL) and [ m[5p§ /A s(ts/a9)]
in Eq. (9) have different signs.

Figure 2(d) show three-mode correlation function G(3)(r)
of Eg, Eas and FL signals detected by D1, D2 and D3
and processed by Eq. (10). At the left peak, we can also
see positive correlation peak of triple-beam. Comparing the
correlation of three-mode with that of two-mode, one can find
that the correlation level of three-mode is weaker than the case
of two-mode, since the correlation condition is more stringent
in three-mode. At the rising edge of the right peak in the time
domain, the correlation level becomes worse because there are
anti-correlations in two-mode.

Figure 3 shows correlation functions in the V-type
three-level system. The values of G®(0) between Stokes
and anti-Stokes signals (Fig.3 (a)) are positive and decrease

with the integrator gate delay. For Stokes and FL signals
in Fig.3 (b), with time position changing from left to right
peak, the correlation G (0) switches from positive to nega-
tive. Specially, the anti-correlation effect is more obvious in
V-type system than in A-type system. It is because that there
are two fluorescence signals FL.1 and FL2 coexisting in V-type
system. The total intensity of fluorescence signals is larger
than that of A-type system. The correlation behavior between
anti-Stokes and FL signals (Fig.3 (c)) is as same as that of
Stokes and FL signals. Figure 3(d) is three-mode correlation
function G (r) among Stokes, anti-Stokes and FL signals.
The correlation of three-mode in V-type system have similar
behaviors as which in the A-type system.

Next, we fix the boxcar integrator gate at the left peak
and change the polarization direction of E; by HWP.
Figure 4(a) shows the polarization dependence of G(z)(r)
between Eg and Eag signals in A-type level system. With
the polarization direction of E; changing from horizontal
to vertical polarization (0 from 0° to 45°), one can see
the correlation value G®(0) at 7 = 0 decreases firstly,
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Fig. 4. Polarization dependence of G(z)(r) between Eg and EAg signals and the corresponding correlation value G® (0) when the polarization direction
of E; is changed by HWP (a) experimental data in A-type level system, (b) Corresponding theoretical predictions of (a), (c) in V-type level system.

and then increases slightly at 45°. This phenomenon can be
interpreted by the competition between gain-effect and self-
dressing effect of Ej. The intensity noise of FWM signal
is proportional to the fluctuation of the third-order nonlin-
ear density matrix elements p§3/)A g- With @ changing from
0° to 45° the generating-terms of E; in Eq. (3) and (4)
change from cf|G1|2 to c§|G1 |2, correlation becomes worse
and worse with the decreasing of gain-effect. On the other
hand, the self-dressing term c§|G1|200s2 20/d, for p((izcyy)
and c§|G1|2 sin®20/d; for pgi,yy) also decrease with 0, the
correlation value increases slightly at 45° because the sup-
pression effect of E; becomes weakest. Figure 4(b) gives the
corresponding theoretical predictions by Eq. (3), (4) and (11),
which agree well with the experiment results. Figure 4(c) is
the polarization dependence of G®(z) in V-type level system.
Comparing with A-type system, correlation peaks of V-type
level system decrease slowly with @ till 45°, unlike that in
A-type system. This indicates that the polarization dependence
and the self-dressing effect of polarized state in heteronuclear-
like system are weaker than homonuclear-like system.

Finally, we compare the polarization dependence of correla-
tion at different time position. The polarization state of E7 is
changed by QWP, while E» 3 are kept linearly polarized state.
Polarized light can be decomposed into left and right circularly
polarized components. In this case, the asymmetry between the
right circularly and left circularly polarized components, which
are defined by the polarization state of light, leads to differ-
ent EIT subsystem in multi-Zeeman-level systems [20]. The
correlation is governed by the EIT condition [4]. Moreover,
the Clebsch-Gordan (CG) coefficients for various transitions
between Zeeman sublevels are also different. Taking these
two contributions into account, the intensity fluctuation and
correlation of FWM and FL signals will depend sensitively
on the polarization state of pumping field.

Figure 5 (a)-(c) give the correlation functions of Eg-Eas,
Eg-FL and Eas-FL in A-type level system, respectively, when
the boxcar integrator gate is set at the left peak. Now, SP-FWM
signal is dominant in composite signal, so all correlation
functions are positive. When two pumping fields E1 and E3 are
linearly polarized (6 = 0°), the two circularly polarized com-
ponents are symmetric for realizing EIT, the maximum corre-
lation between Es and EAg is obtained under EIT condition.
When the polarization state of pumping field E; changes to

i 0 0 30°
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Fig. 5. Polarization dependence of G(z)(r) in A-type level system when the
polarization states of Ej are changed by QWP. (a)-(c) G(z)(r) of Eg-Es,
Eg-FL and EAg-FL, respectively, when the boxcar integrator gate sets at the
left peak. (d)-(e) same as (a)-(c) respectively, but the boxcar integrator gate
sets at the right peak.
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Fig. 6. Polarization dependence of GD(z)in V-type level system when the
polarization states of Ep is changed by QWP. (a)-(c) G(z)(r) of Eg-Eps,
Eg-FL and EAg-FL, respectively, when the boxcar integrator gate sets at the
left peak. (d)-(e) same as (a)-(c) respectively, but the boxcar integrator gate
sets at the right peak.

right circularly polarized (8 = 45°), EIT subsystem becomes
asymmetric, simultaneously, Rabi frequenc%/ changes from
2GS to 2GE/2 (2GE/2) for pl ) (p((;;yy)) in Eq. 3)
and (4), then the correlation of Eg-Eas decreases. One can see
the minimum value of G® (0) appears at elliptically polarized
state of Ej. Moreover, correlation curve presents obviously
Rabi oscillation. The correlations of Es-FL and Eas-FL have
the same behavior with the correlation of Eg-EAs.

Figure 5 (d)-(f) show the correlation function of Eg-Eas,
Es-FL and Eas-FL in A-type level system, respectively, when
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the boxcar integrator gate sets at the right peak. The correlation
of Eg-Eas at right peak has the same variation tendency as
left peak, but G@(0) is smaller than the data at left peak
due to decreasing intensity of FWM with delay time. For
Eg-FL and Eas-FL, one can see obviously anti-correlation
effect in linearly and right circularly polarized states. It is
because the fluorescence is dominant in composite signal at
the right peak. Moreover, because of the competition of gain-
effect and dressing-effect of Ej, the value G®(0) is almost
equal to zero at elliptically polarized state.

Figure 6 shows the polarization dependence of correlation
in V-type three-level system. For results detected at left peak,
all values of correlation are positive, but the variation of
G®(0) with polarization is not as remarkable as in A-type
level system. For the data detected at right peak (Fig. 6(d-f)),
the polarization dependence in V-type system is in accordance
with that of A-type system.

V. CONCLUSION

In summary, we demonstrate the variation of two-mode and
three-mode correlation with delay time of fluorescence and
polarization states of pumping field. The correlation value
G@(0) between FWM and composite signal switches from
correlation to anti-correlation with delay time due to com-
petition between SP-FWM and FL in fluorescence channel.
By changing of the polarization state, all correlation curves
among Stokes, anti-Stokes and fluorescence show obvious
variations. Polarization control is a convenient method in
practical applications. Our results provide an effective way to
control correlation of multiple fields. Such multiple field cor-
relation has variety of applications in multi-channel quantum
communications and 3D quantum imaging.
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