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1. Introduction

Recently, electromagnetically induced transparency (EIT) is
used to investigate nonlinearities with exploitation coherent effect
[1,2]. And EIT in an atomic medium has attracted a great deal of
attention in the last two decades because of the wide range of
potential applications in lasing without inversion, slow light, pho-
ton manipulation [3] and information storage, and quantum com-
munications [4]. As, nonlinearities can be significantly enhanced
and modified due to atomic coherence in an EIT system [5,6], par-
ticularly enhancement multi-wave mixing (MWM) [7]. Currently,
EIT, FWM and six-wave mixing (SWM) processes in atomic
ensemble are being developed. In the recent few years, probe
transmission and the generated dressed MWM are enhanced or
suppressed through the dark state and have been demonstrated
both in theory and experiment. By changing the polarization
properties [8] of the incident light beam, we may bring change in
MWM process and define their trade off. Thus by analysis, we have
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defined relationship between the output intensity and polarization
of the incident beams. The relationship between high-order non-
linear polarization [9] and polarization of incident beams have
been investigated. In order to verify the changes in MWM signal
peak situation by incident light having different polarizations, we
have introduced the degenerate Zeeman sublevels [10] subjected
to the dressing effects. Intensity correlations and intensity differ-
ence squeezing of optical fields propagating were studied [11].
Three-fields noise correlations with two FWM signals as well as
the generation of bright correlated Stokes and anti-Stokes light
beams have been investigated [12]. Besides, P.D. Lett’s group has
obtained up to —5.4 dB of intensity-difference squeezing in a hot
rubidium atomic system [13]; and W.P. Zhang's group has
observed that the maximal degree of intensity-difference squeez-
ing of twin beams from a hot atomic vapor cell can reach around
—5.4+0.4dB [14]. We have not only shown that the intensity-
difference squeezing and intensity noise correlation can be easily
manipulated by several parameters, but also verified that the cor-
relation and squeezing can be controlled by the nonlinear phase
shift caused by the dressing beam.
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In this paper, we studied experimentally and theoretically the
coexisting multi-level atomic system interactions in FWM process.
At the same time, we noticed that E; and E; produced spontaneous
parametric four-wave mixing (SP-FWM). The induced AT splitting
can be controlled by changing polarization and power of the inci-
dent beams. We observed the FWM process in the 8°Rb atomic
vapor that can generate outputs whose noise intensity fluctuations
are correlated followed by their intensity difference squeezing.
Besides, we also explained the phenomenon of the two-stage line
shape of correlation which including the sharp peak correlation
(correlation from two SP-FWMs) and the broad peak correlation
(correlation from vertical component (Eg), and horizontal compo-
nent (Eg,) of two coherent FWMs). The correlation and squeezing
can be controlled by the relative nonlinear phase shift caused by
the dressing fields, on the other word, the correlation and squeez-
ing can be switched into anti-correlation and anti-squeezing,
respectively. The experimental results are in well agreements with
theoretically calculated results.

2. Experimental setup and theoretical model

The experiments are performed in a double-A-type three level
of 8°Rb atomic system as depicted in Fig. 1(a), rubidium atoms
can transit from ground to two levels 5S;),, from the ground state
to the excited state 5S;,, and 5P, lines called D; and D,, respec-
tively. As the hyperfine structure of excited state 5P, is simple,
generally the 795 nm D, line is chosen as the transition of mixing
process line. Where the three energy levels are labeled as 551, (|1),
F=1, |2), F=2), and 5P, (|3)). Here, the FWM (Ef) process occurs
in the subsystem (|3) — |1)) involving three beams E;, E, and E,. E¢
propagates in opposite direction of k, and satisfies the phase-
matching condition kg = k; — ky + k’2 and the energy conservation
wr = w1 — W, + w, as shown in Fig. 1(a).

In the experiment, the laser beam E; (with frequency ;, Rabi
frequency Q,, and wave vector k;) emitted from an external cavity
diode laser (ECDL) connects the transition between the energy
levels |1) — |3) and serves as the probe beam. The beams E, and
E, with the same frequency m, connect the transition between
level |2) and |3). Fig. 1(e) shows the geometric structure of the laser
beams. E; and E, are in the same direction of E;, where E, and E,
both have a small angle (~0.3°) with E;. Fig. 1(d) shows division of
FWM into horizontal (Eg,) and vertical (Eg) signal through PBS, and
their respective intensities are recorded by the avalanche photo
detector (APD). Meanwhile, SP-FWM is generated accompanying
polarization controlled FWM, and these two detectors also record
Stokes (Es) and anti-Stokes (E,s) signal. Therefore, we can calculate
the intensity noise correlation and their degree of intensity differ-
ence squeezing using these recorded intensities at APD1 and APD2.

3. Correlation function and intensity-difference squeezing

In nonlinear medium, %‘® is a function of the density-matrix
elements described by the perturbation chains, so the perturbation

. . . E E
chain of FWM is obtained as p'’ ut ps = pgl = ) and the corre-
sponding density matrix elements for Er can be written as

ps) = —iGiG;G) /d3 dn, (1)

where d31 =131+ iAl, d21 =1+ l(A1 — Az) and Gi = ,u,E,/h
We define the frequency detuning and Rabi frequencies of
different laser beams as A;= Q. — w; (i=1, 2, 3) and G; = tmnkEifh
(G} = tmnE{ [n), where Qp,, and p,, denote the transition frequency
and dipole moment, respectively, between |m) and |n) having
transverse relaxation rate I',,, and E; is the electrical field

intensity. x o« ) « p®, as the relationship predicts, the output

(d (e)

Fig. 1. (a) Energy level diagram of the °Rb atom. (b) Dressed-state of A-type level
systems. (c) Stokes and anti-Stokes (Es and E,;) produced by E; and E,. (d) Shows
division of FWM into horizontal (Ep,) and vertical (Ers) signal through polarized
beam splitter. (e) Schematic diagram of the experimental setup. Double headed
arrows and filled dots denote the vertical polarization and horizontal polarization of
incident beams (black lines with arrows), respectively.

signals of FWM processes can be modified by the dressing fields
(E; or/and E,). Therefore, by taking the dressing effects of E; and
E, into account, Eq. (1) can be rewritten as
—iG,G,G,
p(331) B 2 2 ]2 = 2 2 ’ @)
<d31 + G, /dy + Gl/rn) {dZI + Gy /dy + G5 /T2

where d,3 = T'55 — iA,. The polarized state of the dressing field E, is
obtained by inserting a half-wave plate (HWP) (Fig. 1(e)). The polar-
ized beam can be decomposed into linearly-polarized components
while all other polarization fields are fixed. Therefore, Eq. (2) can
be rewritten as

iG1G;
dsy + J2G2 082 (20) /dyy + G2 /r”]2
i G, 1, c0s(20)

[do1 + G1 /dos + 1G] c052(20)/ o]

3
pg(x))/y = {

iG1G,
2 i 2 2 2
[dgl + 12G2sin?(20) /dy; + G2 /rn]
G, 14,sin(20)
[dn +G3/dys + J2G5 sin*(20) /rzz]

3
P ;xglx =

*

4)

The propagation equation of the FWM signals in the oven with
Doppler effects is

=1 — Iy, 5)

where Ir = CNZ12 [7=" (e~ " | pO)(v)? juyT)dv is the total
intensity of the generated FWM signal. p®(v) is the density-
matrix element of the FWM signal including pure FWM pg)(v)
and multi-dressed FWM signals. I is the absorption of the FWM
signals in the medium and may be written as

v=+00

In = Ip(1 — e™) = CN? 12 (e~ "W’ K Im[F(v)]/uym)dv  (6)

Jv=—cc
where o is the absorption co-efficient. K = IoLk,/CNrhey and
F = heoy/Nppi? is the effective atom number and C is a constant.
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1 is the dipole moment. v is the velocity of the atom due to Doppler
effect and u is the most probable velocity. In the presence of I, the
theory can well explain the interaction and propagation behaviors
of the FWM signals.

3.1. Polarization controlled two FWM noise correlations

The second order intensity noises correlation function G (1)
between output fields (m and n) can be calculated by [15]

(O (t)SLy(t + T))
V Bln(©R) (ola(c + TP

For the weak coupling field FWM, the intensities of Er are propor-
tional to the p{, where the brackets express the time average
(3Li(t)) = [”T oli(t)/T, (I;) is the average intensity of each laser beam
and Jl;(t) gives the intensity fluctuations versus time. 7 is time delay
between the recorded signals, T is the time of integration. Moreover,
we also observe the damping of Rabi oscillation [16], so that the
oscillation and the decay terms as displayed could be added into
the second-order correlation function G2 (t)[e 27 4 e=2r-7—
2 cos(Q,7)e"T++T-)7] where, Iy = I'jg and I'_ = I'yq are natural line-
width without dressing fields. Further, the noise correlation can be
controlled by the relative nonlinear phase induced by dressing

beam. The nonlinear phase are determined by

Py = 2\(fia)m/n/26)xﬁ/)nEmEn| « nyl,e~"z/ny, where n, is nonlinear

refractive index n, = Rey® /(&ycnyp), in which the third-order nonlin-

GA(1) =

mn

CoS(A@). (7)

ear susceptibility is given by y©® = Nugul?op}g)/(h3£oGpr) having
atomic density N, &, is permittivity of free space, and (1) is the
dipole matrix element of the FWM transition. Hence, we can define
AgusedinEq.(7)as Ap = @, — ¢,, which is responsible for switch-
ing correlation and squeezing through interaction of incident beams
in Kerr medium by changing their power and polarization.

3.2. Two SP-FWM noise correlation

At the same time, we noticed that E; and E, produced Stokes
(Es) and anti-Stokes (E.s) (Fig. 1(b)). The process occurs in the
subsystem (|3) — |1)) involving two beams E; and E,. Es and E
satisfy the phase-matching condition. In nonlinear medium, x*
is a function of the density-matrix elements which can be

. . . K ks K
described by the perturbation chains p%‘?‘ip;ﬂ)ﬂpfl@pﬁlkasy

k) ks ) . . :
p5) = piy = p = p,, and the corresponding density matrix

elements for respective, Es and E,; can be written as

—iG1GG,

PStas = . : ——, (8)
as (F31 + lA])[FQ] + I(A] — Az)](r3] + IA]) !

p(3) _ i 71.(?26(156] . . 9)
32s (rgl =+ lAz)[F]z + l(Az - A] )](Fg}z + lAz) !

For the weak coupling fields of Stocks and anti-Stokes, the intensi-
ties of Es; and E, are proportional to the numbers of photons (a‘a)
and (Bﬁ)), respectively. When Eg,s fields propagate through the
medium, then they can be evolved under the Hamiltonian of the
system. The measured photon numbers at two output channels are

(a'a) = {cosh[2tV/G cos @] — cos[2tV/G sin ¢]}g,/28s, (10)

(b'b) = {cosh[2tV/G cos ¢] — cos[2tVG sin @]} g, /28, (11)

where G =gsg.s, 0 =(ps+ ¢as)|2, ¢s and ¢, are phase angles of E;
and E,, respectively. As a result, the correlation function between
E; and E,s can be expressed as

(0las(£)0l5(t + 7))

G
V (8les (0P (s (¢ + )P

as—s(r) =

cos(Ap)

—%DE cos(Ag), (12)

where A=R;| [dwge = cosh(gL)sinh(gL)’, B=R, fdwssinhz(gL),
C=Rs3 [dwgsinh®(gL), D =Ry [dwscosh®(gL), E=Rs [ dwqscosh (gL)?,
where R; = IRsRasEsEaslzv Ry4= RleS|2- R3s5= Raleaslzv
VI[(27)20ass], Easjs = hasjs/2V)Y% V is the quantization volume.
Considering the influence of Stocks and anti-Stokes fields,
we have lower decay rate and higher lifetime, this is due to broad
band laser source excitation. The shape of the correlation peak
for Stokes and anti-Stokes can be determine by the parameter
of correlation function which can be written as
A=Ry|A; |2 [~ @+l 1 e=@T-+0ltl _ 2 cos(Q,|T])e~T++T-+0I1], Here A
is related with T only. A; = A;N(10lt20 E1 )’ @asl/(2ceoh®), and Q. is
the Rabi oscillation. Where, I'. = I'1g and I'_ = I'yq are natural line-
width, { is linewidth of E and E,s, Qe = |A4|. If we only consider the
influence of FWM, we have higher decay rate and reduced lifetime,
which results in broad peak correlation structure, caused by narrow
band laser source and destructive dressing effect (G; and G;) at
resonance (A, =0) and nearby points. The parameter A for FWM
can be expressed as

Ras/s =

A =Ry|A; Pe 21T 4 e 2011 — 2 cos(Q,|t[)e T+ TN,

3.3. Two FWM intensity-difference squeezing

The degree of two-mode intensity-difference squeezing [13,14]
between output beams Eg; and Ep, can be given by

= —2L0g,,(2G — 1)cos(Ap), (13)

where (5*(N; — N,,)) is the mean square deviation of the intensity

difference and (6*(Ny, + N,,)) is the mean square deviation of the
intensity sum.

4. Experimental results and discussions

In order to understand the interaction between horizontal and
vertical components of FWM signal and the AT splitting, from the
designed experiments, we have taken the following results. There
exist one A-type EIT window (satisfying A; — A, =0 condition)
and the FWM signal (Eg). Fig. 2(a)-(c) show that the intensity of
the two FWM signals are moved position by scanning k,. Fig. 2
(d)-(f) show that the polarization states of dressing fields E, as
externally controlled variables.

Next, we focus on the AT splitting of the FWM signal within the
EIT window. When the coupling field E; is incident, these fields (E,
(E,) and E;) can dress the energy level |3) together. E; first creates
the primary dressed states |G;:), then E, creates the secondary
dressed states |Gy..) at a proper frequency detuning (tuned to near
either the upper or lower dressed state |G;+) or |G;_), as shown in
Fig. 1(b). This generates the secondary AT splitting for the FWM
signal and the appearance of three peaks in Fig. 2(a-c),
respectively. If we set |1) as the frequency reference point, the
Hamiltonian for primary energy can be written as:
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Fig. 2. (a)-(c) Measured the two FWM signal intensities at different detuning —200,
0 and 200 MHz, respectively. (al) Saturated absorption spectrum of rubidium atom
(SAS). (a2) The vertical component of FWM (Is). (a3) The horizontal component of
FWM (Ip). (d)-(f) Polarization dependence of the suppressed FWM signals.
Variations of total intensity Iy (el), Is (e2) and Ip (e3) at different angle 6 =0°,
22.5° and 45° in (d)-(f), respectively. E; = 3.9 mW, E; =10 mW, E, = 7.2 mW.

0 Gy

G (=1)'A
obtain 4, = [(—=1)'A; /A2 + 4|G;|*]/2. In addition, E, splits |G;.)
into |Gq++) if Ay > 0, or splits |G;_) into |G;_s) if A, <0. The Hamil-
Ai G2

G, 0}
where A; = A; — (—1)/x;. From the relation H'|Gqs4) = Ass|G14s), We

can obtain .. = [(=1)’A; + \/A? + 4|G,|*]/2. We can obtain the

expression splitting distance between |G;..) and |G;_) as

A =2,/|G1* + |G,|%, provided A;=A, =0, with the detuning fac-
tors of A, as —155 MHz, 26 MHz and 146 MHz, respectively. The
three peaks, from left to right, correspond to the primary |G;_) (sat-
isfying A = »_), secondary, |Gy..) (satisfying A; = 1..) and tertiary |
G1+_) dressed state (satisfying A; =\, ), respectively (Fig. 1(b)).
Three AT splitting are not evenly distributed on both sides of reso-
nance point due to many hyperfine energy levels of 3Rb. When k;
changed (A; from —800 MHz to 400 MHz) the FWM background
signal come from two-photon resonance signal dressed by G, all
point satisfy A; — A, =0, near the zero point (A; ~0, Ay ~0).
Since the dressing effect are stronger, so we can see two peaks,
the left peak A; = —462 MHz, the right peak A, =242 MHz, corre-
spondingly one dark state at A; = —66 MHz in Fig. 2(d), and two
bright states A;=-399 MHz, A; =242 MHz and one dark state
A1 =-110 MHz in Fig. 2(e).

Next, we consider FWM processes effectively controlled by the
polarized multi-dark-state. Specifically, AT splitting of FWM can be
modulated [17] by inserting HWP of the involved laser beam E, as
shown in Fig. 1(e). The Hamiltonian of the double-A type three-
level system can be written as the matrix:

H = —h{ } from the equation H|Gy:) = 1+|G1+), we can

tonian for secondary energy can be written as H' = —h{

H = h[A:3) (3] + (A1 = 42)12) (2] + 1(G1[1) (3] = GaI3) (2]
+G[2)3)). (14)

Under the resonant conditions of A; — A, =0, A; =0 and A, =0,
we can get two easily identified dark states:

Go|1) — Gy |2 G
p1y = DOy S,
VIGi)? 4Gy 2 (15)
VIG P + Gy G2

The total dark state amplitude is then given by
ID) = |D1) +|D2) = 2[1) — (G1/Gz + G1/Gy). (16)

We want to see how the populations of the atoms in the dark
states vary as the four uncoupled states interfere with each other.

That is, we would like to find |(D|y)|*>. The wave function of the
atom in its bare-state basis is written as |) = ¢o|1) + ¢1|2) + ¢2|3)
the intensity of FWM signal is I=|Nup)?, where
N' = N(1 - |(D|$)*). In order to quantitatively compare with the
observed changes of the FWM signal peaks as E, polarization
changes, the area of the spectrum under the peak and the height
of each peak are investigated. The changes of the FWM spectrum
is well described by the function cos?20, 0 is the rotated angles
of the HWP, each peak of the FWM process will be controlled by
polarization property [18]. Fig. 2(d)-(f) show that as the polariza-
tion angle 0 changed from 0° to 22.5° and then to 45°, the total
FWM changed from two peaks to one peak. In Fig. 2(d), when
0 = 0° one can find that the trend of evolution in the relative height
of the left peak and the right peak is opposite, the left peak is
higher than the right peak. Fig. 2(e) depicts that the intensity of
the horizontal component (Eg,) and vertical component (Eg) of
the FWM changed by polarization angle 0 of E,. Eg splits into
two peaks, the right peak is higher than the left peak. However,
Eg, does not split at 22.5°, this is because dressed effect of the
vertical component also increases with increasing angle of E,,
different from the horizontal component which s
dressed-insensitive. Changing detuning A; of E; will influence
dressing effect, because of u,>u, in Egs. (3) and (4) as

2G5 sin®(20) /dy; > 12G5 cos?(20)/dy;. In Fig. 2(f), experimental
condition is similar to Fig. 2(e) except for polarization angle
0 = 45°, where one can find that Ez;= 0 and Eg, has no splitting.

4.1. Correlation or anti-correlation

Next, we focus on the intensity noise correlation between the
output beams Egs and Ep, as well as between Stokes (Es) and
anti-Stokes (E;s) as shown in Fig. 3. Fig. 3(a) shows to ensure the
two components of FWM intensity are always equal at different
detuning points, we change the polarization of E,. Fig. 3(b) shows
the two-stage line shape of correlation, including the sharp peak
(solid curve) between stokes and anti-Stokes (Eq. (12), and the
broad peak correlation (dash curve) between two components
(Ers and Ep,) of coherent FWMs (Eq. (7)). This is because stokes
and anti-Stokes have lower decay rate and higher lifetime, this is
also due to broad band laser source excitation, and two compo-
nents (Eg; and Ep,) of coherent FWMs have higher decay rate and
reduced lifetime T" >> {, which results out to be broad peak corre-
lation structure, it is also due to narrow band laser source and
destructive dressing effect (G; and G;) at resonance (A, =0) and
nearby points.

In Fig. 3(c), by adjusting two polarized components of the FWM
with equal intensity when A, = 0, and E,, = 5.7 mW, E, = 8.8 mW,
E;=3.9mW, E, = 12.1 mW. During the experiment, all parameters
are fixed except detuning is changed from —400 to 800 MHz. In
Fig. 3(d), experimental conditions are the same as defined in
Fig. 3(c) but changes the power of input fields, E, =2.55 mW,
E;, =347 mW, E,=7.02mW, E;=3.9mW and E;=10mW. In
Fig. 3(e), in order to get the equal intensity of two different polar-
ized output components of FWM signal at the different detuning
conditions, we use HWP to change the polarization state of E,
(7.2mW), and E; =3.9mW, E; =10 mW. From Fig. 3(c)-(e), we
can see the correlation switched from negative to positive. Mean-
while the broad peak amplitude of correlation values decreases
from left to right and sharp peak amplitude increase and finally
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Fig. 3. Measured intensity and intensity noise correlation between signal from
APD1 and APD2 (a1)-(a3) Measured total power, horizontal component power and
vertical component power of E,, respectively. (b) Measured intensity noise
correlation between Ep; and Ep, also between Stokes (E;) and anti-Stokes (Ejs).
The solid curve represents the sharp peak correlation, the dash curve represents the
broad peak correlation. (c)-(e) Frequency detuning and polarization dependences of
the maximum correlation value G*)(0). (c1)-(c3) Frequency detuning dependences
of the sharp peak, the broad peak correlation and total correlation, respectively.

decrease as shown in broad peak and sharp peak amplitude
dependence.

In this section, we discuss the correlation and anti-correlation
existing in our experiment with theoretical explanation of switch-
ing phenomenon. The noise correlation can be controlled by the
initial phase and relative nonlinear phase. Firstly, we consider
the noise correlation influenced by the initial phase. To explain this
phenomenon, we introduce populations into corresponding den-
sity matrix elements. When the pumping effect of E; is considered,
the lasers E; and E; do not satisfy two-photon resonance, the initial
populations of the ground states (|1),]2)) are:

o of

Q@+ Q2+ Q

0. p@ -
f©), oy Q%jLQ%

P = +£(8), (17)
where f(t) can be viewed as the population fluctuation with a real
value. Moreover, the far smaller ratio between the Rabi frequencies
(generated fields) and their detuning will nullify the mutual cou-
pling among these fields. For the probe transmission and FWM sig-
nals, the propagation equations are given by
% = inpip,, % = inp, where 1 =3/2NI'10/87, N is the atomic
density, 4 is the resonant wavelength of D, line, and Gg, & G, are
Rabi frequencies of Ers & Epp, respectively. If yL << I';; we can get
Ghy' (£) = Grp +ILPSp (1), R (8) = Grs + LS (8)-
Transmission intensity can be expressed as

Ipp(t) ~ Glzfp — 2GpnL Im[pgll)Fp(t)]z
Irs(t) ~ Gp, — 2GrnL Im[pSr (1))

the intensity fluctuation can be described as
8lgy(t) = GrolL lm[(sp;‘l’Fp(t)],(leS(r):GanL Im[(ﬁpé]])ﬁ(t)]. So, the

intensity noise correlation function G () between any these two
fields (Egs and Epp) can be calculated as

Gg))st(T) _ (0l (£)0lEs(t + 7))
VST (O ([8lrs (€ + 1))
(1m[opp ()] Im[opr(t + 7)) )

- \/<{lm [(Sp(;])Fp(t)] }2><{lm [5/’(3]1)&@ 4 7:)} }2>

(18)

The sign of correlation depends on these two fields correspond-
ing to their first-order matrix elements of the fluctuation of the
imaginary part. If the same signs, the correlation is a positive; On
the contrary, if the symbol is negative, the correlation is negative.
We get

S (O S ()
Imls M ] _ GFpralt’P(n)Jrczrzzt)P[z])
M0z | = A2 '
1 31 (19)
SO s (0
Im 1) _GFsr310P21]+Gzl_3200(21)
P3iks| = i, :

The fluctuation of the population of level |1) is 60!% (t) = —f(t), and
then based on the simplified matrix elements, the intensity

Im[épgll)ﬁ]} =
Jm[pgll)ﬁ] = —%}gf). Then, by inserting Eq. (19) into

fluctuations of the two  signals are:

_ Gpplsif(®)
A24T,
Eq. (18), one can obtain the intensity noise correlations as:
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In Eq. (20) we always get positive value of noise correlation of
two mode polarized FWM (initial phase Ap =0 (A¢ = @om — @n)),
while from experiment result (Fig. 3(c)-(e)) we can see the noise
correlation have both positive and negative. Considering the noise
correlation can be controlled by the relative nonlinear phase Ag,
the correlation function in Eqgs. (7) and (12) is multiplied by
cos(A¢) factor. By changing the detuning, power and polarization
of probe, pump and dressing fields, the switching is achieved due
to interaction among these dressing fields. When we change the
detuning of k;, the FWM signal is dressed by G;, the intensity
spectrum of FWM split into two bright states A;=-399 MHz,
A1 =242 MHz and one dark state A; =-110 MHz (Fig. 2(c)). Cor-
responding to the primary |G;_) (satisfying A;=2x_), secondary |
G1++) (satisfying Aq = Ait) |G1+_) (satisfying A =A._), respectively
(Fig. 1(b)). Correlation G®)(t) are switched from negative to pos-
itive, only by changing detuning of E; due to its dressing effect as
shown in Fig. 3(c) and (d). In Fig. 3(c) E, has fixed polarization
angle, E; and E, power are constant. These results may be
explained by nonlinear refractive index of Kerr medium. Since
the dressing state created by E, can modulate the nonlinear
refractive index, such modulation effect is governed by self-
phase modulated (SPM) and cross-phase modulated (XPM) in Kerr
nonlinear medium, the relative nonlinear phase between two
FWM signals Ap = Ap, + Ag, is significantly modulated, here
A@, = 2(En[*ng — [EaPn)le "2/, A, = 2(knnf — kang) |Ey|?
cos O(efrzz)/nlg“ =Gy /Gy [>, m and n represents the horizontal
component and the vertical components of FWM. When detuning
factor A; from —400 to 800 MHz, the vertical component of FWM
spectrum splits into two peaks, the left peak higher than the right
peak (Fig. 2(d)). When A; changed from 0 to —400MHz
|Egs|*n > |Eg,|°ni?, the relative nonlinear phase Ag; gradually
changed from 7/2 to m, corresponding noise correlation are nega-
tive; A; changed from 0 MHz to 800 MHz |Eg|*n5 < |Eg,|*nf?, the
relative nonlinear phase A¢; gradually changed from 0 to /2,
corresponding noise correlation are positive (Eq. (7)). Because
we only changed the detuning A;, modulation effect governed
by XPM is slight Ag, =0. In Fig. 3(d), set of experimental condi-
tions are same with Fig. 3(c) but the power of E, is changed from
12.1 to 10mW, while powers of E, are changed from 8.8 to
7.02 mW. Because of dressing fields power changed, the power

Gry5s(T) =
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difference of dressing fields G; and G, become smaller, double
dressing effect affect the FWM intensity fluctuations (Egs. (3)
and (4)) as a result in noise correlation switching. When
A1 =-295MHz and A;=-147 MHz, noise correlations are posi-
tive. With detuning A; changing from —400 to 800 MHz, the
same nonlinear phase A¢; change with Fig. 3(c), corresponding
noise correlation from negative to positive accompanied by strong
oscillation. In Fig. 3(e), we find the amplitude of correlation peak
at delay time 7 = 0 is switched from positive (0.934) to negative
(—0.885) showing that switching of correlation into anti-
correlation. When detuning factor A; changes from 0 to
—400 MHz, the relative nonlinear phase A¢; gradually changed
from m/2 to m; A; changed from 0 to 800 MHz, the relative non-
linear phase A¢; gradually changed from O to m/2. At the same
time the modulation of the nonlinear phase can be realized not
only by changing the detuning of E;, but also by changing the
polarization of E, as well. Modulated polarization can be achieved
by incident HWP as shown in Fig. 1(e) in front of incident beam
E,. One can find similar behavior with the detuning dependence,
where the intensity fluctuations are changed from correlated to
anti-correlated as polarized modulation from different polariza-
tion states. This phenomenon can be interpreted by the XPM,
where the relative nonlinear phase A¢,. With the change of
polarization angle, Ag, gradually changed from 3m/2 to m. There-
fore, when A; changes from 0 to —400 MHz, the total nonlinear
phase Ap = A@, + Ap, gradually changed from 3n/2 to 2m; A,
changed from 0 MHz to 800 MHz, the total nonlinear phase A¢
gradually changed from 7 to 37/2. Corresponding noise correla-
tion switched from positive to negative, accompanied by a slight
oscillation.

4.2. The intensity-difference squeezing

In this section, we analyzed the degree of intensity difference
squeezing between output beams Eg and Eg, and their corre-
sponding degree of squeezing is shown in Fig. 4(a-c). Fig. 4(a)-
(c) corresponds to Fig. 3(c)-(e), the noise correlation and the
intensity-difference squeezing are calculated using the same
experimental data. We have also compared the noise correlation
and the intensity-difference squeezing (Fig. 4(c) and (d)).

Like correlation result, by substituting Jl, ,(t) into Eq. (13), the
influence of the relative nonlinear phase on intensity fluctuations
squeezing are also investigated. Fig. 4(a)-(c) demonstrated that
the intensity-difference signal (black curve) can be switched to
higher or lower than the total noise signal (red curve)' by changing
A@ = 7 to 0 respectively, which is corresponding to anti-squeezing
to squeezing. It is worth mentioning that the variation tendencies
of the intensity fluctuations squeezing and the corresponding inten-
sity fluctuations correlation are in accordance with each other. The
intensity-difference squeezing shows same behavior with noise cor-
relation. When we change the detuning of A, the noise correlation
and the intensity-difference squeezing can be controlled by dark
states and bright states, from left to right, correspond to the primary
|G1_) (satisfying A; =1_), secondary |Gq.+) (satisfying A; = A..) and
tertiary dressed states |G,._ ) (satisfying A;=2._), respectively
(Fig. 1(b)). As detuning A; changed from —400 to 800 MHz, make
the nonlinear phase A¢ gradually changed from & to 0, the squeez-
ing switched from anti-squeezing to squeezing as shown in Fig. 4(a).
Since, experimental conditions of Fig. 4(b) are same with Fig. 4(a)
but the powers of E, are changed from 12.1 mW to 10 mW, while
E, from 8.8 mW to 7.02 mW, the results obtained are substantially
similar. As detuning A; and HWP angle changing, make the

! For interpretation of color in Fig. 4, the reader is referred to the web version of
this article.
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Fig. 4. (a1)-(b3) Measured intensity-difference squeezing between output beams
Er; and Ep,, all experimental conditions are identical with each other except for their
spectral positions A; of al (A; =—-350 MHz), a2 (A; =0 MHz), a3 (A; = 500 MHz)
respectively. (b1)-(b4) are similar to (a1)-(b4), except for input power of E,, which
is changed from 12.1 mW to 10 mW and E, from 8.8 mW to 7.02 mW. (a4) and (b4)
Show the dependences of amount of squeezing at the analysis frequency
corresponding to (al)-(a3) and (b1)-(b3), respectively. (c)-(d) Measured inten-
sity-difference squeezing and intensity noise correlation between output beams Eg
and Ep,, all experimental conditions are identical except for their spectral positions
A and polarization state of the dressing field E,, c1, d1 (A; = =350 MHz, 0 = 0°) c2,
d2 (A =0MHz, 6=22.5°) ¢3, d3 (A1 =500 MHz, 0 = 45°). (d4) Frequency detuning
and polarization dependences of the maximum correlation value G‘*(0).

nonlinear phase A¢ gradually changed from =« to 27 (Eq. (13)), we
can get the intensity-difference squeezing switched from squeezing
to anti-squeezing as shown in Fig. 4(c). Compared with Fig. 4
(c) and (d), we compare and analyze the nonlinear phase modulated
correlation and the intensity-difference squeezing, the correlation
and squeezing can be switched into anti-correlation and anti-
squeezing and in the correlation obvious region squeezing phe-
nomenon is more obvious. Physically this phenomenon occurs due
to the rubidium atoms near the resonance frequency of FWM effi-
ciency is enhanced, the output signal intensity is bigger but its noise
is almost the same.

5. Conclusion

We have observed FWM processes in a double-A level of rubid-
ium atomic system with EIT windows. We find that the efficiency
of resonant FWM process is much higher efficiency than the off-
resonant and the AT splitting of FWM induced by the generated
fields is observed. Meanwhile, the dressed noise correlation and
intensity-difference squeezing based on FWM process in rubidium
vapor have been observed experimentally and explained theoreti-
cally. And the two-stage line shape of correlation that exhibits a
sharp peak and a broad peak is also studied. The sharp peak and
the broad peak are from the correlation of two spontaneous para-
metric FWMs and that of the vertical component and horizontal
component of two coherent FWMs. When the correlation is posi-
tive we have positive squeezing, when the correlation is negative
we get anti-squeezing. We explained that the correlation and
squeezing can be switched by controlling the detuning and polar-
ization of the dressing fields which determine the relative initial
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phase and nonlinear phase. These results are attributed to
dressing-induced nonlinear phase. Such researches can find poten-
tial applications in all-optical communication and optical informa-
tion processing on photonic chips.
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