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We report the generation of twin beams by the parametric amplification four-wave mixing process and
triplet beams by the parametric amplification six-wave mixing (PA SWM) process associated with the
multiorder fluorescence signals in a Pr3*:Y,SiOs crystal. The intensity noise correlation and intensity-
difference squeezing result from the nonlinear gain, which can be well controlled by the polarized dressing
effect. The correlation value at the resonant position increases due to the double dressing effect; however,
such correlation decreases if the triple dressing effect works. Specifically, correlation and squeezing
between Stokes and anti-Stokes signals can be also switched by the relative nonlinear phase shift. The
generated triplet beams from the PA SWM process have potential applications in three-mode all-optical
information processing that can be used in on-chip photonic devices.
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I. INTRODUCTION

As a further step towards integrated quantum photonic
devices, it is necessary to miniaturize external light sources
to improve their performance, such as their portability,
stability, and multifunctionality. To achieve such light
sources, methods that are based on traditional nonlinear
optical crystals, especially domain-engineered quadratic
nonlinear photonic crystals [1,2], were developed.
Recently, a certain valuable extension of the path-entangled
states to high-dimensional entanglement from a domain-
cascaded lithium niobate crystal was reported [3]. On the
other hand, rare-earth-doped crystals such as Pr’* : Y, SiOs
exhibit unique features in comparison to nonlinear crystals.
In these kinds of doped crystals, the “atomlike” properties
of the dopant can be kept, in which the atomic coherence
can be induced easily when interacting with multiple laser
beams. As for the atomic coherence effects in solid-state
materials, recent research includes electromagnetically
induced transparency [4,5], light velocity reduction and
coherent storage [6—8], optical quantum computing [9,10],
all-optical routing based on optical storage [11], and
enhanced four-wave mixing (FWM) based on atomic
coherence [12], to name a few. It is worth mentioning that
following the latest developments in intensity squeezed
light with FWM in an atomic vapor, one can use the
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multiwave mixing processes in such rare-earth-doped
crystals to generate entangled lights.

In this paper, we report the generation of correlated light
beams from a parametric amplification four-wave-mixing
(PA FWM) process and a PA six-wave-mixing (PA SWM)
process in a Pr3*:Y,SiOs crystal. Two nonlinear cascade
optical processes are controlled by adjustable dressing
fields, and the results show that the degrees of the three-
mode correlation and squeezing are induced by the dressed
nonlinear gain. The correlation and squeezing can be
controlled by the relative nonlinear phase shift caused
by the dressing fields. On the other hand, the correlation
and squeezing of PA FWM can be switched to anticorre-
lation and antisqueezing. Such controllable properties
have potential applications in all-optical communication
and optical information processing on photonic chips.

II. THEORETICAL MODEL

The sample is a 0.05% rare-earth Pr3*-doped Y,SiOs
(Pr3*:Y,SiOs) crystal, in which the triplet-energy-level
3H, and singlet-energy-level !D, are selected to couple
with each other. It is easy to identify the energy levels by
investigating the optical spectrum of Pr’*. The degeneracy
of the Pr3* energy levels is prohibited due to the crystal
field of Y,SiOs; the H, and ' D, states are split into nine
and five Stark components, respectively. The five relevant
energy levels are 3y (0) and | 1)), 7o (|12)). & (3)). 7% (4))
in a five-level atomic system as shown in Fig. 1(a). The
nature linewidths are about 2 kHz (site I) and 1 kHz (site II)
[13]. The input laser beams are along the [010] axis of the
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(a) N- type four-level atomic system (b) Experiment setup
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FIG. 1. Experimental setup. (a) N-type four-level atomlike
system in Pr3* :Y,SiOs. The width of ground state |0) represents
the broadened degenerate states. (b) Experimental setup scheme.
Flu, fluorescence; D, photomultiplier tube; L, lens. E, and E;
counterpropagate with Ej.

Y,SiO5 crystal, where the [010] axis is perpendicular to
the optical axis. A strong pump beam E; (frequency w;,
wave vector k|, Rabi frequency G, wavelength 605.97 nm,
coupling transition |0) <> [2) with detuning A; =
Oy — 05, 1) < [2) A} = @y — @y, where w,,, denotes
the corresponding atomic transition frequency, and w; is the
laser frequency), E, (@,, K,,G>, 609.27 nm, |3) < [2),
A,), and E; (w3, k3, G3, 607.96 nm, [0) <> |4), As,
|1) <> |4), A}). The Pr** impurity ions occupy two
nonequivalent cation sites (i.e., sites I and II) in the
Y,SiOs5 crystal. The energy levels for site I are labeled
by a greek letter without an asterisk, while for site II by an
asterisk, as shown in Fig. 1(a). Actually, with the induced
dipole-dipole interaction considered, the coupling between
the Pr3* ions localized at different cation vacancies in
the Y,SiOs crystal can occur [14], so one can treat the two
ions (at different sites) as a hetero-nuclear-like molecule.
Therefore, one can establish an N-type four-level diagram
I3) o 2) o 1) o [4) o [3) < [2) < [0) © |4),
which is composed of one A-type (|3) <> |2) <> |0) or
|3) <> [2) <> [1)) subsystem and one V-type (|2) <
|0) <> |4) or |2) <> |1) <> |4)) subsystem. A two-photon
coupling process can be implemented by the transition
12) < |1) < [4).

In the following theoretical section, we first introduce
the nonlinear gain and then interpret that the intensity
of such nonlinear gain can be controlled by the dressing
effect. Based on the above, we investigate the intensity
noise correlation and intensity-difference squeezing in the
dressing PA FWM.

A. Spontaneously parametric FWM

The SP FWM process involves a coupled Stokes channel
and an anti-Stokes channel and produces twin photons.
One can express such SP FWM process with the
Hamiltonian [15]

H="2(@@b"+ab). (1)
v

where a*(a) is the creation (-annihilation) operator that
acts on the electromagnetic excitation of the Eg channel,
whereas E*(f)) acts on the E,g channel. v is the group
velocity of light in the nonlinear medium, and kg g =
| — iwg asyP E7/2]| is the pumping parameter of the SP

FWM, which depends on the nonlinearity y®) and the

pump-field amplitude. p}' %) S Bl and ply 2

P(zg ﬂip%) ﬂpg))( as) are the central frequencies of the gen-

erated Stokes and anti-Stokes signals. Different from the
case occurring in nonlinear crystals, ¥ is a function of
the density-matrix elements. A SP FWM process occurs in
the paraxial direction due to the so-called self-diffraction
phase-matching FWM process generated in a “double-
A-type” subsystem [|0) <> |1) <> |2) between two vertical
dashed lines in Fig. 1(a)]. The strong pumping field E;
together with the generated Stokes (E,) and anti-Stokes
(Eg) fields satisfy the phase-matching conditions kg =
2k; — kag and kg = 2k; — kg. Laser beams E, and E;
(counterpropagating with E;) can cause resonant absorp-
tion and are used only to dress such SP FWM. Thus, only
dressed SP FWM can be detected, and the generated fields

can be described by the perturbation chains [16,17]

0)®1 (1)@as (2)@1 (3 0)®r (1)®ws (2)@1 (3
P Bl S8 1)( 5) (Es) and Pi) =P =Pl _)P(zo)(As)

(E ss)- Therefore, one gets [18]

9(231)(S) = —iGxs*G?/(dy1dody ). (2)
pg?))(AS) = —iGs*Gy?/(dyodody), (3)

where G; = u;;E;/ 1 is the Rabi frequency of field E; with
the electric dipole matrix elements p;;, dyy = I’y + iAy,
dig =Ty +i6, dyy =Ty +i(A)+A+35), dy =Ty+
lA/l’ d01 = FOI — 15, dlzl = le + l(Al - 5), and FU is
the decay rate between energy levels |i) and |j). The real
frequencies of the generated Stokes and anti-Stokes signals
can be expressed as wg = wg+ 6 and wpg = Wpg — 0
respectively, where the introduced symbol 8 can be viewed
as the criterion for the linewidths of the generated signal.

The boson-creation (-annihilation) operator satisfies
the Heisenberg operator equation of motion in the dipole
approximation:

da/dz = [a,H]/ih = kb*, (4)

db*)dz = [b*, H]/ih = xa. (5)

After some algebra, we get the photon numbers of the
Stokes and anti-Stokes field at the output site of the
medium [15,19]:
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1
<&§uta0ut> = E |:COS (ZL\/E sin w>

A
+cosh<2L\/ B cos ];(pzﬂB, (6)

ALoa 1
(bbow) = 5 {cos (ZL\/ AB sin %)

B
+cosh<2L\/ ABcos LT P2 —;(pz)} 1 (7)

where L is the medium length, /’;31)(s) = Ae'"1, pg))( As) =

Be'#, and A (B) and ¢, (¢,) are the modulus and phase
(p20 AS) ), respectively.

When three beams E,, E|, and E' (from the same laser)
are turned on [see Fig. 1(b)], a coherent FWM signal
(kr = k; + Kk —K)) is produced. If we inject this FWM
signal into the Stokes channel of the SP FWM [14], we
obtain the PA FWM. Therefore, the gain of the Stokes
channel is given by

angles of p21

1
g= 2 [cos (2L\/AB sin w>
+ cosh <2L\/ Bcos ! ; (p2>] (8)

B. Dressed PA FWM

Taking into account the dressing effects of E, and Ejs,
Egs. (2) and (3) can be rewritten as [16]

3 .

Pé1)(s) = —iGas*G*/(dr1pdo1dy ). (9)
3 s

/’go)(AS) = —iGs*G*/(dyopdiodyop). (10)

where  dyp =Ty 4+ i(A; + A) + |Gy /[T3y + i(A+
A—Ay) + |G [/Ty],  doop =T + iy + |Gof?/ T30+
i(A) = A9)+|Gi*/Tog), doypp =Ty +i(A) = 6) +|Gs*/
(Tar + i83), dygp=T0+i(A1+A+8)+|G5]?/ (Tyo+ilsz).

In addition, the polarization of the dressing field (E, or
E5) can be controlled by a quarter-wave plate (QWP) [see
Fig. 1(b)]. We assume the P-polarization direction (along
an optic axis of the crystal) to be the quantization axis,
so the component perpendicular to it (S polarization) is
decomposed into balanced left- and right-circularly-
polarized parts, while the component parallel to it
(P polarization) remains linearly polarized. So, the dressing
terms in Eqs. (9) and (10) are replaced by C32,lin (cos*d +
sin*0)|G,|* and  C2, ; (2c0s?0sin*0)|G,|*, respectively.
Here, C i, and C ¢, are Clebsch-Gordan (CG) coefficients
for linear and circular polarization, respectively [20]. 6
is the rotated angle between the QWP’s axis and
P-polarization direction. Because of the relationship

K )(E3>  p3), the output signals of this PA FWM process
can be manipulated by the dressing fields (E, or E3), e.g.,
the power, frequency detuning, and polarization.

C. Intensity noise correlation and
intensity-difference squeezing

The output number of photons is given by (@ aou)
which is proportional to the 1nten51ty since I o (Agyliout)-

The intensity fluctuation is 61(¢) = 1(r) — (I(1)). Therefore,
the correlation between the intensity fluctuations of the
output Stokes and anti-Stokes PA FWMs fields [19,21]
can be obtained

() = ([615(15)][81 a5 (145)]) |Us sl

G(sz,/)xs T — — =
VBt (s (1a5)1)

(11)

where 7 = 755 — 7, 7, = t; — r;/c, r; is the optical path
from the output surface of the crystal to the jth detector
(j = 1,2), 1, is the trigger time, ([675(t5)][6] o5 (tas)]) is the
cross-correlation function between the intensity fluctua-
tions of Exg and E5,Cs = /R, [ dwgsinh?(kL), Cps =
VRas [ da)ASsinhz(KL), V is the quantization volume,
and Rg o5 = VQ 3 as/ (2mug ag) are self-correlation func-
tions of Eg and E AS’ respectively, where Wy aq(7) =
inE2EgE s, [ e 97y 3)(5)ds.

C0n31der1ng the Boltzmann distribution with finite
temperature, the two-photon envelope function can be
obtained by performing a Fourier transform on the third-
order nonlinear susceptibility, W,_,(7) = inE?EgE sw;
[ e d5 inE3EgEas®; /[(Tay +iA; +iA)(iA+
[ —1“01)][ T — 707 714T] [22]. In addition, taking
into account the interaction between the sample and
coupling fields, the broadened linewidth of the measured
SP FWM signal is T =T}, —'(£5) + Tigngpint
Cionion + Dphonons Where I'pop = (227T;)~" depends on the
location of the energy level in phase space, with T,
describing the population decay time, and the term
['(+8) represents the location of the energy level, which
can be dressed by the coupling field. The last three terms
(Fion—spin + Fion—ion + thonon) are components of (27T T;)il
(the reversible transverse relaxation time 77). Tion.gpin 18
related to the ion-spin coupling effect of the individual ion.
[ionsion 18 determined by the interaction among the rare-
earth ions and can be controlled by the power of the
external field and impurity concentration. I'jj,no, 18 related
to the sample temperature. To quantify T'pion, P(2) is
introduced  P(1), = exp[—cu) ,—63.10.12.13.14 (At / R}y )]
and P(1), = exp[—cp)_,—s67(An/Rp)|, where A,/
A,p is the van der Waals attractive force coefficient,
R}, /R}, is the distance of the nucleus, ¢y and cp represent
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the population densities at the triplet energy level 3H, and
singlet energy level ' D,, respectively, and can be controlled
by the pump power. > (A,n/R}) and > (A,p/R}) re-
present the induced dipole-dipole interaction of states H-H
and D-D, respectively.

The degree of two-mode intensity-difference squeezing
is given by [19,23,24]

(s~ Tas)) (N5 = Bas))
(*(Is +1as)) 0 (3*(Ns + Nas))

= —log;o(29 - 1), (12)

sq = logy

where (8%(Ng— Nag)) is the mean square deviation of
the intensity difference, and (6*(Ng + N,g)) is the mean
square deviation of the intensity sum of the coherent
laser beams.

D. Multiorder fluorescence

We adopt the perturbation theory to investigate the multi-
order-fluorescence (MFL) signal [25,26]. When E; and E,
are open, the MFL signal is generated in the A-type-level

system of Pr3*:Y,SiOs. Taking into account the dressing

effects of E, and E, and the perturbation chains pggﬂ

PSS p 80 the intensity of MFL signal can be

described by the diagonal density matrix element pé?,

which is given by [14]

4 4
101(\41>:L = sz) = |G2|2|G1 |2/[d20DF00d32
X Ty + |Ga|*/d3y + |Gy */dyo)],  (13)

where d32 = F32 —+ lAz

III. RESULTS AND DISCUSSION

A. System preparation

The sample (a 3-mm Pr3* : Y, SiOs crystal) is held at 77 K
in a cryostat (CFM-102). Three transform-limited tunable
dye lasers (narrow scan with a 0.004-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 |, E,
El(w1,A)),E; (0,5, A,),and E5 (w3, Az). The diameter of all
beams is 0.8 mm. The polarizations of the laser beams are
controlled by inserting wave plates into the corresponding
beam paths. In such multilevel atomlike system, one can
obtain the PA FWM with an injecting coherent FWM signal
(kp=k; + k| — Kk/). Note that the generated signals (Eg,
E ,s) are quantum correlated [27,28]. Figure 1(b) shows the
experimental arrangement taking into account the above
phase-matching condition. The generated signals (Eg, E5g)
are associated with MFL signals and detected by photo-
multiplier tubes. Such PA FWM process can be doubly

dressed by applying dressing fields E; and E, (or E;) or
triply dressed by applying all three dressing fields E;, E,,
and E; simultaneously.

B. Two-mode experimental results

Nonlinear processes can occur easily in the paraxial
direction of the incident laser beam. In the current experi-
ment, the PA FWM process occurs, which is well inter-
preted by a self-diffraction-type FWM process in which
a strong pumping field E; is mixed with two weak
fields Eg and E,g as shown in Fig. 1(a) (middle panel).
The parameter space to be searched for in our investigation
of the dressed PA FWM together with the MFL is large,
with the frequency detuning A, of pumping field E| and the
powers and the polarization states of both dressing fields E,
and E; as externally controlled variables. In addition, we
compare the dressing effects of two structures in Fig. 1(a),
i.e., E, dressing in a A-type three-level subsystem of an
individual Pr3* ion and E; dressing in a V-type three-level
subsystem of a hetero-nuclear-like molecule.

Since the generated Eg and E 55 are twin beams and have
similar properties, we choose only E¢ and its MFL to show
the properties under various dressing conditions. First of all,
we analyze the accompanied MFL spectra [see Fig. 2(a)]
under various dressing conditions in the A-type subsystem.
The typical linewidths of MFL signals are about 30 GHz. On
the one hand, they are broadened by phonons (I'y,0n) from
the lattice heat vibration and the power (I'io,.ion) Of the
pumping field. On the other hand, they are balanced by the
dressing effect [I'(£65)] [29]. At a relatively low power of
P, =1 mW [Fig. 2(al)], the MFL has a Lorentzian line
shape with a small Autler-Townes (AT) splitting [14],
which is induced by setting P, = 3 mW. One way to explain
these observed effects is by using the dressed-stated picture.

1 (al) (a2) (a3) (a4) h (cd) (d4)
Z w ‘L \L ]
'z 2 (c3) h (d3)
20 £
I~ ~ —_ o
% B (b1)§ | (b2) 2 (b3) % (b4) :2 (c2) @)
3 = oy | - o &
J J j ) A @)
0
-1500 150-1500 150-1500 150-1500 150 0.0 1.50.0 1.5

A1 (GHz)

FIG. 2. Measurements of the PA FWM (Eg) and MFL ex-
citation spectra associated with their lifetimes under specified
experimental parameters. (a)—(d) Dressed spectra and lifetimes.
(a) The MFL spectra, (b) the PA FWM spectra Eg, (c) temporal
MFL, and (d) E intensity. The parameters inside the parentheses
in (bl), (b2), and (b4) are E; power, E, power, and E,
polarization by QWP, where the linear and circular polarizations
are denoted as @ = 0° and 6 = 45° of the QWP, respectively.
In (b3), the parameters are E| power, E, power, and E5 power.
G, =25 GHz at 3 mW.
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The power of E, splits the energy level |2) into |G, ). From
the Hamiltonian equation H|G,.) = 1,|G,;), we obtain
Ay = [Ay £ (A2 + 4]G,|?)'/?] /2. Therefore, the splitting
distance between |G,.) is 24/A3 + 4|G,|*, as shown in
Fig. 2(al). Next, by increasing P; = 3 mW [Fig. 2(a2)], the
MEFL is suppressed by the double-dressing effect of E; and
E, which appears as a suppression dip [see Eq. (13)]. Here,
the baseline comes from another fluorescence process
excited by E,. Physically, this phenomenon can be attributed
to the nest-type dressing term d, in Eq. (13) [14,20]. The
suppressing ability of E| increases as the detuning A; gets
closer to resonance. However, this situation changes at the
resonant region of A; = A, = 0, in which a peak of Eg due
to the high power of E| overlaps with the dip. Third, when E,
and E; are both turned on simultaneously, the triple-dressing
effect must be considered. As demonstrated in Fig. 2(a3), the
MFL is suppressed completely. If the beam E, is set to be
circularly polarized [Fig. 2(a4)] while all other parameters
remain the same as those in Fig. 2(a2), one can easily see that
the dressing effect in such case is stronger than that in the
linear case in Fig. 2(a2). Since the CG coefficients may be
different for different transitions between Zeeman sublevels,
the Rabi frequency can vary with polarization even if the
frequency and power of the laser field remain unchanged. For
example, the CG coefficients, C . (circular polarization)

and C,j, (linear polarization) are \/4/35 and /1/35,
respectively with M = 1/2. So, the dressing terms in
Eq. (13) are replaced by C7, ;,(cos*d 4 sin*0)|G,|* and
C?, cir(2c08°65in°0)|G,|*, respectively. Thus, the ratio
between dressing term of the circular and linear case is
expressed as Cp) ;. /Cl =4, with 6=45 and
M = +1/2, which indicates that the dressing effects in
the circularly polarized subsystems are far greater than those
in the linearly polarized subsystems.

In addition, one can find that the dressed state, one of the
most important consequences of the dressing effect of beam
E,, makes the intensity curves in the time domain with
A; = A, =0 show double peaks of the AT splitting
configuration. There exist two peaks, which correspond
to the locations of the zero delay time and a longer delay
time [30], as displayed in Figs. 2(c2)-2(c4). The obvious
delay of the right peak in Fig. 2(cl) is caused by the
residual particles in |G, ) transferring to |G,_) through
phonon-assisted nonradiative transition, which is mainly
determined by acoustic phonons at low temperature. As the
power of either E; or E, increases, such space (time delay)
between two peaks [Fig. 2(c)] gets larger, which can be
attributed to the energy-level splitting by the dressing effect
[corresponding to the AT splitting in the spectrum in
Fig. 2(a)]. The curves in Figs. 2(d) and 2(d) are the dressed
PA FWM spectra together with their lifetimes correspond-
ing to each fluorescence case [30]. Based on the analysis of
the above florescence signals, one can easily determine the
physical mechanism behind each output E¢ as shown in

Figs. 2(b) and 2(d). In other words, the dressing effect
makes the intensity of the PA FWM decrease and the
lifetime longer, whereas the dressing effect of the circularly
polarized field is stronger than that for the linear case [20].
However, since the PA FWM signal is insensitive to the
dressing field, there are no AT splittings in both the spec-
trum and time domain, as shown in Figs. 2(b) and 2(d),
respectively.

Now, we focus on the intensity noise correlation and
intensity-difference squeezing between the output beams
Eg and E,g of the dressed PA FWM process as shown
in Fig. 3. Figure 3(a) shows the noise correlations under
various control conditions. First, the correlation levels at
the resonance and off-resonance positions are different—
the correlation is reduced at the suppression dip position
[shown in Fig. 2(a), satisfying suppression condition
A, — A, =0; Fig. 2(al), A; = 0], while it is enlarged at
the enhanced-peak position [shown in Fig. 2(a), satisfying
the enhancement condition A; + 1. =0; Fig. 2(a2),
A; =200 GHz]. To investigate in detail the role of the
dressed states on the correlation level, we plot a frequency
dependence of the maximum correlation value on the
discrete frequency detuning A; presented as square points
in Fig. 3(b1). The two-mode correlation G A (7) [Eq. (11)]
and squeezing (sq) [Eq. (12)] are determined by the
nonlinear gains in Eq. (8), which can be modified by the
dressing effect in Egs. (9), (10), and (13) [31]. The curve
includes three regions: the resonance, near resonance, and
far off resonance, respectively. At the far off resonance, the
nesting double-dressing configuration [d,;p and dgp in
Egs. (9) and (10)] reduces to zero, and the nonlinear gain
[Eqg. (8)] gets the maximum value. At last, the maximum
correlation is obtained. As A; is close to being near
resonance, the correlation value becomes smaller and
smaller due to the nonlinear gain (g) decrease, and the
correlation reaches its minimum value at A; = 100 GHz.
Similarly, the correlation value is minimized at A, =
—100 GHz [the square points in Fig. 3(bl)]. However,
in the region |A;| < 100 GHz, the dressing effect due to E,
cannot be neglected. Therefore, at resonance, the nesting
double-dressing configuration (d,q and d,;) makes the
correlation much smaller but not to its minimum value
due to the action of dressing field E,, as shown in the
square points in Fig. 3(bl). In addition, the modulated
correlation time has the opposite behavior depicted with
circular points in Fig. 3(b1). The single-dressing effect can
result in the increased lifetime of the PA FWM and the
decreased intensity of the PA FWM process [29]. The
lifetime of the PA FWM process is inversely proportional to
the decay rate of the PA FWM process, where the dressing
results between the lifetime of the PA FWM process and the
correlation time of G(SZJ)AS(‘L') are coincident with each other
because the lifetime of the PA FWM process [Fig. 2(d)] is
modulated in the same way as shown in the circular curve in
Fig. 3(bl). As we discuss above, the correlation time and
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FIG. 3.

Measured intensity noise correlation and squeezing. (a),(c) Measured intensity noise correlation and intensity-difference

squeezing between output beams Eg and E 5 g, where the PA FWM process is dressed by E,. All experimental conditions are identical
except A; [(al), A; = 0] and [(a2), A; = 200 GHz], polarization state of the dressing field E, (al) 8, = 0° and (a3) 6, = 45°, and E,
power (al) P, =5 mW, and (a4) P, = 1 mW, respectively. (b) Frequency detuning, power and polarization dependences of the

maximum correlation value G2

)(0) (squares), and correlation time Az (circles). (d) Dependences of the squeezing value at the analysis

frequency 1.5 MHz (squares) and decay rate (circles) of the output beam E, respectively, corresponding to the cases in (b). Note that the
squares denote the case dressed by Ej3. (e),(f) Measured intensity noise correlation and intensity-difference squeezing between output
beams Eg and E,q at (1) A; = 200 GHz, (2) 60 GHz, and (3) 0, which are dressed by E, and E; simultaneously. (4) Frequency
dependence of the maximum correlation and squeezing degree on the frequency detuning A;.

decay rate are still valid, as shown by the circular points in
Figs. 3(b2), 3(b3), and 3(d2), and 3(d3), and the degree
of correlation [square points in Fig. 3(b)] is inversely
proportional to the correlation time [circular points
in Fig. 3(b)]. Now, we use the Cauchy-Schwarz
inequality G_(S?J)\S(T]) <1 to check our experimental result
[Fig. 3(a2)]. The measured correlation at off resonance is
about 1.5, which clearly violates of the Cauchy-Schwarz
inequality, proving that there is a nonclassical correlation
between Eg¢ and E5g.

Next, we focus on the power and polarization depend-
ences of the intensity noise correlation on E,. Figures 3(al)
and 3(a4) show the correlation curves at high power
(P, =5 mW) and low power (P, = 1 mW), respectively,
when A; =0 and 0, = 0° (linear polarization). As the
power of the dressing field increases, the correlation
increases at first due to the dominant gain by the terms
d,o and d,, and then it becomes worse due to the dressing
effect from the dressed term in Eq. (9), as shown by the
square points in Fig. 3(b2). Figures 3(al) and 3(a3) show the
correlation curves at linear polarization (6, = 0°) and cir-
cular polarization (8, = 45°), respectively, when A| = 0 and
P, = 5 mW. Assite I of the Pr3* ion is much more sensitive
to the circular polarization, one finds a similar behavior [see
the square points in Fig 3(b3)]. The competition between the
linear component C2, . (cos*d + sin*@)|G,|* and circular

component C, ; (2cos*0sin*0)|G,|* can well interpret such

phenomena. Considering the relationship x ;(1(.3) x pB),

the nonlinear gain can be modified by the polarizations of the
dressing fields (E, or E3). Specifically, the intensity (|p(®)|2))
of the PA FWM is suppressed when the polarization of

g2 lin

the dressing field changes from linear to circular due to the
stronger dressing effect in the circular case. Therefore,
|W,_,s|> in Eq. (11) becomes smaller, and this leads to a
lower correlation degree than that for the linearly polarized
case [Figs. 3(al) and 3(a3)]. Similarly, according to Eq. (12),
the degree of squeezing decreases when the dressing
field is circularly polarized compared with the linear case
[Figs. 3(b1) and 3(b3)].

Figure 3(c) shows the intensity-difference squeezing
(lowest curve in each panel) in contrast to the total noise
(highest curve in each panel) or the shot-noise level [middle
curve in Fig. 3(c2)]. Specifically, the highest curve in each
panel is the total noise of the two output beams. The shot-
noise level (SNL) [dashed curves in Figs. 3(c) and 3(f)] for
the PA FWM process is defined as the intensity-difference
noise on a pair of equal power beams produced from a
coherent laser by a beam splitter with equal power as the
sum of Eg and E,g [23]. As shown in Fig. 3(c2), the
intensity-difference squeezing measured here is —4.5 dB,
which is lower than the SNL. One finds that the double-
dressing results of squeezing [Eq. (12)] have the same
behavior as the correlation [Eq. (11)], which are determined
by the dressed nonlinear gain in Eq. (8), as shown by the
square points in each panel in Fig. 3(d). Therefore, the
degree of intensity-difference squeezing of the output
beams Eg and E,g depends crucially on the correlation
functions [27,28].

When the dressing fields E, and E; are turned on
simultaneously, a triple-dressed PA FWM process can be
obtained [32]. Different from the case of the double-dressed
PA FWM, the dressed results in Eq. (12) can be switched at
A; = 0. For example, the correlation measured here is
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FIG. 4. (a) Intensity noise correlation curves between Eg and

E g versus delayed time 7 with changing power of E,, with (al)
6 mW, (a2) 8 mW, and (a3) 12 mW, respectively. (bl) P, =
6 mW and @ = 1.5 MHz. The lower curve and upper curve are
the noise level of intensity-difference squeezing and intensity-
sum squeezing versus analysis frequency €, respectively. (b2)
P, =8 mW. The intensity-sum squeezing and intensity-
difference squeezing have the same noise level and are indis-
tinguishable. (b3) P, = 12 mW and @ = 1.5 MHz. The lower
curve and upper curve are the noise level of the intensity-sum
squeezing and intensity-difference squeezing, respectively.

about 1.4 [Fig. 3(el)], which is reduced in comparison with
that in Fig. 3(al). However, there is also a nonclassical
correlation between Eg and E 5, since the Cauchy-Schwarz
inequality is violated clearly. On the other hand, due to
the different polarization responses of site I and site II,
the frequency dependence of the maximum correlation
value on A; presents an inverted Lorentzian line shape
[see Fig. 3(e4)], while the double-dressed case is a normal
Lorentzian line shape with a central peak [see Fig. 3(b1)].
Similar behaviors can be found for the intensity-difference
squeezing [Eq. (13)] as shown in Fig. 3(f4) (triple dressed)
and Fig. 3(dl) (double dressed). Thus, the intensity-
difference squeezing [Figs. 3(d) and 3(f4)] is proportional
to the corresponding noise correlation [Figs. 3(b) and 3(e4)]
of the PA FWM process.

In addition, we not only verify that the intensity-difference
squeezing and intensity noise correlation can be easily
manipulated by several parameters in Fig. 3, but we also
show that the correlation and squeezing can be controlled
by the relative nonlinear phase shift caused by the dressing
beam. As shown in Fig. 4(al), with P, =6 mW, the
amplitude of the correlation peak at delay time 7 =0 is
1.3. The Cauchy-Schwarz inequality is violated in Fig. 4(al)
and nonclassical correlation between Eg and E g is dem-
onstrated. As P, = 8 mW, the amplitude is about 0, as
shown in Fig. 4(a2), and there do not exist correlation and
squeezing. In particular, the intensity fluctuation is switched
from correlated to anticorrelated if P, = 12 mW, as shown
in Fig. 4(a3). These results can be explained by the nonlinear
refractive index of the Kerr medium. Since the dressing state
created by E, can modulate the nonlinear refractive index of

the Kerr medium that results from the cross-phase modula-
tion (XPM), the relative nonlinear phase Ap = @5 — Qa5 =
2(kgnS — kasndS)|Es|2e " z/n, between the Stokes and
anti-Stokes signals is significantly modulated. Here, ¢g
(¢as) is the nonlinear phase induced on the Stokes (anti-
Stokes) signal. The Kerr effect is associated with nonlinear
refractive index n, (corresponding to the third-order non-
linear response) and intensity of light I (n,I, n, =
Rey®) /eycny). To be specific, by setting P, = 6, 8, and
12 mW, the relative nonlinear phase A@ changes to Ap = 0,
/2, and 7, respectively. Correspondingly, the correlation
[Eq. (12)] switches from positive to zero and then to negative.
Moreover, by changing Ag, Figs. 4(b1)-4(b3) show that
the intensity-difference signal [Eq. (13)] can be switched to
either higher or lower than the total noise signal, which
corresponds to squeezing or antisqueezing, respectively.
Therefore, the intensity fluctuation correlation and the
intensity-difference squeezing of the output beams Eg and
E .5 depend crucially on the relative nonlinear phase induced
by XPM.

C. Triplet beams by the PA SWM process

Furthermore, we investigate the three-mode correlation
and squeezing of the PA SWM with an injecting coherent
FWM. Different from the generated twin beams by the SP
FWM process, laser fields E, and E; both at large
detunings are set to be certain angles with E; satisfying
the phase-matching condition. Thus, mutually correlated
triplet beams can be produced by a SP SWM process with
the phase-matching condition kg + kg + kg =k +
k, + k5. Since such SP SWM process [14] can be
mimicked by cascading two involved closed-loop SP
FWM processes (kg + kg = k; + k, and kg + kg3 =
k,; + ks) [Fig. 5(a)], one can write the Hamiltonian as
H = il a},al, + ihiydl, al, + Hee., where a3y, a3, a5
are the boson creation operators of the three generated
fields, and «; = —iw51x§3)ElE2/2 and Kk, = —inI;(f)
E|E;/2 are the third-order nonlinear susceptibility of

(a) N-type four-level atomic system (b) Experiment setup

V- type subsystem

FIG. 5. (a) N-type four-level atomlike system in Pr3* :Y,SiOs
for triple-photon generation by a SP SWM process composed of
A-type and V-type three-level subsystems. (b) New experimental
scheme for the SP SWM process with the phase-matching
COHditiOn kSl —+ ksz + ks3 = kl + k2 —+ k3.
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cascading two (;(53) and 1&3)) involved SP FWM processes.
Therefore, one can easily get the dynamic equations as

dag,/dt = k,a},,
dag, /dt = K8}, + K05,
dags/dt = K43, (14)

G0 — (6151 (151)][61 5 (155)][6T 3 (153)]) _

Similar to the PA FWM process, one can calculate the
output results from these equations. Here, we are concerned
about the properties of the output signals from this
PA SWM process with an injecting coherent FWM
(kp=k; + ki —Kk}) [15], and then we extend the
G (z) function for the two-mode case to the three-mode
correlation function G®(7) as

(HS1S253 - HS3CS1S2 - HSZCSIS3 - HSl CS3S2 + 2HS1HS2HS3)

\/<[57s1 (ts) ) ([8T 52 (152) ) ([61 53 (253)]%)

where H ¢ 5,3 1S the cross-correlation function of intensity
between Eg;, Egs, and Eg, and Hg; is the one-order
correlation function of the intensity. Cg;g; is the cross-
correlation function between the intensity fluctuations of
Egiand Eg; (i, j = 1,2,3, i # j). Cg; is the self-correlation
function. The conditional intensity-difference squeezing for
the three-mode case can be given by [24,31]

sq = log;g (N5 —Ngy — Ng3)) ~ 2log H—%H—9%
(8*(Ns; 4+ Ngy 4+ Ng3)) g+ G+ G
(16)

where g; = k3 +x}cosh(QL)]/ (kK3 +x3), g» =k, sinh(QL)/
VK5 +k7, and g3 = Kk ky(cosh(QL) — 1) /x5 + k.

When beams E;, E,, and E; are turned on simulta-
neously, as shown in Fig. 5(a), a PA SWM process with
the phase-matching condition kg; + kg + kg3 = k| +
k, + Kk can be obtained in the N-type four-level system.
Figure 5(b) shows the experimental arrangement for
meeting the PA SWM phase-matching condition. To
satisfy the requirement for such PA SWM process,
two PA FWM processes share the pumping beam E;
and output beam Eg; in both the frequency domain
and spatial domain by using a specially designed
experimental configuration (fields E, and E; both
counterpropagating with E; at a certain angle to meet
the phase-matching condition). The major difference
between the current PA SWM experimental scheme
[Fig. 5(a)] and that in Fig. 1(a) is the frequency detuning
set for E,, E,, and E5. In addition, due to the angle
between k,, k;, and k;, the generated SWM signal
cannot be obtained in the same direction of the FWM
when the detector is placed as shown in Fig. 1(a).
Therefore, E, and E; are only dressing fields for the
SP FWM in Fig. 1(a) while E;, E,, and E; are all
generating fields for the SP SWM.

Figure 6 depicts the triple-beam correlation and inten-
sity-difference squeezing results. Two sets of frequency

’

VICsiP(ICsal? + |C 52| Cs3

(15)

detunings of E; are set at off resonance [A; = 200 GHz,
Fig. 6(a)] and on resonance [A; = 0, Fig. 6(b)], respec-
tively. Three-mode correlation [Eq. (15)] and squeezing
[Eq. (16)] are determined by the dressed nonlinear gains
[31]. By comparing the results of triple-beam correlation
and intensity-difference squeezing, one finds that the
maximum correlation value at off resonance is bigger than
the on-resonance case, which is similar to that shown for
the twin beams. However, the correlation level is weaker
than that for the case of triple-dressed twin beams since
the correlation condition is more stringent as shown in
Eq. (15). Similar behavior occurs with the intensity-
difference squeezing. In contrast to the twin beams, the
SNL for the PA SWM process becomes the intensity-sum
noise on three coherent laser beams with equal power as the

sum OfES] 7ES2’ andEs3. In Eq (]6), <52(NS] +NSZ +Ns3)>

Linear polarization (£, and E;) Circular polarization (£,and £,)
(@ A, =200GHz ®) A =0GHz ©) A, =0GHz
04 06 0.8 03 04 05 06 07 03 04 0.5
[ - | T - - -
g’ g’ 5
£=1 & = =
= o0s T: 05 ‘ = o0s s
5 £ s
o O o O 0
145 15" 15 15
o 40 145 0 /0 15 0 § 0
(al) (ms) 145 145 1 () (bl)TZ (ms) 1515 1 () (cl) 7, (ms) 15 1 (ms)
_10 10 10
O 5 £
£ oshr™ 505 et n B 05| e oo
210 10 © 10
%05\-—/\—/ %0‘5 W 5;05 P ey
2 0 2 2 0 2 2 0 2
(a2) ate)) (b2) @) (c2) Tie)
450 450 450
) SNL g g
E 2 2
5 3 3
3 SRR A 8 8
g A oy
235 1 255 10 ~70 10
@3) Q (MHz) 3) Q (MHz) (©3) Q (MHz)

FIG. 6. Three-mode noise correlation and intensity-difference
squeezing of Eg,, E,, and E ;. Experimental conditions are set
as follows: (a),(b) E|, E,, and Ej5 are linearly polarized, (c) E; is
linearly polarized, while E, and E; are circularly polarized.
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is the total noise of the three coherent laser beams. Based
on the cascade processes [24], (6*(Ng, — Ng, — Ng3)) is
the intensity noise difference of three output beams.
Because of the more stringent condition of the three-
mode direct correlation, the squeezing value is smaller
than in the dressed twin-beam case. We get a —3.5dB
squeezing in Fig. 6(a3), but the same role played by the
dressed state is still true for the squeezing results; i.e., it
reduces the squeezing.

Next, we focus on the case when both E, and E; are
either linearly polarized [Fig. 6(b)] or circularly polarized
[Fig. 6(c)] while E| remains linearly polarized. Apparently,
the correlation and squeezing with linear polarization are
better than the case with circular polarization, which is
similar to the twin-beam case with single dressing field E,
only (Fig. 3).

IV. CONLUSIONS

We investigate the generated twin beams by the PA
FWM process and triplet beams by the PA SWM process
associated with the MFL signals in a PR3*:Y,SiO;s
crystal. First, the degrees of intensity noise correlation
and intensity-difference squeezing between the output
beams Eg and E,g of the PA FWM process are deter-
mined by the nonlinear gain, which can be controlled by
the dressing variables. The correlation at the resonant
position can attain a higher value due to the double-
dressing effect; however, such correlation is reduced in
the case of the triple-dressing effect. Second, the corre-
lation of the PA FWM can change to anticorrelation by
the nonlinear phase shift, which is induced by the
external dressing beam, and the noise level of the
intensity-difference squeezing is switched synchronously.
Finally, we investigate the intensity noise correlation and
intensity-difference squeezing of the triplet beams gen-
erated by the PA SWM process, which is well interpreted
by two cascaded nonlinear processes. The correlation
level is weaker than the case of twin beams since the
three-mode correlation condition is more stringent.
Meanwhile, the squeezing value is also smaller than
the twin-beam case. Similarly, the polarized dark state
still plays the same role in the results. Such results can
find potential applications in engineering three-channel
entangled imaging on chip.
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