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The non-classical properties of light propagating in four-channel Kerr waveguides, confined in an optical cavity, are
studied. The solution to the Hamiltonian of field operators is obtained semi-analytically by using symmetrically ordered
phase-space representation. Full quantum analysis of the input coherent fields displays a strong transition of photon property
between the super-Poissonian and sub-Poissonian statistics. It is found that the cavity-assisted multichannel system exhibits
enhanced squeezing both in single- and compound-mode. This multichannel system may be utilized as an efficient quantum-
light generator.
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1. Introduction

Nowadays, computational applications are based on con-
ventional electronic circuits, as extracted from the silicon tech-
nology. To meet the overwhelming demand for faster comput-
ers, the number of transistors confined in microprocessors has
been doubling in capacity every two years,!!! and this pace
would possibly make the measures (of the number of required
transistors) to be on the atomic scale in the future. How-
ever, transistors, being a classical electronic component, in-
troduce difficulties in attaining circuit features on the atomic
scale. Optical quantum computer, ?! however, offers a way out
with potential to deliver processing tasks much faster than the
conventional ones. While squeezing cannot directly increase
the storage capacity of the computer, within the context of
phase estimation, quadrature noise squeezing remains advan-
tageous, and the use of squeezed light would play an impor-
tant role for future applications in optical computers.*! Also,
the squeezed light remains useful in many other promising ap-
plications, such as secured optical communication systems, 4!
gravitational wave detectors,l>] precision measurements, 6!
imaging,!”! and quantum information.!8! As such, in order to
actualize squeezing for future applications, designing practi-
cal method of generating strong squeezing needs significant
attention.

Rapid technological advancements in recent years al-
low strong squeezing to be generated in a number of
nonlinear processes and quantum systems, e.g., paramet-

[9-12]

ric oscillators, second harmonic generation,[13] atom—
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s [14-16] [17-19]

cavity coupling semiconductor microcavities,

optomechanical, [20-22]

and nonlinear directional couplers
(NLDC).[?3-26 Systems having inherent fast nonlinear re-
sponse, such as Kerr NLDC, however, possess the potential
in generating strong squeezed light, especially when placed
inside a cavity to resonantly amplify the nonlinearity. In addi-
tion, compared with other systems, Kerr NLDC is physically
less complicated. "]

In general, squeezing can be enhanced by direct ma-
nipulation of interaction among the modes of Kerr NLDC.
This may be achieved by introducing either multimode single
coupler?®-391 or multichannel single-mode configurations, 3!}
where the adjacent waveguides interact only with the cen-
tral channel. Another practical approach would be confining
the NLDC inside an optical cavity to resonantly amplify the
nonlinearity. 3233

Quantum statistical properties of the cavity-assisted sin-
gle coupler utilizing nonlinear waveguides have been theoreti-
cally investigated from the viewpoint of energy coupling*?! as

[34-37) Such configura-

well as the quantum dynamical effects.
tion remains essential to improve squeezing in other devices,
such as the degenerate-parametric amplifier.*”! In our previ-
ous work, we have reported the quantum properties of a multi-
mode single coupler utilizing four-mode interaction with and
without the aid of a cavity.3®! In such model, *®! the theory in-
volves linear interaction between a single coherent mode in the
first channel and three vacuum modes in the second channel.
The present paper aims to investigate the quantum dy-

namics of light modes (squeezing, in particular) propagating
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in a cavity-assisted multichannel NLDC, where four Kerr-like
waveguides are engaged to form an eight-port coupler. The
benefit of such configuration lies in achieving more versatile
arrangement (of couplers) that allows easy control over the
quantum correlations between modes. Moreover, the model
presented here for the four-channel device gives a more ad-
equate generalization of the traditional two-channel coupler
system. In multimode waveguides, different modes propagate
with different speeds, which makes it difficult to effectively
estimate the generated squeezed states.*”! On the other hand,
the use of single-mode waveguides contributes better flexibil-
ity in controlling the interaction (linear and nonlinear) between
the guided modes and an effective estimation of the produced
squeezed states of light.

In the newly proposed multichannel system, the squeezed
states of light are observed in both quadrature components
compared with the previously reported two-channel system
where the squeezed light was observed in one of the quadra-
ture components only.[?%! The system under consideration ap-
pears to be a more efficient source of quantum light due to
the evanescent field couplings of four interacting modes (in-
stead of two, as in conventional two-waveguide coupler). To
a significant extent, such quad-channel nonlinear coupler ex-
hibits richer quantum effects due to the introduction of cav-
ity, in addition to the involvement of the propagating fields in
multimode interaction. Without accounting quantum fluctua-
tions, the classical design of the system may find applications
as essential elements in evanescent field optical sensing!*”!
and electro-optic switches.*”) For detailed design and other
potential applications of multichannel directional coupler, see
dissertation by McCosker. 4]

2. Design and modelling

The four-channel model of Kerr NLDC may be confined
in an optical cavity by introducing partially reflecting mir-
rors (Fig. 1) at each end of the interacting waveguides;[3>-38]
The use of a Kerr-like

dielectric medium as optical waveguides provides an effec-

this serves as a linear resonator.

tive medium for multimode optical interaction due to the
intensity-dependent Kerr effect. Another closely related non-
linear model, following an identical approach, implements the
four-well Bose—Hubbard model with two different tunneling
rates.!*?! In Fig. 1, the guided mode in channel a; is pre-
pared in the coherent state where the field E| is injected ini-
tially. Given that the neighboring waveguides are close enough
to permit evanescent coupling, the energy from the coherent
channel can be transferred to the neighboring vacuum waveg-
uides ay, a3, and a4. All the guided modes are assumed to be
traveling in the same direction with constant phase and group
velocities. Various physical quantities of the current system
can be simulated by numerical means, as will be seen in the

next section. The Hamiltonian describing the system is gener-
ally given by

I:I =h {ﬁsystem +I:IKerr +ﬁcoup1ing +I:Ipumping +I:Idamping } , (la)

where
A n T
Hgysiem =0 Y aaj, (1b)
j=1
A 520 SR " sfa A
Axerr = {ga Y atai+g Y ajada;+g Y, ayaraa;
]:] j:2 j:3
+ gcagagagm}, (1)
. e t At t
Heoupling = {kl Z (d}aAl +aA1&j) + ko Z (d/'dz +aA2aAj)
= =3
+ k(@54 +ajd3)}, (1d)
A G .’.
Hpumping =1 ) {Ejdj _E;dj} ; (le)
j=1
” - t o At
Hdamping = Z {djr; +aAj1—}} : (1n
j=1

In the system of Egs. (1b)—(1f), a and a" are the bosonic cre-
ation and annihilation ladder operators, respectively. Equa-
tion (1b) describes the system Hamiltonian for each individ-
ual mode inside the four waveguides without interaction; for
example, in the first waveguide, the mode is described by
Ifllﬁsystem = fiw&f&l. The coefficient @ is the operating fre-
quency and h = h/2m is the reduced Planck constant. The
Hamiltonian in Eq. (1c) represents the third-order Kerr effect
which results from both self- and cross-action nonlinearities
where g, is the self-action nonlinear coupling constant, and
gp and g, are the cross-action coupling constants with posi-
tive proportionality to the third-order susceptibility ). The
Hamiltonian in Eq. (1d) represents the linear coupling between
the modes in the adjacent waveguides due to the evanescent
fields. The coefficient k is the linear coupling constant with the
subscript 1 for the interaction between the mode a; with the
other modes a», a3, and ag4, and the subscript 2 for the interac-
tion between ay, a3, and a4, as shown in Fig. 1(b). The Hamil-
tonian in Eqgs. (le) and (1f) represents the inclusion of cavity
in the system where Hyumping describes the pumping term de-
rived from the classical driving field and Hyamping describes
the damping term due to the coupling with the heat bath. The
cavity parameters comprised of I¢hy, Ich, Icns, and Iy are
the operators representing cavity losses in each channel, while
FJH, FCEZ, FJG, and FCL are their respective conjugates. E de-
notes the coherent driving field.

It should be noted that figure 1 shows one possible con-
figuration of four-channel waveguides placed in a cavity. The
current configuration exactly matches the coupling Hamilto-
nian in Eq. (1d), where a single waveguide (a) can be set at
the center with three other vacuum waveguides (ay, a3, and as)
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cavity mirror A

)

9 )
Kerr waveguides

cavity mirror B

Fig. 1. Schematic diagram of a cavity-assisted four-channel directional coupler. (a) Complete structure. (b) Cross section.

in the surrounding. The coefficient k; refers to the interac-
tion with the center waveguide, while k, gives the interaction
among the surrounding ones. However, the arrangement of
vacuum channels around the coherent channel is not unique.
Nevertheless, regardless of which arrangement is followed, the
separation distance among the vacuum waveguides remains al-
most identical. From Eq. (1), the master equation can be writ-

ten as
dp g a1, v f oAt A A Aia
Wz—%[H7p]+Z)fj(20jpa;—a;ajp—pajaj), (2)

with 7y; being the damping coefficient of modes. In
Schrodinger picture, the time evolution equation for the re-
duced density matrix contains the heat bath coupling through
the Liouvillian terms. To allow only the presence of quantum
fluctuation, the coupling between laser modes and bath modes
has been eliminated by assuming vanishing thermal fluctua-
tion.

In the phase space, the operator equation is converted into
a partial differential equation for the quasi probability func-
tion of the reduced density operator. In Wigner representa-
tion, the mean field is given by the expectation value of the
symmetrically ordered ladder operator for single mode op-
tical field basis <d-}1-d1>symmetric- This expectation value cor-
responds to the average of the complex variables such that
(a”ll'dﬁsymmetric = (04 01 ) average» Where @ and o are complex
conjugate classical variables in the phase space. Applying a
standard approach,**! the master equation (2) may be mapped
onto its equivalent stochastic differential equation in Wigner

representation for n = 4 to yield

da . . .
T‘L’l = {—lAlOC] —2ig, (‘OC] ‘2— 1) oy —iky (o + 03+ o)
. * * * 3
—18p (X](X/Z(X2+061(X3(X3+(X1a4a47§(11
—noq+E++/ 271771(7)}7 (3a)
8(12 . . 2 .
TT: —iAyon —2ig, (‘062‘ —l) o —ik; (o + 03+ o)

. 3 .
— gy (azaf‘al — 2@052) —ige (oo + ooy o)

—ro+E+ \/21’2712@)}7 (3b)

8063 . . 2 . .

W: —1Aza3—2ig, (|063| —1) oz —ikioq —iky (OCz+OC4)
—igp (oc3a1 oy — 2Ca3> —igc (oo o + 300 0ly)
Y3OC3+E3+\/2V3113(T)}, (3¢)

doy . . 2 . .

WZ —1A4O£4—21ga (‘OC4‘ —1) 0(4—1](1 Otl—lkz (062—|—OC3)

. 3 . .
— gy (omoci‘oq — 2§a4> —ige(ouoy o+ ouos o)

— y4oc4+E4+\/ﬂn4(r)}. (3d)
The quantum mechanical master equation (2) is converted to
its equivalent classical system of Eq. (3) in two mathemati-
cal stages. First, the quantum-classical correspondence*! in
Wigner representation is used to convert Eq. (2) to a Fokker—
Planck equation. In the process of deriving the Fokker—Planck
equation, higher-order derivatives above the second-order are
usually truncated, and the resulting Fokker—Plank equation is
a good approximation to the original problem. Second, the Ito
calculus is used to convert the Fokker—Planck equation to the
equivalent system of Langevin stochastic Eq. (3). The vari-
ables «; in this case are the classical complex number repre-
sentations to that of bosonic operators for modes 1 to 4 in the
propagation direction 7.

In these equations, A; (j = 1-4) represents detuning be-
tween the mode and cavity frequencies. The stochasticity of
Eq. (3) is stipulated by the noise element 1 j(’c) which, in turn,
depends on the rate of photon losses ¥;. In order to obtain
stable integration, equation (3) is scaled to the dimension-
less form by introducing 7, = k1T, Ajs = A;j/k1, Vs = ¥j/k1,
kis = ki /ki, kos = ka /K1, 8(ap.c)s = 8(abe)/Kk1s Ejs = Ej/ki,
and 1;s(t) = 1;(t)/h'/?, where the subscript s refers to the
scaled form of these coefficients and the parameter  is the
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controlling variable responsible in tuning the cross-action non-
linear coupling. An estimation of the input parameter can be
found in our previous work. 33! For realistic results, the input
parameters used in the following section are adopted from the
literature following Refs. [26], [28], [29], and [30] so that the
scope remains consistent with the previous work in this area.
The output fields may also be experimentally realized via stan-
dard detection schemes of direct photodetection and balanced
homodyne detection.

3. Results and discussion

Here, we have observed that the non-classical properties
are sensitive to the cavity detuning. We, therefore, restrict the
detuning to lower values (i.e., Aj; = 1), high (i.e., A;s = 10),
and the resonance case (i.e., Ajs = 0). The classical driv-
ing force of Ejg = 1 is initialized in the first channel, and
E>y = E3; = E4s = 0 for the other channels. The first chan-
nel is sampled in the coherent state with the eigenvalue o1 =1
and the other in the vacuum states with op = a3 = a4 = 0.
The linear coupling coefficients are approximated at ki3 = 1,
kys = 0.5, and the nonlinear self-action and cross-action co-
efficients are fixed at g, = 0.01 and gps = gcs = 2845 With
small damping ;s = 0.001 and { = 1. The evanescent damp-
ing of coupling may lead to amplitude reduction of power
transfer. Provided that the surface of waveguides is of high
quality to prevent substantial energy loss, the self- and cross-
action nonlinear coefficients may assume comparable spectral
coupling. >

3.1. Time evolution of the mean field

In Wigner representation, the operator product is calcu-
lated in symmetrical order so that the ensemble average of
photon number (|a|?)w is given by (1/2)(a’a+ aa'). Al-
though certain approximation is used in the stochastic model-
ing for exact mapping of Fokker—Planck equation of the sys-
tem, the results of Wigner representation remain feasible. At
high detuning coefficient (A;; = 10), slight amplification in
the mean amplitude of oscillation, as shown in Fig. 2(a), is ob-
served. The overall energy distribution in the coherent chan-
nel is rather erratic; nevertheless, stable energy transfer across
all channels is visible. During the evanescent coupling, most
of the energy is transferred to other guides, leaving behind
some in the coherent channel. The transferred energy oscil-
lates across the multichannel structure with the same distribu-
tion on each channel.

In Fig. 2(b), as a consequence of cavity amplification, the
field amplitude is observed to be several times larger than its
initial value. Such an effect is pronounced in the coherent
channel where the mean field is scaled down to five times of
its amplified value. The period of complete energy transfer is

also longer than that simulated in the two-channel model, [26]

which indicates that the propagation of energy across waveg-
uides is slower due to the multichannel structure. An identical
feature of oscillations is observed in the other channels as well
with the energy being shared approximately equally among the
waveguides.

For the case of equal operating frequencies (i.e., vanish-
ing detuning with A = 0), effects identical to that correspond-
ing to the situation of A;; = 10 are observed (Fig. 2(c)); in
this case, the oscillation of amplitude amplification appears
in all channels. In general, the dynamics of intracavity mean
fields show a classical damping behavior over their respective
interaction length before reaching the steady-state oscillation.
The total energy oscillates back-and-forth across the system
in all considered cases. Such effective periodical exchange of
photons provides potentials for the transfer of quantum effects
from one channel to another.

1.5

(2) — () == (ny)

S H N W bk 00O N

|
—

0 2 4 6 8 10
kT
Fig. 2. The evolution of mean photon number in the coherent (n;)

and vacuum (np) channels with the input parameters (a) Ajs = 10,
(b)Ajs=1,and (c) Ajs = 0.
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3.2. Sub-Poissonian photon statistics

A convenient way of characterizing the statistical dis-

tribution property of multichannel intracavity fields is to use

Mandel Q parameter(*]

0= -1, “4)

where (An')? = (n?) — (n')? and n' = a%a. In Wigner rep-
resentation, the symmetrical operator product of the number
operator is given by

~FX Ay _ d*a *\ KX Y
(@™ a")y, = — W (o, )™, o (5)

Thus, for x =y = 1,2, the number operator may be written as

(ny={jaf?), 3. ©

)= (lat) = ) =5, @
yielding
. (lat*), = {1af ), ~(laP), +(1/4) N

(la?), = (1/2)

A positive Q-value refers to the photon statistics as super-
Poissonian following the classical interpretation, whereas a
negative value of Q is associated with sub-Poissonian statistics
of quantum phenomenon. In a photon-counting experiment,
the intrinsic statistical nature of photons may be determined
by analyzing the average photon arrival rate.

In Fig. 3(a), where the Q parameter is plotted against
kT (k = k) at Ajs = 10, the evolution of Q parameter in the
coherent channel reveals fluctuating statistics to be of both the
super-Poissonian and sub-Poissonian kinds. Coherent light ad-
herent Poissonian statistics (Q = 0) usually relates to photons
arriving at the photodetector in clusters. Thus, both the super-
Poissonian and sub-Poissonian statistics give the merit of com-
parison whether they have larger or smaller property of photo-
count noise than that of the Poisson distribution, provided that
those are of the same intensity.

At Ajs = 10, photon statistical distribution of the sys-
tem in the coherent channel can be either super-Poissonian
or sub-Poissonian. It follows that for smaller detuning, such
as Aj; = 1 (Fig. 3(b)), fluctuation of the Q parameter can be
higher than the coherent light for some interval of interaction,
especially when the system is initially launched. The system
may also exhibit the sub-Poissonian property. For example,
there appeared an obvious reduction of the photo-count noise
at kT =~ 7. The highest peak of super-Poissonian is observed
at Ajs = 0, as is shown in Fig. 3(c). However, a series of
steep transitions to sub-Poissonian behavior occur at k7 ~ 4

and k7 ~ 10. It must be noted down that the negative value of
0O may also relate to the existence of photon antibunching, pro-
vided that the time interval for detecting one arriving photon
and another one at a later time is increasing.

@

0 2 4 6 8 10
kT
0.6
()
0.4}
0.2}
e
0
_02 L
—0.4} /
0 2 4 6 8 10
kT

Fig. 3. The evolution of Q parameter in the coherent channel o, versus
k7 with the input parameters (a) Ajs = 10, (b) Ajs =1, and (c) Ajs = 0.

3.3. Squeezing

In quantum optical systems, the optical fields obey the
laws of quantum mechanics, and thus, have an inherent quan-
tum indeterminacy that cannot be removed. In the frame-
work of single-mode basis, the field quadrature components
are given by X =271/2(a4+a") and ¥ = —271/2i(a —a").*"!
The quadrature components X and Y obey the commutation
relation [X,Y] = i. In accordance with the Heisenberg uncer-
tainty principle, the quadrature variances (AX)? = (X?) — (X)?
and (AY)? = (Y?) — (Y)? must satisfy AXAY > (1/2), so
that the uncertainty principle is not violated. The squeezed
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light emerges with quadrature properties ((AX)?) < (1/4) or
((AY)?) < (1/4).1%%1 For compound-mode squeezing, the un-
certainty relation yields
¢ \2 0 )2 ‘Cj|2

((A%)%)(aF))?) > -, ©)
where j takes the values 2, 3, and 4 for two-mode, three-mode,
and four-mode, respectively. For a fair comparison, equa-
tion (9) may be rearranged to give squeezing expressions of

the form[28]
Six = 4((AX))*) —|¢;] <0, (10a)
Sjy =4((A¥))*) —|c)] <0, (10b)

with —§, being the quadrature squeezing in the X-component,
whereas —S;, being that in the Y-component. For a single-
mode squeezing, j = 1, so that Sy, = 4((AX;)?) — |C;| with
Ci = 1. A similar definition may be given to the Y-quadrature
component as well.

In Fig. 4(a), single-mode quadrature evolution is pre-
sented at detuning A js = 10. This figure shows squeezing with
an interesting pattern of collapsed and revival in the coherent
channel; similar features of oscillation can be obtained in the
other channels as well. Squeezing occurs in both the X- and
Y-quadrature components periodically, depending on the in-
teraction length; it can be much lesser than the shot noise

0.20

(a)

0.15¢}

0.10¢t

0.051

S

—0.051

—0.10

—0.15
0

0.15}

(b) . .
---------- without cavity
——with cavity

—0.051

—0.10t

—0.15
0
kT

Fig. 4. The evolution of quadrature variances in the coherent channel
0,1 with the detuning fixed at Ajs = 10. (a) Both quadrature variances
S1x and S1y, and (b) comparison between the first quadrature variances
S1x with and without a cavity.

level, especially later in their evolution. In addition to squeez-
ing in the system without cavity, the cavity-assisted system ex-
hibits a swift squeezing oscillation. This, in turn, contributes
to the enhancement of noise reduction in both the quadrature
components (Fig. 4(b)). Since both the quadrature variances
are oscillating in symmetrical pattern, the Y-quadrature is also
subjected to the same impact.

The numerical calculation of squeezing for detuning
Ajs=1is showninFig. 5. Itis observed that, at small detuning
coefficient, squeezing occurs in all channels. Unlike the cases
at Ajs = 10, squeezing at A ;s = 1 exhibits lower frequency of
oscillation between the two quadrature components. Although
detuning the cavity to Aj; = 1 eliminates swift oscillation pat-
tern, the reduction of detuning remains advantageous in re-
ducing the quantum noise. The comparison of both quadra-
tures of the coherent channel between Aj; = 10 and Ajs = 1
(Fig. 5) shows maximal squeezing at Aj; = 1. The system
with smaller detuning is found to be more capable of gener-
ating longer squeezing where the highest value appears at a
maximal distance before reaching the steady-state oscillation.

0.15
— A =10 e
0.10F s Ag=1
0.05¢
)
O "
—0.05¢}
—0.10
0 0.5 1.0 1.5 2.0
kT

Fig. 5. Comparison of evolution for both quadrature variances S, and
S1y in the coherent channel ¢ at the detuning Ajs = 10 and Ay = 1.

In the absence of mismatch between the operating fre-
quencies (i.e., Ajs = 0), it is found that stronger squeezing
(than that obtained corresponding to A = 10 and Ajs = 1) is
possible. Figure 6 illustrates the comparison of squeezing fea-
tures corresponding to the detuning coefficients Aj; = 1 and
Ajs = 0. The case of zero detuning also results in the dis-
appearance of the leaf-revival-collapse-like squeezing; much
lower frequency of oscillation occurs in this case. Neverthe-
less, squeezing with better reduction of uncertainties product
emerges periodically between the two oscillating quadrature
components. While similar effect is also observed in the other
channels, squeezing becomes maximum in the coherent chan-
nel.

To account for compound-mode squeezing, the interac-
tion between the waveguides may be reduced so that the
system interaction remains limited between the vacuum and
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—-0.2

0 0.5 1.0 1.5 2.0 2.5 3.0

Fig. 6. Comparison of evolution for both quadrature variances S;, and
S1y in the coherent channel o at the detuning Ajs = 1 and Ajs = 0.

coherent channels only, while all the vacuum channels are iso-
lated from each other. The mechanism is easily manifested by
setting kys =0 and § = 1/3 in Eq. (3). Also, we focus only on
the highest compound-mode squeezing of the first-order ba-
sis where the effect is maximal by setting j = 4 in Eq. (10).
Figure 7(a) gives the X-quadrature evolution of the coherent
channel for both single-mode S;, and four-mode S4, quadra-
ture. Launching the system at A;; = 0 results in quadrature
squeezing with a strong oscillatory behavior of collapsed-and-
revival pattern. It is to be noted that the maximal squeezing
of single-mode may be improved following the previous ar-
rangement where all the vacuum modes are allowed to couple
with each other. With all the vacuum modes being isolated
(as in the present case), the result predicted in four-mode basis
shows a tendency of generating stronger squeezing limit than
that exhibited in the single-mode.

In Fig. 7(b), we compare the dynamics of both the quadra-
ture variances in the coherent channel for single-mode Sy,
S1y and four-mode Six, S4y at Aj; = 1. Within the consid-
ered interaction length, the quantum noise between the two
quadrature components of the single-mode field is uniformly
distributed, and squeezing is generated alternatingly between
the quadrature obeying the uncertainty rule. The maximal
squeezing is also found to be generated at the maximal dis-
tance. As one would hope to achieve for the multichannel
system, the compound-mode squeezing at Aj; = 1 exemplifies
even stronger squeezing. Identical to the single-mode squeez-
ing, symmetrical noise distribution between the two quadra-
ture components also appears in the compound mode. How-
ever, the maximal squeezing does not necessarily depend on
the interaction length, as illustrated in Fig. 7(b); a sudden peak
of noise reduction may appear, for example at k7 = 1, 2.5.

We further investigate the possible existence of single-
mode Sy, S1y, and four-mode Sy, S4y squeezing by simulating
the system equation at zero detuning. A comparison between
quadrature evolutions in the coherent channel is depicted in
Fig. 7(c). As shown, the perfect matching between the two

0.6

0.4r

0.2}

S

Sjry

ijy

—0.3

kT

Fig. 7. Comparison of evolution between the single-mode quadrature
variance Siy, S1, and four-mode quadrature variance S4y, S4y in the
coherent channel o at the detuning (a) Ajs = 10, (b) Ajs = 1, and
(©)Aj = 0.

operating frequencies contributes to the generation of en-
hanced squeezing. In the single-mode basis, the quadrature
fluctuation in the X-component is found to be completely be-
low the shot noise level for a certain range, without violat-
ing the uncertainty principle. At A;; = 1 squeezing does not
need to alternatingly appear between the two quadrature com-
ponents to complete the period of oscillation. The outcome is
essential in a sense that the practical application of squeezed
light requires exact prediction of when the squeezing will ap-
pear. In such a case, one can be certain that the X-component
will exhibit squeezing at specific time interval corresponding
to Ajs = 0. On the other hand, the result corresponding to
four-mode squeezing suggests that quadrature variances may
exhibit squeezing in both the quadrature components and the
quadrature transition happens at every half-period of their os-
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cillation with equal noise distribution. Finally, the squeez-
ing spectrum corresponding to the four-mode basis shows a
stronger squeezing than that in the case of single-mode one
where the maximal noise reduction appears at the longest in-
teraction length.

It should also be noted that a higher number of waveguide
channels (following similar configuration) can be employed to
extend the non-classical effects. Nevertheless, in the present
approach, the mathematical dimension of the system is propor-
tional to the number of interacting modes between the waveg-
uides. A large number of modes results in a higher number
of system equations. This requires integration of a larger set
of linear equations with noise sources over many trajectories.
Here, for example, a minimum of 10* trajectories was em-
ployed to generate the current results. This requires complex
measures and time-consuming computational operations. For
this reason, we have limited the number of interacting modes
to n =4 in the Hamiltonian given by Eq. (1).

4. Conclusion

Switching properties, photon statistics, and squeezing
profiles of the single- and compound-mode intracavity four-
channel Kerr NLDC are studied within the approximated so-
lution of Wigner phase-space representation. The abrupt cou-
pling of mean field dynamics is simulated, and the effec-
tive transfer of energy across waveguides is discussed under
different choices of detuning. In all cases, the mean fields
show a strong transition of photon property between the super-
Poissonian and sub-Poissonian statistics. The cavity setup,
in addition to the multichannel arrangement, allows different
types of squeezing to be generated, and enhanced squeezing
is obtained for all the considered detuning values. In terms of
single-mode squeezing, close to cavity resonance (A;s = 0), a
stronger leaf-revival-collapsed-like squeezing appears as op-
posed to the system without cavity. Detuning the cavity to
Ajs =1 eliminates the collapsed-and-revival pattern to yield
better noise reduction with larger periodic oscillations. The
maximum squeezing is found at A j; = 0. For the case where all
vacuum channels are without interaction, the case of A;; =0
exhibits maximum squeezing. The enhanced squeezing no-
ticed in the compound-mode for all detuning values indicates
that the multichannel system, with the aid of a cavity setup,
may be used as a viable source of squeezed light.
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