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Interplay between quantum Zeno and anti-Zeno effects in a nondegenerate
hyper-Raman nonlinear optical coupler
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Quantum Zeno and anti-Zeno effects are studied in an asymmetric nonlinear optical coupler composed
of a probe waveguide and a system waveguide. The system is a nonlinear waveguide operating under the
nondegenerate hyper-Raman process, while both the pump modes in the system are constantly interacting with
the probe waveguide. The effect of the presence of the probe on the spatial evolution of the system in terms
of the number of photons in Stokes and anti-Stokes modes as well as the phonon number is quantified as the
Zeno parameter. The negative (positive) values of the Zeno parameter in the specific mode are considered as the
signatures of the quantum Zeno (anti-Zeno) effect in that mode of the system. It is observed that the initial phase
difference between all the coherent amplitudes involved in the Stokes and anti-Stokes generation processes can
be controlled to induce a transition between quantum Zeno and anti-Zeno effects for the hyper-Raman process
in both cases with and without phase matching. However, in the case of the hyper-Raman process in the system
waveguide without a phase matching, the phase mismatch parameters, due to difference in the wave vectors of
all the modes involved in the Stokes and anti-Stokes generation processes, can also be used analogously to cause
the desired crossover. Further, the general nature of the physical system and the perturbative technique used
here allow us to analytically study the possibilities of observing quantum Zeno and anti-Zeno effects in a large
number of special cases, including situations where the process is spontaneous or partially spontaneous and/or

the system is operated under a degenerate hyper-Raman process, or a simple Raman process.

DOI: 10.1103/PhysRevA.103.013713

I. INTRODUCTION

The response of a quantum system to a measuring de-
vice can not only distinctively distinguish a quantum system
from a classical system; it also plays an extremely important
role in the subsequent evolution of the system. Interestingly,
sufficiently frequent interactions can even suppress the time
evolution. This phenomenon of suppressing (inhibition of) the
time evolution of a quantum system by frequent interaction is
known as the quantum Zeno effect (QZE) [1]. It was intro-
duced by Mishra and Sudarshan in 1977 [1], in an interesting
work, where they showed that if an unstable particle is contin-
uously measured, it will never decay. They realized that this
situation is analogous to one of the well-known Zeno’s para-
doxes, which were introduced by the Greek philosopher Zeno
of Elea in the 5th century BC and which have persistently
fascinated scientists and philosophers since then. Considering
the analogy, Mishra and Sudarshan referred to the quantum
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phenomenon analogous to the classical Zeno’s paradox as
Zeno’s paradox in quantum theory. This led to the formal
origin of QZE, but the quantum analog of Zeno’s paradox
was also studied before the work of Mishra and Sudarshan
[1]. Specifically, Khalfin had studied nonexponential decay of
unstable atoms [2] in the late 1950s and early 1960s.
Interestingly, it was soon recognized that measurement
can also lead to a phenomenon which can be viewed as the
inverse of QZE. In such a phenomenon, continuous mea-
surement (or interaction) leads to the enhancement of the
evolution instead of the inhibition (see Refs. [3-8]) and is
referred to as the quantum anti-Zeno effect (QAZE) or in-
verse Zeno effect. Interestingly, QZE and QAZE are known
to be evinced through various equivalent ways [9]. For the
present work, a particularly relevant manifestation of QZE
would be one in which QZE or QAZE is viewed as a process
led by continuous interaction between a system and a probe
[4]. Specifically, Kraus used the continuous interaction with
an external agent as “watchdog effect” [10] which was later
shown quantitatively related to the QZE by pulsed measure-
ment [11]. Along the same line, studies of the open quantum
system, i.e., a continuous interaction between a quantum sys-
tem and ambient environment, led to unification of dynamical

©2021 American Physical Society


https://orcid.org/0000-0002-4477-6041
https://orcid.org/0000-0001-6532-985X
https://orcid.org/0000-0003-4195-2588
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.103.013713&domain=pdf&date_stamp=2021-01-11
https://doi.org/10.1103/PhysRevA.103.013713

MOUMITA DAS et al.

PHYSICAL REVIEW A 103, 013713 (2021)

decoupling with QZE [12] and found that the presence of QZE
or QAZE is decided by the parameters of the reservoir [13].
Specifically, in what follows, we aim to study the continuous
interaction-type manifestation of QZE in hyper-Raman pro-
cesses, where it will be considered that a nonlinear waveguide
is operating under a nondegenerate hyper-Raman process and
is continuously interacting with a probe waveguide. A change
in the dynamics of the nonlinear system waveguide due to
the presence of the probe waveguide is quantified as increase
or decrease in the photon numbers of Stokes and anti-Stokes
modes as well as the phonon number. Thus, QZE or QAZE in
the present scenario will lead to suppression or enhancement
of hyper-Raman scattering due to continuous observation by
an external probe. This is expected to reveal the origin of
nonclassical features in the hyper-Raman scattering and help
us to analyze whether generation of nonclassical states can be
controlled by using an auxiliary probe. Earlier, QZE has been
reported by some of the present authors in Raman processes
[14], an asymmetric and a symmetric nonlinear optical cou-
pler [6,8], and a parity-time symmetric linear optical coupler
[7]. However, it has never been studied in the systems involv-
ing the hyper-Raman process due to its intrinsic mathematical
difficulty.

Apart from the Raman process, QZE and QAZE have
already been studied in various optical systems, like vari-
ous types of optical couplers [6,14—17], parametric down-
conversion [17-19], parametric down-conversion with losses
[20], and an arrangement of beam splitters [21]. In these
studies on QZE in optical systems, often the pump mode
was considered strong, and thus the complexity of a com-
pletely quantum mechanical treatment has been circumvented.
Keeping this in mind, here we plan to use a completely quan-
tum mechanical description of the nonlinear optical coupler
composed of a probe and a nonlinear waveguide operating
under the hyper-Raman process. We have considered a general
Raman process here, namely the nondegenerate hyper-Raman
process, which allows us to reduce the corresponding results
for Raman and degenerate hyper-Raman processes. The sys-
tem of our interest, namely the nonlinear optical coupler, is
easily realizable using photonic crystals and optical fibers
[22-24]. Specifically, two waveguides, forming the directional
coupler, interact through evanescent waves which allows us to
control the interaction strength between them by regulating
the interaction length (see [23,24] for details).

For about two decades, since the pioneering work of
Mishra and Sudarshan, QZE remained as a problem of
theoretical interest without any practical applications. The
scenario started changing from the beginning of the 1990s
as it became possible to experimentally realize QZE using
different routes [25-27]. This enhanced the interest on QZE
and that in turn led to many new proposals for applications
of QZE [25,28-31]. For example, applications of QZE were
proposed for the enhancement of the resolution of absorption
tomography [30,31], reduction of communication complex-
ity [32], and combating decoherence by confining dynamics
in decoherence-free subspace [33]. Further, proposals for
quantum interrogation measurement [25] and a counterfactual
direct quantum communication protocol [29,34] using QZE
have garnered much attention. Efforts have also been made
to investigate QZE in the macroscopic world for large black
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FIG. 1. Schematic diagram of an optical coupler of length L
composed of a system waveguide, operating under a nondegener-
ate hyper-Raman process, interacting with a probe. The coupling
coefficients as well as optical (namely, probe a,, nondegenerate
hyper-Raman pump a,, a,, Stokes b, and anti-Stokes d) and phonon
(c) modes are indicated in the diagram.

holes [35] and in nonlinear waveguides in the context of
stationary flows with localized dissipation [36]. Inspired by
these applications of QZE, the general nature of the nonlinear
(nondegenerate hyper-Raman) process under consideration,
and availability of nonlinear optical couplers in integrated
optics and optical fibers [37,38], here we study the possibility
of QZE and QAZE using a completely quantum treatment in
an asymmetric nonlinear optical coupler.

Using a perturbative technique (known as the Sen-Mandal
technique [24,39—41]) for obtaining an operator solution of
Heisenberg’s equations of motion, we have obtained closed-
form analytic expressions for the spatial evolution of the
relevant field operators present in the system momentum
operator that provides a completely quantum mechanical
description of the nonlinear optical coupler composed of
the probe and a nonlinear waveguide operating under the
hyper-Raman process. It is well established that this method
produces better results compared to the conventional short-
length approach [24,39-41] as the present solution is not
restricted by length or time. In what follows, we will see that
the use of this perturbative technique has revealed compact
analytic expressions for the Zeno parameter which clearly
illustrate that in the system under consideration (and in many
special cases of it), it is possible to observe QZE and QAZE
in Stokes, anti-Stokes, and phonon modes for the suitable
choices of system parameters. Further, it will be shown that
phase difference and mismatch parameters can be controlled
to execute a crossover between QZE and QAZE.

The rest of the paper is organized as follows. In Sec. II,
we briefly describe the hyper-Raman process based on the
asymmetric nonlinear optical coupler system of our interest.
Subsequently, we report the expressions of the Zeno param-
eter for both photon and phonon modes in the system in
Sec. III. A detailed discussion of the obtained results is sum-
marized in Sec. I'V. Finally, the paper is concluded in Sec. V.

II. PHYSICAL SYSTEM

The physical system of our interest is actually a codi-
rectional asymmetric nonlinear optical coupler composed of
a probe and a system, which is a nonlinear waveguide op-
erating under the hyper-Raman process (see Fig. 1 for a
schematic diagram). The momentum operator of the complete
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(probe+system) physical system is given by

G= Gprobe + Gsystem + Gine:

Gprobe = papap )

Giysiem = kayalay + ko, abay + kpb'b + kece + kgd'd
+ (gczlaglffc+ + Xalach + H.c.),
G = Payalal +He., (1)

where 7 = 1 (the same convention is used in the rest of the
paper), and H.c. stands for the Hermitian conjugate. The anni-
hilation (creation) operators a,(a}), ai(a), b(b"), c(c?), and
d(d") correspond to the probe pump (indexed by subscript
p), nondegenerate hyper-Raman laser (this is also a pump,
but it is indexed by subscript i = 1,2 to distinguish from
the probe pump), Stokes, vibration (phonon), and anti-Stokes
modes, respectively. All the field operators introduced here
obey the usual bosonic commutation relation. Wave vectors
corresponding to the probe, pump 1 and 2, Stokes, phonon,
and anti-Stokes modes are denoted by k,, k., ka,, kp, ke,
and k,, respectively. The Stokes and anti-Stokes coupling
constants are described by parameters g and x, respectively.
Further, I" denotes the interaction constant between the probe
and the two pump modes present in the hyper-Raman pro-
cess in the system. The probe interacts with the system
waveguide continuously through the evanescent waves. Fol-
lowing the continuous observation analog of QZE [4], we
can describe G = Gsystem + Gmeasurement where Gmeasurement =
Gprobe + Grnt, and by controlling the coupling strength I we
can tune the effect of the probe mode on the reduced dynamics
of the hyper-Raman waveguide. Notice that the probe mode
interacts with non-degenerate pump modes of the system
waveguide only unlike [14] where the probe interacts either
with the Stokes or anti-Stokes mode. This allows us to ob-
serve QZE and QAZE in both Stokes and anti-Stokes modes
simultaneously which was not permitted in the framework of
[14].

We obtain the Heisenberg equations of motion for the mo-
mentum operator (1) of the system of interest, which gives us
six coupled differential equations for the six bosonic operators
present in the expression of the momentum operator. To obtain
the spatial evolution of all the operators we use Sen-Mandal
perturbative technique as dimensionless quantities gz, xz,
and 'z are small compared to unity. In Appendix A, we
have reported Heisenberg’s equations of motion and spatial
evolution of the relevant number operators for the Stokes, anti-
Stokes, and phonon modes using the Sen-Mandal technique.
Mathematical details of the perturbative solution are given in
Appendix B. Further, it is worth stressing that we neglect the
losses in the nondegenerate hyper-Raman waveguide system
considering a one-passage arrangement [14], while inclusion
of the damping terms is expected to reduce the quantum ef-
fects only.

In the next section, we will show that the obtained number
operators would provide us analytic expressions of the Zeno
parameter for the respective modes. The general nature of
the solution and the process under consideration allow us to
deduce the results for Raman and degenerate hyper-Raman
processes as well as the corresponding short-length solution

in the limiting cases. Further, the present solution inherently
introduces phase mismatch parameters in the Stokes and anti-
Stokes generation, and thus provides the solution for a set
of Raman processes in both cases with and without phase
matching.

III. QUANTUM ZENO AND ANTI-ZENO EFFECTS

In order to investigate the QZE and QAZE in a hyper-
Raman active medium, we consider the initial composite
coherent state |y(0)) as the product of the initial coherent
states of the probe, pump, Stokes, phonon, and anti-Stokes
modes as |a), |a;), |[B), |y), and |5), respectively. Hence, the
initial state is considered to be

[V (0) =la) ® lan) @ laz) ® ) R [y) ®18),  (2)

and the field operator a, operating on the initial state gives
ap(0)|¥(0)) = [ (0)), 3)

where o = |a|e®r is the complex eigenvalue with || initial
mean number of photons and ¢, phase angle in the probe
mode a. In a similar manner, coherent state parameters for all
the optical and phonon modes involved in the hyper-Raman
process can be defined as A; = |A;|e’ for complex ampli-
tudes A;: A € {a, B,y,d} and corresponding phase angle
@; with j € {1, 2, b, ¢, d} for the nondegenerate pump 1 and
pump 2, Stokes, phonon, and anti-Stokes modes, respectively.

To quantify the role of the external probe in controlling
the dynamics of hyper-Raman scattering we use the Zeno
parameter [6-8] introduced as the difference of photon or
phonon numbers in the presence and absence of the probe.
We define the Zeno parameter as [6—8]

Z; = (N;) — {Ni)r=0, 4

where i € {b, c,d} and N; = i'i is the number operator. The
conditions Z; < 0 and Z; > 0 correspond to the occurrence
of QZE and QAZE in ith mode. Clearly, the negative (posi-
tive) values of the Zeno parameter represent that the number
of photons or phonons in the system waveguide (i.e., (N;))
decreases (increases) from that in the absence of the probe
waveguide (i.e., (N;)r—g). We have reported the dynamics of
number operators for Stokes, anti-Stokes, and phonon modes
in Appendix A.

In what follows, we report the Zeno parameters for
Stokes, anti-Stokes, and phonon modes obtained using these
expressions.

To begin with, using Eq. (A2) in Eq. (4), the Zeno parame-
ter for the Stokes mode is computed as

cos (Aksz + Akpz — 65)
Akp(Akp + Aks)

cos b,
Aks(Akp + Aks)

cos (Aksz — 6;)
AkpAkg ’

where we have used the initial phase differences among
the different modes involved in the probe-Stokes and
probe—anti-Stokes interactions as 6, = (¢q — ¢, — ¢.) and
0, = (¢, — ¢» — @), respectively. Also, we have C, =
20g(Ja1|? + 2> + De||B]ly|. Similarly, we have intro-
duced phase mismatch parameters in Stokes, anti-Stokes,

Z, :Cb{

(&)
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FIG. 2. Spatial evolution of the number of photons and phonons
(N;j)V j e {b,d,c} for Stokes, anti-Stokes, and phonon modes is
shown in the smooth (blue), dashed (red), and dot-dashed (cyan)
lines, respectively. The black dotted line corresponds to the constant
of motion ((N, — N; — N.)). We have chosen here the coupling coef-
ficients x = 1.2gand I' = 1.5g with initial coherent state amplitudes
for all modes ¢ =9,y = 85,0, =83,=7,y =0.01,6§ = —1.
We have also used 6; = 0 and Aky = 2 x 1072g = 2Aky = 20Akp.
All the quantities shown here and in the rest of the plots are
dimensionless.

and second-order coupling between the probe and system
waveguides as Aks = —kg — ko, +kp + ke, Akga = ko +
ko, + ke — kg, and Akp = ko, + ko, — kp.

In a similar manner, the Zeno parameter for the anti-Stokes
mode is computed using Eqgs. (4) and (A4) and the following
analytic expression is obtained:

cos (61 + Akpz — Akyz)
Akp(Aky — Akp)

cos 6,
Aky(Aky — Akp)
cos (01 — Akpz)

AkpAky }

Zi= cd{
®)

where C; = 2T x (Ja1|> + |a2|> + Da||y||8]. The Zeno pa-
rameter for the phonon mode was also computed analytically
using Eqs. (4) and (A3), but it was found that the same can be
expressed as the difference of the other two Zeno parameters,
ie.,

Ze=27p—74. 7

This is a direct consequence of the conservation law:
[G,N, — N; — N.] =0, and thus using this constant of mo-
tion [42] Eq. (7) follows. Apparently, this should be the case
with degenerate hyper-Raman and Raman processes in the
system, too, provided the probe-system interaction is with
the pump mode; however, the probe-system interaction may
be with the Stokes and anti-Stokes modes as in the case of
earlier works [14].

For the sake of completeness, we have illustrated here spa-
tial evolution of the number of Stokes and anti-Stokes photons
as well as phonons in the nonlinear optical coupler in Fig. 2.
We have explicitly shown that the quantity (N, — N; — N,)
remains constant during the evolution. Here and in what fol-

lows, the results obtained are mostly dependent on the relative
dimensionless quantities.

IV. DISCUSSION

There are some interesting scenarios to consider for the
present study, namely spontaneous, stimulated, and partially
stimulated cases. These three cases are described depending
upon the type of the Raman process undergoing in the system
waveguide. Specifically, pump intensity is always nonzero
o; # 0, while the Stokes, anti-Stokes, and phonon modes may
be initially in vacuum or coherent states. Thus, we have with
S = {8, y, 8} the following:

(1) Spontaneous Raman process: U/ = 0VU € S.

(2) Stimulated Raman process: U # OVU € S.

(3) Partially stimulated Raman process: i/ = 0and V # 0
withf € Sand V € S\U.

Note that the probe mode has nonzero intensity initially in
all cases, i.e., o # 0, as otherwise QZE and QAZE cannot be
observed. Specifically, from the expressions of C;, we can eas-
ily observe that in the spontaneous case, Z; = 0Vj € {b, ¢, d}.
Thus, neither QZE nor QAZE is observed in the spontaneous
case. In other words, the presence of the probe does not affect
the dynamics of boson numbers in the spontaneous hyper-
Raman scattering in the validity of the perturbative solution.
The stimulated case, i.e., when all the coherent modes are
initially prepared with nonzero intensity, will be discussed in
detail later. Prior to that, we may discuss the partially stim-
ulated cases, where among Stokes, anti-Stokes, and phonon
modes, initial intensity is nonzero for at most two modes and
the same for other mode(s) is zero; of course, the pump modes
have nonzero initial intensity. Consider a particular type of
stimulated case, where 8 #0,y # 0, § =0. In this case,
we obtain Z; = 0 # Z, = Z., while with 8 =0,y #0, § #
0 we obtain Z; = —Z. # 0 = Z,. Thus, in the first type of
partially stimulated case mentioned above, for a particular
choice of phase difference and mismatch parameters, if we
observe QZE (QAZE) in the Stokes mode, we will observe
QZE (QAZE) in the phonon mode, too, but the anti-Stokes
mode will not show any of the effects. Similarly, in the sec-
ond type of partially stimulated case, for a particular choice
of phase difference and mismatch parameters, if we observe
QZE (QAZE) in the anti-Stokes mode, we will observe QAZE
(QZE) in the phonon mode; the Stokes mode will not show
any of the effects. The other possibility of a partially stimu-
lated process with 8 # 0, ¥y = 0, 6 # 0 leads to a trivial case
where Z; =0Vj € {b,c,d} as Z;  |y|. There are a couple
of other possibilities where two of the parameters 8, y,
are simultaneously zero. It is easy to see that neither QZE
nor QAZE will be observed in those cases. Specifically, for
B=0,y=0,8§#0and B #0,y =0, § =0, we would not
obtain QZE or QAZE in any mode as y = 0 would ensure
that Z; =0Vj € {b, ¢, d}. The same situation will arise in
thecase 8 =0,y # 0, § = 0as C; will vanish Vj € {b, ¢, d}.
On the other hand, if the probe interacts with the Stokes or
anti-Stokes mode we may expect to observe QZE or QAZE
with the phonon vacuum in analogy to that in the Raman
coupler [14].

From Egs. (5) and (6), we can verify that C;
20 (Joey |2 + | > + De] |y | Vj € {b, c,d} which is always
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FIG. 3. Spatial evolution of Zeno parameter Z; for (a) Stokes, (b) anti-Stokes, and (c)—(d) phonon modes as a function of the phase
difference parameter 6;. In (c), we have shown Z.(0; = ,). We have also used Aks = Aky = 1072g = 10Akp. The rest of the parameters are
the same as in the previous figure. The dashed (red) contour lines represent a crossover between QZE and QAZE.

positive and increases with coupling between the probe and
system as well as the initial pump and probe intensities and the
phonon numbers. Additionally, we can verify that C;,  g|B|
and C; o x|8]. Thus, we can conclude that the coefficients
C; can only alter the depth of Zeno parameters by a scaling
factor, but cannot induce a transition from QZE to QAZE or
vice versa. Therefore, we can summarize that the occurrence
of QZE or QAZE would depend only on the phase differ-
ence parameters and phase mismatches; i.e., we can safely
restrict our discussion on the possibility of observing QZE
and QAZE to a situation where the parametric dependence of
the relevant Zeno parameters is viewed as Z,(Dkp, Dkg, 65)
and Z;(Dkp, Dka, 61). This analytic result helps us to clearly
visualize the interplay between QZE and QAZE, and it also
answers the following: What controls the dynamics of QZE
and QAZE and which physical parameters may cause transi-
tion from one of them to the other? Before we discuss this
further, it is worth discussing the behavior for the hyper-
Raman system waveguide with phase matching.

Considering the phase-matching condition, that is, Akp =
Aks = Aky =0, we can obtain from Egs. (5)—(7), in the
limits of phase mismatches tending to zero, that

(Zy)r = —3Cpz* cos 0, (8)

and
(Za)r = —3Caz’ cos by, 9

where R corresponds to the results with the phase-matching
condition. Notice that phase difference parameters are sig-
nificant in the presence of QZE and QAZE as (Z;),
— cos 6;, while the depth of the Zeno parameters increases
with C; and propagation length z. We know that cos6; >
0V6; € [0, 21U, 2] and cos§; < OV 6; € [Z, 3 ]. Thus,
QAZE (QZE) is observed in both Stokes and anti-Stokes
modes when cos 6; is negative (positive). In this case, (Z, )z =
—(Cp cos B, — Cq cos Ay )z%, which has dependence on both the
phase difference parameters. If we consider 6, = 6,, this will
reduce t0 (Z:)glp,—4, = —(Cp — Ca )z2 cos 6;, and thus, in this
special case, QZE (QAZE) would be observed in the phonon
mode if f > %(f < %). Interestingly, most of the obser-
vations made here regarding phase difference parameters are
also applicable in hyper-Raman case with small phase mis-
matches (cf. Fig. 3).

Consider a special case of the hyper-Raman process with-
out phase matching in the system waveguide, when Akp =
Aks = — Ak, in the support on the phonon mode as Akg =
— Ak, ensures 2k, = kg — k. In this case, Egs. (5)—(7) can be
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simplified to obtain

1 . Ak
ij—ECjzzcos[Asz+(—1)’9,-]sincz< 2DZ), (10)

where i = 1 for j =d and i = 2 for j = b. It clearly shows
that the general solution used here is modulated with the sinc
function of the phase mismatch parameter [43,44]. Conse-
quently, the present solution and the corresponding results are
applicable to a relatively long length of the optical coupler
in comparison to the corresponding short-length solution. No-
tice in Eq. (10) that Z; o cos [Akpz + (—1)76,]1, and thus a
crossover between QZE and QAZE can be attained by con-
trolling the phase mismatch Akpz. Therefore, if we assume
the phase difference parameter 6; = 0, we can conclude that
Z; is negative (i.e., QZE is observed) only when Akpz €
[0, Z]U [37”, 27 ]; otherwise QAZE is observed.

To further stress this point, we have shown variation of the
Zeno parameters with phase mismatch parameters in Fig. 4,
where we can clearly see that a transition from QZE (QAZE)
to QAZE (QZE) can be caused in both optical modes (phonon
mode) for large values of phase mismatch after traversing
sufficiently through the optical coupler. In all the plots, we
have considered Aks = Ak, (unless stated otherwise) in the
support on the pump mode as 2(k,, + kq,) = ki + kq.

Taking into consideration both the phase mismatch param-
eters together (considering 6; = 0), a transition from QZE to
QAZE in the Stokes mode can be induced for smaller values
of the phase mismatch parameter than that shown in Fig. 4(a)
by increasing the other phase mismatch parameter [shown in
Fig. 5(a)]. In contrast, QZE for the anti-Stokes mode can be
maintained for larger values of phase mismatch in anti-Stokes
generation by increasing the value of phase mismatch between
the pump modes of the system and probe waveguides [cf.
Figs. 4(b) and 5(b)]. Similarly, QAZE can be made more
dominant by increasing phase mismatch between the pump
modes of the system and probe as shown in Fig. 5(c). Interest-
ingly, phase mismatches in Stokes and anti-Stokes generation
processes have starkly opposite effects on the Zeno parameter
as the former increases it while the latter decreases it [cf.
Fig. 5(d)].

Further extension of the present results with the phonon
mode initially coherent to the chaotic phonon mode [43] gives
that all the Zeno parameters become zero. Our results can
also be used to deduce the presence of QZE and QAZE for
degenerate hyper-Raman and Raman system waveguides from
Egs. (5)—(7) by considering oo = o and oy = 0, respectively.
Therefore, we can conclude from the reduced results in those
cases that the presence of QZE and QAZE in the parametric
space will remain unchanged, though some changes in the
depth of the Zeno parameter are expected due to changes in
the scaling factors C;.

In view of the availability of on-chip Raman devices
[45,46], photonics often used in quantum information ex-
periments [22,23,37,38], a few attempts at hyper-Raman
scattering [47,48], and the recent set of experiments exploiting
Raman processes for quantum technology [49,50], we antici-
pate the current results would soon become verifiable for the
set of Raman processes presented here.
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FIG. 4. Spatial evolution of Zeno parameter Z; as a function of
the phase mismatch parameter for (a) Stokes, (b) anti-Stokes, and
(c) phonon modes considering both the phase difference parameters
0; = 0 with Akp = 1073g and Aky = Aks. The rest of the parame-
ters are the same as in the previous figure.

V. CONCLUSION

The dynamics of a nonlinear waveguide operating under
the hyper-Raman process is obtained in terms of the spatial
evolution of the photon and phonon numbers of the Stokes,
anti-Stokes, and vibration modes. We subsequently consider
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FIG. 5. Variation of Zeno parameters as a function of the phase mismatch parameters for (a) Stokes Z,(Aks, Akp), (b) anti-Stokes
Zi(Aky = Aks, Akp), (c) phonon Z.(Aks = Aks, Akp), and (d) phonon Z.(Aks, Aks, Akp = 10~3g) modes considering both phase differ-
ence parameters 6; = 0 and gz = 0.07. The rest of the parameters are the same as the previous figure.

that this waveguide (referred to as a system) is constantly
gazed upon by a probe waveguide interacting with the non-
degenerate pump modes of the hyper-Raman process. We
obtain the dynamics of the system waveguide in this combined
system-probe optical coupler in a completely quantum treat-
ment by solving the Heisenberg’s equations of motion for the
corresponding momentum operator. These two cases allow us
to quantify the effect of the presence of the probe waveguide
on the system waveguide as the Zeno parameter. Specifically,
if the presence of the probe is found to enhance (suppress)
the generation of bosons in Stokes, anti-Stokes, and phonon
modes it is referred to as QAZE (QZE).

The conservation of Stokes—anti-Stokes photon and
phonon numbers is reflected in the relation between the Zeno
parameters for the concerned modes. To be specific, the Zeno
parameter for the phonon mode is the difference between
that of the Stokes and anti-Stokes modes. The present study
allows us to conclude that both QZE and QAZE disappear
in spontaneous and some of the partially stimulated cases.
Interestingly, the Zeno parameter depends on the intensities of
pump, probe, and phonon modes as well as the system-probe
coupling strength. However, none of these parameters can
cause a crossover from QZE to QAZE and vice versa, as
they always remain positive and thus can only alter the depth

of the Zeno parameter. A similar effect was shown by the
spatial evolution for the small values of the phase mismatch
parameters.

Interestingly, the hyper-Raman based optical coupler in
both cases with and without phase matching shows de-
pendence on phase difference parameters in Stokes and
anti-Stokes generation processes. Similarly, the phase mis-
match parameters offer another set of control parameters to
induce a transition between QZE and QAZE. In short, we have
analytically obtained the solution of an interesting question:
Which physical parameters control the dynamics of QZE and
QAZE, and which of them can cause a transition from QZE to
QAZE and vice versa?

Due to the general nature of the system under consider-
ation, namely the nondegenerate hyper-Raman process, the
obtained results can be reduced to corresponding Raman
and degenerate hyper-Raman processes. Specifically, the de-
pendence on all the parameters and the nature of the Zeno
parameter in these special cases is expected to be similar to
the present case with only a scaling factor. Further, the present
study reveals that generation of nonclassical states can be con-
trolled by introducing an auxiliary probe mode. For instance,
for a suitable choice of phase difference parameters 6, =
0, = m hyper-Raman scattering may lead to a larger Stokes

013713-7



MOUMITA DAS et al.

PHYSICAL REVIEW A 103, 013713 (2021)

and anti-Stokes photon generation. In view of some recent
results [49], this can be exploited to enhance generation of
Stokes—anti-Stokes photon pairs in hyper-Raman scattering.
We conclude the present work in hope that this work focused
on a foundationally relevant topic will lead to applications in
counterfactual quantum communication and computation as
the physical system considered here and all its special cases
are physically realizable using current technologies available
in the domain of integrated optics as well as conventional bulk
optics.
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|
APPENDIX A: MATHEMATICAL DETAILS OF THE SOLUTION

The Heisenberg’s equations of motion for all six modes in the probe and system waveguides can be obtained as
ay(z) = i(kya, + lajaz),
a1(z) = i(kg,a + galbe + yaic'd + Tayal),
ax(z) = i(kg,ar + ga;fbc + XaTch + Fapa;r),
b(z) = i(kyb + gararc’),
¢(z) = ikee + gararh’ + xajayd),
d(2) = i(kyd + xara). (A1)

This set of coupled-operator differential equations is not exactly solvable in the closed analytic form. A perturbative solution of
the coupled differential equations (A1) is obtained up to the quadratic terms in the interaction constants (g, x, and I'). Using
the obtained spatial evolution of all the field and phonon modes in the closed analytic form, we obtain the number operators for
Stokes, phonon, and anti-Stokes modes as

(No) = 1B + 12 Pl Plea Py P 4+ D + [{ 1 fsees By + ji a3 Bs + jiji(len]” + DBy 8"
+ j1jilonl?By?8* + jijg(al* + Da*By + jijilaaa*By + jijiloen*leal* 181> + 1|81

x (lot >+ DIy > + jijfoleal? BRIy P + c.c.}]. (A2)
(Ne) = Iy 1P+ 1kalPlon PloaPB1* 4+ 1) + ks> (e |* 4+ D(leal* + DISI* + [{kik3ae By
+hikaionys* + kikj(lea)* + Do By + kikilaa[Pa*By + kikglon |*ay 8*
+kik3 (loa)* + Day8* + kokjotas B*8* + kikglon Plea Py 1> + kikg (g |* + 1)
x By > + kikigloal* 1By 12 + kik}y ot [Py 11812 + kiky (lea)® + DIy 181
+ ikl Plea Py 1F + kiky (e |* + loo* + DBy?8* )} +c.c], (A3)
and
(Ng) = 181 + 1Ll Ploaly 1> + [{hBafedy*s + LI (o |* + DB y**8 + LI} |*B*y**S
+Laa? B8 + LI (|l + Da*y*s + LI |aaPa*y*s + LI (e + Dy 2181
+ Ll lon Py P181° + Ll ) + D(leal® + DISIP} +c.c.], (A4)
[
respe.ctively. The functional forms of coefficients of complex j_4 _ J_s _ gx(Aky + Akge™ 38k _ Af, e~ i20ks)
amplitude parameters are i Aky ks Ak J
j] = eizkb, . .
. jo  j1 8T (Akp + Akge 8 — Afsze™i20ks)
Joo (1 — eizAks) 2=== ,
25 - C Jih Akp AksAks
Ji Aks ‘
s ox (Dky — Akje ks _ Afgeiedhiy J_s _ _j_9 _ _jﬂ _ gz(l — emi#bks _ i Akg7) (AS)
= . - . - . - 2 )
Ji Akg Aky Akg ’ J1 J1 J1 Akg
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ky = e
ko g1 — emizbks)
o Ak
ks x(1—e 8k
ko Ak
ky ks gT(Akp + Akse 8% — Ajgeizaks)
ok AkpAksAks ,
ke ki Tx(—Akp + Akge 7 — Akgei20ks)
ko Ay Ap Ky ,
kg ki k1o x2(1 — e _ jAkyz)
ok ko A2 ’
ko ko kn (1 — e _ jAkgz)
oy N ko ke - AR )
ks _kis _ gx{Bka(e”"807 — o718 4 Aky (1 —e7"87))
bk AksAky Ak 7
(A06)
and
I = ik
b x(1 — eizAkA)
Lo Ak
il gx(Aks + Akae™k — Akye'™2h)
honC Ak Ay Ak :
Is  gx(Aks + Akje™2k — Akye2th)
Lo Aks Ay Aka :
le 11 Tx(Akp — Akge®®% 4+ Akyel22ka)
hoh Akp Ak Ak :
2 izAky |
i_fzj_?:lll_loz_x (l—eAk;\—l-lAkAz)’ )

where  Aks = (—kq, — ko, + kp + ko), Aky = (ka, + ko, +
ke = ka), Akp = (kay + kay — k), Aky = Aky — Ak, Aky =
AkA + Akg, Ak3 = Aks + AkD, and Ak4 = AkA — AkD.

APPENDIX B: DESCRIPTION OF PERTURBATIVE
SOLUTION

The set of coupled differential equations (Al) involves
nonlinear operators and thus these are not exactly solvable in
the closed analytical form under the weak pump condition.
In the Sen-Mandal perturbative technique, we assume the
spatial evolution of an arbitrary mode in terms of the product
of all the powers of the initial values of operators A(z) =
S ik tmmoparss Fody ©ah0)a ©)a} (0)a"(0)a3(0) x
b™(0)b?(0)c™(0)c"(0)d ™ (0)d' (0). However, this would be
an infinite series which is truncated to include only F, with
not higher than quadratic terms in AfrV A € {g, x,'}. For

instance, the assumed solution for Stokes mode is obtained as

b(z) = j1b(0) + j2a1(0)az(0)c’(0) + jza; (0)a3(0)d*(0)
+jaa1(0)a} (0)c™(0)d(0) + jsal (0)ax(0)c™(0)d (0)
+ joap(0)ar (0)a} (0)c™(0) + jra,(0)al(0)ar(0)c'(0)
+jsa] (0)a1(0)a}(0)a2(0)b(0) + joar (0)a; (0)b(0)
x c"(0)c(0) + j10ay(0)az(0)b(0)c’ (0)c(0).  (BI)

To obtain all the coefficients j, we use the fact that the spatial
evolution of the Stokes mode b(z) is defined as

b(Z) — eiGZb(O)e—iG.’,

= b(0) + iz[G, b]+ﬂ[G [G, b1l +..., (B2)
where all the nested commutators are obtained as
[G. b] = —(kpb + gararc’) (B3)
and
[G.[G. bll = kyb + g(ka, + ka, + ky — k)
X ajarc’ —gx (ala%d' aa, Tef2q — a a c”d)

+ gF(a,,alalc + a,,azazc’ )

—gz(aIa]a;ch - alaIbcTc - a;azbc"'c), (B4)
etc., ignoring all the terms beyond the quadratic powers of the
interaction constants g, x, and I'. We use all the functions of
operators occurring in the higher-order nested commutators
with unknown coefficients j,. From the set of assumed so-
lution for the spatial evolution all the operators we obtain a

set of coupled differential equations of all the coefficients F,
using Eq. (B1) in Eq. (A1), as

J12) = ik i,
J2(2) = ik jo + gg1ikY),
J3(@) = ikpj3 + gg111K3),
Jja(@) = itkpjs + gg1h3k}),
Js(2) = ikyjs + ggshik}),
Jo(@) = ikyjo + gg1hak?),
J7(2) = ikyj7 + ggahik}),
Js(@) = ik js + gg1ik3),
Jo(2) = iksjo + gg1hak?),

J10(@) = ikyjio + ggahk}). (B5)

The solution of coupled differential equations of JF, with
initial conditions F, =4, at t =0 gives us the analytical
form of j, (and other F,) reported in Eq. (AS).

Here, it will be apt to note that in a strict sense,
the validity of the short-length solution [51] is limited by
|[Az&| < 1, where A =max{g, x,['} and § = max§ V¢ ¢
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{a, a1, a2, B, ¥, 8}. This gives us the validity of the short-
length solution for propagation lengths z < 1/|A&|, while the
present perturbative solution has enlarged validity for finite

times due to modulation by the sinc function related to the
phase mismatches, which ensures the convergence (see [43]
for details).

[1] B. Misra and E. C. G. Sudarshan, J. Math. Phys. 18, 756 (1977).

[2] L. A. Khalfin, Dokl. Akad. Nauk SSSR 115, 277 (1957) [Sov.
Phys. Dokl. 2, 232 (1958)]; Zh. Eksp. Teor. Fiz. 33, 1371 (1958)
[Sov. Phys. JETP 6, 1053 (1958)]; Dokl. Akad. Nauk SSSR 141,
599 (1961) [Sov. Phys. Dokl. 6, 1010 (1962)].

[3] A. Venugopalan, Resonance 12, 52 (2007).

[4] P. Facchi and S. Pascazio, in Quantum Zeno and Inverse Quan-
tum Zeno Effects, edited by E. Wolf, Progress in Optics, Vol. 42
(Elsevier, Amsterdam, 2001), pp. 147-218.

[5] S. Pascazio, Open Systems and Information Dynamics 21,
1440007 (2014).

[6] K. Thapliyal and A. Pathak, Proc. SPIE 9654, 96541F1
(2015).

[7] J. Naikoo, K. Thapliyal, S. Banerjee, and A. Pathak, Phys. Rev.
A 99, 023820 (2019).

[8] K. Thapliyal, A. Pathak, and J. Pefina, Phys. Rev. A 93, 022107
(2016).

[9] P. Facchi and S. Pascazio, in Irreversible Quantum Dynamics,
edited by F. Benatti and R. Floreanini, Lecture Notes in Physics
Vol. 622 (Springer, Berlin, Heidelberg, 2003), p. 141.

[10] K. Kraus, Found. Phys. 11, 547 (1981).

[11] L. S. Schulman, Phys. Rev. A 57, 1509 (1998).

[12] P. Facchi, D. A. Lidar, and S. Pascazio, Phys. Rev. A 69, 032314
(2004).

[13] J. M. Zhang, J. Jing, L. G. Wang, and S. Y. Zhu, Phys. Rev. A
98, 012135 (2018).

[14] K. Thun, J. Pefina, and J. Ktepelka, Phys. Lett. A 299, 19
(2002).

[15] J. Rehécek, J. Pefina, P. Facchi, S. Pascazio, and L. Mista Jr.,
Opt. Spectrosc. 91, 501 (2001).

[16] L. Mista Jr., V. Jelinek, J. Rehécek, and J. Pefina, J. Opt. B:
Quantum Semiclassical Opt. 2, 726 (2000).

[17] J. Rehdcek, J. Pefina, P. Facchi, S. Pascazio, and L. Mista, Phys.
Rev. A 62, 013804 (2000).

[18] A. Luis and J. Pefina, Phys. Rev. Lett. 76, 4340 (1996).

[19] A. Luis and L. L. Sanchez-Soto, Phys. Rev. A 57, 781 (1998).

[20] J. Pefina, Phys. Lett. A 325, 16 (2004).

[21] G. S. Agarwal and S. P. Tewari, Phys. Lett. A 185, 139 (1994).

[22] J. C. E. Matthews, A. Politi, A. Stefanov, and J. L. O’Brien,
Nat. Photonics 3, 346 (2009).

[23] S. Tanzilli, A. Martin, F. Kaiser, M. P. De Micheli, O. Alibart,
and D. B. Ostrowsky, Laser Photonics Rev. 6, 115 (2012).

[24] K. Thapliyal, A. Pathak, B. Sen, and J. Pefina, Phys. Rev. A 90,
013808 (2014).

[25] P. G. Kwiat, A. G. White, J. R. Mitchell, O. Nairz, G. Weihs, H.
Weinfurter, and A. Zeilinger, Phys. Rev. Lett. 83, 4725 (1999).

[26] W. M. Itano, D. J. Heinzen, J. J. Bollinger, and D. J. Wineland,
Phys. Rev. A 41, 2295 (1990).

[27] M. C. Fischer, B. Gutiérrez-Medina, and M. G. Raizen, Phys.
Rev. Lett. 87, 040402 (2001).

[28] O. Hosten, M. T. Rakher, J. T. Barreiro, N. A. Peters, and P. G.
Kwiat, Nature (London) 439, 949 (2006).

[29] H. Salih, Z. H. Li, M. Al-Amri, and M. S. Zubairy, Phys. Rev.
Lett. 110, 170502 (2013).

[30] P. Facchi, Z. Hradil, G. Krenn, S. Pascazio, and J. Rehécek,
Phys. Rev. A 66, 012110 (2002).

[31] S. Pascazio, P. Facchi, Z. Hradil, G. Krenn, and J. Rehacek,
Fortschr. Phys. 49, 1071 (2001).

[32] A. Tavakoli, H. Anwer, A. Hameedi, and M. Bourennane, Phys.
Rev. A 92, 012303 (2015).

[33] A. Beige, D. Braun, B. Tregenna, and P. L. Knight, Phys. Rev.
Lett. 85, 1762 (2000).

[34] Y. Cao, Y.-H. Li, Z. Cao, J. Yin, Y.-A. Chen, H.-L. Yin, T.-Y.
Chen, X. Ma, C.-Z. Peng, and J.-W. Pan, Proc. Natl. Acad. Sci.
114, 4920 (2017).

[35] H. Nikoli¢, Phys. Lett. B 733, 6 (2014).

[36] D. A. Zezyulin, V. V. Konotop, G. Barontini, and H. Ott, Phys.
Rev. Lett. 109, 020405 (2012).

[37] J. L. O’Brien, A. Furusawa, and J. Vuc¢kovi¢, Nat. Photonics 3,
687 (2009).

[38] A. Politi, M. J. Cryan, J. G. Rarity, S. Yu, and J. L. O’Brien,
Science 320, 646 (2008).

[39] K. Thapliyal, A. Pathak, B. Sen, and J. Pefina, Phys. Lett. A
378, 3431 (2014).

[40] B. Sen and S. Mandal, J. Mod. Opt. 52, 1789 (2005).

[41] S. Mandal and J. Pefina, Phys. Lett. A 328, 144 (2004).

[42] J. Petina, Quantum Statistics of Linear and Nonlinear Optical
Phenomena (Kluwer Academic, Dordrecht, 1991).

[43] K. Thapliyal and J. Pefina, Phys. Lett. A 383, 2011 (2019).

[44] K. Thapliyal and J. Pefina, Phys. Scr. 95, 034001 (2020).

[45] S. Dochow, M. Becker, R. Spittel, C. Beleites, S. Stanca, L.
Latka, K. Schuster et al., Lab Chip 13, 1109 (2013).

[46] A. Dhakal, F. Peyskens, S. Clemmen, A. Raza, P. Wuytens, H.
Zhao, N. L. Thomas, and R. Baets, Interface Focus 6, 20160015
(2016).

[47] F. Madzharova, Z. Heiner, J. Simke, S. Selve, and J. Kneipp,
J. Phys. Chem. C 122, 2931 (2018).

[48] R. Tan, D. F. Kelley, and A. M. Kelley, J. Phys. Chem. C 123,
16400 (2019).

[49] M. Kasperczyk, F. S. de Aguiar Junior, C. Rabelo, A. Saraiva,
M. F. Santos, L. Novotny, and A. Jorio, Phys. Rev. Lett. 117,
243603 (2016).

[50] L.-M. Duan, M. D. Lukin, J. 1. Cirac, and P. Zoller, Nature
(London) 414, 413 (2001).

[51] V. Pefinova and J. Pefina, Czechoslov. J. Phys. B 28, 1183
(1978).

013713-10


https://doi.org/10.1063/1.523304
https://doi.org/10.1007/s12045-007-0038-x
https://doi.org/10.1142/S1230161214400071
https://doi.org/10.1117/12.2181504
https://doi.org/10.1103/PhysRevA.99.023820
https://doi.org/10.1103/PhysRevA.93.022107
https://doi.org/10.1007/BF00726936
https://doi.org/10.1103/PhysRevA.57.1509
https://doi.org/10.1103/PhysRevA.69.032314
https://doi.org/10.1103/PhysRevA.98.012135
https://doi.org/10.1016/S0375-9601(02)00629-1
https://doi.org/10.1134/1.1412662
https://doi.org/10.1088/1464-4266/2/6/304
https://doi.org/10.1103/PhysRevA.62.013804
https://doi.org/10.1103/PhysRevLett.76.4340
https://doi.org/10.1103/PhysRevA.57.781
https://doi.org/10.1016/j.physleta.2004.03.026
https://doi.org/10.1016/0375-9601(94)90837-0
https://doi.org/10.1038/nphoton.2009.93
https://doi.org/10.1002/lpor.201100010
https://doi.org/10.1103/PhysRevA.90.013808
https://doi.org/10.1103/PhysRevLett.83.4725
https://doi.org/10.1103/PhysRevA.41.2295
https://doi.org/10.1103/PhysRevLett.87.040402
https://doi.org/10.1038/nature04523
https://doi.org/10.1103/PhysRevLett.110.170502
https://doi.org/10.1103/PhysRevA.66.012110
https://doi.org/10.1002/1521-3978(200110)49:10/11<1071::AID-PROP1071>3.0.CO;2-Y
https://doi.org/10.1103/PhysRevA.92.012303
https://doi.org/10.1103/PhysRevLett.85.1762
https://doi.org/10.1073/pnas.1614560114
https://doi.org/10.1016/j.physletb.2014.04.017
https://doi.org/10.1103/PhysRevLett.109.020405
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1126/science.1155441
https://doi.org/10.1016/j.physleta.2014.09.056
https://doi.org/10.1080/09500340500072984
https://doi.org/10.1016/j.physleta.2004.05.066
https://doi.org/10.1016/j.physleta.2019.04.005
https://doi.org/10.1088/1402-4896/ab5316
https://doi.org/10.1039/c2lc41169e
https://doi.org/10.1098/rsfs.2016.0015
https://doi.org/10.1021/acs.jpcc.7b10091
https://doi.org/10.1021/acs.jpcc.9b04645
https://doi.org/10.1103/PhysRevLett.117.243603
https://doi.org/10.1038/35106500
https://doi.org/10.1007/BF01599960

