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We study the behaviour of the second-order correlation function in a double cavity optomechanical
system and a degenerate optical parametric amplifier (OPA) is placed in each cavity. The first cavity
is additionally driven by a weak classical laser field. The occurrence of strong photon antibunching
effect in these two coupled cavities is observed. For suitable values of optomechanical coupling
strength as well as photon hopping process, the system can exhibit a very strong photon antibunching
effect. Our study also shows that the unconventional photon blockade occurs in both coupling, i.e.
the weak coupling as well as in the strong coupling regimes as compared to the conventional photon
blockade which occurs only in the strong coupling regime. We get a very strong photon antibunching
effect under the unconventional photon blockade mechanism than the conventional photon blockade
mechanism. Our study can be also used for the generation of single photon in coupled nonlinear

optomechanical systems.

I. INTRODUCTION

Cavity optomechanics is a rapidly developing research
area for exploring the radiation-pressure-mediated inter-
action between optical and mechanical degrees of freedom
[1, 2]. Due to the nonlinear coupling in between the
optical mode to mechanical oscillations, cavity optome-
chanical system offers a robust platform for studying
many interesting quantum phenomena such as quantum
entangled states [3-12], weak force sensing [13, 14], squeez-
ing [15—-18], precision measurements [19], quantum tele-
portation [20, 21], optomechanical induced transparency
[22-25] and optomechanical induced absorption [26-28],
ground state cooling of macroscopic objects [29-32], pho-
ton and phonon blockade [33-36]. Photon blockade (PB)
is a nonlinear optical effect that suppresses completely
the multiple-photon occupancy in a quantum mode and
favours only the single photon state [37]. The photon
blockade mechanism also generate sub-Poissonian light
when the system is driven by a classical light field. So
far, the photon blockade effect is also one of the major ex-
perimental schemes to generate on demand single-photon
sources and hence plays a significant role in present day
quantum information technologies [38, 39].

Photon blockade phenomenon has been studied theoret-
ically in various nonlinear quantum optical systems, e.g.,
Kerr-type nonlinear cavity [40, 41], cavity optomechani-
cal systems [33, 42-44] whereas the experimental works
investigated the trapped atom-cavity system [45] and a
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photonic crystal cavity coupled to a single quantum dot
[46-48]. Moreover, we have two wells- known mechanisms
to realize a strong PB effect in any quantum system. The
first one is () unconventional photon blockade (UCPB)
[49-51] which is generated due to the destructive quantum
interference between different quantum transition paths
from the ground state to a two-excited state, and the
second one is (i¢) conventional photon blockade (CPB)
[37, 52, 53] which depends on the larger nonlinearities to
change the energy-level structure of the system. Both
UCPB and CPB mechanisms have been implemented ex-
perimentally in [45, 46, 54-56] as well as theoretically
studied in [57-64].

Motivated by the above-mentioned works, in this paper,
we propose a scheme to generate a strong photon anti-
bunching effect in a double cavity optomechanical system.
Each cavity also contains a degenerate optical parametric
amplifier (OPA). These two cavities are also spatially
separated and coupled through the single photon hopping
process. We investigate photon antibunching effect in
both the weak and the strong coupling regimes through
studying the second-order correlation function in this
system. Here, the first cavity is also driven by a weak
classical laser field as shown in Fig 1. We also discuss the
occurrence of the both types of photon blockade effect, i.e.
unconventional photon blockade and conventional photon
blockade as well as impact of various physical parameters
for achieving a strong photon antibunching effect.

This paper is organised as follows. In Section 2, we have
introduced the model Hamiltonian of our proposed op-
tomechanical system. In Section 3, we have obtained the
analytical and numerical results related to the equal-time
second-order correlation function to discuss PB effect. In
this same Section, we also give the optimal parameter
values to achieve the strong photon antibunching effect
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and we discuss the CPB and the UCPB mechanisms in
both weak and strong coupling regimes. We conclude our
results in Section 4.

II. THE MODEL HAMILTONIAN

We consider an optomechanical system consisting of
two Fabry-Pérot cavities coupled via the single photon
hopping process (Fig 1). Each cavity j(j = 1,2) has a
movable end-mirror M; and also contain inside a degen-
erate optical parametric amplifier (OPA) [65]. In our
scheme, first cavity is also driven by a weak classical laser
field with amplitude € and frequency wy,. The mass and
the frequency of the j*" movable mirror M;(j = 1,2) are
respectively denoted by m; and wyy,. The mirror M; is
coupled to the photons inside the cavity j via radiation

=24/ with L;

pressure. The coupling rate is g; = " wM
J

denoting the length of the jth cavity [1]. The annihilation
and creation operators of the jth cavity mode are denoted
by a; and &} with [&j,d;f] =1 (j =1,2). The laser-cavity
detuning is A; = wr — wq,; where w,; is the resonant
frequencies of the cavity mode jth cavity. The coupling
strength of the photon hopping process is denoted by
J. The total Hamiltonian describing the system in the
rotating frame approximation is given by (h = 1)

H="Ho+ Hpm, (1)
where
Hpn = J(alas + abar) (2)

and the Free Hamiltonian ii(o is the sum of three terms
given as

5:60 = g/:(:free + j:Com + j_\Cdrive; (3)

where the hermitians operators Hfyee, Hom and Harive
written as

Hpree = B _[~Ajala; +way,blb;], (4)
j=1
~ 2 ~ ~
:}Comzfzg‘jd_,a](b;r+bj)v (5)
j=1
j:(drive = (C,ei(ﬁ&]i + 86_1¢d17 (6)
where & = 2,{3@ and ¢ are respectively the amplitude

and the phase of the input coherent laser field. The quan-
tity o denotes the drive pump power of the input field.
The cavity decay rate of the jth cavity is ;. The anni-
hilation and creation operators of the phonons mode of
the jth movable mirrors are represented as b; and lA);L and

satisfy [l;j, BI] =1 (j =1,2). We recall that the tunable
photon statistics in parametrically amplified photonic

molecules were studied in Ref. [57] without optomechani-
cal interaction. In addition to optomechanical interaction
we take into account the degenerate optical parametric
amplifier. This coupling is described by

2
Hopa = Z (M (a )2 v i/\j&?e_w) ’ (7)

j=1

where the nonlinear gain and the phase of the field driving
the OPA inside the jth cavity are respectively given by
A; and 6. The total Hamiltonian is now given by the sum

of the Hamiltonian H (Eq.(1)) and the interaction term
given by

jr(tot —H+ j:fOPA- (8)

The degenerate OPA is pumped by another laser field
at frequency 2wy, [66, 67]. Using the following unitary

Cavity 2 =M,
)[ OoPA I %

FIG. 1. Schematic of a double cavity optomechanical system.
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transformation U = exp[S] with § = Z] L 95 ATA (b’f

l;j); (j = 1,2), the Hamiltonian J{tot transform under

this transformation as ﬁTgA{mﬁ = Jffl To derive this
equation, we have used the Baker-Campbell-Hausdorff
formula together with the commutation values of the
operators at, a, bt and b. The unitary transformation
U decouples the two mechanical and the optical modes
in the special case of weak optomechanical coupling, i.e.
gj/wm; <1 (j =1,2) [58]. In fact, as we are interested
by the photon statistic in the system, the Hamiltonian
can be written as

2
3, :Z[—Ajd}&J ,uj(a a;)* +i\(a )2 i i)\&?efw]
j=1

+ <‘iez¢aJr + & ay + J( as + (Al;?h), 9)

where p; = gjz» /wm, is the Kerr-type nonlinear strength.

III. PHOTON STATISTICS

In this section, we focus on the analytical solution
of the non-Hermitian Schrodinger equation as well as
numerical solution using Master equation. In addition,
we discuss the generation of a strong photon antibunching
effect in the weak and the strong coupling regimes. The
non-Hermitian Hamiltonian is directly written by adding
phenomenologically the imaginary decay terms as

j'\fg = j'\fl — Z?d'{&l - 270/; (10)



The analytical expression of the correlation function can
be obtained by solving the Schrodinger equation in the
weak driving condition (€ < k1), i.e., i% = Ho (1)),
where |¢(t)) is the state of the system. The evolution
space can be limited in the low-excitation subspace, up
to 2, i.e., B = {|n1,n2)/n1 + na < 2}. The state of the
system with the bare-state bases are

n1+n2<2

W)= D Cona(t)lna,na), (11)

ni,n2

where C,,n,(t) is the probability amplitude of the bare
state |ni,n2) with n; represents the photons being in
the cavity (1) and ng represents the photons being in
the cavity (2). For two identical cavities, k1 = ko =
Ry, M1 = M2 = M, Wn; = Wny = Wm, Way = Way =
wa,L1:L2:L,)\1:/\2:)\,A1:A2:Aand
g1 = g2 = ¢g. Under the weak driving condition, the
probabilities amplitudes satisfy the relation |Cog| ~ 1 >
[Co1l,s [C10] > |C11],|Co2], |C20|- To simplify our purpose
we consider § = ¢ = 0. The schrodinger equation leads
to the following set of linear differential equations for the
probability amplitudes €y, , (t)

e
7 8?0 = 8610 - i)\(eog + C‘320); (12)
.0Co1
7 ot = 8600 — A601 + \/58602 - J6107 (13)
.0C1o
0C1y
A ot = —2ACq1 + ECp1 + \/5]602 - \/§J6207 (15)
.0Cp2
7 6t = —2F602 - \/ijell + 1\/§>\e()07 (16)
.0Cq ;
i = —2T€y + V2EC1p — V2JC11 +iv2\Coo, (17)

where A = A +i§ —pand I' = A +i5 — 2u. Egs.(12)-
(17) can be solved analytically to obtain the dynamical
state. Moreover, the steady-state result can be obtained
by solving 9C,,,,, /0t = 0, which can be simplified using
some appropriate approximations as for instance ignoring
those higher-order terms in the case of weak coupling
interaction. The coefficients associated with one-photon
(n1 4+ ng = 1) state are given by

JE
Co1 = A2 (18)

AE
Cio = Az _ g2 (19)

and the coefficients associated with two-photon (nq+mns =
2) states write as

J(—&°T — 2iJ2 X\ + €A + 2iAA?)

Cu = 2(CA — J2)(A% — J?) ’

(20)

_JPE + J2E2A — 2iJ2ATA + 2iATA3
B 2V20(TA — J2)(A2 — J?) ’

Coo (21)

Cor J2ED — J2E2N — i2J%ATA + 2E2T'A? + i2AT'A3
20 2V2I(TA — J2)(A2 — J2) '
(22)
The equal-time second-order correlation functions defined

by ¢{7(0) = (alalaja;)/(ala;)? (j = 1,2). Tt describes
the probability to observe two photons in the jth cavity
at the same time. Using the results obtained here, are

gets

2@y |2 2|Cos|?
@y = Al gy - 2l g
nj ny

where ﬁl = |610|2 -+ |611|2 + 2|€20‘2 ~ |elo|2 and ﬁg =
|Co1|2+C11]%+2|Co2|? ~ |Co1|? represent the average pho-

(2)

ton occupations. The condition g; (0) > 1 corresponds

to the photon bunching effect whereas gj(?) (0) < 1leads to
the photon antibunching effect and is characterized by the
sub-Poissonian photon statistics [33-35]. Furthermore,
the strong photon antibunching effect holds in the cavity
(1) when ggz)(O) =0, i.e., €39 = 0. On the other hand,
the strong photon antibunching effect can be realized
in the cavity (2) when 952) (0) = 0, i.e., Co2 = 0. The
Master equation approach which allows us to numerically
calculate has the following expression

d s ~

L — i3 0] + Za, (o), (24)
where Eaj (p) = %(dep&;r - d}djp— p&;dj) and 7(; is the
Hamiltonian given by Eq.(9).

A. Weak Coupling Regime

In this subsection, we investigate the evolution of the
equal-time second-order correlation function g§2) 0) (j =
1;2). We discuss the realization of the strong photon
antibunching effect in weak coupling regime (J < x and
g < wp,). The achieved photon blockade effect belongs
to the UCPB (destructive quantum interference).

The optimal parameter pairs A (the gain) and A (the
cavity laser detuning) can be obtained together with the

other fixed parameters by solving the equation gj(?) (0)=0

(j = 1;2). Here we also employ the parameters value
considered in Ref. [58] : J = 0.95k, wy,, = 27 x 75 x 106
Hz, g = 0.042w,,, & = 0.02k and k = 27 x 0.15 x 10° Hz.



The solution in the cavity (1) is {{A(();,)t = —0.73 x
104w, AL = 093 x 107%w,},{a), = 015 x
102w, ALY = —0.20 x 1075wy, }, {AL), 33 x
104wy, Hz,)\(();)t = 1.47 x 10~ %w,,}}. Moreover, the

real solution of the optimal parameter pairs value in
the cavity (2) is {{AZ, = —7.4 x 1074w, A?)

opt opt

0.33 x 100w, }, {A2), = 0.21 x 10"2w,,, A2}, = —0.80 x

opt —

1075w, }, {AD), = 047 x 1072w, Hz, A, = 040 x
10~ %w,, }}.
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FIG. 2. Plot of the analytical (solid line) and numerical (dot)
results in a double cavities of the equal-time second-order
correlation function g(j)<2)(0) (j = 1,2) versus the cavity-laser
detuning A/w,, (we use A — —A in this figure) for different
values of the parameter A with J = 0.95« and g = 0.042w,.
X =0.93x10"5w,, with A = 0.73 x 10~ *w,, in figure (a) in the
cavity (1), and A = 0.4 x 1075wy, with A = —0.47 x 10~ 2w, in
figure (b) in the cavity (2). The solid horizontal line delimits
the region under which represents the photon antibunching
effect in the cavity.

We plot in Fig 2 the equal-time second-order correlation

function 952)(0) as a function of the cavity-laser detuning
A for different values of A by using analytic and numerical
solutions. We note that the analytic and the numerical
solution is obtained by solving master equation (Eq.24)
are the same as shown in Figs 2 (a) and (b) which means
that our results are correct. We remark that a strong pho-

ton antibunching effect occurs when we use the optimal

4

values of parameter pairs {A, A} listed above, i.e., g]@) (0)
(j = 1,2) is much smaller than unity (gj@)(()) < 1) at
AWM = —0.73 % 1074w, with A"} = 0.93 x 105w, in Fig

opt — opt —
2 (a) and AZ), = 0.47x 102w, with A, = 0.4x 105w,
in Fig 2 (b). Moreover, when the parameter A does
not take the optimal value Ayp¢, the correlation function
g?(0) cannot vanishes or tends to zero. We can explain
the generation of a strong photon antibunching effect in
the cavity (1) by the destructive quantum interference gen-
erated by different two photon between excitation schemes.
The two-photon excited state |0,2) can be completely sup-
pressed due to the ideal destructive quantum interference
between in three different ways in [57]: (i) the direct

excitation |0, 0) 2 |2,0) by a degenerate optical paramet-
ric amplifier interaction with the gain A, (i7) the direct

excitation |0, 0) LN |1, 0) LN |2,0)by the driving field
with the amplitude &, and (#4¢) the tunnelling-mediated
transition [1,0) < [0,1) & (11,1) & 10,2)) & [2,0).
From Fig 2(b) the strong photon antibunching effects
in the cavity (2) can be understand by the destruc-
tive quantum interference between directs the two paths

(¢) the direct excitation |0,0) 2 [0,2) by the de-
generate optical parametric amplifier interaction with
the gain A, and (47) the tunnelling-mediated transition

11,00 2 10,1) & (11, 1) 5 12,0)) 2 10, 2).

According to the above analysis and discussions, we
find that the strong photon antibunching effect which
occurs in the weak coupling regime (J < k and g < wiy,)
belongs to the class of unconventional photon blockade
mechanism (the destructive quantum interference) [58].

We plot in Fig 3(a) the equal-time second-order corre-
lation function ggz) (0) versus the cavity-laser detuning
A Jw,, for various values of the optomechanical coupling
strength ¢g. This figure shows that g§2)(0) is very small
when g = 0.042w,,,, i.e, strong photon antibunching effect
occurs when g = 0.042w,,. We remark that a strong
photon antibunching effect is achieved for the exact value
of A = —34304.2 Hz as it is precisely predicted by the op-
timal parameters when g = 0.042w,,, with A = 437.053 Hz.
We notice that the equal-time second-order correlation
function g§2)(0) is greater than 1 (the photon bunching
effect) when ¢ = 0 with A € [—400000 Hz, 300000 Hz].
This means that the achieved photon antibunching effect
is related to the optomechanical coupling g.

We plot in Fig 3(b) the equal-time second-order corre-
lation function g§2) (0) versus the cavity-laser detuning
for different values of the coupling J. This figure ex-
hibits a strong photon antibunching effect for the value

Al();)t = 1.54229 x 10° Hz. This exactly the value expected

via the parameter optimization when J = 0.95 Hz with

)\g;)t = 692.709 Hz. The equal-time second-order corre-

lation function gf)(()) is less than 1 when J = 0 (the
photon antibunching effect) for a wide range value of A
as reported in Fig 3(b). This can be explained by the
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FIG. 3. (a) Plot of the equal-time second-order correlation

function g§2) (0) versus the cavity-laser detuning A for various

values of the optomechanical coupling strength g with )\E,L)t =
0.93 x 107%w,,, Hz and J = 0.95x. (b) Plot of the equal-
time second-order correlation function ggz)(O) in the weak
coupling region versus the cavity-laser detuning A for various
values of the photon hopping coupling strength J with /\(();)t =
0.93 x 107 %w,, and g = 0.042w,, Hz. The dashed horizontal
line delimits the region under which represents the photon
antibunching effect in the cavity (1).

two-photon excitation path of the tunnelling-mediated
transition, i.e., |[1,0) <& |0,1) % [1,1) & [2,0). This
means the coupling J influences the occurrence of the
photon antibunching effect.

B. Strong Coupling Regime

In this subsection, we will discuss both conventional
and unconventional photon blockade mechanisms in the
strong coupling regime. Moreover, the conventional pho-
ton blockade phenomenon would become obvious be-
cause the energy-level splitting induced by the strong
coupling causes a large transition detuning between single-
photon and two-photon states. Hence to discuss the
conventional photon blockade in terms of the energy
spectrum of different excitations, we consider the Hamil-
tonian of the system without the laser driving term,

ie, Hyp = Y5y [~Ajala; — pj(ala;)? +ix(al)2e® —
i)\&?e*w] + J(ELJ{ELQ + &;dl). Eigenvalues of the single exci-
tation |0, 1) and |1,0) are e;+ = J £ AF p. The locations
of CPB can be obtained using the theory of conventional
blockade mechanism (resonant transition between the zero
and single excitations) [58]

Ay=p+J ; A =p—J (25)

Here, we consider the following values [58] : photon
hopping coupling J = 8k, w, = 27 x 75 x 10% Hz,
g = 02w, € = 0.02k and Kk = 27 x 0.15 x 105 Hz.
The parameter optimization of the pair of the parame-
ter {A, A} in the cavity (1) gives the following results

{AY =24 x 1072w, A = 1.1 x 1075w,,},{A}) =

opt — opt — opt —
40 x 102w, A0 = 0.8 x 1075w, }, {Al))

6.0 x 102w, A, = 1.5 x 1075w}, {AL), = 8.0 x
102w, A = =012 x 1075w, }, {ALL) 8.2 x
10*2wm,)\$7)t = —0.02 x 10~ %w,,}}. Moreover, in the

(2)
opt T

0.51 x 1075w, }, {AZ) = 4.0 x

opt

cavity (2) the optimal parameter pairs are {{A
2.4 x 10~2w,,, \?)

opt =

1072w, AL ~0.80 x 1075w, },{A%) 5.6 x
102w, A0 = 012 x 107%0,,},{A), = 5.9 x

102w, A} = 0.01 x 107%w,,}}. We plot in Fig 4

the equal-time second-order correlation function g§2) (0)
(j = 1,2) versus the detuning A/w,, for various values
of the gain A\. We also make a remark here that the
analytical and the numerical solution is obtained by solv-
ing master equation (Eq.24) are the same as shown in
this figure. The photon blockade locations are obtained
from the Fig 4(a) for the values A = 2.4 x 102w, and
A = A, = p+J. The small dips located is associated the
CPB mechanism and the others dips are associated to the
UCPB mechanism. We notice that the strong photon an-
tibunching effect obtained under the UCPB mechanism is
strong than one obtained under the CPB mechanism. We
remark that a strong antibunching effect is realized when
gf) (0) takes small values (g§2) (0) < 1) (j =1,2). This
can be explained by the unconventional photon blockade
mechanism (the complete destructive quantum interfer-
ence between different paths of two-photon excitation in
the cavity (1) and (2)).

We plot in Fig 5(a) the equal-time second-order cor-
relation function g§2)(0) versus the cavity-laser detuning
A for various values of the optomechanical coupling g.
This figure shows that g§2)(0) takes small values when
g = 0.2w,, in this case a strong photon antibunching
effect is achieved in the cavity (1). A strong photon
blockade effect occurs for A = 2.4 x 10~ 2w,, as it is pre-
dicted by the parameters optimization when g = 0.2w,,
with A = 1.1 x 107%w,,,. We remark that when g = 0
the equal-time second-order correlation function became
greater than 1 (gf) (0) > 1) i.e., the photon bunching
effect for large values of X\. This means that the optome-
chanical coupling influences the generation of the photon
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FIG. 4. Plot of the analytic (solid line) and numerical (dot)
results in a double cavities of the equal-time second-order
correlation function g§2)(0) (j = 1,2) in the strong coupling
regime versus the cavity-laser detuning A /w,, (we use A —
)\(1) _

—A in this figure) for different values of the gain A, (a) A, =

1.1 x 10 %w,, and (b) ALL, = 0.01 x 10~ %w,,, where J = 8
and g = 0.2w,,. The solid horizontal line delimits the region
under which represents the photon antibunching effect in the

cavity (1) and (2).

antibunching. We plot in Fig 5(b) the equal-time second-
order correlation function g(?(0) versus the cavity-laser
detuning for different values of a photon hopping coupling
J. We remark that a strong photon blockade effect oc-
curs for various values of J and A as shown in Fig 5(b).
For example when J = 8k a strong photon antibunching
effect is achieved for A = 2.4 x 10~ 2w,,. In agreement
with the parameters optimization when J = 8k with
A =1.1x10"%w,,. And this shows the role of the photon
hopping coupling J in the generation of a strong photon
antibunching effect.
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FIG. 5. (a) Plot of the equal-time second-order correlation
function 952)(0) versus the gain A for various values of the
optomechanical coupling g with J = 8x and A = Ailp)t =
2.4 x 107 2wy,. (b) Plot of the equal-time second-order corre-
lation function g§2)(0) versus the cavity-laser detuning A for
various values of the photon hopping coupling strength J with
)\f,lp)t =1.1 x 10" %w,, and g = 0.2wy,. The dashed horizontal
line delimits the region under which represents the photon

antibunching effect in the cavity (1).

IV. CONCLUSION

We have discussed a strong photon blockade effect
through the analytical and numerical evaluation of the
second-order correlation function in a double-cavity op-
tomechanical system. Here the two optical cavities are
also coupled through the single photon hopping process.
A degenerate optical parametric amplifier is placed inside
each cavity. The first cavity is also driven by a weak
classical laser field. We have obtained the conditions for
strong photon antibunching effect in each optical cavity
for which the second-order correlation function satisfy
g (0) < 1. We have also analysed the photon blockade
mechanisms in the weak as well as the strong coupling
regimes for the conventional and unconventional photon
blockade mechanisms. We have shown that the UCPB
is achieved even for the weak coupling regime (J < &
and g < wy,), whereas CPB occurs only in the strong
coupling regime. We have discussed in details the effect
of the optomechanical coupling strength and the photon



hopping coupling on the generation of strong photon anti-
bunching effects. Our present study on the single-photon
blockade and its generation in coupled optomechanical

systems can be of significant interest for the various appli-
cations in quantum information processing and quantum
communication.
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