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The antibunching effect generated in a cavity containing first a single two-level atomic system and then two

identical atoms is explored for off-resonant interactions, in strong- and weak-coupling regimes. The cavity is
driven by coherent and squeezed sources. Using the second-order correlation function analytically derived in
the weak-excitation regime, we show that squeezed light achieves and improves strong antibunching, leading to
a photon blockade. This enhancement is due to a destructive quantum interference mechanism induced by the

nonclassical light, creating a supplementary transition pathway. The best effect is obtained for equal frequency
detunings in the strong-coupling regime. More interestingly, our investigation reveals that the two-atom-cavity
system can further improve the antibunching effect compared to the single-atom cavity. It turns out that the
additional couplings appearing in the cavity due to the implementation of the two atoms, combined with the
squeezed light, could substantially enhance the photon-blockade effect.
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I. INTRODUCTION

Photon-blockade effects play a crucial role in exchang-
ing and handling photonic quantum information [1-5]. First
proposed by Imamoglu et al. [6], these intriguing effects
have been studied in various systems [7-19]. Generally, a
blockade means that the emission of photons can be blocked
by a single photon in a cavity. This results in a one by
one sequential photon transmission in the output side of the
cavity, with sub-Poissonian statistics. In order to obtain pho-
ton blockade, a strong quantum nonlinear source is needed.
For example, this aspect was studied using a system with
an intrinsic nonlinear susceptibility [20-24]. Unfortunately,
the requirement of strong nonlinearity is hard to realize
experimentally. First discovered by Liew and Savona [25],
systems possessing weak nonlinearities can exhibit another
type of the photon-blockade phenomenon, known as uncon-
ventional photon blockade. The first physical explanations of
the unconventional photon blockade were given by Bamba
et al. [26]. They are underlined by the fact that there are
two or more different paths for the transition from the one-
photon state to the two-photon state, leading to destructive
quantum interference and strong antibunching [27-29]. A uni-
fying interpretation of the conventional and unconventional
photon-blockade mechanisms was proposed by Casalengua
et al. [30].

On the other hand, squeezed states of light constitute a
strong resource for several quantum technologies [31,32].
This kind of radiation is characterized by quantum noise
in one quadrature lower than a coherent state. The applica-
tions include essentially the precision improvement of the
optical measurements [33,34], quantum communication [35],
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gravitational wave detection [36,37], and quantum computing
[38—41]. The most notable application of squeezed light was
to increase the astrophysical limits of gravitational-wave de-
tectors including the laser interferometer gravitational-wave
observatory (LIGO) [42] and the gravitational-wave observa-
tory (GEO 600) detectors [43]. In general, squeezing comes
from nonlinear interactions in a quantum system. Widely in-
vestigated platforms in quantum optics are the quantum well
cavity [44-49] and the two-level atomic system [50-55]. They
still offer fascinating behaviors due to their exceptional quan-
tum properties.

In light of this, we investigate in this paper the antibunch-
ing effect in a cavity containing first a two-level atomic system
and then two atoms. The cavity is doubly pumped by coherent
and squeezing sources of light. We show that the antibunching
achieved by the single-atom cavity can be strongly enhanced
by applying the squeezing source and choosing the appro-
priate frequency detunings and amplitude of the squeezed
light. This improvement is also observed for the two-atom
cavity. However, more interestingly, this last system is able to
produce higher antibunching than the single-atom case. This
is attributed to the additional coupling.

The paper is organized as follows. In the next sec-
tion we consider the single-atom-cavity system. We derive the
Hamiltonian and the dynamics. Then we determine the equal-
time second-order correlation function in the weak-excitation
regime. After that, we focus on the antibunching effect for
weak and strong couplings. Section III is dedicated to the
two-atom-cavity system. We study the antibunching and take
the opportunity to compare the nonclassical effect generated
by the two systems. In the Appendix we extend the study of
the single-atom cavity to off-resonant interactions.

©2022 American Physical Society
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FIG. 1. (a) Scheme of a two-level system trapped in a single-
mode cavity. The cavity is coherently pumped by a laser of amplitude
. A second-order nonlinear crystal is attached to the cavity in such a
way that the generated squeezed photons interact with the two-level
system. (b) Transition paths for different photon states induced by
coherent and squeezed sources.

II. ONE-QUBIT-CAVITY SYSTEM

A. Theoretical model and dynamics

We consider an optical cavity (with a mode frequency
w,) containing a two-level system (of frequency w,), weakly
driven by a coherent field. The cavity interacts with squeezed
photons that result from a nonlinear process through a second-
order nonlinear crystal attached to the cavity, as shown
schematically in Fig. 1(a). We note that our discussion deals
with a general model that can be realized in several quan-
tum systems, such as atom-cavity systems, superconducting
qubit-cavity systems, and quantum-dot cavities. The whole
Hamiltonian describing the system, in a rotating frame, can
be written as

H, = Aca%a + Aaafo + g(acfr + aTa)

_ A A
+ (ea’ + 8a) + (—a'2 + —a2>, (1)

2 2
where a and a' represent the annihilation and creation oper-
ators of the optical mode of the cavity, respectively, o and
o' denote the lowering and raising operators of the two-level
atomic system, respectively, and ¢ is the strength of the coher-
ent driving field and & its complex conjugate. The interaction
strength between photons and the atom is represented by the
constant g. The second-order medium of susceptibility x
is driven by a field of amplitude A,. They are linked by the
relation A = x @A,. Here A, = 0, — w, and A, = 0, — w,
are the two-level system and cavity detunings with respect to

the driving pump frequency, respectively.

The system dynamics can be analyzed with the master
equation for the density matrix p, given by p(¢t) = i[p, H ] +
kLa[pl+ yLspl, where Lalp]=2apa’ —a'ap — pa‘a
and Ly[p] =20pc" —oTop —pofo are the Lindblad
superoperators describing the dissipations of the cavity
and the two-level system with the decay rates « and vy,
respectively. By adopting the weak-driving limit, the system
wave function can be expanded in terms of the bare states up
to a two-photon excitation process as [56,57]

[¥) ~Agolg 0) +Agilg, 1) + Ag2l8, 2)
+Acole,0) + A, e, 1). 2
In this representation, the quantities |A,,|* and |A,,|* con-

stitute the probabilities of the system in the states |g, n) and
le, n), respectively. Under these conditions, the system is

described by the effective non-Hermitian Hamiltonian

H| = H, —iEaTa—iZGTG. 3)
2 2
To obtain the evolution equations of the amplitudes A, ,
(¢ = g, e), we employ the Schrodinger equation id,|y) =
H{|y). Combining Egs. (2) and (3) into the Schrodinger equa-
tion, we obtain the set of equations relative to the coefficients
of the wave function

iAg1 = &+ gAco + AlAg1 + V28A, 2, 4)

. , V2
iAgr = V28Ac1 + 20/ Agy +V26A, 1 + S 6
iAe,O = gAg,l + A;Ae,o + ﬁéAe,ly (6)
iAot = V28700 + (A, 4+ ADA, + Ao, 7)

with A = A, —iy/2and A, = A, — ik /2. Under the weak-
driving condition [Az ol 3> [Ag 1], |Acol > |Ag2l, |Ac 1], the
steady-state solutions (d;,A,.,» = 0) for the amplitudes of each
state are given by

Ag 1B =ED.AL(A, + AL) + V227 A + g1)]
— e(V22E + 20 [ALA, + A) — 21 (8)

g

AgoBB = E[A(A; + AL) + 267
262 — LA/
P21 = ALAL A 9
7 [V2]e] WA IR )
AcoB =2ge[AL(AL + AL) — &1, (10)

Ao 1B = glhle? + AL(AA. —2e%) — 26Nl — &A], (11)
where
B =2g"+2(le|* — A?)[V2le* — AL(AL + AD)]
—28[(V2 + Dlel* + ALQA, + A))]. (12)

B. Second-order correlation function determination

Usually, to study the quantum statistics of the optical
cavity field we use the equal-time second-order correlation
function g (0), which is proportional to the probability of
detecting two photons simultaneously. Its value determines
the nature of the produced light: g®(0)=1 for coher-
ently emitted radiation and g (0) > 1 for super-Poissonian
bunched light, whereas when g (0) < 1 the field statistics are
sub-Poissonian corresponding to antibunched or nonclassical
light. In particular, the value g®(0) « 1 is a signature of the
photon-blockade phenomenon, when only one-photon exci-
tation is possible. The steady-state second-order correlation
function of the cavity optical field can be written as

(Wlataly)gs
where |Y)ss is the system wave function in the steady state.

The stationary values are linked to the mean value of num-
ber of photons by (¥ |a’alyr)ss = [Ag 11> + |Ac1]? + 2|A2%

§2(0) = : (13)
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from which the autocorrelation function for weak excitation
takes the form [after considering real ¢ in Egs. (8) and (9) in
order to simplify the study of g (0)]

g(z)(o) _ |\/§Ag,2|2 ~ 2|Ag,2|2
(Ag11? + Aci]? + 21452171 |Agal*
N+ N,
= NDE (14)
with

Ny = (3{AL8* —4rA) + A [— 41AL + 862 A,
+KAQY +K6) + 480 + AAy (v +2K) + 48]
+26204¢ — y (v + 1) (15)

Ny = (3{8AUAA(y + &) — 22y + k)] + 4kAA]
+ 4y AcAA: — 26%) — Ay + 1) (rk +4)})’. (16)

2

Ne — 482(4AZ + y2)
P LA AL F YA+ (—AALA + yK + 42)
(17)

and
D = 1[2iA(k + 2iAc) + 2iy Ac + vk + 4¢°]
X [2iAg(k 4+ 2iA) 4+ 2iA2iAc + v + 2k)
+ k(y +l<)+4g2]. (18)

The above general relation of the autocorrelation function
characterizes the quantum statistics and the degree of anti-
bunching in the emergent light. According to Eq. (14), if
Ag>» =0, we have 2?(0) = 0. Thus, in this particular case,
light will exhibit strong antibunching, leading to an optimum
photon blockade.

C. Quantum-interference-based photon blockade induced
by squeezed light for the one-qubit cavity

As mentioned earlier, the two-level atomic system is a
good prototype to produce the photon-blockade effect, ei-
ther by strong nonlinearity between polaritons, qualified
as conventional photon blockade (CPB), or via a quantum
interference mechanism, known as unconventional photon
blockade (UCPB). Despite their mechanisms being different,
CPB and UCPB share the same photon quantum statistics.
Here we explore the effect of the squeezed light on the anti-
bunching effect produced by the two-level cavity system. For
this, we begin with the total resonance case (A, = A, = 0).
The correlation function is reduced to

Mo+ 16 (yic + 48[y (v + k) — 4¢°T
16y4e* [k (y + k) + 4g%)?

with a = (y + «)*(yk + 4g*)*. We note that the previous
correlation function depends on the amplitude of the co-
herent pumping &, contrarily to the correlation function in
the absence of the squeezing source. To illustrate the above
expression, we represent in Fig. 2 g®(0) against the normal-
ized coupling strength g/« for three values of the squeezed
light amplitude X\ /k. For the system parameters, we choose

§2(0) = , (19)
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FIG. 2. Second-order correlation function g (0) plotted at total
resonance (A, = A. = 0) as a function of the normalized coupling
strength g/k for ¢/k =0.01, y =«/2, and three values of the
squeezed light amplitude A.

e =0.01kx and y = «/2. The plot shows that for A =0, a
strong antibunching effect of the order of 10~ can be attained.
As A increases, the antibunching decreases and vanishes pro-
gressively for stronger squeezed pumping. Indeed, at total
resonance, the squeezed light is unfavorable to the photon
blockade (PB). This is well justified by the optimal condition
for the photon blockade derived from Eq. (19), satisfying
A=0and g = %«/y()/ + ).

Now we consider resonance between the cavity and the
driving field, A. = 0. In Fig. 3(a) we depict the autocor-
relation function versus A,/k in the weak-coupling regime
(g < k,y). We choose the atom-cavity coupling strength
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FIG. 3. Second-order correlation function g»(0) plotted versus
normalized detuning A,/x (A, = 0) for y =« /2, ¢/k = 0.01, and
three values of the squeezed light strength A are considered in
(a) the weak-coupling regime g/k = 0.45 and (b) the strong-coupling
regime g/k = 10.
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g = 0.45k. Tt is shown that for an appropriate value of the
squeezed photons amplitude, the PB can be strongly en-
hanced. However, by further increasing X, the nonclassical
effect decreases. Additionally, we observe that g?(0) is
redshifted and the maxima no longer correspond to the res-
onance. The strong-coupling regime (g > «, y) is illustrated
by Fig. 3(b). The coupling strength is chosen to be g = 10«.
Starting from A = 0, light shows highly bunched states near
resonance [g®(0) >> 1] or coherent states for large detunings
[¢?(0) — 1]. Interestingly, when squeezed photons come
into play and even for small nonlinearities, a strong antibunch-
ing can be achieved in the region where the coherent pumping
frequency is higher than the atomic one (v, < ).

The optimal conditions for PB are derived from the limit
g»(0) — 0. This means that the real and imaginary parts of
Eq. (9) should be equal to zero. Thus, we obtain a set of two
equations with variables A and A . Solving this system, under
the weak-excitation condition |e] < «, yields four solutions
for the couples (A, A,) as

V2B 2%+ 2yk? +6%) + 882 (y + k)

A —
L2 R T Ok + 42y +x) + g
x [—B 4+ kQy + 1) + 128 (y + k)]e%,
A oY TB K@Y 2y +K7) — APy k).
al2 = F 2\/2 N
(20)
V2(=B +2y% 4+ 2yk2 + k%) + 882 (y + k)
A3 4 = i
’ iy + ) (v + 48[k 2y + k) + 4¢%]
X [=B + kQRy + «)* + 128 (y + k)]e%,
_ 2 2y 2
Apss = :F\/ﬂ k(Y2 +2yk + k2) — 4g2(y +K)’ e

232

where B = [k*Qy +K)* + 16g*(y + «)(y + 5«) + 8g%«>
(v + )2y + )12

From Eq. (9), optimal A could be real or complex depend-
ing on the phase of the pump laser, ¢ = ¢’¢’¥ and & = &’e™¥.
For an appropriate choice of phase angle, A3 4, for example,
are real solutions. These solutions are plotted as a function
of the coupling strength in Fig. 4 with the frequency de-
tunings A, 3 4. Obviously, the total resonance conditions are
included and observed in these figures. The most important
ascertainment is that for weak or intermediate couplings, a
quasiresonant excitation and a relatively strong second-order
nonlinearity are needed to achieve optimal PB. However, in
the strong-coupling regime, a very weak nonlinearity is suf-
ficient, but for large detunings, to obtain optimal PB. The
two parameters vary oppositely and are compensated by each
other. This optimal condition behavior explains the differ-
ences between the weak and strong couplings observed in
Fig. 3, especially for the increasing detuning.

Here we consider resonance between the two-level system
and the driving field (A, = 0). For weak coupling [Fig. 5(a)],
the squeezed light highly increases the blockade of photons
where the peaks of g®(0) are also redshifted. A stronger
pumping A reduces the antibunching (dashed line). In addi-
tion, the antibunching appears in another range of A./k away
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FIG. 4. Optimal PB conditions for (a) squeezed light amplitude
A34 and (b) detunings A, ;4 plotted as a function of the coupling
strength g/« for y =k /2 and ¢ /k = 0.01.

from resonance (dotted line). Unfortunately, in the strong-

coupling regime, the interaction with the nonlinear crystal is

always favorable to higher bunched states of light [Fig. 5(b)].
In this case, optimal PB conditions for A and A, read

24y (yi + 8848 — y(y + 1)1}
[y (y +26) + 421/ (y + k) (yk +4g)

:F\/(J/ + 1) (yk +4g2)4g% — y(y +«)]

2y (yx +8¢) '

)\1,2 ==

Acip =

For strong coupling, X;, can be approximated simply to
Ao~ £24/2ye?/(g/y + k). For weak coupling, they are
given by Ajo =~ +4ie?/(y + 2«). Both solutions also could
be complex via adjusting the phase. Plots of these conditions
show behavior similar to the previous case when A, =0
(figures are not shown here).

For a more generalized situation, we examine the case of
equal detunings (A, = A, = A). A very strong antibunching
is obtained in the weak-coupling regime at A = 10«, 20k
[Fig. 6(a)] and especially in the strong-coupling regime for
larger detunings A = 100«, 200« [Fig. 6(b)]. In the latter
regime, the antibunching effect increases considerably: The
value of ¢ (0) changes from 107! to a value close to 1073,
which corresponds to an almost perfect photon blockade. An
extension to off-resonant interactions A, # A, is given in the
Appendix.

Full analytical solutions for optimal PB conditions of this
situation are too long to be presented here. However, it is
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FIG. 5. Second-order correlation function g®(0) plotted as a
function of the normalized detuning A./x (A, =0) for y =«/2,
e/k = 0.01, and three values of X in (a) the weak-coupling regime
g/k = 0.45 and (b) the strong-coupling regime g/« = 10.
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FIG. 6. Second-order correlation function g (0) plotted versus
the normalized detuning A /k for y = «/2, ¢/k = 0.01, and several
values of A in (a) the weak-coupling regime g/« = 0.45 and (b) the
strong-coupling regime g/k = 10.

possible to obtain simple approximated relations for strong

coupling as

e2[2ly +17k) — 3]/ (Ty +3k) + &
8gvV2k(y + k)

Sy +3k) + &
ANp=F—"TF —- "9 22
12=7F ST g (22)
e2[2ly + 17k) + 381/ Ty ¥ 3k) + &
Azg = + ,
8gv2k(y + k)

V(Ty +3k) — Eg
232 ’
where £ = (49y? + 58y« + 25k?%)'/2, and weak coupling as
5 3k) —3(y —
_il.( y +3k)—3(y K)EQ

s

AMpa==

Asy=7F (23)

Ao =
(y +1)(y + 3k)
k(=5y% 4+ 2yk + k2 +
Ay = g KOS E0
4/ 2k
5 3 3(y —
A3,4:ii( Yy +36)+3(y — k) ,
(y +1)(y + 3k)
k(=5y% 4+ 2yk + k?) —
PR LG G 1 (25)

4/ 2k '

where n = (y — «)(3y + k). These conditions behave simi-
larly to those discussed above.

When there is no external squeezed source applied to
the system, we have two different transition pathways that
correspond to the transition from |g, 1) to |g, 2): the direct ex-
citation |g, 1) — |g, 2) and the coupling-mediated transition
lg, 1) — |e, 0) — |e, 1) — |g, 2). The insertion of the optical
parametric oscillator medium results in the creation of a third
pathway transition directly from the ground state |g, 0) to
|g, 2) ensured by the parameter A, as shown in Fig. 1(b). Con-
sequently, the improvement of PB outlined above is attributed
to this additional transition, making destructive quantum inter-
ference stronger. On the other hand, the squeezed interaction
may lead also to a constructive quantum interference which
explains the high bunching.

III. TWO-QUBIT CAVITY SYSTEM

A. Theoretical model and dynamics

In this section we consider two identical two-level systems
trapped in a cavity. We assume that the coupling strengths
between atoms and light are the same. The total Hamiltonian
is written as

2
H, = Aca?a + Z[Aaojaj + g(ajafr + a;fa)]
j=1

2

where j designates the jth two-level system. Then the master
equation governing the system dynamics can be expressed as

Ay A
+ (ed" + ga) + (Ea'2 + —a2>, (26)

2
p(t) =ilp, Hol + kLalpl + Y vLP o),  (27)

j=1
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FIG. 7. Transition pathways in the two-atom cavity system in the
presence of squeezed light. The antisymmetric Dicke states |—, O)
and |—, 1) are dark states, decoupled from the other states of the
system.

where Ef,j ) [p] denotes the dissipation term of the jth two-level
system. The whole system can be derived using the collec-
tive states {|gg), |Z), |ee)} as the basis. In this representation,
the states |£) = (leg) = |ge))/ V2 are the symmetric and an-
tisymmetric Dicke states, respectively. Then the system wave
function can written as
2 1
V)~ Agulggn) + Y AvalE, n) + Aceolee. 0). (28)
n=0 n=0

Transition pathways are shown in Fig. 7. The evolution equa-
tions of the wave-function coefficients can then be deduced
as

iAge1 =V28A1 0+ Al Age) 4 & 4+ V2EA g, (29)

- V2
iAggr =28A4 1+ 2ALAger + V26A g1 + - (30)
iAo =AuA+0 + V28Ag1 +EAL L, 31)

Ap 1= (AL 4+ ADAL L + 28400 + V28Ac00 + AL,

(32)
iAee,O ZZA;Aee,O + \/ngJr,lv (33)

with A/, and A/ defined earlier in Sec. II. By solving the
previous set under the steady-state approximation, we obtain
for the amplitudes

Age1C = 28ALIMAL(AL + AL) +26* Al + 2]
—2eAL[AE* + 2A7A, +2AL (A — 2¢7) —28°AL],
(34)

AL oC =2v2ge[¢h — AL (AA! +21A, — 267)]
+4vV2ge[AZAL 4+ AL(A? —28) — £A.], (35)

ApenC =28 [—Ael* + AL (2e* — LAL) + 262 A +2¢%A],
(36)
ApaC =2V2gA),

x [Mel* + AL(AAL —26%) — 2(e2 AL + &M)],
(37

Age2C =V2Z{ALIMQRA, 4 3AL) 4 28] — 28°2)
— V2AL26% — AAD)|e> — AL(AL + AL)], (38)

10 — loneatom "
S two atoms’x'“
~~ Re
s .
N
Q
[sY0}
@ . .
—1x10™* —-5x107° 0 5%1075  1x107*
AJk
1011 N
ool T, LT
S 100
= one atom
@oo 108
-------- two atoms
107
10% (b)
—1x107* =5x107° 0 5%1075  1x107*
AJk

FIG. 8. Plots of the second-order correlation function g (0)
at total resonance (A, = A. = 0) as a function of the normalized
squeezed light strength A/x for the two systems considered for
the parameters ¢/k = 0.01 and y = «/2 in (a) the weak-coupling
regime case (g = 0.5«) and (b) the strong-coupling regime (g =
10x).

where
C=4A2[(AL+ AD(AZ — &) —4g°AL] + 8g* A

+AAL[ — AZ(el +38%) + lelP(lel? — 38%) + 4g*].
(39)

B. Quantum-interference-based photon blockade induced
by squeezed light for the two-qubit cavity

At total resonance where coherent drive, cavity, and atomic
frequencies are equal, the correlation function is written as
(for simplicity, here ¢ is considered real)
2|Agg,2|2

|Agg,1 |4
_ (rk + 8216y [y (v + ) — 48’1 + Z)
B 16y*et[yk(y + k) +482Qy + ©)]?

§2(0) ~

(40)

where Z = A%(yk + 8¢*)*[y (y + k) + 4¢*]*. From Eq. (40)
we can see that the two-atom cavity satisfies the same op-
timum condition as the single-atom case, particularly the
condition A = 0. This is clearly observed in Fig. 8(a), which
represents g2 (0) versus A/k for weak coupling. It is shown
that maximal antibunching appears as a single peak when
no squeezed light is injected. Otherwise, squeezed light de-
creases the antibunching effect. For this resonant interaction,
there are three different pathways for two-photon excita-
tion. The first transition is |gg, 1) — |gg, 2), the second one
is |gg, 1) = |+,0) = (|4, 1) <> |ee, 0)) — |gg, 2), and the
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FIG. 9. Second-order correlation function g»(0) plotted versus
of the normalized strength of squeezed light 1/« for the two systems
(A, =0and A, = —0.5¢) for the parameters ¢/k = 0.01 and y =
k /2 in (a) the weak-coupling regime (g = 0.5«) and (b) the strong-
coupling regime (g = 10«).

third is represented by the direct transition generated by the
squeezed light |gg, 0) — |gg, 2), as shown by the schematic
representation of Fig. 7. This last pathway transition enhances
constructive quantum interference leading to antiblockade. An
interesting observation is that the two-atom system is able
to produce stronger antibunching than the single-atom case.
Hence, the photon-blockade phenomenon is improved. This
improvement is due to the enhanced destructive interference
effect which results from the additional coupling provided by
the two atoms. For strong coupling [Fig. 8(b)], light exhibits
a very high bunching, even much higher than the single-atom
cavity.

Now we consider resonance between the cavity and the
driving field (A, = 0) [Fig. 9(a)]. The PB is clearly observed
for weak coupling. Again, we notice here that the antibunch-
ing effect is stronger for the two-atom system. The increase
of the light-atom coupling suppresses the antibunching effect
with higher values of g?(0) in favor of the two-atom system
[Fig. 9(b)].

The equal-time second-order correlation function when
the coherent driving field is resonant with the atomic sys-
tem (A, = 0) is illustrated by Fig. 10. For weak coupling
[Fig. 10(a)] the value of g?(0) is of the order of 10~* for the
two-atom system, for very weak second-order nonlinearities.
For the same system parameters, g*)(0) of the single-atom
system is close to 10~!. Here also the collective coupling en-
hances the destructive interference, yielding the improvement
of the PB effect. However, in the strong-coupling regime, we
observe only a highly bunched state resulting from a construc-
tive interference mechanism [Fig. 10(b)].

100
—
= 1
N’
S i
50 001 one atom
-------- two atoms
104 (@) : ‘
—5%10-4 0 5x1074
Ak
| T e
= 10 ‘
g/ 10 ; one atom
S £ e two atoms
%0 10° \/
10°/ (b)
—1x1073 —5x10~* 0 5%107%  1x1073
Ak

FIG. 10. Plots of the second-order correlation function g®(0)
against the normalized strength of squeezed light A/k for the two
systems (A, = 0 and A, = —0.5«) for parameters ¢/k = 0.01 and
y = K /2 in (a) the weak-coupling case (g = 0.5«) and (b) the strong-
coupling case (g = 10«).

Optimal PB conditions, derived from Eq. (38) by setting
Agg> = 0, can be written as

4ye?
Al ==
y(y +2K) + 1282
y Vv +16g)[4g2 — y(y + i)l
ik 8Dy (y + 1) +4¢21
2 _ 2
Ay, = gV OE N6 — vy + )P

2y/yk + 16g%

and can be approximated for weak coupling to A, =~
+4ie?/(y + 2k), which is the same relation as for the single
two-level system. For strong coupling, it can take the form
A1 = £++/2y2/3¢%. Due to the additional coupling gener-
ated by the second two-level atom, this last condition varies
in 1/g%. This explains the rapid attenuation of the curve in
Fig. 11(a) (dotted line). The detunings A.;» vary now in
&, whereas it showed a linear evolution for the single atom
[Fig. 11(b)].

In conclusion, to achieve optimal PB in the two two-level
systems we need smaller second-order nonlinearities than the
single-atom cavity (this is clearly observed in Fig. 10 as well
as in Fig. 9 when A, = 0). This seems an important feature
given that it may offer a supplementary solution essentially for
some kinds of materials unable to produce strong squeezing.
In contrast, these weak nonlinearities should be compensated
by strong detunings A.. In other words, for the two-atom sys-
tem, the cavity should be excited far away from the resonance.
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FIG. 11. Optimal PB conditions for (a) squeezed light amplitude
A1 and (b) detunings A, plotted as a function of the coupling
strength g/« for the two systems, with y = «/2 and ¢/k = 0.01.

We assume now that A, = A, = A. In Fig. 12(a), which
represents g»(0) as a function of the normalized amplitude of
squeezed light A/« in the weak-coupling regime, we clearly
observe that the single- and two-atom systems behave simi-
larly. The identical curves indicate the same amount of anti-
bunching, which corresponds to a negative second-order non-
linear susceptibility. For increasing coupling g and contrary
to the previous situations of strong coupling, we can achieve
a high antibunching [Fig. 12(b)]. Interestingly, this phe-
nomenon is enhanced for the two-atom system once again.

To better see the improvement of PB outlined above due
to the additional coupling resulting from the |+, 1) < |ee, 0)
transition in the two-atom system, we consider the equal de-
tuning case of Fig. 12 as an example. The rate of the |+, 1) <
|ee, 0) transition is equal to ~/2g. For strong coupling (g =
10k), this rate becomes important and the transition effect
begins to be visible in Fig. 12(b). The further increase of the
coupling strength g = 10.3« induces a higher antibunching.
At the same moment, we notice no change of the optimal
effect for the single-atom cavity [Fig. 12(c)].

IV. CONCLUSION

We have studied the PB effect in a cavity containing a
two-level system and then two two-level atomic systems inter-
acting with squeezed light through second-order nonlinearity.
In the single-atom case, we found that at total resonance
squeezed photons decrease the antibunching. However, for an
off-resonant interaction, the effect can be strongly enhanced in
the weak-coupling and strong-coupling regimes. The highest
magnitude of the antibunching effect is noticed for equal

1000
100
~ 10
=
N’
Q 1
80 one atom
0.10
-------- two atoms
0.01
@ -
—4x10742x107* 0 2x107* 4x10~*
AJk
1000 e e
100 one atom ™,
S 10 i
N two atoms }, {
< 1 i
) H
0.10 \T/
0.01
o ‘ .
-1x1073 -5x10~* 0 5%x107*  1x1073
AJk
o] L
—_ ¥
~ 0.1
Q :
S0 one atom
1074 R two atoms
© ; ‘ ‘
-1x1073 -5%x107* 0 5107 1x1073

AJk

FIG. 12. Second-order correlation function g (0) plotted versus
normalized amplitude of squeezed light A/k for the two systems
(A, = A, = A =—10k) for the parameters ¢/« = 0.01 and y =
k/2 in (a) the weak-coupling regime (g = 0.5«), (b) the strong-
coupling regime (g = 10«), and (c) the strong-coupling regime (g =
10.3k).

detunings and for strong coupling at relatively-high-frequency
detunings. In the two-atom cavity system, the PB is greatly
improved compared to the single-atom case. This improve-
ment results from the additional coupling appearing in the
system due to the two atoms coupled to light.

APPENDIX: OFF-RESONANT INTERACTIONS
FOR THE SINGLE-ATOM CAVITY

Here we extend the study of Sec. II to off-resonant inter-
actions (A, # A.). We consider the weak-coupling regime
at a fixed coupling strength g = 0.45«. When there is no
squeezed source interacting with the cavity [Fig. 13(a)], the
density plot of the second-order correlation function shows
two symmetrical branches of bunched light with respect to the
origin (0, 0) and a branch around total resonance correspond-
ing to strong antibunching. We notice that this nonclassical
light is generated for the condition A A, < 0. The depen-
dence of g (0) on the two-level system detuning A, is better
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FIG. 13. (a)—(c) Density plots of the second-order correlation function g»(0) versus the normalized detunings A,/k and A./k for y =
k/2, ¢/k = 0.01, and various values of squeezed light strength A for weak coupling given by g/k = 0.45: (a) A =0, (b) A = 10~*«, and
(c) A =5 x 107*«. (d), (e), and () Cross sections of (a), (b), and (c), respectively, along A,.

illustrated as cross sections of g»(0) for various cavity de-
tunings A, in Fig. 13(d). It can be seen that the strongest
PB is achieved for slightly-off-resonant excitation, around
(A4, Ar) = (—0.1«, 0.3x). When squeezed light acts on the
cavity (A = 107*k), we observe two distinct branches: the
first for high antibunching and the second corresponding to

increasing bunching compared to the previous case [g*(0) =
5]. The PB effect may reach a magnitude lower than 10~* for
(A4, Ap) = (—0.22k, 0.3k) [Fig. 13(e)]. Any further increase
of squeezing pumping no longer improves the nonclassical
effect. It simply generates highly bunched light at any given
detunings [Figs. 13(c) and 13(f)].
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