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We present a work of manipulating collective unconventional photon blockade (UCPB) and nonreciprocal UCPB
(NUCPB) in a cavity-driven system composed of an asymmetrical single-mode cavity and two interacting identical two-
level atoms (TLAs). When the atoms do not interact directly, the frequency and intensity restrictions of collective UCPB can
be specified, and a giant NUCPB exists due to the splitting of optimal atom—cavity coupling strength in proper parameter
regime. However, if a weak atom—atom interaction which provides a new and feeble quantum interference pathway to UCPB
is taken into account, two restrictions of UCPB are combined complexly, which are rigorous to be matched simultaneously.
Due to the push-and-pull effect induced by weak dipole—dipole interaction, the UCPB regime is compressed more or less.
NUCPB is improved as a higher contrast is present when the two complex UCPB restrictions are matched, while it is
suppressed when the restrictions are mismatched. In general, whether NUCPB is suppressed or promoted depends on
its working parameters. Our findings show a prospective access to produce giant quantum nonreciprocity by a couple of

weakly interacting atoms.

Keywords: unconventional photon blockade, quantum nonreciprocity, dipole—dipole interaction

PACS: 42.50.Pq, 42.50.Gy

1. Introduction

Photon blockade (PB), especially one-photon blockade,
provides an efficient way to produce antibunching photon
source, which plays an important role in quantum metrology
and quantum information technology. The first strong two-
mode PB has been proposed in two coupled Kerr-like non-
linear coupler, in which the quantum evolution can be closed
within a finite set of n-photon Fock states,l!! and has been
observed in an optical cavity with one trapped atom.?! Due
to the potential applications in quantum communication and
quantum networking, the study of PB has been paid extensive
attention in various systems recently. 3]

Compared with the conventional photon blockade (CPB),

[10-14] quantum destruc-

which is induced by anharmonicity,
tion interference induced unconventional photon blockade
(UCPB) provides a strong PB effect beyond the strong cou-
pling limitation.[!5-%6] Researches have shown UCPB in both
cavity- and atom-driven cavity QED system recently.?’-%°]
However, the collective UCPB in asymmetrical cavity with
and without atom-atom interaction are not revealed.

Quantum nonreciprocity in optical region is a kind of
nonclassical optical nonreciprocity. The combination of PB

effect and quantum nonreciprocity is prospective in achieving
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back-action-free quantum sensing and chiral photonic com-
munication, which has been proposed firstly in a high-speed
spinning optomechanical system, ") and has been explored in

[31-37] Anti-bunching

various systems in the consequent works.
or bunching photon outcomes when the incident direction is
alternated. However, the vibration disturbance of mechanical
rotation is always irksome and does damage to the brittle quan-
tum procedure. As we know, Lorentz reciprocity breaking is
essential to optical nonreciprocity, which is related to the col-
laboration of spatial symmetry breaking, time-reversal sym-

y. (38401 1 this sense,

metry breaking and optical nonlinearit
the rotating ring cavity in a certain direction plays the role of
breaking spacial symmetry. Producing nonreciprocal UCPB
(NUCPB) without any mechanical motion, is not only benefi-
cial to weaken the operating difficulty, but also to improve the
stability of NUCPB effect.

In this work, we will introduce an all-optical NUCPB in
atom—cavity QED system composed of an asymmetrical cavity
and two interacting identical two-level atoms (TLAs), where
the spacial symmetry is broken naturally by asymmetrical cav-
ity. In the atom—cavity coupling system, quantum destructive
interference can lead to collective UCPB and giant NUCPB,
and weak dipole—dipole interaction provides a new and feeble
perturbation to quantum interference pathways.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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The structure of this paper is organized as follows. In Sec-
tion 2, the model of two identical atoms embedded in an asym-
metrical cavity and the Hamiltonian are introduced and solved
mathematically. In Section 3, two restrictions for UCPB are
formulized. Controllable UCPB, as well as manipulation of
normal and giant NUCPB are discussed in detail. The conclu-
sions are given in Section 4.

2. Theoretical model

Recently, UCPB in cavity-driven QED with one or two
identical TLAs in symmetrical cavity has been discussed,
showing a prospective UCPB in weak coupling regimes.?8]
Here, we adopt the concise model by considering two interact-
ing TLAs with transition frequency @, embedded in the center
of a single-mode asymmetrical cavity with frequency .. Dif-
ferent with previous works, we introduce a weak dipole—dipole
interaction G between two atoms in the asymmetrical cavity.
The cavity is driven by a continuous-wave (CW) coherent field
with frequency @, where 8, = @, — @, (6. = 0 — @) is
the detuning between the atom (cavity) and input field. We
respectively denote g and 7y as the single-atom-cavity cou-
pling strength and atomic spontaneous decay rate, and the non-
radiation dephasing effect is ignored by letting ¥,on = O in this
work. The schematic diagram is shown in Fig. 1(a).
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Fig. 1. (a) Scheme of the asymmetrical cavity—atoms coupling system
driven by CW on the left wall M with driving strength 7. Here, cavity-
loss rate k7 (k) represents the decay of cavity mode through M; (M3),
@, (@, and ) the frequency of atom (cavity and light), and G the
atom-atom interacting strength. Panel (b) shows the transition pathways
in the detuned cavity-driven case in weak driving limitation.

In order to break the spatial symmetry, cavity-loss rates
K1 and k» of the cavity walls M; and M, are different from
each other in general, fulfilling x; = —cInR;/2L (i = 1, 2),

where c is the velocity of light, R; is the reflectance of cav-
ity wall M;, and L is the effective length of the optical cavity.
The cavity is symmetrical only when k] = k. We present
Kave = (K1 + K2)/2 is the average cavity-loss rate, and the to-
tal cavity-loss rate is K = Kyye + Kioss Where Kjoss represents
the cavity mode dissipation. We fix kjs/K < 1 as the high-
quality and low dissipation cavity is considered in this work.
In a frame rotating with the frequency of input field @,

the Hamiltonian of the cavity-driven system is

2 2
H/h = AaZG;"Gi—kACaTa—ng (cﬂa—ka*o‘i)
i=1 i=1
+G (ol +0or) +H, (M

where A, = 6, — iY/2 and A; = &, — ik /2 represent the com-
2
M
dmeyr3
direct dipole—dipole interaction between two identical atoms.

plex detunings, and G = (1—3cos?6) presents a weak
Here, atom—atom interaction is described by dipole—dipole
coupling as the identical atoms are abstracted out as dipoles
with the same electric dipole moment p. The displacement
between two atoms is r and 0 is the angle between the two
vectors.

The first two items are the energies of the bare atoms
and cavity field, the third and fourth items, respectively, rep-
resent the atom—cavity coupling and atom—atom interaction.
In quantum physics picture, weak atom—atom coupling origi-
nates from slightly overlapped wave function of two adjacent
atoms. In especial, for atoms in Rydberg states, wave func-
tions may overlap more or less when atoms are close enough.
Two atoms excite each other by dexexciting itself to the ground
state. Hy = n(a+a') is the cavity-driven term with ) being
the effective driving strength. Here, a is the annihilation oper-
ator of cavity mode, and o; = |g);i(e| (i = 1, 2) are the atomic
pseudo spin operators.

If the external light field is incident on left wall (M;) of
the cavity and transmits through the right wall (M;), we define
it as the forward case, as shown in Fig. 1(a). Meanwhile the
backward case is the opposite one, in which light propagates
from M, to Mj. The effective driving strength 1 = \/Kbin
(i =1 or 2) is relied on the driving direction, where bj, = /ni,

and ny, = respectively, characterize the normalized am-

plitude and intensity of incoming field with power P,. We
focus on UCPB in asymmetrical cavity of the forward case at
first, and that of the backward case can be easily obtained by
alternating k; with k3.

It is convenient to show the physical mechanism of
the coupled system by using the collective basis |gg,n+ 1),
|4,n) = (|eg,n) + |ge,n))/v/2 and |ee,n — 1). Here, the state
|af,n) = |aP)® |n) is the abbreviation of the atoms and cav-
ity product state. The antisymmetric state |—,n) is dark since
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it does not interact with other states. We truncate the Hilbert
space into the two-quantum manifold which is allowed in the
assumption of weak driving limitation. The wave function is
reading

Wy

2 1
n=

Cgg.n |gg,n> + Z Cin |+,}’l> + Cee,0 |ee,0> y 2)
0 n=0
where \ca3.n|2 (a, B =g, eand n =0, 1, 2) is the proba-
bility of state |af3,n).
|cgg0l > {leggalslerol} > {lewalsleeeol} and cge0 ~ 1 are
reasonable especially in the regime of UCPB which have been

In the weak driving approximation,

adopted widely in previous works.

As mentioned in Ref. [28] and shown in Fig. 1(b), there
are three interferential pathways corresponding to the tran-
sition from |gg,1) to |gg,2). One is the direct pathway of
lgg,1) <> |gg,2) through pumping effect, and the other is
the pathway of |gg,1) <> |+,0) <> |+,1) <> |gg,2) combined
the pumping effect and atom—cavity interaction, and the third
one is the pathway of |gg,1) +> |[+,0) < |+,1) <> |ee,0) +
|+,1) <> |gg,2). If the three quantum channels intervene de-
structively and completely, the two-photon excitation will not
be allowed and the probability of detecting bunching photons
will be zero.

The evolution of the wave function is governed by
Schrédinger equation. Following a much standard procedure
which has been applied widely in previous works, the equation
can be solved analytically and be simulated numerically. By
setting column vectors as C = (Cge.1 €10 Cgg2 C4.1 Cee )T
and A = (—Tlcgg,o 000 ())T, we can get the dynamical
equations for the amplitudes of each state reading

idC/dt =MC—A, 3)

where the 5 x 5 matrix M is the truncated Hamiltonian in the

two-exciton framework reading

Ac g+ \@Tl 0 0
g8+ Aar O n 0

M=|+v2n 0 24A. V2g. 0 |. )
0 n V28 Awy g+
0 0 0 gy 24,

Here, we note Ayy = A+ G, Ayet = Ay +Ac+ G and g4 =
V2g. Basically, the differential group of Eq. (3) can be nu-
merically solved by using Runge—Kutta method. Meanwhile,
according to the Cramer’s rule, the steady solution can be ob-
tained approximately by setting c4e0 = 1, reading

Ci=Di/D, ®)

where C; is the i-th component of vector C, D = det(M) and
D; = det(M;) are the determinants of M and M; , where M; is
the transformation of matrix M by replacing the i-th column

with column vector A. Then, one can get the intensity of the
cavity field n. = (a'a) as
2 2
ne = ‘68871’ +‘C+,1|2+2}ng72| . (6)
It indicates that the cavity filed is composed of both bunch-
ing and anti-bunching components in general. By introducing

the output filed operator by and applying the quantum input—
output theory, (411 we can get

_iy/ma. (7)

The outcoming field power from cavity wall My is Poy =

bout =

Nouth WL, where ngy = (biutbouo = K»n, is the normalized out-
put intensity. The equal-time second-correlation function for
the output photons is

<qutbzutbOthOUt>

2
<b:§utb0m>

The antibunching light without any bunching photon can be

) (0) = —2cgen|/n2. ®)

obtained by solving either g() (0) = 0 or D3 = 0. Restrictions
for fully antibunching output can be obtained which is to be
discussed in the following section.

For simplicity and without loss of generality, we focus
on the asymmetrical cavity with k; < k» to discuss the phe-
nomenon of NUCPB. In this case, UCPB in asymmetrical cav-
ity for the backward case can be easily obtained by alternating
k] with k. We will in detail show the manipulation of control-
lable collective UCPB and NUCPB in the following section by
taking or not taking the atom—atom interaction into account.

3. Manipulation of UCPB and NUCPB
3.1. Without atom-atom interaction

The atom—atom interaction makes atoms to excite each
other by dipole—dipole coupling. From the energy level dia-
gram in the collective picture, atom—atom interaction pushes
down the state |—,n) while pulls up |+,7n) a shift of G. Such
push-and-pull effect of energy level can be used to manipulate
UCPB. However, dipole—dipole coupling only occurs when
two atoms are cold and close enough, and can be ignored in
most common cases. Therefore, we first discuss the phenom-
ena of UCPB and NUCPB in the absence of atom—atom inter-
action by setting G = 0.

After solving D3 = 0, we can get N — g% — AyAye = 0.
Letting the real and imaginary parts equal to zeros, two restric-
tions for producing of UCPB can be obtained mathematically,
which is exactly the same to those in single-atom case.*?! The
first restriction is the frequency condition

(7+ K) 6’& + ')/6ac =0. (9)

Here, we rewrite 0,c = 0, + O.. It shows that the detunings
(82, &) and decay rates (¥, k) are combined together to match
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the restriction in cavity-driven case, which is different to that
in atoms-driven case.!?8] However, in the resonant case with
0, = 6. = 0, the frequency restriction is always matched natu-

rally.
The second one is the intensity restriction,
1 + K
Nin = — <g2+635ac_y(y)> . (10)
K1 4

It indicates that the optimal atom—cavity coupling strength to
get the fully antibunching output light relies on the incident
direction,

8opt—i = \/Kinin + }/(7"" K)/4 - 535307 (i = 172)~ 11)

In the asymmetrical cavity, the optimal atom—cavity coupling
strength shall be split into two values according to incident
direction, i.e., gopt—1 for the forward case and gop—2 for the
backward case, fulfilling gopt—1 < gopt—2 as we set k1 < K.

From now on, we normalize all the parameters by setting
kK =1 and Kjpss = 0.02 for simplicity and set the asymmetri-
cal cavity with x¥; = 0.36 and x, = 1.60. In order to show
UCPB in asymmetrical cavity intuitively, we plot the func-
tions of g®) (0) as a function of atom—cavity coupling strength
g with respect to one-atom and two-atom cases in both forward
and backward directions, as shown in Fig. 2(a). We focus on
the resonant case with 8, = 6. = 0 to match the frequency
restriction naturally, ¥ = 0.1 as well as nj, = 0.04 in present
numerical simulation.

As expected, optical atom-—cavity coupling strengths
8opt—1 ~ 0.2047 and gop—2 ~ 0.3025 separate from each other
when light incidents on different walls in both one-atom and
two-atom cases. In the asymmetrical cavity, spatial asymmetry
breaking opens a new access to control UCPB by asymmetric
cavity-loss rates.

It clearly shows that controllable UCPB in asymmetrical
cavity opens a window to perform NUCPB, where the out-
put light for the forward direction is bunching while it is anti-
bunching for the backward case, i.e., ggz) (0) > 1and ggz) 0)<
1. Here, we rewrite g(12) (0) and ggz) (0) as g (0) for the for-
ward and backward cases, respectively. Due to the splitting of
gopt in asymmetrical cavity, the curves of ggz) (0) and g<22> (0)
are pushed away, and it leads to the normal NUCPB (fulfilling
g<12> (0) > 1and g<22> (0) < 1) in proper regime finally, where is
shown by the gray rectangle in Fig. 2(a).

Controllable UCPB also makes it feasible to produce
giant NUCPB (fulfilling ¢! (0) > 1 and ¢” (0) ~ 0). In
present numerical simulation, the separation between gopi—1

and gop—2 is far away enough to push ggz)

(0) tremendously to
produce fully antibunching light for the backward case while
the output light is still bunching for the forward case, i.e.,

¢ (0) > 1 and g (0) ~ 0. The giant NUCPB, as specified

by the yellow dotted line in Fig. 2(a), can produce the strongest
UCPB nonreciprocity compared to the normal NUCPB.

In order to show giant NUCPB clearly, we focus on a case
with @, = @, and set g =0.3025, y=0.1, and n;, = 0.04. We
plot g (0) as functions of atom-light detuning &, in both for-
ward and backward cases, as shown in Fig. 2(b). The curves
of ggz) (0) and ggz) (0) are deviated apparently from each other
when 8, = 6. = 0, which is clearly shown a giant NUCPB oc-
curs in the resonant case.

—— One-atom

Backward Two-atom 1

log1o[g(0)]
|

4T Ga=6,=0
_6t gop‘r—l gopt72 ]
0 0.2 0.4 0.6 0.8 1.0
g
2 T T T T T
(b)
0 ———-_?//\Xﬂ—,————
= ‘|/
= I
5‘\\// —2F  5.=04. ‘: Forward -
% g=0.3025 :I — — — Backward
9 |
e | 1
|
—6F | i
T3 -1 0 1 2

ba

Fig. 2. UCPB and NUCPB in asymmetrical cavity without atom—atom
interaction. In panel (a), the red solid curves are g(z) (0) for one-atom
case while the blue dashed ones are for two-atom case with 8, = 6. =
0. Operating regime for normal NUCPB is covered by the gray rect-
angle while the yellow dotted line presents a giant NUCPB. Panel (b)
shows g(z) (0) for both forward and backward incident directions in two-
atom case by fixed 8, = . and g = 0.3025. In both panels, the total
cavity-loss rate is fixed and normalized as unit, the asymmetrical cavity
is k1 = 0.36 and k, = 1.60, and the other parameters are Kjoss = 0.02,
Y= 0.1 and n;, = 0.04.

Compared the results in both two-atom and one-atom
cases, two trapped non-interaction atoms do not harm or im-
prove noteworthily the effects of UCPB and NUCPB as the
restrictions for UCPB in both cases change nothing. It indi-
cates that one can using two non-interaction atoms to replace
a single atom in generating controllable UCPB and NUCPB.

3.2. With dipole—dipole interaction

From now on, we discuss the influence of atom—atom in-
teraction on UCPB and NUCPB. As dipole—dipole interacts
weakly in most cases, we focus our discussing on weak atom—
atom interaction. After a similar process as performed above,
we can get 1 — (2 — %) g% — Aay Agey = 0. Letting the real

074204-4



Chin. Phys. B 31, 074204 (2022)

and imaginary parts equal to zeros, one can get restrictions for
UCPB. The first restriction is the optimal atom—atom interac-
tion condition

+ K
G=fi- <6ac++y,y6a+>7 (12)

where fi = (87 417?/4)/g* and 8u+ =84+ G (a0 =a,ac).
When G = 0, the condition degenerates to &,c + &),KSa =0,
which is discussed in the part A of Section 3.

The second one is a new optimal intensity restriction

4
n2:f2'82+6a+6ac+_#a (13)

where f, = (63521, +72/4) / (5212+7/2/4) and 6, = 6, — G.
When G =0, it is easy to verify that the condition degenerates
to the optimal intensity restriction discussed in the part A of
Section 3.

Compared the UCPB restrictions with and without
dipole—dipole interaction, the later ones are much complex and
rigorous to match simultaneously since dipole—dipole interac-
tion disturbs the quantum interfering pathways by the push-
and-pull effect.

In order to show the influence of atom—atom interaction
on UCPB clearly, we plot g?) (0) against detunings &, and &,
in Figs. 3(a) and 3(b). As a smaller ¥ is beneficial to produce
UCPB in weak coupling regime, we set y = 0.1, g = 0.25 and
n = 0.1980 in the following numerical simulations, and set
G =0 in Fig. 3(a) while G = 0.01 in Fig. 3(b). Due to the
push-and-pull effect induced by weak dipole—dipole interac-
tion, UCPB regime is compressed more or less when G = 0.01,
and the minimum of g(?) (0) is pull down a lot which indicates
an improving NUCPB on some special points. NUCPB is pro-
moted when the two complex UCPB restrictions are matched,

0.5 (a)

—-0.5
da

o 0.1 0.2
G

0

—0.6

]71.2

—1.8
0 0.5

while it may be suppressed when restrictions are mismatched.
In general, a suppressed or promoted UCPB is depending on
the working parameters.

By setting &, = &, we plot g(?) (0) against G and &, in
Fig. 3(c), as well as g(® (0) against G and g in Fig. 3(d). It
shows that only in a very narrow region can exist strong UCPB
as G should fulfill the optimal atom—atom interaction condi-
tion and it should be rather weak. Thus we will fix G = 0.01y
and 0.1y in the following discussing of strong UCPB. Further-
more, the strongest UCPB effect is no longer in the resonant
case due to the push-and-pull effect induced by weak dipole—
dipole interaction now.

In order to show the manipulation of NUCPB, we plot
the functions of g(® (0) versus g with respect to different
weak G in both forward and backward directions, as shown
in Figs. 4(a) and 4(b). As predicted, the forward and back-
ward correlation functions (ggz)(O) and ggz) (0)) are separated
from each other due to the splitting of optimal atom—cavity
coupling strength (gopi—1 and gopi—2) in asymmetrical cavity
and that leads to a giant NUCPB.

Compared with the case of G = 0, the minima of ggz) (0)
and ggz) (0) for G = 0.017 are changed more or less, while
they are lifted up a lot for G = 0.17 in the case of 8, = 6. =0,
and reduced down a lot in the case of §, = —0.0192 and 6. =
—0.1824. Therefore, Fig. 4(a) shows a suppressed NUCPB,
while Fig. 4(b) is a promoted NUCPB induced by weak atom—
atom interaction. It indicates that whether the weak atom-—
atom interaction is harmful or beneficial to giant NUCPB is
depending on the working parameters. Only when the two
complex UCPB restrictions are matched can the NUCPB be

promoted.

0.5
S 0
—0.5

0 0.1 0.2

Fig. 3. Controllable UCPB with atom—atom interaction. Panels (a) and (b) are g(z) (0) against atom and cavity detunings for G =0 and G =0.01.
Panel (c) is g (0) against G and 8,. Panel (d) is g<2)(0) against G and g. We set g = 0.25 in panels (a)—(c), . = 8, in panels (c) and (d). In

all panels, we fix K = 1, Kjoss = 0.02, y=0.1 and n = 0.1980.
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Fig. 4. Manipulation of NUCPB in asymmetrical cavity with atom—
atom interaction. The red solid curves are g(z) (0) for G = 0 while the
green and black dashed ones are for G = 0.01y and 0.17. Panel (a) is a
suppressed NUCPB for §, = 8. = 0 and n;, = 0.04 while panel (b) is a
promoted NUCPB for 8, = —0.0192 and §. = —0.1824 and n;, = 0.04.
The other parameters are same as those used in Fig. 2(a).

Compared with previous works of the NUCPB within
the rotating optomechanical systems,*'=33] our model is all-
optical without any mechanical rotation, and provides a
method to manipulate UCPB by controlling atom—atom inter-
action. Using the existing magneto-optical trapping technol-
ogy, cold atoms can be captured and moved into the optical
microcavity. Therefore, it is feasible to carry out our predic-
tion under careful designing. To our surprise, the experimental
demonstration of NUCPB may has been carried out partially
in atoms—cavity coupling system while the parameters are im-

perfect to produce giant quantum nonreciprocity. 43!

4. Conclusion

In conclusion, we have proposed a cavity-driven QED
model combined an asymmetrical Fabry—Perot cavity and two
identical TLAs to generate controllable UCPB and NUCPB.
In the case of atom—atom direct interaction absence, the fre-
quency and intensity restrictions of UCPB can be specified,
which are identical to the restrictions of UCPB when single
atom embedded. Giant NUCPB exists due to the splitting
of optimal atom—cavity coupling strength in proper parame-
ters regime. However, when a weak atom-atom interaction
disturbing the quantum interference pathways is taken into
account, two restrictions of UCPB are modified complexly,
which are rigorous to be matched simultaneously. It makes

the region of UCPB to be compressed more or less while the
effect of UCPB can be improved as a smaller minimum of
¢ (0) may be presented. We also examine the influence of
NUCPB by weak atom-atom interaction and giant NUCPB
occurs when atom—atom interaction is weak enough. In gen-
eral, whether the giant NUCPB is suppressed or promoted de-
pends on the working parameters.
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