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In a two-frequency cavity driving and atom driving atom-cavity system, we find the photon blockade effect. In a
truncated eigenstates space, we calculate the zero-delay second-order correlation function of the cavity mode analytically
and obtain an optimal condition for the photon blockade. By including three transition pathways, we find that higher
excitations of the cavity mode can be further suppressed and the zero-delay second-order correlation function can be reduced
additionally. Based on the master equation, we simulate the system evolution and find that the analytical solutions match
well with the numerical results. Our scheme is robust with small fluctuations of parameters and may be used as a new type

of single photon source.

Keywords: photon blockade, single photon source, quantum interference

PACS: 03.67.—a, 42.50.—p, 42.50.Dv

1. Introduction

Single photon is an important resource in secure quan-
tum key distribution,!!! quantum network,!”! and quantum

computation. %!

In decades, great efforts have been de-
voted to generation of single photons, including paramet-
ric driven nonlinear media*® and manipulation of sin-

gle trapped quantum emitter.[”="]

Among these methods,
single photon source based on photon blockade (PB) is
an promising approach, which get great advantage both

[10-211 Proposes in circuit-QED

in theories and experiments.
systems,??l Kerr-type nonlinear cavities,[>3! and optome-
chanical systems>l have been developed and experimen-
tally demonstrated.'>>=>’1 A PB based single photon source
is usually divided into three types: conventional photon
blockade (CPB), which emerges due to the nonlinearity of
the system eigenvalues,!'?! unconventional photon blockade
(UPB), which occurs due to destructive interferences between
different transition pathways,”®! and photon blockade in-
duced by truncation of Hilbert space, as observed in quan-
tum linear scissors.[*) UPB was found first by Liew and

30311 and has been studied in a optical cavity with

32,33 34]

Savona,|
a quantum dot, 3233 weakly nonlinear photonicmolecules, |
coupled optomechanical systems,®>3 coupled cavities with
second-order nonlinearity,?®! coupled cavities with third-
order nonlinearity,?”) spinning anharmonic resonator.*®! Re-
cently, UPB in two-photon transition processes have triggered
much attention, 3**?1 and other multi-photon processes have
been discovered in these processes.[*3! In this work, we study

a system of two-photon Jaynes—Cummings model with two-

fCorresponding author. E-mail: sps_liux @ujn.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd
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frequency cavity drivings and atom driving. It is found that
by setting the driving strengths properly, the photons in the
cavity mode exhibit antibunching property. The zero-delay
second-order correlation function is g)(0) ~ 0.05, which is
lower than that in Ref. [42]. Analytical and numerical results
reveal that antibunching phenomena are due to interference
between different transition pathways. Smooth variations of
¢'?)(0) with variations of driving strengths manifest that these
UPB phenomena are robust with small fluctuations of driving
strengths.

The rest of the paper is organized as follows. In Section 2,
we introduce the setup and Hamiltonian of the system. In Sec-
tion 3, we analytically calculate the expression of the zero-
delay second-order correlation function and obtain an optimal
condition for the photon blockade. Numerical simulation and
discussion of experimental feasibility are present in Section 4
with a brief conclusion in Section 5.

2. Setup and model

We consider a setup composed of a cavity coupled to a
two-level atom via a two-photon interaction, with the cavity
driven by laser of frequency @, and laser of frequency 2w,
and the atom driven by laser of frequency @; as illustrated in
Fig. 1(a). The system Hamiltonian reads (hereafter 7 = 1)

H=wa'a+ 7(161 +¢(a?o_+d*cy)

+7(al e—la),<t+aela),<t)

+ 7((17267210),1619 +a2621w,t 8719)
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+ = (0pe 1 ei? L 5 el®e1?), (1)

S1ie)

where a' and a denote the creation and annihilation operators
of the cavity mode of frequency w,; o+ and ¢_ denote the
rasing and lowering operators of the two-level atom with an
energy separation of @, between the excited state |e) and the
ground state |g). The third term represents the two-photon
interaction between the cavity mode and the atom with in-
teraction strength g. The cavity is driven by a laser of fre-
quency @, with strength E/2 and a laser of frequency 2w,
with strength F/2 and phase difference 6 compared to the
first laser, which can be implemented by a second-order non-
linearity process.[*?] The atom is driven by another laser of
frequency @, with strength Q/2 and phase difference ¢ com-
pared to the first laser. We choose the frequencies of the cavity
and the atom in a two-photon resonant case, i.e., @; = 20,.
Thus, the Hamiltonian in the interaction picture reads

Hy=g(a"0c_+d°c,)

E F 4i2eif _io
+ 2( +a)+ 2( +a*e 1)
2)
(a)
2w, | -
(b) |g4) 75‘! le2)
53—k T 22 le1)
Wy Wy
192) L |e0)
Wr 2w,
lg1) "
190) =

Fig. 1. (a) Schematic of the setup considered, which consists of a cav-
ity coupled to a two-level atom via a two-photon interaction, with the
cavity driven by laser of frequency @, and laser of frequency 2w, and
the atom driven by laser of frequency @,. The cavity decays with rate
k and the atom decays with rate y. (b) Eight lowest bare-state energy
levels of the system and their transition pathways.

We consider the weak driving and bad cavity case, i.e.,
K> F, E, 2, g. In this situation the higher states are rarely
populated, so we can only consider the lowest energy levels.
In Fig. 1(b), eight lowest bare-state energy levels of the system
and their transition pathways are depicted. When the transi-
tion pathways |g0) — |g1) — |g2), |g0) — |g2), and |g0) —

|e0) — |g2) destructively interfere, the two-photon state |g2)
cannot be occupied and the unconventional photon blockade
occurs. To evaluate the strength of the unconventional pho-
ton blockade and the purity of single photons, the zero-delay
(a"d"aa)/{a'a)?
in steady state is usually used. When g(?) (0) < 1, the photons

second-order correlation function g(?) (0) =
are antibunching and a single-photon source is realized.

3. Analytical expression of zero-delay second-
order correlation function

To obtain an analytical expression of the zero-delay
second-order correlation function, we introduce the non-
Hermite Hamiltonian

H=g(a"oc_ +d*cy)

—|—Cl)+F 2 19_~_ iG)

—5—5(51T 2(

2 a €

- %(our el?+o e 1?)— %KaTa — %youro_ 3)
to include the influence of the dissipations of the cavity mode
and the atom, where x is the decay rate of the cavity mode
and v is the decay rate of the atom. Under the weak driving
assumption, we expand the system state with the eight lowest
states as

[w(2)) =Ci(2)|g0) + Ca(1)[g1) + C3(1)[82) + Ca(t)€0)
+C5(1)[83) +Cs(1)[el) + C7(1)[g4) +Cg(1)]€2).
“
Depending on the Schrodinger equation id|y(z))/dr =
H|y(1)), we obtain the equations of motion of these proba-
bility amplitudes C<(t) as

i) =30 + 5 GO+ TG0, ©)
iC3(0) = 5C10)+ —=C5(0) = 3KC2() ©
iC5(0) = V28C1) + =Cal0)+ e 010

+V3Fe 9C (1) + = e 19Cy (1) — ikC3(t), (7)
iC4(t) :ﬁgCg(t) —&-%ei"’cl (I)

+§Fe—“’cg(t)—§yc4(r), ®)
iCs(t) :\f6gC6(t) + ?ECB(I) + ?FeieCZ(I)

ECH(1) — %iKC5 (o), ©)
iC5(1) =VB9Cs(0) + ZCu(1) + 5 ¢ °Co (1)

+Y2EG0) - dxcn - S, a0
iC7(t)=EC5(t)+\@FCiOC3(Z)

+2v/3gCy (1) — 2iKCo (1), (11)

020308-2



Chin. Phys. B 33, 020308 (2024)

iCo(t) = Q ECq(1) + Q FeifC, (1) + Q ei?C; o) s'olutions of the probability amplitudes can be obtained by set-
2 2 -2 ting dC;(t)/dt =0 as
+2v/3CH (1) — ikCs (1) — ~yCs(1). (12)
2 Ci =1, (13)
Under the weak driving condition, the probability ampli- E
tudes scale as Cy(t) > {Ca(t),Ca(t)} > {C5(2),Co(2)} > 2= i’ (14)
Cs(t),Cg(r) > C7(t). The equations of motion for C;(¢) can V2ik(2igQe'? — Fyel®) — \/2E%y
be approximately solved by a perturbation method, i.e., dis- 3= 2K(4g2 +KY) ’ (15
card the higher-order terms in the equations of motion for the 1 io 4g%KkQel? +2gE%y+i2gkyFel?
lower-order variables. By assuming C| (¢) = 1, the steady-state Ci= H, ['Q ¢ - k(42 + KY) } , (16)
|
Cs— iE{E?*[—8g” + y(y+ )]+ [8¢> + 3k(y+ k)|(ie' Fy+2e'?gQ)} an
Vorc(4g2 +7K)[8g2 + k(7 + )] 7
Co— E{2E%g(y+ k) +2ie%Fg[8¢> + k(3y+ k)] — e'?Kk*(y+ k)Q} (18
k(48> +7K)(88> + k(v +K)) ’
c, = E*y(y+x)(y+2K) — 882 (4y+5k)] — 2iE*F e 9[- 3yx(y+ x) (Y +2K) + 192g* + 8% (—27% + 27k + 3K?)]
2V6K2 (7 +2K) (7K +4¢%) [K(7+ k) + 8¢7]
| 4E%5e PQ[3K(y+ K) (y+2K) + 8¢ (2y+ k)] = 3F2 2 k[K(v+ k) + 8¢ [y(v+2K) — 8¢”]
2V6K2 (14 2k) (7K + 462 [K(1+ K) + 8¢7]
N 12iFgkQ(y+2x) el 079 (k(y+ k) +8¢%) + 12¢°ke? 2 Q2 [k (v + k) + 8¢7] (19
2V6K2(y+2K) (vk +482) [k(Y+ &) + 8¢?] ’
¢, = —HE8(r+ %) + 8E2Fgel®[k(2y + k) +8¢%] +iE2e P Q(k(y+ k) (¥ +2K) +875%)
V2K (y+2K) (vK +487)[(y + ) + 8¢7]
N 4iF2ge? 0k [ic(y+x) + 887 — FKQ(y+2K)e O+ [k(y+ k) + 8¢%] + 2igke??Q% [k (y+ k) +8¢%] 20)

V2k(y+2K) (7K +482)[K(Y+ K) + 84

The zero-delay second-order correlation function of cav-
ity mode approximates to

+ 2
g(2>(0) _ (d'a"aa) ~ 2P, ~ 2P, ~ 2|Cs| @1
(@a) (P+2R) PG
where the n-photon probabilities are
&l
P = ; (22)
G +[Cof +1G3 1+ Gl
a2
P (] (23)

C1 P +1Co* + |G + [l
A case corresponding to a perfect photon blockade is C3 = 0,
which means that there is no two-photon probability in the
cavity mode. A further suppression of the multi-photon ex-
citation could be realized by minimizing the probability am-
plitude Cs of state |g3). Unfortunately, the probability am-
plitudes C3 and Cs cannot be zero simultaneously due to the
same component 2igQ e'? — Fyei?. To reduce C; and Cg un-
der the condition C3 = 0, the two parts arising from the high
frequency driving of cavity mode and driving of atom should
have opposite symbols. Without loss of generality, we choose
0 = m/2, ¢ = 0, thus an optimal parameter condition can be
obtained as

28KQ +E*y— kyF = 0. (24)

\ . . . .
4. Simulation and discussion

To verify our analytical results, we perform numerical
simulation base on a master equation method. Assuming that
the cavity and the atom are connected with two individual vac-
uum baths, the system evolution is governed by the master
equation

dp(1)
dr

— ilp(t), B + 5 ap(t)at —a'ap(r) ~ p(t)a'd
+120-p(1)o; —or0-p(1) —p(1)o10-], (25)

where k (7) is the decay rate of the cavity (atom). By solv-
ing Eq. (25) numerically, a steady state density matrix pg is
obtained and the zero-delay second-order correlation function
is calculated as g?) (0) = Tr[a'a'aapss] /(Tr[atapgs])?. In the
same way, we can calculate occupied probability of each state
as |Cil? = Tr([j) (jlpws] for |j) representing [g0), [1), [g2).
|e0), |g3), |e2), |g4) or |e2). The average photon number of
the cavity mode can also be calculated as 7z = Tr[a' apss).

In our simulation, we truncated the photon number states
space up to five photons under the weak driving assumption
and the parameters are chosen to be @, = 2@, = 8 x 27 GHz,
g=00lo, F=036g, 2=10g, 0 =n/2, 0 =0,k =y =

020308-3
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100g, E varies between 0 and 20g. In Fig. 2(a), we plot the
occupied probabilities of the lowest eight states as functions
of the driving strength E. It is verified that the probability
amplitudes obey C; ~ 1 and C; > {C2,Cs} > {C3,C6} >
{Cs,Cg} > C;. The occupied probabilities |C2|?, |Cs|* in

crease with the increase of driving strength E. |C4|* depends
on the driving strength © and the atom decay rate . |Cs|? can-
0. |C7]? and |Cs|?
are partly suppressed as shown in the figure by small dips of

not be suppressed under the condition C3 =

the lines. In Fig. 2(b), we plot the correlation function g(?)(0)
and the average photon number (a’a) of the cavity mode as
functions of the driving strength E. The red dotted line is
g(z)(O) with cavity mode driven by lasers of two frequencies
and without atom driving. The dot-dashed line is g!? (0) with
atom driving and low frequency cavity driving. The solid line
is g (0) with three drivings. It can be found that three tran-
sition pathways have effect on suppressing higher excitations.
There is a dip of g(®(0) ~ 0.05 at a value of E determined by
Eq. (24). The dip of g(?)(0) is at the same value of E with the
dip of occupied probability |C3|2, which indicates that the op-
timal photon blockade occurs due to the quantum interference
The inset in Fig. 2(b) de-
scribes the increase of the average photon number (a'a) with

of different transition pathways.

the increase of the driving strength E as a natural result.

To verify the optimal condition for the photon blockade,
i.e., Eq. (24) and photon blockade robustness with parameter
fluctuations, we plot the g? (0) as functions of E, F, and Q in
Fig. 3. The black dashed lines indicate the optimal condition
of the photon blockade determined by Eq. (24). In Figs. 3(a)-
3(c), the lines of optimal condition match well with the nu-
merical results obtained by the master equation in most of the
region. The higher g/?(0) in some regions with very small
driving strengths are due to the constant strength of the third
driving, which induces a bunching effect of the photons in the
cavity mode. The simulations indicate that the photon block-
ade in our system is robust with small parameter fluctuations.

Our proposal can be implemented in a superconducting

logio[g»(0)]
2.0
1.5
2
Py 1.0
0.5
0.0 I
0 5 10 15 20

E/g

60
5 o 25

50
4

40
3 o
, S ~0.25
L 20 ~0.50
0 10 —0.75
-1 0 .

E/ g

quantum circuit, which can realize a coupling strength g =
0.01, = 40 x 2 MHz.!9) The frequency of a transmission-
line resonator can vary between 1 x 2w GHz to 10 x
21 GHz.**l The superconducting qubit acting as a two-
level atom can be addressed and driven individually by mi-
crowave. A large decay rate of the cavity mode can be real-

o 145]

ized by designing of coupling inductance,'™' and a Hanbury—

Brown—Twiss test of the quantum correlation of emitted pho-
tons can be realized by measuring the moments of the two

s 146]

quadratures. Our scheme can also be implemented by a

Fabry—Pérot cavity as described in Ref. [47].

-o- |C4]?
|Ca|?
- |Gy
-~ |Cy?
- |Cs?
-0 |Cgl?
- | Cr|?
0 5 10 15 20 |Cs|?
E/g
10— —
- (b)
0.5F ]
S 0.0}
~
a G
2 _osf e 1
a0 [ //,
2 [ ’/’
—1.0p b
[ 10 15 20
[ E
1l /9
0 5 10 15 20
E/g
Fig. 2. (a) The occupied probabilities of states |Cj|> versus the driving

strength E. (b) The zero-decay second-order correlation function g(®(0)
versus the driving strength E. The dotted line is g(z)(O) without atom driv-
ing, the dot-dashed line is g(®) (0) without high frequency cavity driving and
the solid line is g(?) (0) with two-frequency cavity drivings and atom driving.
The inset is the average photon number (a'a) versus the driving strength
E. The parameters are @, = 20, = 8 x 2w GHz, g = 0.01w,, F = 0.36g,
Q=10g,0 =n/2, ¢ =0, and k = y = 100g.

logio[g¢ 2)(0 10310[9(2)(0)]

10 20 30 40 50 60 I_1_00
2/g

Fig. 3. (a) The g (0) versus the driving strength F and E. The other parameters are 0; =20, =8 x21 GHz, g = 0.010,, 2 = 10g,

0=n/2,p=0,and k =7y =
8x2m GHz, g =0.0lw,, F =1.2g, 0
other parameters are @, = 2@, = 8 x 27 GHz, g = 0.01w,, E
optimal condition determined by Eq. (24).

=n/2,¢=0,and k==
=10g, 6

100g. (b) The g(2>(0) versus the driving strength £ and E. The other parameters are @; = 20, =
100g. (c) The g® (0) versus the driving strength F and Q. The

=7/2, 9 =0, and Kk = y = 100g. The black lines indicate the
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5. Conclusion

In summary, we have studied a system consisting of an
atom coupled to a cavity with two-photon interaction. By
choosing proper strength of atom driving and strengths of two-
frequency cavity drivings, a prominent photon blockade can
be obtained. We have analytically calculated the optimal con-
dition for the photon blockade and found that three transition
pathways can further reduce the zero-delay second-order cor-
relation function compared with the cases of two transition
pathways. Analytical results match well with the numerical
results obtained by the master equation. The numerical results
also reveal that the photon blockade in this system is robust
against small fluctuations of parameters. The system can act
as a single photon source.
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