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We propose a theoretical scheme to achieve strong photon blockade via a single atom in a cavity. By uti-
lizing the optical Stark shift, the dressed-state splitting between the higher and lower branches is enhanced,
which results in a significant increase in the lower (higher) branch and a decrease in the higher (lower)
branch for a negative (positive) Stark shift, and dominates the time evolution of the photon-number oscil-
lations as well. Furthermore, two-photon excitation is suppressed via quantum interference for the optimal
phase and Rabi frequency of an external microwave field. It is shown that the interplay between quantum
interference and the enhanced vacuum Rabi splitting gives rise to a strong photon blockade that can be
used to realize a high-quality single-photon source beyond the regime of strong atom-cavity coupling.
In particular, by tuning the optical Stark shift, the second-order correlation function in our scheme can
be made three orders of magnitude smaller than in the Jaynes-Cummings model, and, correspondingly, a
large cavity photon number appears as well. Our proposal may imply exciting opportunities for potential
applications in quantum networks and quantum information processing.
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I. INTRODUCTION

The realization and manipulation of nonclassical light
fields at the single-photon level plays an essential
role in quantum information science [1–5]. It offers
unprecedented scientific opportunities for exploring var-
ious applications in quantum computing [6–8], quantum
key distribution [9,10], quantum simulation [11,12], and
quantum metrology [5]. Recently, controllable single-
photon emitters have been extensively explored in different
quantum systems, including atom-cavity coupled systems
[13–15], quantum-dot–cavity coupled systems [16–18],
coupled optomechanical systems [19–21], coupled optical-
fiber systems [22,23], waveguide-QED systems [24–28],
and circuit-QED systems [29–31], in which the quantum
statistics of the output photons show a sub-Poissonian
distribution due to photon blockade (PB) [32].

There are two typical PB mechanisms that can be used
for generating a single photon in cavity QED. One is based
on strong coupling with a large vacuum Rabi splitting in a
cavity with a single two-level atom [33–35], which gives
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rise to an anharmonic ladder of dressed states in the energy
spectrum. When the energy gap of the two-photon reso-
nance is larger than the cavity decay rate, a first photon
generated in the cavity will block the transmission of a
second photon [33]. This mechanism, relying on strong
energy-spectrum anharmonicity, is referred to as conven-
tional PB and remains a great challenge, despite some
experimental advances in realizing strong coupling in a
high-finesse cavity [36–44].

In contrast to conventional PB, unconventional PB has
led to tremendous advances in achieving strong antibunch-
ing of photons by using quantum interference [45–53], in
which the basic principle is based on constructive inter-
ference between different quantum transition paths from
the ground state to a two-photon excitation state. Uncon-
ventional PB has been observed experimentally in systems
ranging from a single-quantum-dot cavity [52] to, cur-
rently, two coupled superconducting resonators [53]. How-
ever, the quantum interference mechanism cannot elimi-
nate all multiphoton excitations simultaneously, even if the
two-photon excitation state is suppressed completely. In
fact, we find that strong PB based on quantum interference
also requires sufficient energy-spectrum anharmonicity.
Therefore, it is of great interest to answer whether there
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exists a new system that utilizes the advantages of both
conventional and unconventional PB to realize an ideal
single-photon source beyond the strong-coupling regime.
An affirmative answer will significantly enhance our
understanding of fundamental quantum phenomena in cav-
ity QED and stimulate relevant applications in quantum
information science.

In this paper, we study such a scenario in which strong
PB is generated via Raman and microwave fields with a
single atom in an optical cavity. We show that, depend-
ing on the strength and sign of the optical Stark shift,
the vacuum Rabi splitting of the system in the red or
blue sideband can be largely enhanced, and this also
determines the photon-number oscillations in the time evo-
lution. Remarkably, strong photon antibunching with a
relatively large cavity photon number is predicted when
an enhanced vacuum Rabi splitting with generation of a
strong energy-spectrum anharmonicity is combined with
quantum interference with elimination of two-photon exci-
tation beyond the strong-coupling regime. The proposed
scheme has the advantage that it does not require strong
atom-cavity coupling, which may facilitate the study of
quantum networks and high-quality multiphoton sources.
In addition, the excitation-energy spectrum is sensitive to
the sign of the optical Stark shift, which could provide
a new method for diagnosis of atomic states by means
of quantum nondemolition measurement of the statistical
properties of photons.

II. MODEL AND ENERGY SPECTRUM

We consider a single three-level atom inside an opti-
cal cavity. The atom may occupy one excited state |e〉
and two hyperfine ground states | ↑〉 and | ↓〉 [54,55]. A
bias magnetic field B is applied along the cavity axis,
which produces a large enough Zeeman shift �ωZ between
the two hyperfine ground states and defines the quantiza-
tion z axis. As shown in Fig. 1(a), the magnetic quantum
numbers of the electronic states satisfy m↑ = m↓ + 1 and
m|e〉 = m↓. Specifically, the single atom is pumped by a
π -polarized classical laser field with frequency ωL prop-
agating orthogonal to the cavity axis, which drives an
atomic transition | ↓〉 ↔ |e〉 with Rabi frequency � and
atom-pump detuning �. As to the cavity, Bragg scatter-
ing into the π -polarized cavity mode (with polarization
along the cavity axis) is forbidden in the configuration of
the laser and cavity used [Fig. 1(a)]. Therefore the cavity
supports only a σ -polarized light field originating from the
vacuum-stimulated Raman transition [56]. Then the atomic
transition | ↑〉 ↔ |e〉 is driven by the σ -polarized cavity
field with a single-photon coupling strength g0, where the
bare cavity frequency and decay rate are ωc and κ , respec-
tively. In addition, the cavity is also driven by a weak laser
field with frequency ωp and amplitude η.
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FIG. 1. (a) Schematic illustration of creation of PB in a cav-
ity with a single three-level atom. In order to realize quantum
interference, a microwave field is employed to couple the spin
states | ↑〉 and | ↓〉. (b) Typical anharmonic energy spectrum
with ignorable weak driving and microwave fields. Here, �n,± is
the energy splitting for the nth excited state, defined by Eq. (2).
(c) Vacuum Rabi splitting [�1,− (red line) and �1,+ (blue line)]
versus optical Stark shift U0 for g/κ = 1. The horizontal dashed
lines at �1,± = ±1 are guides to the eye.

In the limit of large atom-pump detuning, |g0/�| � 1
and |�/�| � 1, the excited state |e〉 can be adiabatically
eliminated. Using the rotating-wave approximation, the
relevant Hamiltonian of the single-two-level-atom–cavity
system is given by

Ĥ/� = �câ†â + (U0â†â −�a)| ↑〉〈↑ | + η(â† + â)

+ [(gâ† +�meiθ )| ↑〉〈↓ | + H.c.], (1)

where â† (â) is the creation (annihilation) operator of
the single cavity mode, g = −�g0/� is the Raman cou-
pling strength, U0 = −g2

0/� is the optical Stark shift,
�c = ωc − ωp is the cavity-light detuning, and �a =
ωZ + ωL − ωp −�2/� is the effective two-photon detun-
ing. In addition, the two ground states are also coupled by
a microwave field at the Rabi frequency �meiθ . Here θ is
the tunable phase difference between the Raman coupling
and the microwave field. As we shall see below, the addi-
tional microwave field plays an essential role in generating
a large cavity photon number and strong PB based on the
quantum interference mechanism.

In the limit of weak driving and microwave fields,
|η/g| � 1 and |�m/g| � 1, the total excitation num-
ber is conserved. Therefore the relevant Hilbert space
of the system can be restricted to |n, ↑〉 and |n − 1, ↓〉,
where n represents the number of photons in the cavity.
Then, the Hamiltonian in Eq. (1) can be diagonalized,
corresponding to the energy eigenvalues En± = n�c +
nU0/2 ±

√
n2U2

0 + 4ng2/2 when we set �a = �c. Here
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the energy splittings of the nth pair of dressed states |n, ±〉
are given by

�n,± = [nU0 ±
√

n2U2
0 + 4ng2]/2, (2)

where + (−) denotes the higher (lower) branch. It is clear

that the splittings (
√

n2U2
0 + 4ng2) between the higher and

lower branches of the dressed states are enhanced (roughly
linearly increased) when the optical Stark shift |U0| and
the excitation number n are increased. In Fig. 1(b), we
show the anharmonicity ladder of the energy spectrum.
Interestingly, an asymmetry in the dressed-state splitting
between red and blue light-cavity detunings is observed
for a nonzero optical Stark shift U0.

Remarkably, U0 plays an important role in modify-
ing the vacuum Rabi splitting |�1,±|, which significantly
increases (decreases) the values of |�1,−| (|�1,+|) for the
lower (higher) branch when U0 < 0 (U0 > 0). The vari-
ation in the vacuum Rabi splitting �1,± as a function of
U0 with g/κ = 1 is displayed in Fig. 1(c). As can be
seen, U0 gives rise to an asymmetric vacuum Rabi split-
ting between red and blue light-cavity detunings. For red
detuning of the excitation, �1,− gradually approaches zero
with increasing positive U0. But for negative U0, |�1,−|
is clearly dependent on the value of U0, with approxi-
mately linear growth as |U0| increases. In addition, similar
behavior of �1,+ is observed for blue detuning of the
excitation.

In conventional PB, the blockade mechanism is ascribed
to a reinforced vacuum Rabi splitting, which generates
strong energy-spectrum anharmonicity. When one photon
is absorbed resonantly with the higher or lower branch,
one photon excitation will “block” a second photon exci-
tation due to the larger two-excitation energy gap, lead-
ing to an orderly output of photons one by one with
strong photon antibunching. As expected, the enhanced
vacuum Rabi splitting (energy-spectrum anharmonicity)
induced by U0 facilitates the generation of strong PB
due to a strong reduction of the spectral overlap with
higher-excitation states [Fig. 1(b)]. Recently, enhanced PB
has been experimentally demonstrated via detuning the
quantum-dot and cavity resonances [18], for which the
mechanism is similar to that based on the optical Stark
shift with tuning of the vacuum Rabi splitting. However,
the optical Stark shift will further induce strong asymme-
try in the higher manifolds of the dressed states in our
proposal.

III. QUANTUM INTERFERENCE

Unlike conventional PB, which requires strong atom-
cavity coupling, unconventional PB can be achieved by
utilizing quantum interference even in the weak-coupling
regime [48] through constructing two different quantum

transition paths between the cavity field and the classical
pumping field. In the analogous configuration of Ref. [48]
for a single-quantum-dot–cavity system, the present model
of Eq. (1) with application of a Raman field and microwave
fields should also possess the property that quantum inter-
ference can suppress two-photon excitation. Therefore,
strong PB will emerge when quantum interference and
a large vacuum Rabi splitting induced by an additional
optical Stark shift are combined. To proceed further, we
calculate the optimal conditions for quantum interference
in the system in the following.

In the presence of a microwave field and a weak driving
field, the excitation number n is not a good quantum num-
ber, which indicates that an exact analytical solution for
the system does not exist. Nevertheless, the Hamiltonian
in Eq. (1) can be approximately diagonalized in subspaces
defined by a large enough truncation excitation number of
the system. Without loss of generality, the wave function
of the system is formally given by [48]

|ψ〉 =
∞∑

n=0

Cn,↑|n, ↑〉 +
∞∑

n=1

Cn−1,↓|n − 1, ↓〉, (3)

where |Cn,↑|2 and |Cn−1,↓|2 denote the occupation proba-
bility for eigenstates |n, ↑〉 and |n − 1, ↓〉, respectively. In
the single-PB regime, we need only to truncate the two-
photon (n = 2) excitation subspaces. As a result, the wave
function for the system can be approximated as

|ψ〉 =
∑
σ=↑,↓

[C0,σ |0, σ 〉 + C1,σ |1, σ 〉] + C2,↑|2, ↑〉. (4)

By substituting |ψ〉 into the Schrödinger equation, the
probability coefficients in the steady-state solutions are
determined from the following equations:

ηC1,↑ +�meiθC0,↓ = 0,

ηC1,↑ +
√

2�1C2,↑ + gC1,↓ = 0,

�me−iθC1,↑ + ηC0,↓ +
√

2gC2,↑ +�2C1,↓ = 0,

�me−iθC0,↑ + gC1,↑ + (�c − iγg)C0,↓ + ηC1,↓ = 0,

ηC0,↑ +�1C1,↑ + gC0,↓ +
√

2ηC2,↑ +�meiθC1,↓ = 0,
(5)

where γg is the loss rate of the atomic ground state, and
�1 = �c + U0 − iκ and �2 = 2�c − iκ − iγg are intro-
duced as shorthand notation.

For the single-photon-excitation limit, multiphoton
excitation with n ≥ 2 must be suppressed. At least a two-
photon excitation probability C2,↑ = 0 is required first.
For a nonzero microwave-field coupling, the nontrivial
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solution of Eqs. (5) is given by

θopt = arctan
(
κ + γg

2�c

)
,

�m,opt = η(R + √R2 + 4)
2

,

(6)

where R =
√

4�2
c + (κ + γg)

2/g and 0 ≤ θopt/π ≤ 1.
The solutions of Eq. (6) for the optimal phase θopt and
Rabi frequency �m,opt denote the conditions for eliminat-
ing two-photon excitation by quantum interference. To
generate a large cavity output, we must focus on single-
photon resonance excitation with a fixed �c = −�1,± in
Eq. (6). Therefore, the optimal parameters are significantly
dependent on the optical Stark shift U0.

The essential mechanism for generating C2,↑ = 0 is
ascribed to destructive quantum interference between dif-
ferent quantum transition paths even for a weak coupling
strength of the system; see Fig. 2. This interference can

occur, for example, between the transitions |1, ↑〉
√

2η−−→
|2, ↑〉 induced by the driving field and |1, ↑〉 �meiθ

−−−→
|1, ↓〉

√
2g−−→ |2, ↑〉 induced by the combination of both the

microwave field and the cavity field, after the state |1, ↑〉
is excited from the initial state |0, ↑〉 by the driving field.
Then the probability of two-photon excitation is zero when
the optimal conditions of Eq. (6) are satisfied. We should
note that the quantum interference mechanism (C2,↑ = 0)
vanishes in the absence of a microwave field (�m = 0).

〉

〉

〉

〉

〉

〉

〉

FIG. 2. Quantum transition paths in the atom-cavity system.
The two-photon excited state |2, ↑〉 (dashed line) is eliminated
by employing destructive quantum interference.

IV. NUMERICAL RESULTS

To further demonstrate PB, we calculate the quantum
statistical properties of the system by solving the quantum
master equation using the Quantum Optics Toolbox [57].
Including the dissipation and pure dephasing of the system,
the Liouvillian superoperator L of the atom-cavity coupled
system satisfies

Lρ = −i[Ĥ , ρ] + κ

2
D[â]ρ + γg

2
D[σ̂−]ρ + γd

2
D[σ̂+σ̂−]ρ,

(7)

where ρ is the density matrix of the atom-cavity system, γd
is the pure dephasing, σ− = | ↑〉〈↓ | is the lowering spin- 1

2
operator, and D[ô]ρ = 2ôρô† − ô†ôρ − ρô†ô denotes the
Lindblad type of dissipation. In experiments, the second-
order correlation function is a key physical quantity for PB,
and is defined as [58]

g(2)(τ ) = 〈â†(t)â†(t + τ)â(t + τ)â(t)〉
〈â†(t)â(t)〉〈â†(t + τ)â(t + τ)〉 . (8)

For the steady-state solution with Lρs = 0 [57], the
second-order correlation function for zero time delay,
g(2)(0) = Tr(â†â†ââρs)/n2

s , and the steady-state intracav-
ity photon number, ns = Tr(â†âρs), are directly calculated
by solving the quantum master equation. The nonclassi-
cal antibunching of photons is characterized by g(2)(0) <
g(2)(τ ), and g(2)(0) = 0 is a signature of ideal PB [59].

Specifically, we consider a single ultracold spin- 1
2 atom

in a high-finesse optical cavity with a cavity decay rate
κ = 2π × 147 kHz [60]. The intracavity photon number
for an empty cavity is n0 = (η/κ)2 = 0.02 [36], the atomic
decay rate for the ground state is γg/κ = 10−3, and the
pure dephasing is set to γd/γg = 1.0. Taking the cavity
decay rate κ as the energy unit, the theoretically tunable
parameters include the atom-cavity (microwave) coupling
strength g (�m), the phase difference θ , the optical Stark
shift U0, and the cavity-light detuning �c. Note that �m
and θ can be fixed by applying the quantum interference
conditions of Eq. (6). In the following, we focus only on
the red-sideband excitation in Eq. (6). In fact, we have
checked that the results for blue-sideband excitation dis-
play similar behavior. As a result, the free parameters in
our system are reduced to g, U0, and �c.

Figure 3(a) displays our numerical results for g(2)(0)
in the �c-U0 parameter plane under the optimal quantum
interference conditions of Eq. (6) with g/κ = 1. The red
dashed line shows the red-sideband vacuum Rabi split-
ting. As expected, g(2)(0) obviously depends on the sign
of the optical Stark shift U0 and the cavity-light detun-
ing �c; the asymmetric features and the optimal g(2)(0)
[the blue regime in Fig. 3(a)] are consistent with the ana-
lytic energy spectrum, especially for negative U0, in spite
of the driving fields and the cavity decay being included.
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(a) (b)

FIG. 3. (a) Second-order correlation function and (b) intracav-
ity photon number as a function of cavity-light detuning �c and
optical Stark shift U0 for the optimal parameters θopt and �m,opt
with g/κ = 1. The red dashed line shows the vacuum Rabi split-
ting (|�1,−|) of the system in the red sideband. The colors with
blue-red gradient shading indicate the values of log[g(2)(0)] in
(a) and ns in (b).

Figure 3(b) shows the mean cavity photon number ns with
the same parameters as in Fig. 3(a). As can be seen, ns also
displays an asymmetric behavior dependent on the sign of
U0. When �c is tuned, ns exhibits two peaks near the red
and blue sidebands of the single-photon resonance points.
Interestingly, the cavity field simultaneously hosts strong
PB with g(2)(0) < 0.01 and a large cavity output in the
red sideband with�c ≈ �1,− (red dashed line), which is in
good agreement with the vacuum Rabi splitting in Eq. (2).

We emphasize that the strong antibunching is contributed
by the use of quantum interference for suppressing two-
photon excitation and the optical-Stark-shift-enhanced
vacuum Rabi splitting with increasing energy-spectrum
anharmonicity. As shown in Fig. 2, multiphoton excita-
tions (n ≥ 3) also need to be suppressed simultaneously
to generate strong PB, which indicates that the quantum
interference mechanism is not sufficient to guarantee the
realization of strong PB, as we will discuss below. Nev-
ertheless, the multiphoton excitations are far off resonance
due to the strong anharmonicity of the energy spectrum
enhanced by the optical Stark shift in our system.

More importantly, it is shown that strong PB (g(2)(0))
exists in a large parameter region [the blue regime in
Fig. 3(a)], which is important for experimental feasibil-
ity when the system parameters do not perfectly satisfy
the optimal conditions. We check that, remarkably, both
g(2)(0) and ns are insensitive to weak dephasing (γd/κ �
1) in the ground manifold for our system. However,
strong dephasing (γd/κ � 1), e.g., for excited states, will
induce significant decoherence in the quantum properties
of emitter-cavity coupled systems [61–66].

To gain more insight into PB, we plot the�c dependence
of g(2)(0) and ns for different U0, as shown in Figs. 4(a)
and 4(b), respectively. The optical-Stark-shift-mediated
red-blue-detuning asymmetry is observed for both g(2)(0)
and ns. In the absence of U0, an asymmetric structure also
appears, which is ascribed to quantum interference con-
ditions in the red sideband of the system and has been
discussed in detail in our previous work [48]. In contrast to

(a) (b)

(c) (d)

FIG. 4. (a),(b) �c dependence of g(2)(0) and ns, respectively,
for different U0. The squares mark the position of the minimum
values of g(2)opt(0) = min[g(2)(�c)] for U0/κ = −5 (solid line),
U0/κ = 0 (dashed line), and U0/κ = 5 (dotted-dashed line).
Optimal results g(2)opt(0) (c) and the corresponding ns,opt (d) as a
function of U0. The other parameter is fixed at g/κ = 1.

positive U0, which suppresses PB, a negative U0 can sig-
nificantly enhance PB due to the asymmetric vacuum Rabi
splitting of the first manifold in the energy spectrum, where
the U0-enhanced anharmonicity of the energy spectrum is
conducive to suppressing multiphoton excitations.

Figures 4(c) and 4(d) display the minimum value of
g(2)opt(0) = min[g(2)(�c)] and the corresponding ns,opt at the
same value of the cavity-light detuning as a function of U0.
As U0 changes from positive to negative, g(2)opt(0) decreases
approximately linearly. However, the value of ns,opt dis-
plays a peak structure which reaches a maximum around
U0 = 0. Compared with the case of negative U0, ns,opt has
a rapid decrease with increasing positive U0. Another typ-
ical feature is that ns,opt in the PB regime remains much
larger than the empty-cavity photon number when U0 < 0.
The largely enhanced cavity photon number can be read-
ily understood as being due to the additional microwave
field. Besides the weak driving field, additional cavity
field emission (|0, ↓〉 ↔ |1, ↑〉 transition) originates from
Bragg scattering [56] when the microwave field couples
to the |0, ↑〉 ↔ |1, ↓〉 transition, as shown in Fig. 2. Our
proposal for realizing a larger cavity output while exhibit-
ing strong antibunching is very important for applications
to high-quality single-photon sources [36]. Moreover, the
U0 dependence of the photon quantum statistics can be
realized by a nondestructive diagnosis of the magic wave-
length (zero Stark shift), which could facilitate the study
of clock transitions in ultracold atomic and ionic gases
[67–70].
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(a) (b)

FIG. 5. (a) g dependence of second-order correlation function
g(2)opt(0). (b) Dependence of g(2)opt(τ ) on the time interval τ with
fixed g/κ = 1. The curves labeled “JC” denote the results from
the JC model, while “QI” denotes the results from our model
calculated for the optimal quantum interference conditions for
U0/g = −5.

We now turn to the validity of the quantum interference
mechanism for achieving strong PB in the coupled system.
In the absence of the microwave field and the optical Stark
shift, the Hamiltonian in Eq. (1) reduces to the paradigm
of the Jaynes-Cummings (JC) Hamiltonian of a two-level
atom coupled to a cavity (harmonic oscillator), where
strong PB requires a strong atom-cavity coupling g to sup-
press two-photon excitation [36]. Figure 5(a) shows the
minimum values of g(2)opt(0) for the JC model (dashed line)
and our model (solid line) at U0/g = −5 as a function of
the atom-cavity coupling g. In contrast to the JC model, our
g(2)opt(0) decreases rapidly when powerful quantum interfer-
ence conditions are utilized as g increases. Interestingly,
strong PB can be easily achieved even when the system
is not in the strong-coupling regime (g/κ ∼ 1). However,
the quantum interference mechanism is invalid for a very
weak coupling strength, due to the finite cavity decay
(g/κ < 0.38). In this case, multiphoton (n ≥ 3) excitations
begin to play an important role in breaking the PB because
of the absence of a strong enough energy-spectrum anhar-
monicity, although the two-photon excitation is eliminated
by quantum interference. This explains why the PB of
“QI” in Fig. 5(a) is not enhanced compared with “JC”
when g/κ < 0.38. Interestingly, we find that the value of
the vacuum Rabi splitting |�1,−|/κ is equal to 1.97 at
g/κ = 0.38, which is equal to the linewidth of the cavity
(2κ). As can be seen, quantum interference can signifi-
cantly enhance PB when |�1,−|/2κ > 1 with g/κ > 0.38,
which demonstrates that energy-spectrum anharmonicity
and quantum interference are two important factors for
generating strong PB.

To further confirm the photon statistics, the time-
dependent second-order correlation function g(2)opt(τ ) is cal-
culated [Fig. 5(b)]. As can be seen, the transmitted photons
allow both strong PB, with g(2)opt(0) = 0.01, and photon
antibunching, with g(2)opt(0) < g(2)opt(τ ). More importantly,
g(2)opt(τ ) increases to unity at a time τ ≈ 1/(κ + γe) =
1.1 μs, which indicates that the nonclassical antibunching

(a)

(b)

(c)

FIG. 6. Dynamic evolution of the photon number as a function
of time t with g/κ = 1. From the first to the third row, the Stark
shift is U0/κ = 0, −2, and −4.

effect in the emitted photons possesses a very long coher-
ence time. This lifetime is much larger than that engineered
with a single two-level atom (with one ground state and
one excited state) trapped in an optical cavity, with a
value of around a few tens of nanoseconds [36], which is
ascribed to the smaller single-particle loss of the atomic
ground state than that of the excited state.

Finally, to illustrate the versatility of the optical Stark
shift in our proposal, we plot the time evolution of the pho-
ton number for different values of U0 in Figs. 6(a)–6(c).
We find that the photon number exhibits a quasiperiodic
oscillation, with a gradually decreasing amplitude of the
oscillation with increasing time. The oscillation behavior
of the photon number depicts the quantum interference
effect that is used for generating strong PB [45,47,53].
As we can see, the oscillation frequency is very sensi-
tive to the value of U0, which is determined by the Rabi
frequency of the system. Interestingly, the photon number
rapidly reaches a saturation value for U0 = 0, as shown
in Fig. 6(a). In addition, it is clear that a large negative
U0 corresponds to a large oscillation frequency due to the
enhanced vacuum Rabi frequency [Figs. 6(b) and 6(c)],
which can be used to further enhance the understanding
of the PB mechanism in our model.

V. EXPERIMENTAL FEASIBILITY

Our proposal can be readily applied to different sin-
gle alkali-metal atoms in an optical cavity [54,55]. Tak-
ing 87Rb atom as a prototype, we now discuss in detail
how to realize our scheme with ultracold F = 1 ground
states in an experiment. An important ingredient is the
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realization of a pseudospin- 1
2 model with the choice | ↑

〉 = |F = 1, mF = 0〉 and | ↓〉 = |F = 1, mF = 1〉, where
the two desired Zeeman spin states are decoupled from
the remaining Zeeman spin state of the F = 1 manifold
owing to the large quadratic Zeeman shift induced by
a bias magnetic field [71]. The cavity-mediated Raman
coupling could be generated by utilizing the experimen-
tal realization of electromagnetically induced transparency
with a single atom inside an optical cavity [54,55]. As to
the cavity, the single-photon coupling strength and the cav-
ity decay rate may be taken as g0 = 2π × 4.5 MHz and
κ = 2π × 0.15 MHz, respectively, where the typical decay
rate of an excited atom, γe = 2π × 3.0 MHz, is much
larger than κ [54,72]. The optical Stark shift can be tuned
by changing the strength or sign of a large atom-pump
detuning, which is a demonstrated capability in current
experiments on self-organized superradiance and super-
solid phases in an optical cavity [54,72–74]. On the other
hand, the optical Stark shift |U0| is naturally enhanced
by further increasing the single-photon coupling strength
g0. Importantly, all parameters for generating strong PB
in our model are highly controllable in currently avail-
able experimental systems. As to the experimental mea-
surement, the cavity transmission can be collected by a
single-photon-counting module [55], and the photon quan-
tum statistics can be measured by a Hanbury Brown and
Twiss interferometer [36].

VI. CONCLUSION AND DISCUSSION

In conclusion, we propose a simple experimental
scheme to realize strong PB in a single-atom–cavity sys-
tem by combining a strong vacuum Rabi splitting induced
by the optical Stark shift and quantum interference under
optimal conditions. We show that the second-order corre-
lation function of the system can be reduced by more than
several orders of magnitude compared with the JC model
even at a moderate atom-cavity coupling, and, simulta-
neously, a large cavity photon output can be obtained.
As to experimental feasibility, our proposal for generat-
ing strong PB can be applied over a fairly large parameter
region by tuning the optical Stark shift and the microwave
field in a highly controllable way. In particular, in contrast
to conventional solid quantum devices, the long coher-
ence time based on the ground-state atom in the system
is also extremely conducive to quantum storage and detec-
tors at the single-photon level [35,75,76]. Furthermore, the
scheme for realizing quantum interference and strong vac-
uum Rabi splitting beyond the strong-coupling limit could
also be applied to explore high-quality multiphoton block-
ade, e.g., photon-pair sources could be obtained by apply-
ing destructive quantum interference to a three-photon
excitation [77]. With slight modifications, our proposal
can be extended to various systems, including a single-
quantum-dot–cavity model [78,79] and a single-ion–cavity

model [80–82], which provide several interesting opportu-
nities for exploring the fundamentals of quantum optics,
and potential applications in single-photon transistors, all-
optical switching, and quantum metrology [39,83,84].
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