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Enhancing ground-state interaction strength of neutral atoms via Floquet stroboscopic dynamics
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Neutral-atom systems are promising platforms for quantum simulation and computation, owing to their
long coherence times. However, their intrinsically weak ground-state interactions pose a major limitation to
the advancement of scalable quantum simulation and computation. To address this challenge, we propose an
approach to enhancing the ground-state interaction strength of neutral atoms via Floquet modulation of a Rydberg
atomic ensemble. Each Floquet period consists of ground-state coupling followed by a pulse driving the transition
from the ground state to the Rydberg state. Theoretical analysis and numerical simulations demonstrate that
after a defined evolution time, neutral atoms within Rydberg ensembles can collectively form a W state in the
ground-state manifold. Even when the Rydberg interaction strength is far below the blockade regime, the fidelity
remains remarkably high. Finally, we analyze the application of this scheme in the preparation of single-photon
sources. In general, our proposed mechanism offers an efficient and highly controllable method for quantum state
preparation within the Rydberg atomic ensembles, significantly enhancing the accuracy and stability of quantum
state engineering while providing a well-controlled quantum environment for single-photon generation.
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I. INTRODUCTION

Ground-state neutral atoms exhibit long coherence times
and excellent isolation from environmental noise, making
them promising candidates for scalable quantum technolo-
gies [1–7]. Meanwhile, coupling ground states to Rydberg
levels offers a complementary advantage, strong long-range
interactions via van der Waals (vdW) or dipole-dipole in-
teractions, which enable fast entangling operations through
the Rydberg blockade effect [8–13]. The Rydberg blockade
provides a powerful mechanism for engineering strong con-
trollable interactions and creating collective quantum states in
which a single excitation is coherently shared throughout the
atomic ensemble [14–16]. Such collective control has opened
broad application prospects in quantum optics [17–23], quan-
tum computing [24–26], quantum communication [27–31],
and single-photon sources [32–42]. With the development of
experimental technology, the coherent manipulation of Ryd-
berg atomic ensembles is driving a deeper understanding of
collective quantum dynamics and enabling new opportuni-
ties for scalable and high-performance quantum technologies
[43–52].

The finite lifetime and strong decoherence effects in-
herent to Rydberg states present significant challenges for
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high-fidelity quantum operations. This naturally raises the
question whether sufficiently strong and controllable interac-
tions can be engineered while atoms remain in their ground
state. In this context, finding ways to achieve effective in-
teractions without exciting high-energy states is especially
important. Just as the Rydberg blockade allows only a sin-
gle collective excitation in Rydberg states, strong interactions
between ground states can also give rise to a ground-state
blockade mechanism [53–58]. Consequently, the system is
deterministically prepared in the target symmetric collective
state in the ground-state manifold. This symmetric collective
state is of great significance for photon storage [59,60], single-
photon sources [61–65], quantum state transfer [66,67], and
other quantum information technologies [68,69]. Compared
to the complexity and strong interactions inherent in Rydberg
states, the symmetric collective state of ground states provides
a more precise and stable quantum platform, making it partic-
ularly promising for applications in quantum computing and
quantum simulation [70–73].

In this work we utilize Floquet stroboscopic dynamics
to prepare a W state within the ground-state manifold of a
Rydberg atomic ensemble [74–82]. The system evolves from
the ground state |G〉 = |g1g2 · · · gN〉 to the symmetric collec-
tive state |WN〉 = 1/

√
N

∑N
i=1|g1g2 · · · ei · · · gN〉, while the

double excitations remain unpopulated at stroboscopic time
points. This indirectly induces an effective interaction be-
tween ground-state neutral atoms, leading to a strong blockade
effect that enables high-fidelity preparation of the W state.
Finally, we analyze the application of the scheme to single-
photon generation. Our approach remains effective not only
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FIG. 1. (a) Ensemble of cold 87Rb atoms confined in a dipole
trap. (b) Schematic diagram of a single atomic energy-level config-
uration with ground states |g〉 ≡ |5S1/2, F = 1, mF = 0〉 and |e〉 ≡
|5S1/2, F = 2, mF = 0〉; the Rydberg state is |nS1/2, mj = 1/2〉.
(c) Evolution and corresponding pulse sequence of the system under
periodic driving.

within the Rydberg blockade radius but also well beyond it,
offering clear advantages over conventional blockade-based
protocols.

The remainder of this paper is structured as follows. In
Sec. II we introduce the theoretical model and describe the
physical mechanism of the proposed scheme. In Sec. III we
present a comprehensive performance assessment, including
the dependence on the Rydberg interaction strength and the
robustness of the protocol against various experimentally rel-
evant imperfections, such as Rydberg-state decay (including
blackbody radiation), laser phase and amplitude noise, detun-
ing errors, and Doppler-induced collective dephasing. We also
compare our scheme with several representative approaches.
In Sec. IV we analyze the application of our scheme to the
realization of single-photon sources. In Sec. V we discuss its
implementation in a Rydberg superatom. In Sec. VI we pro-
vide the corresponding energy-level diagram and transitions.
We summarize our work in Sec. VII.

II. THEORETICAL MODEL AND PHYSICAL MECHANISM

A. System Hamiltonian and theoretical framework

As illustrated in Fig. 1(a), we consider a cold ensemble
of 87Rb atoms confined in an optical dipole trap. The col-
lective blockade radius is given by Rb = (|C6|/h̄

√
N�)1/6.

Here C6 is the vdW dispersion coefficient and � denotes the
effective Rabi frequency between the ground state and the
Rydberg state. For simplicity, we adopt h̄ = 1 in the subse-
quent analysis. The relevant atomic energy levels are shown
in Fig. 1(b). In the interaction picture, the ground states |g〉
and |e〉 are coupled by a coherent driving field, which can be
implemented either as a direct microwave transition or as an
effective two-photon Raman coupling, with Rabi frequency ω,
described by the Hamiltonian

Ha =
N∑

i=1

ω

2
|ei〉〈gi| + H.c. (1)

Meanwhile, the ground state |e〉 can be further excited to the
Rydberg state |r〉 by another driving field with two-photon
Rabi frequency �, leading to the Hamiltonian

Hb =
N∑

i=1

�

2
|ri〉〈ei| + H.c. + 1

2

∑
i �= j

Urr |rir j〉〈rir j |. (2)

Here Urr denotes the Rydberg-mediated interaction that oc-
curs when two atoms are simultaneously excited to the
Rydberg state. This interaction is of the vdW type and can
be expressed as Urr = −C6/d6

i, j , where di, j is the distance
between the ith and jth atoms. The operation is performed
periodically over a total of N cycles, with each cycle having
a period of T = ta + tb. Each cycle consists of two successive
stages: During the interval 0 � t < ta, the dynamics is gov-
erned by the Hamiltonian Ha, while in the subsequent interval
ta � t < tb, the system evolves under the Hamiltonian Hb. For
convenience, the durations are chosen as ta = π/

√
NNω and

tb = 4π/�, respectively, corresponding to a collective π pulse
on the |g〉 ↔ |e〉 transition across all atoms and a 4π pulse on
the |e〉 ↔ |r〉 transition [78,82]. The stroboscopic evolution
of the system after each period is described by the Floquet
evolution operator UN (T ), which governs the dynamics of
discrete time. The explicit expression for UN (T ) is

UN (T ) = [Ub(tb)Ua(ta)]N , (3)

where Ua(ta) and Ub(tb) denote the evolution operators corre-
sponding to the Hamiltonians Ha and Hb, respectively. This
equation describes the full dynamical evolution of the system;
however, its analytical solution is generally intractable. In the
large-N limit, the dynamics can be characterized by unitary
kicks [74,76,83]. The effective evolution in the large-N limit
can be written as

lim
N→∞

UN (T ) ≡ UN (T )

∼ Ub(tb)N e−iHZ Nta

= exp

[
−i

∑
n

(
λnPn

tb
T

+ PnHaPn
ta
T

)
NT

]
,

(4)

where HZ is referred to as the Zeno Hamiltonian and Pn

represents the spectral projection of Ub corresponding to the
eigenvalue λn. An analytical expression for Eq. (4) is derived
in Appendix A.

B. Mechanism of enhanced ground-state interaction
and ground-state blockade

To illustrate the mechanism, we start with a simple
two-atom system and then generalize it to larger
ensembles. Considering the existence of the Rydberg
blockade, we can write five basis vectors in the
symmetric state {|gg〉, |W2〉 = (|ge〉 + |eg〉)/

√
2, |ee〉, |T2〉 =

(|gr〉 + |rg〉)/
√

2, |D2〉 = (|re〉 + |er〉)/
√

2}. Therefore, the
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FIG. 2. (a) Floquet quasienergy spectrum of the system. (b) and (c) Two representative regions extracted from (a), showing the comparison
between the Floquet quasienergy spectrum and the effective coupling obtained from the unitary kick Hamiltonian for different driving periods
N , in accordance with the quasienergy periodicity relation ε ≡ ε + 2nπ/T . Also shown is the population of the states for a two-atom system
under (d) N = 30 and (e) N = 20 cycles, respectively. The other parameters are ω/2π = 1 MHz, � = 5ω, and Urr = 45�.

corresponding coupled Hamiltonian can be written as

H (1)
a =

√
2ω

2
|W2〉〈gg| +

√
2ω

2
|ee〉〈W2| + ω

2
|D2〉〈T2| + H.c.,

H (1)
b =

√
2�

2
|ee〉〈D2| + �

2
|T2〉〈W2| + H.c. (5)

From the perspective of unitary kicks, because the system
is initialized in |gg〉, the stroboscopic evolution is confined
to the HZ subspace, and the transition to the doubly excited
state |ee〉 is strongly suppressed. The effective Hamiltonian
can therefore be written as H eff

Z = HZta/(ta + tb), where HZ =√
2ω
2 (|gg〉〈W2| + H.c.). In other words, the unitary kicks ef-

fectively decouple |ee〉 from the dynamics. In fact, from a
numerical perspective, the above dynamical process is inde-
pendent of the number of driving periods N . For any value
of N , the numerical results can be well explained by the
effective Hamiltonian derived from the Floquet theorem. The
corresponding effective Hamiltonian can be written as Heff =
i ln(e−iH (1)

b tbe−iH (1)
a ta )/T , which allows us to further verify the

precision of the analytical results through numerical simula-
tions (see Appendix B). To verify the validity of this approach,
we further consider finite values of N and compare the re-
sulting quasienergy spectrum with the Floquet theorem, as
shown in Fig. 2(a). Each curve represents the quasienergy
corresponding to an eigenstate, which is expressed as a linear
superposition of the same set of basis vectors with different
weights for different values of N . It can be seen that, for small
N , the five branches of the quasienergy spectrum are close
to each other. With increasing N , the structure of the energy

gap gradually opens up, with E1 and E5 shifting towards
higher and lower energies, respectively, while E2, E3, and E4

converge to zero. In the large-N limit, the eigenstate structure
exhibits a clear pattern: The eigenstates associated with E1

and E5 are primarily composed of |ee〉 and |D2〉 and can be
approximately written as |�1,5〉 ≈ c1|D2〉 ∓ c2|ee〉; similarly,
the eigenstates corresponding to E2 and E4 are dominated by
|gg〉 and |W2〉, expressed as |�2,4〉 ≈ c3|gg〉 ∓ c4|W2〉, while
the eigenstate associated with E3 is essentially given by |T2〉
and |�3〉 ≈ |T2〉, with all other components suppressed below
10−2, rendering their influence on the dynamics negligible.
As N increases, the effective dimensionality of the eigenstates
decreases significantly and the spectral structure becomes
more distinguishable. Reconstructing Heff = ∑

i Ei|�i〉〈�i|
and projecting it onto the reduced subspace spanned by
{|gg〉, |W2〉, |ee〉, |D2〉}, we identify the dominant effective
couplings that govern the dynamics. In this approximation, the
quasienergy branch E1 is equivalent to the coupling between
|ee〉 and |D2〉 with strength ε and E2 is equivalent to the cou-
pling between |gg〉 and |W2〉 with strength μ. These effective
couplings capture the essential structure of the quasienergy
spectrum and provide a clear physical interpretation of the
underlying dynamics.

Furthermore, Figs. 2(b) and 2(c) present the analytical
results of the unitary kicks and the numerical results corre-
sponding to the quasienergy spectrum shown in Fig. 2(a).
The green line in Fig. 2(b) represents the effective cou-
pling strength ε between |ee〉 and |D2〉, corresponding to
the quasienergy branch E1 shown in Fig. 2(a). The or-
ange and blue curves in Fig. 2(b) represent the quasienergy
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periodicity relation ε ≡ ε + 2nπ/T for different n, where n
is an integer indexing the periodic Floquet branches [84,85],
while the orange line with circular markers represents the
analytical results obtained from the unitary kicks. Owing to
the intrinsic periodicity of the Floquet quasienergies, the an-
alytical results coincide with the n = 2 branch of the Floquet
spectrum under the 4π -pulse condition. As N increases, the
|ee〉 → |D2〉 transition becomes significantly stronger, anal-
ogous to the enhancement of dipole-dipole interactions in
Rydberg atomic ensembles. The red solid line in Fig. 2(c)
represents the effective coupling strength μ between |gg〉 and
|W2〉, corresponding to the quasienergy branch E2 shown in
Fig. 2(a), while the orange line with circular markers repre-
sents the analytical results obtained from the unitary kicks.
The green line denotes the numerical result of the Floquet
theorem for the effective coupling strength λ associated with
the transition between |ee〉 and |W2〉. We can observe that as
N increases, λ and μ gradually decrease. This indicates that
when the timescale ta is small, there exists a strong-coupling
interaction between the |ee〉 and |D2〉 states, while the cou-
pling from the |ee〉 to the |W2〉 state is relatively weak. This
result is similar to Autler-Townes splitting, which prevents the
transition from |gg〉 to |ee〉, thus evolving only from |gg〉 to
|W2〉. Usually, ground-state interactions are relatively weak at
micrometer-scale interatomic distances. In other words, our
scheme indirectly enhances the interaction strength between
ground states. This induced strong coupling gives rise to a
ground-state blockade, in which the simultaneous population
of multiple atoms in the |e〉 state is effectively suppressed,
thereby enabling the preparation of entangled states within the
ground-state manifold.

Having analyzed the static quasienergy spectrum, we now
demonstrate the blockade effect through dynamical simula-
tions. As shown in Fig. 2(d), we numerically simulate a
two-atom system governed by Eqs. (3) and (4) to assess the
feasibility of realizing ground-state blockade. The blue and
yellow curves denote the populations of the states |W2〉 and
|gg〉, respectively. Solid lines correspond to the full numerical
evolution under Eq. (3), while curves with circular markers
represent the effective dynamics described by Eq. (4). We first
consider the dynamical evolution over N = 30 driving cycles.
In this case, the population of the target state |W2〉 reaches
approximately 99.6%, demonstrating excellent agreement be-
tween the full and effective descriptions and confirming the
validity of the effective evolution for sufficiently large N .
Figure 2(e) presents the results for a reduced number of cy-
cles, N = 20, where the scheme remains robust and achieves
nearly complete population transfer from |gg〉 to |W2〉. Both
the numerical and effective solutions exhibit consistent be-
havior, yielding a final |W2〉 population of about 99.2%.
These results validate our theoretical analysis and confirm that
ground-state blockade can be efficiently realized via enhanced
ground-state interactions within the proposed scheme. To en-
sure numerical accuracy, all subsequent simulations are based
on the full numerical solution of Eq. (3). In the main text we
present only the stroboscopic dynamics, while Appendix C
provides the corresponding continuous-time evolution. All
numerical calculations are performed using the QUTIP package
in PYTHON [86,87].

FIG. 3. (a) Fidelity of the state |W2〉 versus Urr/� and cycle
number N , showing high overall robustness (F > 99%) but revealing
several sharp, N-independent resonant leakage channels, as shown in
the (i) broad scan and (ii) zoom-in view. (b) Quasienergy spectrum as
a function of Urr/�, revealing a distinct avoided crossing. (c) and (d)
Detailed views of the quasienergy spectrum as a function of Urr/�.
The other parameters are the same as in Fig. 2.

III. PERFORMANCE ASSESSMENT

A. Fidelity and quasienergy spectrum analysis

So far, the analysis has been based on idealized theoret-
ical assumptions. To explore the feasibility of our scheme
in broader scenarios and to examine its dependence on the
Rydberg blockade effect, we analyze its performance under
different Rydberg interaction strengths with two atoms. Fig-
ure 3(a) shows the fidelity distribution of the preparation of
the state |W2〉, with the vertical and horizontal axes repre-
senting the total number of pulse periods N and the Rydberg
interaction strength Urr . Consequently, each vertical slice in
the figure corresponds to a complete dynamical simulation
with a different total evolution time NT . The figure reveals
two key features, visible in both the full parameter scan
[Fig. 3(a i)] and the locally magnified region [Fig. 3(a ii)].
First, in the vast majority of the parameter space, the scheme
achieves fidelities that exceed 99% (white regions). More
interestingly, in the weak Rydberg interaction regime, the
scheme still achieves efficient state preparation, demonstrat-
ing its robustness to reduced interaction strength. Second,
a low-fidelity vertical canyon emerges in certain parameter
regions, most prominently around Urr/� ≈ 1.25, as shown in
Fig. 3(a ii). This systematic feature persists for both small and
large N , indicating a strong dip in fidelity at this interaction
strength. In addition, we conduct analyses with three and four
atoms in Appendix D and the results are consistent with those
obtained for two atoms.

To understand the fidelity decrease in these regions, as
shown in Fig. 3(b), we analyze the quasienergy spectrum
of the system. At the point where fidelity decreases most
significantly, around Urr/� ≈ 1.25, the quasienergies E3, E5,
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and E6 are closely spaced, leading to pronounced nonadiabatic
transitions during evolution, as shown in Fig. 3(b) and its
zoomed-in view in Fig. 3(c). The corresponding eigenstates
are |ψ3〉 ≈ 0.65|gg〉 + 0.72|W2〉, |ψ5〉 ≈ 0.71|gg〉 − 0.57|W2〉,
and |ψ6〉 ≈ 0.16e−0.14i|gg〉 + 0.37e3.00i|W2〉 + 0.69|T2〉 +
0.46e0.02i|D2〉 + 0.33e−2.41i|rr〉. Ideally, the system should
adiabatically follow the |gg〉 → |W2〉 pathway. However,
small energy gaps induce transitions from |ψ3〉 and
|ψ5〉 to |ψ6〉, which contain significant components |ee〉,
|D2〉, and |rr〉. This transition results in a noticeable
enhancement of the |ee〉 population. For other regions
where the fidelity does not exhibit a significant decrease,
such as at Urr/� ≈ 2.58, an avoided crossing occurs
between E5 and E6, as shown in Fig. 3(b) and its
zoomed-in view in Fig. 3(d). The corresponding eigenstates
are |ψ5〉 ≈ −0.63|gg〉 + 0.68|W2〉 + 0.29e−1.62i|rr〉 and
|ψ6〉 ≈ 0.29e1.66i|gg〉 + 0.18e−1.48i|W2〉 + 0.18e−1.36i|ee〉 +
0.26e1.65i|T2〉 + 0.22e−1.50i|D2〉 + 0.85|rr〉. The reduced
energy gap leads to strong mixing between the two
eigenstates, significantly increasing the nonadiabatic
transition probability in the avoided-crossing region. As
a result, part of the population is transferred from |ψ5〉 to
|ψ6〉, which has higher weights |ee〉 and |rr〉, thus further
enhancing the population of |ee〉. The independence from
the number of driving cycles N confirms that this effect
originates from an intrinsic energy-matching condition of the
Floquet Hamiltonian, rather than from a dynamical process
dependent on timescale. Apart from the dark blue region,
fidelity remains remarkably close to unity. Interestingly,
even for values of the Rydberg interactions much smaller
than those corresponding to the blockade regime, the fidelity
remains very large. Notice that for very small interaction
strengths, we may maintain large fidelities by increasing
the number of cycles. In contrast, most previous schemes
strongly rely on the Rydberg blockade effect [37,38,40],
whereas our method does not. Although the performance of
the scheme is reduced when Urr/� ≈ 1.25, its key advantage
lies in the fact that, under periodic driving, fluctuations
in atomic positions cause the Rydberg interaction strength
to vary rather than remain fixed at a specific value during
each dynamical evolution. The combined effect of periodic
driving and positional fluctuations effectively mitigates the
detrimental influence of unfavorable Rydberg interaction
strengths. This feature makes our scheme particularly suitable
for future implementations in atomic arrays with well-defined
interatomic spacing [88–103].

B. Robustness against experimental noise

Building on the mechanism described above, we now ex-
tend the analysis from a two-atom system to a four-atom
system and validate the scheme under realistic conditions
by examining the impact of key experimental imperfections,
including static positional disorder of atoms during the driv-
ing cycles, spontaneous emission from the Rydberg state |r〉,
blackbody-radiation-induced decay, scattering via the inter-
mediate state, laser phase error, Rabi amplitude noise, laser
detuning error, and Doppler-induced frequency shifts. We
point out that although our numerical calculations are re-
stricted to the case of N = 4 due to the large Hilbert space,

the proposed scheme is equally applicable to larger systems
(N > 4).

Intrinsic atomic decay and disorder. To evaluate the robust-
ness of the protocol under realistic experimental conditions,
we incorporate intrinsic decoherence and static disorder into
the system dynamics. The dominant noise sources include
spontaneous decay of the Rydberg state, blackbody-radiation-
induced transitions among Rydberg levels, and effective
dephasing arising from intermediate-state scattering during
the two-photon excitation process. The resulting dynamics are
described by the Lindblad master equation

ρ̇ =
N∑

i=1

(
γ

2
D[|ei〉〈ri|]ρ + γ

2
D[|gi〉〈ri|]ρ

+ γBBRD[|pi〉〈ri|]ρ + γISD[|ri〉〈ri|]ρ
)

, (6)

where D[o]ρ = oρo† − (o†oρ + ρo†o)/2 is the standard
Lindblad superoperator. Here the Rydberg state is
|r〉 = |80S1/2〉, with spontaneous decay γ /2π = 0.28 kHz,
blackbody-induced transitions γBBR/2π = 0.50 kHz, and
effective dephasing γIS from intermediate-state scattering.
For the two-photon excitation scheme, the intermediate-state
scattering rate is given by [73]

γIS = �2
780 + �2

480

4�2
p

�e, (7)

where �e = 2π × 6 MHz is the natural linewidth of the inter-
mediate state. The single-photon Rabi frequencies are �780 =
2π × 237 MHz and �480 = 2π × 303 MHz and the detun-
ing is �p = 2π × 7.8 GHz. Based on the above scheme, we
first examine the impact of interaction inhomogeneity, which
is particularly relevant for atomic ensembles where the van
der Waals interaction strength Urr fluctuates due to thermal
motion or shot-to-shot positional variations. In our simula-
tions, Urr is randomly sampled in each driving cycle from a
uniform distribution over [0, 2π × 200 MHz]. The resulting
fidelity F (t ) = 〈WN |ρ(t )|WN〉 is shown in Fig. 4(a). Re-
markably, despite this strong cycle-to-cycle disorder, the final
fidelity of the target state |WN〉 consistently exceeds 99.1%.
We next perform a more comprehensive simulation that
simultaneously incorporates all dominant decoherence mech-
anisms at room temperature (300 K), including spontaneous
decay of the Rydberg state, blackbody-radiation-induced tran-
sitions, and scattering via the intermediate state involved
in the off-resonant two-photon excitation. The intermediate-
state scattering is modeled using the standard treatment of
off-resonant Raman processes [9,73,104]. Even under the
combined influence of these dissipation channels, the fidelity
of the target state remains as high as 97.5%. This robustness
can be attributed to the cycle-to-cycle fluctuations of Urr ,
which prevent the system from residing near the resonant con-
dition Urr/� ≈ 1.25 for extended durations, thereby strongly
suppressing leakage through resonant channels. These results
demonstrate that the protocol is resilient against both intrinsic
decoherence and realistic dynamical disorder encountered in
experiments.

Laser Rabi amplitude noise and phase error. In realis-
tic experiments, imperfections in the driving fields play an
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5 µK
12 µK

12 µK

FIG. 4. Fidelity of the target state |WN〉 as a function of the cycle
number under different noise and decoherence conditions. (a) Fi-
delity of the target state |WN〉 for N = 4 atoms in the presence of
atomic position disorder and the influence of additional decoherence
effects including spontaneous decay, blackbody-radiation-induced
decay, and intermediate-state scattering. The fidelity for N = 4
atoms is plotted in the presence of different technical noises: (b) Rabi
amplitude noise, (c) laser phase noise, and (d) laser detuning noise.
(e) Fidelity for different atom numbers N = 4, 5, 6 in the presence of
Doppler-induced dephasing at atomic temperatures of 5 and 12 µK.
(f) Same as (e) but with an alternating two-photon driving scheme
in successive cycles to suppress the accumulated Doppler-induced
dephasing. The other parameters are the same as in Fig. 2.

important role. Laser instability and technical noise induce
stochastic fluctuations in the driving-field intensity, which can
be effectively modeled as Rabi amplitude noise [105–107].
Accordingly, the Rabi frequency acting on atom i is taken
as �i = (1 + ε)�. Within a realistic error budget, the Rabi
amplitude noise ε is modeled as a random variable following
the Gaussian distribution N (0, σ 2

ε ) with a standard deviation
of σε = 0.01 (corresponding to 1% amplitude noise), repre-
senting a noise level that is well within the capabilities of
current experimental amplitude-control techniques. By aver-
aging over 50 independent noise realizations, we obtain the
fidelity F (t ) shown in Fig. 4(b). The results show that the
protocol is only weakly affected by Rabi amplitude noise,
with the final fidelity remaining above 97.1%. We further
consider laser phase noise, which arises from both quantum
noise and technical fluctuations and leads to deviations from
an ideal coherent drive. The laser phase can be written as
ϕ(t ) = ϕ0 + δϕ(t ), resulting in a modified Rabi frequency

� → �eiδϕ(t ). Within the error margins reported in current
experiments [108–110], a typical phase fluctuation of δϕ =
0.1π is assumed. In the simulations, this effect is modeled
as a random dynamical phase error, and the results are ob-
tained by averaging over 50 independent noise realizations.
The corresponding fidelity is shown in Fig. 4(c). It is found
that such phase noise has a negligible impact on the protocol
performance.

Laser detuning errors. Laser detuning errors constitute a
major source of systematic imperfections in quantum optical
and quantum computing platforms. Such detuning shifts the
effective transition frequency and can weaken the Rydberg
blockade. In Fig. 4(d) the evolution of the fidelity is simulated
in the presence of detuning errors randomly sampled from
the range [−2π × 30 kHz, 2π × 30 kHz], with the results av-
eraged over 50 independent realizations. It is found that the
fidelity remains as high as 98.8% in this range of detuning er-
rors. This indicates that the protocol is robust against detuning
imperfections, provided the errors remain within experimen-
tally relevant bounds.

Doppler dephasing. Doppler shifts associated with the
coupling between the ground states |g〉 and |e〉 are negligi-
ble, as the coupling is mediated either by microwave fields
with long wavelengths or by copropagating optical fields
with nearly identical wave vectors, resulting in a strongly
suppressed effective wave vector. In contrast, for the two-
photon excitation to the Rydberg state, the Doppler shift
acts as an effective random detuning in a periodically driven
scheme, which accumulates from cycle to cycle and leads
to phase errors in the collective dynamics. This effect is
incorporated by introducing an additional error Hamiltonian
HD = ∑N

i=1 δD
i |ri〉〈ri|, where δD

i denotes the Doppler-induced
detuning experienced by the ith atom during the two-photon
Rydberg excitation. To account for atomic motion, each
atom is assigned a velocity randomly sampled from a one-
dimensional Maxwell-Boltzmann distribution corresponding
to a finite atomic temperature Ta. The Doppler shift is given
by δD

i = keffvrms, where keff = |k780 − k480| denotes the ef-
fective wave vector along the excitation (z) axis, determined
by the difference in magnitude between the wave vectors of
the counterpropagating fields. The root-mean-square atomic
velocity in this direction is vrms = √

kBTa/m, where Ta is the
atomic temperature and m is the atomic mass. We consider an
atomic ensemble confined in a geometry where the motion
transverse to the excitation axis is tightly constrained and
can be neglected. Under this approximation, the dominant
motional fluctuations arise from atomic velocities projected
along the excitation (z) direction, which can be described as
thermal velocity fluctuations superimposed on a slowly vary-
ing center-of-mass motion. Such one-dimensional treatments
of atomic motion are commonly used in studies of Doppler
dephasing and collective effects in cold atomic ensembles
[111]. The Doppler-induced collective dephasing of the |WN〉
state is shown in Fig. 4(e) for N = 4, 5, 6 atoms at different
temperatures. Each data point is obtained by averaging over
200 independent numerical realizations of atomic velocities
drawn from the corresponding thermal distribution. For Ta =
5 µK, the final fidelity is reduced to approximately 96.1%,
while increasing the temperature to Ta = 12 µK further lowers
the fidelity to approximately 91.6%, reflecting the cumulative
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TABLE I. Comparison of our scheme to previous schemes.

Reference Mechanism System Fidelity

present work Floquet dynamics atomic ensemble 99% (theory)
Ref. [55] Rydberg dressing atomic array 81% (Expt.)
Ref. [56] Rydberg antiblockade atomic array 99% (theory)
Ref. [57] induced dipole blockade regular chain 96% (theory)

nature of Doppler dephasing under periodic driving. In view
of the Doppler-induced degradation discussed above, we em-
ploy an alternating driving protocol, shown in Fig. 4(f), to
reduce Doppler-induced effects. Reversing the propagation
directions of the excitation beams in successive cycles flips
the sign of the effective wave vector keff , which causes
the Doppler phase accumulated in one cycle to be partially
compensated in the next. Consequently, long-term Doppler-
induced dephasing is strongly suppressed, and the fidelity
remains close to 99.0% even at atomic temperatures up to
Ta = 12 µK, demonstrating the strong robustness of the pro-
posed protocol against Doppler noise.

C. Comparison of our scheme to previous schemes

In this section we situate our work within the broader
context of neutral-atom quantum logic by comparing our
Floquet stroboscopic dynamics with several representative
schemes that realize effective ground-state blockade through
Rydberg-mediated mechanisms, including Rydberg dressing
[55], Rydberg antiblockade [56], and light-induced dipole
blockade [57] as shown in Table I.

First, the Rydberg dressing has been experimentally
demonstrated as a powerful method for engineering effective
interactions within the ground-state manifold [55]. In this ap-
proach, ground states are weakly and off-resonantly coupled
to Rydberg states, producing tunable soft-core interactions.
Nevertheless, a fundamental limitation of dressing schemes is
the unavoidable admixture of the Rydberg character into the
dressed states. As a result, the system is subject to continuous
decoherence from the finite Rydberg lifetime, leading to an
intrinsic trade-off between interaction strength and coherence
time.

Subsequently, Ref. [56] proposed a scheme based on the
Rydberg antiblockade mechanism, in which the interaction-
induced energy shift is tuned to compensate for the laser
detuning. This effectively maps the blockade physics entirely
onto the ground-state manifold, without requiring the popu-
lation of real excited states, and endows the protocol with a
certain degree of robustness. However, the principal limitation
of this approach lies in its poor scalability rather than its sen-
sitivity to noise. Because the van der Waals interaction scales
as 1/R6, the antiblockade condition can only be satisfied
in highly constrained geometries with well-controlled inter-
atomic separations. Consequently, the scheme is restricted to
small planar atomic arrays and has been demonstrated only
for systems of up to three atoms, making it difficult to extend
to larger atomic systems or ensembles.

Finally, Ref. [57] investigated collective blockade effects
mediated by dipole-dipole interactions. While this mechanism
can induce photon or excitation blockade in dense atomic

ensembles, it requires all atoms to be confined within a sub-
wavelength volume (R < λ/2π ). Such a stringent geometric
constraint severely limits scalability and is incompatible with
standard optical tweezer architectures, where individual ad-
dressability and readout typically require interatomic spacings
on the order of micrometers.

In contrast, our Floquet-based protocol provides a robust
and versatile route to realizing ground-state blockade with
several key advantages. First, this ground-state blockade re-
quires neither a predefined blockade radius nor strong vdW
interactions and it functions effectively without an additional
cavity. Even in the regime of relatively weak Rydberg-
Rydberg interactions, the effective ground-state blockade can
still be established through Floquet engineering, substantially
relaxing constraints on interatomic spacing and interac-
tion strength. Second, the protocol is intrinsically robust
against a wide range of experimental imperfections, including
spontaneous emission, blackbody-radiation-induced decay,
intermediate-state scattering, laser amplitude and phase noise,
detuning errors, and Doppler-induced dephasing, as demon-
strated by our numerical simulations. Finally, the blockade
is effectively realized within the ground-state manifold at
stroboscopic timesis such that the system dynamics well pro-
jected back onto the ground-state subspace at the end of each
driving cycle. This feature effectively suppresses decoherence
channels associated with finite Rydberg lifetimes and en-
ables high-fidelity state preparation compatible with scalable
micrometer-spaced neutral-atom architectures.

IV. SINGLE-PHOTON SOURCE

Building upon the results presented above, we further
explore their application to the preparation of a single-
photon source, which mainly involves two key processes
[17,35,40,112,113]. The first is the excitation process, which
prepares a single-excitation state. This is followed by the
emission process, where the single-excitation state is con-
verted into a single photon via stimulated emission. This
phenomenon provides a unique insight into the interplay be-
tween the atomic ensemble and the incident electromagnetic
field. Notably, the formation of collective single-excitation
states manifests as a distinctive signature in the light radiated,
which is the most important step in the formation of single
photons. The experimental schematic diagram is shown in
Fig. 5(a). The experimental sequence in Fig. 5(b) shows the
pulse durations, while Fig. 5(c) illustrates the excitation and
decay processes, with �c facilitating the controlled readout
pulse during the decay process. To quantitatively analyze the
excitation process, we introduce the equal-time second-order
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FIG. 5. (a) Ensemble of cold 87Rb atoms confined in a dipole
trap. The generated single photons are detected by detectors D1 and
D2. (b) Evolution and corresponding pulse sequence of the system
under periodic driving. (c) Level diagram. (i) Atoms are initially
in the ground state |g〉 and prepared in the singly excited state |e〉
via optical pumping. (ii) Ground-state excitation is retrieved through
the application of the read field �c and subsequently measured at
detectors D1 and D2. (d) Second-order correlation function of the
radiated light. The other parameters are the same as in Fig. 2.

correlation function [41,57,64,114]

g(2)(t, τ ) ≡ 〈Ê−(t )Ê−(t + τ )Ê+(t + τ )Ê+(t )〉
〈Ê−(t )Ê+(t )〉2

, (8)

which characterizes the system ability to emit two photons
simultaneously at a time t , where Ê+ ∼ ∑N

i=1 e−ikn̂·riσ−
i refers

to the radiated field in a direction n̂. Here g(2)(NT, 0) < 1 is
a signal of the single-excitation nature of the state and the
second-order correlation function briefly describes the sta-
tistical properties of photons. When g(2)(NT, 0) > 1, photon
statistics describe the super-Poissonian distribution and pho-
tons exhibit bunching effects. When g(2)(NT, 0) < 1, photons
describe a sub-Poissonian distribution and they exhibit anti-
bunching effects. In Fig. 5(d) we show numerical results for
the second-order correlation function during the dynamical
evolution of the system. It is evident that the value of the
second-order correlation function g(2)(NT, 0) decreases dur-
ing the evolution process and reaches 10−3 after 20 cycles,
indicating an increased probability of the W state. This is
similar to the photon blockade mechanism, where the sys-
tem emits only a single photon at a time, and its purity is
determined by the occupancy probability of the W state. After
the collective excitation is prepared, the subsequent photon
emission must be carefully controlled to enable single-photon
output. Our approach offers a robust theoretical foundation for
the preparation of single-photon sources.

FIG. 6. Evolution of the fidelity of the state |WN〉 under the
analytical solution for a Rydberg superatom with N = 500 atoms,
together with the impact of 20% atom-number fluctuations. The
parameters are the same as in Fig. 2.

V. IMPLEMENTATION IN A RYDBERG SUPERATOM

In principle, if the experimental techniques are sufficiently
advanced to enable perfect Rydberg blockade and the im-
pact of technical noise can be neglected, our protocol can be
straightforwardly extended to systems with a large number of
atoms [15,115–118]. In this idealized limit, the advantages of
the scheme become even more pronounced, as the required
number of driving cycles to prepare the target state decreases
with increasing atomic number. To gain a deeper understand-
ing of the experimental realization of ground-state blockade
in a Rydberg superatom, we reinterpret the mechanism in
terms of interaction-enhanced single-excitation transfer. Un-
der periodic driving, the system dynamics allows only a single
atom to undergo repeated oscillations between |e〉 and |r〉,
while multiatom participation is inhibited. Due to the strong
Rydberg blockade that forbids the simultaneous excitation of
multiple atoms in |r〉, this process effectively suppresses the
occurrence of multiple |e〉 excitations. In other words, the
periodic protocol acts as if it reinforces the mutual exclusion
among |e〉 excitations, ensuring that only a single |e〉 remains.
For completeness, we also provide the approximate analytical
form of the system evolution under simplifying assumptions
in Appendix B.

As shown in Fig. 6, we numerically simulate the
dynamics of the fidelity for the |WN〉 under different
realizations of atom numbers N sampled from a prede-
fined distribution. The fidelity is evaluated as F (N0) =
〈ψtarget (N0)|ρN0 (t )|ψtarget (N0)〉, where |ψtarget (N0)〉 = |WN0〉
corresponds to the W state for the N0 atoms. Here N0

represents the actual atom number in a given experimental
realization, which may deviate from the nominal number N
due to atom loss. This allows us to assess the robustness
of the protocol against atom-number fluctuations. The pulse
duration ta = π/

√
NNω is designed for the reference atom

number N = 500. The same control sequence, with this fixed
pulse duration, is applied to all realizations with different
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FIG. 7. Schematic illustration of the 87Rb atom showing the rel-
evant energy-level structure.

actual atom numbers N0. Since the pulse duration is fixed, this
deviation effectively manifests as a fluctuation in the effective
evolution time rather than a change in the control protocol
itself. The results demonstrate that even in the presence of
20% fluctuations in atom number around N = 500, the system
still converges to the symmetric collective state of the ground
state with a high fidelity of 98% after several driving cycles,
highlighting the strong robustness of the scheme against atom-
number fluctuations.

VI. CORRESPONDING ENERGY-LEVEL DIAGRAM
AND TRANSITIONS

In the experiment, we can find the atomic configuration
required for our scheme in the 87Rb atom, as shown in Fig. 7.
The ground states |g〉 and |e〉 correspond to the atomic levels
|5S1/2, F = 1, mF = 0〉 and |5S1/2, F = 2, mF = 0〉, the Ry-
dberg state is |nS1/2, mj = 1/2〉, and |5P3/2, F = 2, mF = 1〉
is an intermediate state that can be adiabatically eliminated
under the conditions �a 
 {�1,�2} and �p 
 {�780,�480},
leading to a direct coupling between |g〉 and |e〉 with two-
photon Rabi frequency ω and |e〉 and |r〉 with two-photon
Rabi frequency �. Ignoring the Stark shift, we can obtain the
effective Hamiltonian of these two-photon processes as

H eff
a = �1�2

4�a
|e〉〈g| + H.c.,

H eff
b = �780�480

4�p
|r〉〈e| + H.c. (9)

The corresponding Rabi frequencies used in the text read
ω = �1�2/2�a and � = �780�480/2�p. The Raman tran-
sition between the ground states |g〉 and |e〉 is driven by the
use of two 780-nm laser beams with σ+-polarized. The Ry-
dberg excitation uses σ+-polarized 780-nm and σ−-polarized
480-nm beams tuned for excitation of the Rydberg state of
nS1/2. A wide range of experimentally accessible parameters

can be used in our scheme. In particular, the Raman cou-
pling between the ground states can be tuned over a broad
interval, and values of the effective Rabi frequency ω/2π in
the range of 0.5–3 MHz are readily achievable with standard
optical configurations [53,119–123]. Higher Rabi frequencies
for the ground to Rydberg excitation are generally favorable,
and current experimental techniques can provide sufficiently
strong driving for our scheme [52,73,108,124,125]. For refer-
ence, Ref. [53] demonstrated a two-photon Raman coupling
between the states |5S1/2, F = 1, mF = 0〉 and |5S1/2, F =
2, mF = 0〉 with an effective Rabi frequency of ω/2π =
1.36 MHz using an intermediate-state detuning of �a/2π =
−41 GHz. In addition, Ref. [73] achieved a two-photon Ry-
dberg excitation with intermediate-state detuning �p/2π =
7.8 GHz and a Rabi frequency of �/2π = 4.6 MHz. In
the single-photon generation scheme, we designate the state
|5P3/2, F = 2, mF = 1〉 as the controlled excited state, which
is coupled to the excited state |5S1/2, F = 2, mF = 0〉 via a
σ+-polarized 780-nm beam. Furthermore, the scheme does
not depend on the strength of vdW interactions. From this
perspective, the proposed mechanism is adaptable to a wide
variety of parameters.

VII. CONCLUSION

We have proposed a Floquet-engineered scheme to en-
hance the effective interaction between ground-state neutral
atoms in a Rydberg atomic ensemble. By periodically driving
the system with a sequence of ground-state couplings fol-
lowed by a 4π pulse on the ground-Rydberg transition, the dy-
namics is confined to the single-excitation manifold through
stroboscopic evolution. As a result, the system evolves from
the collective ground state |G〉 to the state |WN〉, while dou-
ble excitations remain strongly suppressed. This behavior
reflects an effective ground-state blockade induced by Floquet
modulation. Unlike conventional schemes that rely on strong
Rydberg-Rydberg interactions and are therefore limited to the
blockade radius, our approach remains effective even outside
the conventional Rydberg blockade radius. In addition, we
evaluated the feasibility of the proposed scheme under real-
istic experimental conditions by systematically incorporating
major sources of imperfections, including Rydberg-state
spontaneous emission and blackbody-radiation-induced de-
cay, laser phase noise, Rabi amplitude fluctuations, detuning
errors, and Doppler-induced dephasing arising from finite
atomic temperature. Our results demonstrate that the scheme
exhibits strong robustness against these noise sources and
remains resilient to thermal motion and ensemble inhomo-
geneity, indicating that it is well suited for implementation in
current neutral-atom platforms. We note that additional noise
sources specific to particular experimental implementations
may also contribute to decoherence but are beyond the scope
of the present theoretical model. Building on this mecha-
nism, we further examined its application to single-photon
sources. The simulated equal-time second-order correlation
function indicates that the scheme can theoretically achieve
a high-efficiency single-photon source. Finally, we explored
the implementation of our scheme in a Rydberg superatom,
demonstrating that shortening the Floquet driving period en-
ables practical realization within a single Rydberg superatom.
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In summary, our scheme realizes robust quantum state prepa-
ration by effectively enhancing ground-state interactions in
neutral atoms. This mechanism can be directly applied to
deterministic single-photon generation, providing a versatile
and high-fidelity platform for quantum technologies.
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APPENDIX A: EVOLUTION OF QUANTUM STATES
UNDER UNITARY KICKS

The time evolution of the system is generated by a peri-
odic sequence of unitary operators which alternate between
free evolution and unitary kick transformation [74,76]. The
dynamic evolution operator of the system is

UN (ta + tb) = [Ub(tb)Ua(ta)]N , (A1)

where Ua(ta) represents the free-evolution operator of the
Hamiltonian Ha and Ub(tb) denotes the unitary kick trans-
formation of the Hamiltonian Hb, with the duration of one
cycle given by T = ta + tb. Consequently, we can express this
evolution operator as

UN (T ) = Ub(tb)NUb(tb)†NUN (ta + tb)

= Ub(tb)NVN (ta), (A2)

where VN (0) = I and

i
d

dta
VN (ta) = U †N

b

N−1∑
k=0

(Uba)k

(
Ubi

dUa

dt

)
(Uba)N−k−1

= U †N
b

1

N

N−1∑
k=0

(Uba)kUbHaU
†
b (Uba)†k (Uba)N

= HN (ta)VN (ta), (A3)

with

HN (ta) = 1

N

N−1∑
k=0

U †N
b (Uba)kUbHaUb(Uba)†kU N

b , (A4)

where Uba = UbUa. In the large-N limit HN (ta) ∼
1/N

∑N−1
k=0 U †k

a HaU k
a , the limiting evolution operator is

Ua(ta) = lim
N→∞

VN (ta) ∼ exp(−iHZta), (A5)

where

HZ = lim
N→∞

HN (ta) =
∑

n

PnHaPn (A6)

is the Zeno Hamiltonian. Here Pn represents the spectral
projection of Ub corresponding to the eigenvalue λn, with
Ub(tb) = ∑

n exp(−iλntb)Pn. By combining Eqs. (A2) and
(A5), the whole system is governed by the effective evolution
operator

lim
N→∞

UN (T ) ≡ UN (T )

∼ Ub(tb)N e−iHZ Nta

= exp

[
−i

∑
n

(
λnPn

tb
T

+ PnHaPn
ta
T

)
NT

]
.

(A7)

Therefore, the effective Hamiltonian is

He =
∑

n

λnPn
tb
T

+ PnHaPn
ta
T

. (A8)

APPENDIX B: ZENO HAMILTONIAN OF TWO ATOMS
AND DYNAMICS OF THE MULTIATOMIC

SYMMETRIC STATE

For the effective Zeno Hamiltonian of two atoms,
we also consider the following five basis vectors in the
presence of the Rydberg blockade effect: {|gg〉, |W2〉 =
(|ge〉 + |eg〉)/

√
2, |ee〉, |T2〉 = (|gr〉 + |rg〉)/

√
2, |D2〉 = (|re〉

+ |er〉)/
√

2}. Thus, the Hamiltonians H (1)
a and H (1)

b in the
basis vectors are

H (1)
a = 1

2

⎡
⎢⎢⎢⎢⎣

0
√

2ω 0 0 0√
2ω 0

√
2ω 0 0

0
√

2ω 0 0 0
0 0 0 0 ω

0 0 0 ω 0

⎤
⎥⎥⎥⎥⎦ (B1)

and

H (1)
b = 1

2

⎡
⎢⎢⎢⎢⎣

0 0 0 0 0
0 0 0 � 0
0 0 0 0

√
2�

0 � 0 0 0
0 0

√
2� 0 0

⎤
⎥⎥⎥⎥⎦. (B2)

Therefore, we can calculate the eigenvalues of the evolution
operator Ub(tb) = e−iH (1)

b tb corresponding to the Hamiltonian
H (1)

b : e2i
√

2π , e−2i
√

2π , 1, 1, and 1. The corresponding eigen-
states are

|φ1〉 =
√

2

2
(|ee〉 + |T2〉),

|φ2〉 =
√

2

2
(|ee〉 − |T2〉),

|φ3〉 = |gg〉,
|φ4〉 = |W2〉,
|φ5〉 = |D2〉. (B3)

Then the corresponding projection operators P1 = |φ1〉〈φ1|,
P2 = |φ2〉〈φ2|, and P3 = |φ3〉〈φ3| + |φ4〉〈φ4| + |φ5〉〈φ5| result
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in the Zeno Hamiltonian
HZ = P1H (1)

a P1 + P2H (1)
a P2 + P3H (1)

a P3

= 1

2

⎡
⎢⎢⎢⎢⎣

0
√

2ω 0 0 0√
2ω 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

⎤
⎥⎥⎥⎥⎦

=
√

2ω

2
(|gg〉〈W2| + |W2〉〈gg|). (B4)

Therefore, the effective Hamiltonian of this Zeno subspace
is H eff

Z = HZta/(ta + tb) and the effective kick Hamiltonian is
H eff

k = H (1)
b tb/(ta + tb).

For the Rydberg superatom case, we derive the first-step
evolution operator by considering the small-

√
Nωt approx-

imation. The analysis begins by examining the single-atom
evolution operator under the first resonant pulse with Rabi
frequency ω, described by the unitary operator |φ(t )〉 =
cos(ωt/2)|g〉 − i sin(ωt/2)|e〉. In the absence of interatomic
interactions, the time evolution of a multiatom system can be
approximated by the tensor product of individual single-atom
evolution operators. In the short-time limit (

√
Nωt � 1), the

dynamics of the system, initially in the ground state |G〉 =
|g1g2 · · · gN〉, can be expressed through the second-order per-
turbation expansion as the time evolution

|�(t )〉 ∝ |G〉 − i
ωt

2

√
N|WN〉

−
(

ωt

2

)2
(
N

2
|G〉+

√
N(N − 1)

2
|PN〉

)
+O((((ωt )3))),

(B5)

where |PN〉 = 1√
C2
N

∑
j<k |g · · · e j · · · ek · · · g〉. This evolution

operator reveals the collective quantum behavior of a mul-
tiatom system: Under weak driving (

√
Nωt � 1), the system

exhibits a collectively enhanced transition from the ground
state |G〉 to the state |WN〉 with an effective Rabi frequency√
Nω. In the next order, two-photon processes proportional

to t2 populate the double-excitation state |PN〉 and contribute
a second-order correction back to the ground state, marking
the onset of higher-order collective dynamics. The entire ex-
pression exhibits characteristic many-body effects, such as
collective enhancement and hierarchical transitions, reflecting
a perturbative expansion of typical Dicke-model dynamics.
Then, taking into account the Rydberg blockade effect, which
restricts the system to at most one excitation in the Rydberg
state |r〉, we construct the corresponding complete basis as

|G〉 = |g1g2 · · · gN〉,

|WN〉 = 1√
N

N∑
i=1

|g1 · · · ei · · · gN〉,

|PN〉 = 1√
C2
N

∑
i< j

|g1 · · · ei · · · e j · · · gN〉,

|TN〉 = 1√
N

N∑
i=1

|g1 · · · ri · · · gN〉,

|DN〉 = 1√
N(N − 1)

∑
i �= j

|g1 · · · ei · · · r j · · · gN〉. (B6)

Therefore, the two-step Hamiltonian under Rydberg blockade
condition is

HS
a = 1

2

⎛
⎜⎜⎜⎜⎝

0
√
Nω 0 0 0√

Nω 0
√

2(N − 1)ω 0 0
0

√
2(N − 1)ω 0 0 0

0 0 0 0
√

(N − 1)ω
0 0 0

√
(N − 1)ω 0

⎞
⎟⎟⎟⎟⎠, HS

b = 1

2

⎛
⎜⎜⎜⎜⎝

0 0 0 0 0
0 0 0 � 0
0 0 0 0

√
2�

0 � 0 0 0
0 0

√
2� 0 0

⎞
⎟⎟⎟⎟⎠.

(B7)

To evaluate the robustness of the protocol against atom-
number fluctuations, we define fidelity as

F (N0) = 〈ψtarget (N0)|ρN0 (t )|ψtarget (N0)〉. (B8)

The target state |ψtarget (N0)〉 is chosen as the symmetric col-
lective state

|ψtarget (N0)〉 = |WN0〉 = 1√
N0

N0∑
i=1

|g1g2 · · · ei · · · gN0〉.

(B9)

In the simulation, the reference atom number is fixed at N =
500, which is used to determine the pulse parameters and
the evolution time ta = π/

√
NNω. For each realization, the

actual number of atoms N0 is randomly sampled from the
range N0 ∈ [400, 600] and the fidelity is independently eval-
uated in the corresponding Hilbert space of N0 atoms. This

procedure captures the impact of atom-number fluctuations
while keeping the control sequence unchanged.

APPENDIX C: VISUALIZATION OF CONTINUOUS-TIME
EVOLUTION

In this paper we present the stroboscopic dynamics after
each driving cycle ends. To provide a comprehensive perspec-
tive on the dynamic continuous evolution of the system, we
present the continuous-time evolution population diagram of
the state |W2〉 in Fig. 8. As illustrated in this figure, we can
intuitively observe the evolutionary behavior of the system
at different timescales and reveal the quantum state changes
throughout the entire evolution process. This is because, dur-
ing the second step of the pulse sequence, the atom transitions
from the excited state |e〉 to the Rydberg state |r〉, forming a
dressed state. In the single-photon generation scheme, since
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FIG. 8. Continuous-time evolution of the state |W2〉.

excitation is selectively applied to the state |e〉, it is not
influenced by the presence of the Rydberg state and can still
lead to the emission of single photons. This visualization
helps to understand evolutionary characteristics across various
timescales and serves as a valuable reference for analyzing the
underlying physical mechanisms.

APPENDIX D: FIDELITY ANALYSIS FOR
THREE- AND FOUR-ATOM SYSTEMS

To verify the scalability and robustness of the proposed
scheme, we extend the analysis to systems of three and four
atoms. Figures 9(a) and 9(b) present the fidelity of the target
state |WN〉 as a function of the Rydberg interaction strength
Urr/� and the cycle number N for the three- and four-atom
cases, respectively. The general behavior remains consistent
with the two-atom case: High fidelities exceeding 99% are
achieved across most of the parameter space, demonstrat-

FIG. 9. Fidelity of the state |WN〉 versus Urr/� and cycle number
N for systems of (a) three and (b) four atoms, showing high overall
robustness (F > 99%) but revealing several sharp, N-independent
resonant leakage channels, as shown in the (i) broad scan and
(ii) zoom-in view.

ing strong robustness against variations in the interaction
strength and system size. Similar N-independent vertical leak-
age channels are observed near the same resonance positions,
indicating that these resonant features are intrinsic to the dy-
namical mechanism rather than specific to a particular atom
number. No additional degradation or broadening of the leak-
age structures is found, confirming that the scheme maintains
its performance for larger atomic ensembles.

Importantly, because of the continuous variation in inter-
atomic distances caused by thermal motion, the instantaneous
Rydberg interaction strengths experienced by different atoms
fluctuate from cycle to cycle, preventing all atoms from si-
multaneously occupying these resonant leakage conditions.
As a result, the overall state preparation remains highly ro-
bust even under imperfect blockade conditions, reinforcing
the scalability and feasibility of the scheme for multiatom
systems.
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