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SPECIAL TOPIC — Quantum frontiers with Rydberg atoms

Floquet quantum state manipulation of a short Rydberg atom array

Jiahui Zhang(5K ), Liping Li(Z#]°7)", Yongjian Wang(FE 7k &), and Bo Wang(E f#)
School of Physics and Optoelectronic Engineering, Zhongyuan University of Technology, Zhengzhou 450007, China

(Received 7 January 2026; revised manuscript received 26 February 2026; accepted manuscript online 3 March 2026)

We theoretically propose a protocol for coherent quantum state control in a short periodically driven Rydberg atom
array. This Floquet engineering effectively suppresses the Rabi coupling and further reshapes Rydberg—Rydberg interac-
tions, enabling precise control of Rydberg dynamics, including population trapping and blockade dynamics. This capability
permits the coherent manipulation of targeted quantum states, such as the population-trapping ground state and entangled
states with single or double excitations. A key finding is the robustness of these dynamics against variations in the Rydberg
atom interaction, allowing for reliable control even in weak interaction regimes. Floquet spectral analysis further reveals
that the stability — and eventual breakdown — of the frozen ground state is fundamentally governed by the splitting, con-
vergence, and spacing of quasienergy levels. Moreover, a systematic analysis of parameter dependence identifies precise
operational ranges for quantum state control. These results establish a practical framework for Floquet-engineered quantum
manipulation, with promising prospects for quantum information processing applications.
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1. Introduction

Rydberg atoms exhibit a range of unique properties in-

cluding large electric dipole moments, =3

strong interactions
across a broad electromagnetic spectrum (MHz to THz),*7]
and energy levels traceable to fundamental constants,®!
which not only underpin their role in cutting-edge quantum

[9-12]

technologies like communication, computing,13-161 and

gates,!'7-2?1 but also enable their remarkable sensitivity to ex-
ternal driving fields spanning direct current (DC),!-6:12:14.231
radio frequency (RF),[*1%12241 microwave!?*2°! and even

12.14] These features form the cornerstone of

THz frequencies.!
advanced electric field sensing and also enable a variety of
measurement paradigms. For instance, combining Rydberg
atoms with electromagnetically induced transparency (EIT)
facilitates highly sensitive, all-optical microwave electrome-
try, allowing detection of weak fields,>>! precise measure-
ment of strong ones, [*°! and all-optical phase retrieval.!**! The
use of microwave fields further unlocks sophisticated func-
tionalities, such as continuous-frequency heterodyne detec-
tion for communication signals'?’! and the engineering of pro-
grammable XXZ Hamiltonians in atomic arrays for quantum
simulation.8! Meanwhile, technical innovations like time-

(291 multi-channel laser

dependent pulse optimization methods,
excitation®"! and optimized laser array design!®*'! continue
to push the boundaries of receiver bandwidth and sensitivity.
Consequently, the confluence of techniques that include the
Stark effect, EIT-AT splitting, and superheterodyne detection

establishes Rydberg atoms as a versatile platform for metrol-

TCorresponding author. E-mail: 6716@zut.edu.cn

CSTR: 32038.14.CPB.ae4c70
ogy, specialized communications, and imaging.[3>-33
Recently, periodic driving, often referred to as Floquet
engineering, has opened up a rich landscape for control-
ling quantum systems. Through the design of time-periodic
Hamiltonians, one can engineer key nonequilibrium states
(361 parity-
time symmetry,’’] synthetic gauge fields and topological

of matter, as exemplified by dissipative dynamics,

phases.[®3% The Floquet approach also extends to quantum

resonances, *?) interferometry*!! and frequency modulation

(421 depending critically on the interplay between driv-

g, [43.44

effects,
ing and interaction 1 which essentially relates to the fun-
damental quantum physics concerning coherent manipulation

45461 population trapping, 4”7l dynamic

of quantum tunneling, !
localization, 8] coherent destruction of tunneling (CDT), 4!
and different types of broadened CDT.!*** Thus, periodic
driving serves as a powerful tool for quantum simulation, en-
abling the precise preparation and coherent manipulation of
quantum states far from equilibrium.

The synergy between Rydberg atoms and periodic driv-
ing allows for advanced quantum state control via correlated
Rabi coupling, enabling key implementations like blockade
enhancement, antiblockade dynamics, state-dependent popu-

(531 and dynamical stabilization of both prod-

lation trapping,
uct and entangled states.'*’) In recent years, by subjecting
neutral atoms to such tailored time-varying fields,®! there
have been many efforts to govern effective Hamiltonians and
explore nonequilibrium quantum states beyond the reach of

static settings. For instance, a Floquet engineering scheme
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employing a square wave modulated laser field was proposed
to manipulate thermalization in a Rydberg atom array.>’!
These results are further supported by a range of experimen-

5,18-611 including modulating the optical field or

tal technique
applying additional radio-frequency fields with Floquet fre-
quency modulation (FEM), [62:63]

In previous works, extensive studies have largely ad-
dressed two extremes: Floquet dynamics in periodically driven
arrays composed of one or two Rydberg atoms,*7>3 and
collective features in large-scale arrays of over a hundred

(151 By contrast, short arrays comprising only a few

atoms.
atoms remain far less explored. Motivated by these consid-
erations, in this work, we investigate coherent quantum state
manipulation in a short Rydberg atom array under external pe-
riodic driving. Taking a three-atom system as an example, we
achieve controlled transitions from an initial state to a target
state, while avoiding population of unwanted Rydberg levels.
Specifically, transitions between the ground state and single-
excitation states are intensively studied by appropriate tuning
of the static detuning and periodic driving. We further demon-
strate the robustness of the dynamical generation against varia-
tions in the van der Waals (vdW) interaction, thereby enabling
coherent manipulation even in weak interaction regimes. Re-
markably, guided by Floquet quasienergy analysis, we high-
light the critical processes of energy-level splitting and conver-
gence that direct the system’s evolution. In addition, we also
provide a comprehensive discussion of the parameter depen-
dence of population trapping and resonance dynamics, thereby
identifying explicit parameter ranges for precise quantum state
control.

The structure of this paper is as follows. In Section 2,
the model and Hamiltonian of the system are formulated. In
Section 3, Floquet manipulation of Rydberg dynamics is pre-
sented by precisely tuning the external driving parameters. In
Section 4, we discuss two key dynamical behaviors: popula-
tion trapping and blockade dynamics, as well as the transition
between these two regimes. In Section 5, we elucidate the
physical mechanism underlying these dynamical behaviors. In
Section 6, we systematically investigate the parameter depen-
dence of population trapping and resonance dynamics. The
key conclusions of this work are summarized in the last sec-
tion.

2. Model and Hamiltonian

This work demonstrates coherent quantum state manipu-
lation in a short, one-dimensional Rydberg atom array driven
by an external laser field. As a minimal yet nontrivial multi-
body platform, the three-atom system serves as our model of
choice, and the framework developed here can be general-
ized to larger systems, such as those comprising four or five

atoms. A brief analysis of the four-atom array will be pre-
sented in Section 6. As schematically shown in Fig. 1(a), we
illustrate a driven system of three Rydberg atoms, where the
atomic ground state |g) is coherently coupled to the Rydberg
state |e). The interactions between Rydberg atoms are char-
acterized by the vdW potential V; = Cs/[(j —k)d]®, where
d is the constant interatomic distance and Cg is the inter-
action strength parameter, leading to a nearest-neighbor in-
teraction Vy = Cg/ d® and a next-nearest-neighbor interaction
Vi = Cs/(64d%). Within the frozen-gas approximation, the

Hamiltonian is governed by!#7-33-62]

o Q . A
HZ(A(t)Gge+26,{) +Y vié6l6L, (1)
J Jjk
where 6{{17 = |a)/ (b| (where a,b € {g,e}, j = 1,2,3) represent

both projection and transition operations for the jth atom. We
define 6{ = 63, + 6/, and € is the Rabi frequency.

(a) Driving
e) I Y Yy
‘g> 1 3
4
(b) y |eee)
9] k9]
N X
r'y Y yy ++)
7 02
EJn ﬁfn
ege)
kpj
—J,
v Y 2 | geg)
PR I +)
S 5
¥ |ggg)

Fig. 1. (a) Schematic of three interacting Rydberg atoms, where each
atom features a ground state |g) and a Rydberg state |e), subject to an
external periodic driving field. Vj and V; denote the nearest-neighbor and
next-nearest-neighbor interactions, respectively. (b) Schematic of effec-
tive couplings between six quantum basis states: the ground state [ggg),
single-excited states |+) and |geg), double-excited states |[++) and |ege),
and the triple-excited state |eee). Jy,, Ju, Jj, Jp, and J, are different orders
of the Bessel function of the first kind.

In this work, the external driving field applied to the
Rydberg states is A(t) = —Ap + Acos(wt), where Ay is the
static DC field, and A and @ are the driving amplitude
and frequency of the periodic AC field, respectively. We
describe the quantum state in an adiabatic basis using the
expansion [¥(1)) = agg,(t)|888) + a+(1)|+) + ageg (1) |geg) +
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Ay (t)|4++) + aege(t)|ege) + acee(t)|ece), where the con-
stituent states include two symmetric entangled states defined
by |+) = (lgge) + legg))/v/2 and [++) = (leeg) +|gee))/ V2.
These six states {|ggg).|+).[geg).[++).|ege).|eee)} form
the complete adiabatic basis,
cients {dgge(r),a4(1),dgeq(t),a44 (1), tege(t), aece(t)} Tepre-
senting their time-dependent probability amplitudes. In our

with the complex coeffi-

simulations, all three atoms confined in optical tweezers or
a lattice are initialized in their electronic ground state — a
well-defined quantum level amenable to precise experimen-
tal control. Then the system’s dynamics can be explored by
numerically solving the Schrédinger equation ih%\‘f’(t» =
H(#)|¥(r)) (with i = 1), from which we compute the time-
laa(1)]* (o €
{ggg,+,geg,++,ege,eee}) for each adiabatic state, denoted
as {Pyge, Pt Poegs Pty Pege, Pece} in the order of the basis
states.

dependent population probabilities Py (¢) =

Notably, the Hamiltonian in Eq. (1) exhibits explicit time
= H(t+T), with driving period T =271/ ®.
This periodic structure naturally invites the application of Flo-

periodicity, H(r)

quet engineering techniques, which provide a powerful frame-
work for unraveling the dynamical features of our driven three-
atom system. Within this approach, the quantum state |\ (7))
for each adiabatic channel admits an elegant decomposition
|y (2)) = e~ 18! | ¢y (1)), where &4 represents the quasienergy
and |@¢ (7)) denotes the Floquet state that inherits the periodic-
ity of the Hamiltonian, |y (¢)) = |9g (¢ +T)). The quasienergy
spectrum emerges from the eigenvalue solution of the time-
evolution operator U(T,0) = T exp [—i fOTH (t)dt}, with T
ensuring proper time ordering.

In order to gain deeper insight into this typical model con-
sisting of three periodically driven Rydberg atoms, we move
into a rotating frame by introducing the transformed state
(1)
U(t)=¢e
f(t) = 2 sin(or) — Agt.
tion, which is valid for @ > 10£2, we can further obtain the

=U(t)|¥(t)), where the unitary operator is defined as
7if(l)(()",1‘,+0'(,2(,+0'36)+itVoGeleG‘,ze+itV063663e+itV1 Geleage with

In the high-frequency approxima-

time-independent results by using the Jacobi—Anger expan-
+i(A/w)sin(owr) _ Z::- Jn(A/(D) eiinwt’ where 7 is an

integer and J,(A/®) denotes the nth-order Bessel function of

sion, €

the first kind. We systematically derive the effective rotating-
frame coupled equations as follows:

 dbgee(r) 1 AN imo—ag)
i— = \/E.QZJm 2 € by (1)

A\ .
a 1(mw7A0)tb
w) ¢ geg (1),

dby(r) 1

efi(ma)on)lb (l)

el nw—Ag—Vo)t ++(t)

+7QZ‘IZ <I:)) i(lo—Ag— V|)Ib ()’
'dbLg(t)_, é m(l) Aot

i— —ZQZJ,,, o) byge (1)
oga(2) e s

Lat =2 ()-

el

—i(no—Ag—

Wb (1)

1 AN o2,
RO () et
+ ! ‘QZ‘I (A> eilqo—20—V1—Vo)i (1)
\@ - i\ o eee\l ),
dbege(1) 1 AN ilo-2-V,
Zregell) T o a2 i(lo—Ag—Vy)t
dr V2 ZI:JI (w) ‘ b+(0)
1 A .
0 A7) ailpo—240-2V)t
+3 ;Jp<w)e beee(t),
. Abeee (1) 1 A A —v
TRV A L <a)) e T b (1)

1 A :
1oy, (w) e THPO-2- 20y (1), (2)
p

where m, n, g, p, and [ are integers, and the column vector

(bggs 1),
in the rotating frame, where the components correspond to the

beee(t))T describes the transformed quantum state

six adiabatic states. The time-dependent population probabil-
P,c.} are obtained directly from these proba-
|be(¢)|?, which track the
evolution of the system across the six adiabatic states. From

ities {Pgqq, .-,
bility amplitudes through Py (t) =

Eq. (2), it is clearly seen that the driving field has signifi-
cantly renormalized the Rabi couplings, profoundly reshap-
ing the effective couplings between different quantum basis
states. In the high-frequency approximation, as shown in
Fig. 1(b), if we neglect all the higher-order terms except the
resonance ones, the coupling intensities between the ground
state and the single-excitation states |+) and |geg) are modi-
fied to Qegr = 2J,,/+/2 and QL = QJ,,/2, where J,, is the ab-
breviation of J,,(A/®). Henceforth, we adopt this abbreviated
notation for all Bessel functions. Thus, the transition from the
ground state to the single-excitation states is primarily dictated
by the mth-order Bessel function satisfying mm = Ag. Inter-
estingly, the effective coupling between the single-excitation
state and the entangled double-excitation state |++) is deter-
mined by the nth-order Bessel function, with nw = Ay + Vj.
However, the state exchange between the entangled state |4)
and |ege) is mediated by the Bessel function of order / subject
tolw = Ay+V).
relation m ~ [ < n follows directly. Consequently, more driv-

Given that V; is a small perturbation, the

ing energy (n®) is needed to couple the single-excitation state
to |++) than to |ege) (/m). Moreover, transitions from the
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doubly excited states |[++) and |ege) to the triplet state |eee)
require the gth-order and pth-order resonances, respectively,
with g = Ag+ Vo + V) and po = Ay + 2Vp. These analyses
are crucial as they reveal viable pathways for achieving the
desired quantum transitions and provide practical alternatives
that remain effective under both weak and strong driving con-
ditions. For instance, as shown in Fig. 1(b), we outline three
distinct state-manipulation protocols: (1) Blockade dynamics:
by enforcing J,,, # 0 and J,, = J; = 0, all higher-order excita-
tions are suppressed. (2) Doubly excited entanglement state
|++): the pathway |ggg) — |+) — |++) is realized under the
conditions J,, # 0,J, # 0 and J, = 0. (3) Full triplet excita-
tion |eee): the sequential excitation |ggg) — |+) — |++) —
|eee) is achieved when all relevant couplings are present, i.e.,
JmsJn,Jg # 0. Thus, it is the driving-assisted resonances —
tied to five key system parameters @, Ag,Vp,V) and A/ o —
that collectively determine the Rydberg dynamics.

3. Floquet manipulation of Rydberg dynamics

We begin by preparing all three atoms in the collective
ground state, with the total population probabilities satisfying
the normalization condition Y, Py (¢) = 1. Here, the numer-
ical results are obtained using the Runge—Kutta method with
a time step of 102, and relative and absolute errors of 1073
and 107°, respectively. For comparison between the results
calculated from by (¢) and the exact numerical ones obtained
directly from ay(t), we plot the evolution of Py as a func-
tion of Q7 in Figs. 2(a)-2(f), with circles and lines represent-
ing results without and within the high-frequency approxima-
tion, respectively. Their close agreement validates the consis-
tency of our theoretical approaches and confirms that the high-
frequency approximation works well in the case of @ = 10£2.

We first probe the novel blockade dynamics and present in
Figs. 2(a)-2(c) the time evolution of state probabilities Py by
systematically increasing Vj while keeping A = 0.5, ® = 0.1
and Ap = 5w = 0.5 fixed. At weak interaction Vy = 0.3
(Fig. 2(a)), the single-excitation states |+) and |geg) (red and
black lines) are prominently excited, along with the double-
excitation state |ege) (green line). In this regime, atomic
transitions from the ground state to both single- and double-
excitation states are mediated exclusively by the Js5 Bessel cou-
pling. As Vj increases to 0.4 (Fig. 2(b)), the doubly excited
state |ege) persists with a small but non-negligible probability.
With a further increase to Vy = 0.6 (Fig. 2(c)), all higher-order
excitations are completely suppressed. Hence, as V) increases,
V1 rises in tandem, thereby violating the resonance condition
lw = Ay +V that governs the coupling between |+) and |ege).
As expected, a larger Vj leads to a more pronounced blockade
effect and enables direct population transfer from the ground
state to the single-excitation states.

(a) Vo=0.3, AJw=5.0, Ay=0.5
1

1(d) Vo=0.1, A/w=0.5, 4)=0.3

17}79!7 P++
N — TP, —-— Py
— —P,, — —P..

G—8 -G8 -0—8*-0—5- -0~ -0—8-]
) e) Vo=0.1, A/w="7.0, Ay=0.3

325=0-]
2

Fig. 2. (a)—(c) Py versus Q¢ for varying interaction Vj and fixed param-
eters A/w = 5.0 and Ap = 0.5 in the cases of (a) Vo = 0.3, (b) V) = 0.4,
and (c) Vo = 0.6. Panels (d)—(f) display three distinct dynamical behav-
iors with fixed Vp = 0.1: (d) Population trapping at A = 0.3, A/® = 0.5;
(e) Generation of the doubly excited entanglement state at Ag = 0.3,
A/ =17.0; and () Excitation of the triplet state at Ag = 0.5, A/®w = 7.0.
In all cases, lines and circles represent results with and without the high-
frequency approximation, respectively, for 2 =0.01, ® = 0.1.

To illustrate how the external driving reshapes the tun-
neling dynamics, we plot P, versus Qf in Figs. 2(d)-2(f) to
For Ag = 0.3,
A/®=0.5and V) = 0.1 (Fig. 2(d)), population trapping at the
ground state is observed, which results from the decoupling

display three distinct dynamical behaviors.

between the ground state and single-excitation states. This
is because both effective couplings Q. = 2J3(0.5)/+/2 and
QL = QJ3(0.5)/2 effectively vanish, preventing transfer out
of the ground state. When A/ = 7.0 while holding Ay = 0.3
and Vp = 0.1 constant (Fig. 2(e)), the double-excitation en-
tanglement state |4++) reaches a high population probability
during the time evolution. Notably, in Fig. 2(f), by adjust-
ing the static detuning Ag = 0.5 while keeping A/ = 7.0 and
Vo = 0.1, the triple-excitation state |eee) also becomes sig-
nificantly populated. These findings demonstrate that precise
quantum state manipulation can be controllably engineered
through careful adjustment of the competition between the ex-
ternal driving and vdW interactions. In particular, even with
Vo held fixed at 0.1, the transition between the ground and tar-
get states remains fully controllable through adjustment of the
DC and periodic driving parameters.

4. Population trapping and blockade dynamics

In this section, we focus on controlling two prominent dy-
namical effects: population trapping and blockade dynamics,
as well as transitions between them. We demonstrate atomic
population trapping by calculating the minimum ground-state

population probability, min P,,,, Within a finite time interval

888>
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of 2000 units, as shown in Fig. 3(a), directly highlighting
the driving parameter space where the system is trapped in
the ground state. For Ag = 0.9, Vy = 0.3, as represented by
the solid black line in Fig. 3(a), the three Rydberg atoms re-
main frozen in the ground state for A/w < 5. When A/ in-
creases into the intermediate range 5 < A/® < 12, this frozen
state is lifted and min P, drops to zero, signaling the on-
set of quantum tunneling. Under conditions of strong driv-
ing A/@ > 12, min Py, returns to unity at specific points such
as A/w = 13.35, indicating a revival of ground-state trapping.
Notably, the freezing behavior exhibits little sensitivity to the
nearest-neighbor interaction strength V), as evidenced by the
nearly identical results for Vp = 0.5 and Vp = 0.9, shown as
the red and blue lines in Fig. 3(a). The robustness of Rydberg
dynamics against Vj allows for coherent manipulation of Ry-
dberg states even in weak interaction regimes. In essence, this
trapping effect arises because the effective couplings between
the ground state |ggg) and the single-excited states |+) and
|geg), given by Qe = QJy/V/2 and QL = QJo /2, respec-
tively, vanish simultaneously at the chosen parameters corre-
sponding to zeros of the 9th-order Bessel function Jy (see the
gray line in Fig. 3(a)). Consequently, at a series of isolated
points A/ = 13.35,17.24,...,
their ground states, manifesting as distinct peaks in Fig. 3(a).

the atoms are again frozen in

In addition, while the revival positions are independent of
Vo, the interaction strength V modifies the freezing parame-
ter range, and specifically, weaker interactions sustain freezing
over a broader range of parameters around the zeros of Jo.

To investigate the effect of static detuning Ay on the
ground-state freezing effect, we plot min Py, versus A/ @ for
three different detunings Ag = 0.5, Ag = 0.8, and A9 = 1.0
in Fig. 3(b), with a fixed Vy = 0.5. The value of Ay criti-
cally influences the parameter range of A/® over which pop-
For Ag = 0.5,
the freezing range is relatively narrow, while for larger de-

ulation trapping in the ground state persists.

tuning magnitudes such as Ag = 0.8 and Ag = 1.0, the pa-
rameter range widens accordingly. We also note a series
of sharp revival peaks where min Py, returns to unity, in-
dicating perfect restoration of ground-state population trap-
ping. These resonant peaks occur at specific driving param-
eter points corresponding to zeros of Bessel functions, such as
A/ = 8.77,12.34 for Ay = 0.5 (zeros of J5), A/w = 12.23
for Ag = 0.8 (a zero of Jg), and A/w = 14.48 for Ag = 1.0 (a
zero of Jyp). In each case, the tunneling dynamics are greatly
suppressed when the corresponding effective Rabi couplings
vanish.

To further characterize the dominant quantum states when
the system exits the ground-state freezing regime, we an-
alyze the maximum population probabilities max Py versus
A/ during a time interval of 2000 units. At Vp = 0.5 and
Ap = 0.9, a comparison between the numerical solutions with-

out and within the high-frequency approximation is presented
in Fig. 3(c), where circles and lines correspond to the two
models of Egs. (1) and (2), respectively. As the system ex-
its the freezing regime, it first evolves into a single-excitation
state, marked by a significant rise in the maximum popula-
tion probabilities of max P, and max P,ee corresponding to the
We find that max P,
(the red line) and max Py, (the dashed black line) reach ap-
proximately 0.66 and 0.33 over the interval 7.5 < A/ < 8.0,
and the dynamics are dominated by transitions between the

single-excitation states |+) and |geg).

ground state |ggg) and the single-excitation states |+) and
|geg), with negligible population in double-excited states such
as |ege). This specific population distribution reveals a de-
localized single-excitation regime, where the Rydberg single
When

A/w > 8, the emergence of max P (the green dot-dashed

excitation is equally shared among the three atoms.

line) signifies the population of the double-excitation state

lege).
(the yellow solid line) occurs, indicating the activation of the

As A/w exceeds 10, a pronounced rise in max Py

entangled double-excitation state |[4++). This distinct behav-
ior reveals a competition between the two Rydberg double-
excitation states, leading to a significant imbalance in their
populations when driven. A notable revival of ground-state
freezing occurs at A/ = 13.35, which coincides with a zero
of the Bessel function Jg. At this point satisfying Jg = 0,
max Py, remains at unity, indicating full restoration of the col-
lective ground state. In all cases, the suppression of multi-
atom excitations and the revival of ground-state population
trapping are consistently governed by the zeros of the corre-
sponding Bessel functions, highlighting a robust mechanism
for precise external control of Rydberg dynamics.

(a) Ag=0.9 (b) V,=0.5
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Fig. 3. Minimum population probability min Py, as a function of A/®
over ¢+ = 2000 time units: (a) for Ag = 0.9 with V) = 0.3 (black line),

= 0.5 (red line) and Vy = 0.9 (blue line), compared to the absolute
value of the 9th-order Bessel function (gray line); (b) for Vo = 0.5 with
detunings Ap = 0.5 (black line), Ag = 0.8 (red line) and Ap = 1.0 (blue
line). (c)-(d) Maximum population probability max Py versus A/@ over
t = 2000 time units for: (¢) Vy = 0.5, Ag = 0.9; (d) Vy = 0.9, Ag = 0.3.
Other parameters: @ = 0.1, 2 = 0.01.
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Specifically, our scheme for coherently manipulating the
Rydberg dynamics is detailed in Fig. 3(d), through the analysis
of max P,, versus A/ for parameters Vo = 0.9 and Ay = 0.3.
In this regime of strong interaction and weak DC driving, the
three-Rydberg-atom system is predominantly excited with a
single atom being excited equiprobably, as reflected in the high
population probabilities (~ 0.66 and ~ 0.33) of the single-
excitation states |+) and |geg), respectively, while the double-
excitation state |ege) remains minimally populated—consistent
with the difficulty of multi-atom excitation under strong inter-
action, i.e., the Rydberg blockade effect. As A/ increases
further, the population probabilities of |+) and |geg) deviate
from a simple ratio, signaling the breakdown of equiprobable
excitation among the three atoms. Concurrently, the doubly
excited entangled state |++) (yellow curve) gains significant
population, implying that strong driving can partially over-
come the blockade and promote nearest-neighbor pair exci-
tation. Notably, throughout the entire parameter range, the
triple-excitation state |eee) remains unpopulated, demonstrat-
ing that the blockade still suppresses simultaneous three-atom
excitation, even under stronger driving. Moreover, at the
zeros of J3 (e.g., A/ = 6.38, 9.76, 13.02,...), the ground
state |ggg) becomes fully decoupled from the single-excitation
states |[+) and |geg). This decoupling suppresses all excita-
tion pathways, resulting in max Pyg, remaining at unity. Our
analysis demonstrates that blockade dynamics can be manip-
ulated across a wide parameter range of A/®, within which
the system is restricted to equiprobable single-atom excita-
tion. Moreover, under strong driving, our scheme also offers
a pathway to generate a pure entangled double-excitation state
|++), accomplished by actively suppressing the |ege) state,
thereby isolating the desired entangled state. Therefore, study-
ing this nonequilibrium dynamics in a minimal three-atom sys-
tem represents a critical advance beyond the driven-pair model
of Ref. [47], bridging the gap to complex many-body regimes.

5. Physical mechanism behind dynamics

To elucidate the underlying physical mechanism of the
dynamics described above, we present the quasienergy spectra
in Fig. 4. A closer examination of these spectra reveals how
the fundamental parameters A/, Vp, and Ay orchestrate the
system’s behavior through their influence on six quasienergy
levels g;, where i = 1,2,...,6. The left column (Figs. 4(a)-
4(c)) displays the role of the interaction V), whereas the right
column (Figs. 4(d)—4(f)) shows the impact of the static detun-
ing A on the quasienergy structure. We observe that energy
levels &3 and & are most sensitive to variations in the external
driving parameter, and &; and & experience a series of degen-
eracies as A/ increases.

For V) = 0.3 and Ayp = 0.9 (Fig. 4(a)), energy levels
&3 through & are initially degenerate when A/@ < 5, then

split as A/ increases. In particular, €3 and & display the
most pronounced shifts and eventually approach each other
at A/ = 13.35, a value coinciding with a zero of the 9th-
order Bessel function. At this same point, € and &s are de-
generate again, as illustrated by the inset in Fig. 4(a). Rais-
ing Vp to 0.5 (Fig. 4(b)), we find that the energy levels still
split for A/® > 5 and converge at the same driving strength
A/ = 13.35. The case of Vy = 0.9 (Fig. 4(c)) provides fur-
ther confirmation of this trend. However, in the vicinity of
A/m = 13.35, the level spacing between &3 and & progres-
sively narrows as Vj increases from 0.3 to 0.9. Consequently,
the associated population-trapping peak in Fig. 3(a) becomes
more confined to a narrower parameter range. We identify
that the value of Ay determines where energy levels split and
converge, thereby establishing a parameter threshold for tran-
sitions between population trapping and tunneling dynamics.
Meanwhile, Vjy governs the level spacing around the zeros of
Jo, which essentially sets the width of the parameter range over
which population trapping occurs.

(a) Vy=0.3, Ay=0.9 (d) V,=0.5, Ay=0.5
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Fig. 4. Quasienergy spectrum as a function of the driving parameter
A/w. (a)-(c) Quasienergy levels for fixed detuning Agp = 0.9 and dif-
ferent interaction strengths: (a) Vyp = 0.3, (b) Vp = 0.5 and (c) Vy = 0.9.
(d)—(f) Quasienergy levels for fixed Vp = 0.5 with varying detunings: (d)
Ag = 0.5, (e) Ap = 0.8 and (f) Ap = 1.0. Other parameters: @ = 0.1,
Q =0.01.

Furthermore, with the atomic interaction fixed at Vy =
0.5, we examine the Floquet spectra for different static off-
sets Ag in Figs. 4(d)—4(f). Taking the case Ay = 0.5 (Fig. 4(d))
as an example, levels &—¢&g begin to split at a smaller A/
and subsequently converge at two specific points satisfying
A/ = 8.77 and 12.34. These points are attributable to ze-

ros of the Sth-order Bessel function and, notably, precisely
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match the two population-trapping peaks, shown by the black
solid line in Fig. 3(b). Moreover, the narrower level spacing
at A/@ = 8.77 (compared to 12.34) is directly linked to the
sharper population-trapping peak observed at that driving pa-
rameter in Fig. 3(b). For Ayg = 0.8 (Fig. 4(e)), the splitting
point shifts to a higher A/® value compared to Fig. 4(d), im-
plying a broader parameter range for population trapping. The
levels then converge at A/@ = 12.23, a zero of the 8th-order
Bessel function, which directly accounts for the trapping peak
indicated by the red dashed line in Fig. 3(b). A similar cor-
respondence holds for Ay = 1.0 (Fig. 4(f)), where the altered
threshold for splitting and convergence aligns with the criti-
cal driving parameters given by zeros of the 10th-order Bessel
function. Therefore, with increasing A/®, the system ini-
tially remains trapped in the ground state due to quasienergy
degeneracy. It then undergoes quantum tunneling following
level splitting, and a coherent revival of population trapping
emerges due to the driving-induced quasienergy convergence.

6. Parameter dependence

To further investigate the synergistic effect of the external
driving field and atomic interactions on the system dynamics,
we focus on the evolution of population probability Pge, to
identify parameter regimes that are essential for precise quan-
tum state control. To show the effect of the external driving
field, we plot Py, versus A/w and Qr in Fig. 5(a) for Vo = 0.5
and Ag = 0.5. The results show that P,e, remains at unity (red
region) under weak driving, indicating a population trapping
regime independent of evolution time. Beyond a critical A/ @,
as indicated by the white auxiliary lines, the three atoms begin
to undergo quantum tunneling between the ground state and
other excited states. Significantly, population trapping recurs
at A/w = 8.77, corresponding to a zero of the Bessel function
Js, since the effective ground-excited state coupling is again
suppressed.

Moreover, to demonstrate the influence of V|, the evo-
lution of Pgg, as a function of both Vp and Q¢ is shown in
Fig. 5(b) with fixed parameters A/® = 5.0 and Ag = 0.5. In-
terestingly, for small interaction strength (Vy < 0.2), the three
atoms initially prepared in the ground state tunnel out with-
out return within the observed evolution time. Increasing Vj
induces coherent tunneling oscillations, allowing Py, to peri-
odically reach unity at specific times as the three atoms revisit
their collective ground state. More importantly, for Vy > 0.4,
the dynamical behavior becomes consistent, demonstrating the
robustness of the Rydberg dynamics against variations in inter-
action strength and providing a way to realize stable quantum
control in these interaction regimes. Figure 5(c) displays Py
as a function of Ay and Q¢ for A/w = 5.0 and V) = 0.5, illus-
trating the overall effect of Ag. It can be seen that the three
atoms predominantly remain in the ground state over most of

the parameter space (red region), except at a series of reso-
nances Ag = m® (with m an integer). Thus, the mechanism
governing the multiple ground-excited state transitions is iden-
tified as the mth-order resonance-assisted tunneling.

(a) Vp=0.5, A, =0.5

(d) V,=0.5, 4,=0.5

Alw

o

5 10 15 20 25
2t

() AJw=5.0, V;=0.5

(c) A/w=5.0, V;=0.5

0 0

Fig. 5. Comparison of ground-state population dynamics: parameter de-
pendence for three-atom (Pggg, left) and four-atom (Pggg,, right) arrays.
(a) and (d) Pggg and Pygg, versus Q1 as functions of the parameter A/,
with Vo = 0.5 and Ag = 0.5. (b) and (e) Pyg, and Pygee versus Q¢ as func-
tions of the parameter Vp, with A/@ = 5.0 and Ay = 0.5. (c) and (f) Pyg,
and Py, versus Q¢ as functions of the parameter Ag, with A /o =5.0and
Vo = 0.5. Other parameters are @ = 0.1, Q = 0.01. The white auxiliary
lines in (a) and (d) serve as a reference for the driving parameter range
that enables the preparation of population trapping.

To provide a direct comparison, we extend our investi-
gation to a four-atom system. The parameter dependence of
Pygge 1s depicted alongside that of Py, in Figs. 5(d)-5(f). Us-
ing the same parameters as in Fig. 5(a) (Vo = 0.5, Ag = 0.5),
Fig. 5(d) plots the time evolution of Pgee, versus A/, ex-
hibiting an analogous trend. For A/® < 2, all atoms remain
frozen in the ground state, while higher driving A/® leads
to Rydberg state excitation. A key difference from the three-
atom system is the absence of a complete population revival to
|gggg) within the observed time. Ground-state trapping reoc-
curs when A/ = 8.77, corresponding to a zero of Js.

Figure 5(e) further shows the time evolution of Py, ver-
sus Vp, illustrating robust dynamics for Vj > 0.3. However, un-
like the three-atom case, a complete population revival to the
ground state does not occur in the four-atom system. Resonant
dynamics are shown in Fig. 5(f), which plots the time evolu-
tion of Pyge, versus Ag. Ground-state population trapping is
only broken when Ag = m® (with m an integer), thereby en-
abling quantum state manipulation.

In general, in a short driven Rydberg atom array, the in-
terplay between the external driving and vdW interaction gives
rise to rich physical effects. The periodic driving governs the
fundamental Rydberg dynamics, while the atomic interaction
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serves to suppress higher-order excitations. The DC detun-
ing, in turn, directly determines the emergence of mth-order
resonances. These findings establish a versatile pathway for
Floquet-based quantum state control in coupled Rydberg atom
systems.

7. Conclusion

In summary, we have achieved coherent quantum state
manipulation in short driven Rydberg arrays with three and
four atoms through the precise control of the interplay among
the driving A/ o, the static detuning A, and the interaction V.
We identify A as the primary parameter governing the stabil-
ity of ground-state freezing, whereas A/® dictates the param-
eter ranges for preparing a target excitation state. The analy-
sis of quasienergy spectra confirms that the breakdown of the
frozen state stems from quasienergy level splitting, while the
revival of population trapping results from quasienergy con-
vergence. A notable finding is the robust insensitivity of the
controlled dynamics to variations in the nearest-neighbor in-
teraction under Floquet modulation, allowing for practical dy-
namical control even in weak interaction regimes. Further-
more, a comprehensive analysis of how the dynamics depend
on key parameters enables the identification of precise param-
eter regimes necessary for realizing population trapping and
driving-induced resonance dynamics. The control scheme de-
veloped here for Rydberg state manipulation can be extended
to short atom arrays consisting of a small number of Rydberg
atoms. These insights not only deepen the understanding of
driven Rydberg systems but also open pathways toward prac-
tical applications in quantum sensing, communication, and
computing.
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