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Robust Rydberg facilitation via rapid adiabatic passage
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Rydberg antiblockade, or facilitation, governs interaction-assisted excitation dynamics that generate a wide
variety of collective phenomena and correlated many-body behavior, while also forming the basis of protocols
for entangling gates, state transfer, and quantum sensing. Despite its rich physics, experimental realization of
facilitation has been fragile because the resonance condition requires precise matching between interaction shifts
and laser detuning, making the process highly sensitive to atomic position disorder and parameter fluctuations.
To overcome this limitation, we develop a robust implementation of Rydberg facilitation based on rapid
adiabatic passage. By adiabatically sweeping the laser detuning across the interaction-shifted resonance, our
approach is inherently insensitive to typical experimental imperfections. As a direct demonstration, we show
that this adiabatically protected facilitation naturally gives rise to avalanche excitation growth in both one- and
two-dimensional arrays. This avalanche process yields high gain with exceptionally low background, making it
promising for rare-event detection. More broadly, by completely eliminating disorder sensitivity, our approach
transforms Rydberg facilitation from an experimentally elusive regime into a robust mechanism implementable
with standard cooling techniques and existing optical tweezer platforms, bridging the gap between theoretical
proposals and disorder-free experimental realizations of antiblockade-based quantum control.

DOI: 10.1103/23x7-g2h6

I. INTRODUCTION

The ability to engineer strong and controllable interactions
among neutral atoms has made Rydberg arrays a leading
platform for quantum information processing and quantum
simulation [1–3]. Central to this interaction engineering is
the Rydberg blockade, where strong interactions prevent si-
multaneous excitation of nearby atoms, enabling high-fidelity
multiqubit control. Complementary to this blockade regime,
Rydberg antiblockade, or facilitation, has been proposed as
a route to faster quantum logic gates free from blockade er-
rors and to implement swap operations without the overhead
of decomposing them into multiple elementary gates [4–6].
Moreover, antiblockade enables entanglement generation [7],
provides avalanche amplification for sensing weak signals [8],
and constitutes a pivotal ingredient for kinetically constrained
lattice models that test the limits of our understanding of
quantum thermalization and quantum matter [9–14].

Despite its potential to unlock quantum-device function-
alities and many-body physics regimes unattainable with
Rydberg blockade alone, experimental realization of an-
tiblockade remains fragile because it requires precise control
of the interaction strength and laser detuning. Finite atomic
temperature results in a distribution of atomic positions, lead-
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ing to variations in interatomic separations, which translates
into disorder in the interactions due to their strong distance
dependence. Such disorder is generally inconsequential in the
blockade regime, although exceptions exist [15]. In contrast,
antiblockade relies on a finely tuned resonance condition in
which the interaction shift is compensated by the laser de-
tuning [16,17]. Small deviations in interatomic spacing or
drive parameters therefore destroy the facilitation resonance,
making experimental operation challenging.

Consequently, high-fidelity antiblockade protocols demand
advanced cooling techniques beyond the capability of typ-
ical tweezer-array experiments. Even with extreme cooling
techniques and ultraprecise controls, the achievable fidelities
often remain noncompetitive due to residual position disorder.
For example, a recently proposed high-tolerance antiblockade
swap gate [4] predicts a fidelity of 0.955, whereas a com-
piled swap gate on a neutral-atom platform, constructed from
experimentally demonstrated [18,19] cz gates (0.995) and
single-qubit rotations (0.9997), is expected to reach a higher
fidelity (0.982), despite its greater circuit overhead. The same
sensitivity to position disorder that limits the performance
of antiblockade logic operations also constrains its use for
many-body quantum simulation. Rydberg antiblockade is a
compelling route to realizing the transverse-field Ising model
in atom-array systems. However, position disorder transforms
the expected ballistic propagation of correlations into sub-
ballistic dynamics and changes the growth of entanglement
entropy from linear to logarithmic in time, preventing faithful
realization of the target Hamiltonian [20].

Stimulated Raman adiabatic passage has been proposed
to implement robust unconditional excitations via antiblock-
ade [7,21]. Here, we propose to realize robust facilitated
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excitations, where existing Rydberg atoms catalyze further ex-
citations, via rapid adiabatic passage (RAP). We compare with
a resonant Rabi protocol to showcase its robustness to varia-
tions in driving parameters and position disorders. Although
adiabaticity is typically associated with longer evolution
times, our study shows that under realistic constraints this is
not necessarily the case. As an example application, we show
that this mechanism can be leveraged to trigger avalanche Ry-
dberg excitations, enabling amplified readout of a single initial
Rydberg excitation. If such an initial excitation is generated
as part of a sensing process, for example, as a consequence of
detecting a microwave or terahertz photon [8], this low-dark-
count, high-gain amplifier may assist a variety of rare-event
detection, including dark-matter searches [22,23].

II. MODEL

Consider a one dimensional (1D) array of N sites. Each site
is occupied by a single atom. A driving laser field with time-
dependent detuning �(t ) and site-specific, time-dependent
Rabi frequency � j (t ) couples the ground state |0〉 j to the
Rydberg state |1〉 j at site j. The single-body contribution to
the Hamiltonian is given by

Hsite(t ) = 1

2

N∑
j=1

� j (t )σ x
j − �(t )

2

N∑
j=1

σ z
j , (1)

where σ x
j = |1〉 j j〈0| + |0〉 j j〈1| and σ z

j = |1〉 j j〈1| − |0〉 j j〈0|.
The van der Waals interaction between Rydberg atoms

scales as Vr = C6/|r|6, where C6 is the van der Waals interac-
tion coefficient (along the array direction if anisotropic). The
resulting nearest-neighbor interaction in a chain with spacing
r is

HNN = Vr

N−1∑
j=1

n jn j+1, (2)

where ni = |1〉ii〈1|. We operate in the “facilitated” or “an-
tiblockade” regime: The ground-to-Rydberg transition is
driven off-resonantly. The kinetic constraint ensures that res-
onance is achieved if and only if one of the nearest neighbors
is in the Rydberg state. To execute RAP, we slowly ramp the
laser detuning �(t ) through this interaction-shifted resonant
condition, �0 = Vr .

III. PULSE SEQUENCE: TWO-ATOM DEMONSTRATION

First, we study a two-site case where the total Hamiltonian
is H = Hsite(t ) + HNN. Initially, a Rydberg atom is located in
site 1, whereas site 2 is occupied by a ground-state atom. We
alternatively drive the two atoms. When driving atom 2 with
Rabi frequency �2, the initial state |10〉 is coupled to |11〉.
The ramping step 1© adiabatically follows the resulting upper
dressed state [Fig. 1(a)]. The second ramping step drives atom
1, coupling |11〉 ↔ |01〉. By adiabatically sweeping the detun-
ing � from above Vr to below, the state is transferred to |01〉.
In Fig. 1(c), the colored balls encode on-site populations: Red
denotes the Rydberg state |1〉, and black denotes the ground
state |0〉. A red ↔ black change marks an RAP. The rectangles
indicate which atom is driven, with the color gradient showing
the sweep direction of � from top to bottom as time evolves.

FIG. 1. Robust Rydberg facilitation in a two-site array. (a) Sketch
of energy diagrams as a function of laser detuning � for driving atom
2. (b) Same for driving atom 1. The dashed lines indicate bare states
(red |11〉, gray |10〉, orange |01〉, and black |00〉). (c) Evolution of
the Rydberg excitation under the periodic driving. 1© |10〉 → |11〉, 2©
|11〉 → |01〉, 3© stays in |01〉, 4© |01〉 → |11〉, 5© |11〉 → |10〉, and 6©
stays in |10〉.

Steps 3© and 6© do not result in any population transfer due to
the energy penalty of interaction energy Vr . These steps would
lead to population transfer if the detuning � is swept across
0 where the state |10〉 or |01〉 crosses state |00〉 in the energy
diagram. The driving parameters complete one cycle T0 in two
steps, whereas the excitation hops between sites 1 and 2 with
a period of 3T0.

We deploy the Allen-Eberly adiabatic passage scheme
[24,25]. The Rabi frequencies and detuning evolve as follows
within one cycle 0 � t < T0. For the first half-cycle (0 � t <

T0/2),

�1(t ) = 0, �2(t ) = �0 sech

[
π(t − T0/4)

T0/8

]
, (3a)

�(t ) = �0 +
(

β2T0

8π

)
tanh

[
π (t − T0/4)

T0/8

]
. (3b)

For the second half-cycle (T0/2 � t < T0),

�1(t ) = �0 sech

[
π(t − 3T0/4)

T0/8

]
, �2(t ) = 0, (4a)

�(t ) = �0 −
(

β2T0

8π

)
tanh

[
π (t − 3T0/4)

T0/8

]
. (4b)

The sweep direction of the detuning can be swapped be-
tween the first and the second half-cycle without affecting
any population transfer. From an experimental perspective,
this protocol requires site-resolved laser intensity ramping,
but the detuning ramping is global, which is straightforward
to implement.

IV. ROBUSTNESS TO IMPERFECTIONS

To evaluate the robustness of our scheme, we consider
implementation in 87Rb tweezer arrays and compare RAP
with a resonant Rabi scheme based on sequential π pulses.
We focus on one-photon excitation to a P Rydberg state. At
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room temperature (300 K), the decay of Rydberg states is
dominated by blackbody-radiation-induced transitions. In the
more common two-photon excitation scheme, admixture of
a short-lived intermediate state can significantly increase the
decay rate. Because RAP strongly suppresses the impact of
disorder and sensitivity to driving parameters, Rydberg-state
decay becomes the primary limitation. We therefore adopt the
one-photon excitation to minimize decay and highlight the
strength of RAP. The case of a two-photon excitation to an
S or D Rydberg state, where RAP remains advantageous, is
discussed in the Supplemental Material [26].

To simulate the dynamics, we use QuTiP [27,28]. The
Rydberg decay is described by the Lindblad superoperator:

Ldecay(ρ) = �

2

N∑
j=1

(2σ−
j ρσ+

j − σ+
j σ−

j ρ − ρσ+
j σ−

j ), (5)

where σ+
i = |1〉ii〈0| and σ−

i = |0〉ii〈1|. The density matrix ρ

evolves according to the Lindblad master equation:

dρ

dt
= i[ρ, H] + Ldecay(ρ). (6)

For the Rabi scheme, the laser detuning is set at the
interaction-shifted resonance �0. Each step in Fig. 1 is imple-
mented by applying a π pulse of duration T0/2 = π/�0 with
constant Rabi frequency �0. The sequence of driven atoms
and the intended state transfers are identical to those in the
RAP scheme.

A key challenge for the Rabi scheme is position disorder,
which introduces static deviations in the interaction energy
[10,29–31], characterized by

δVr ≈ 6|Vr |7/6

√
2σr

|C6|1/6
, (7)

where σr denotes the root-mean-square radius of the atomic
position distribution along the array direction. Although going
to higher principal quantum number n and reducing interac-
tion Vr alleviate the impact of position disorder, the required
interatomic spacing can become too large to fit a reasonable
number of sites within the imaging field of view. Moreover,
high n states are more vulnerable to stray electric fields
[32–34]. Taking 70P3/2 as a reasonable choice, we conducted
a limited parameter search to find workable parameters that
balance disorder sensitivity with decay. This yields Vr/(2π ) =
1.1 MHz and �0/(2π ) = 0.34 MHz, accounting for Ryd-
berg decay rate �/(2π ) = 0.839 kHz and position disorder
corresponding to σr = 34 nm. The disorder is modeled by
averaging over 50 realizations, in which each atom’s dis-
placement from its ideal position is randomly sampled from
a Gaussian distribution with standard deviation σr .

This level of position distribution can be achieved by Ra-
man sideband cooling [35,36] or narrow-line cooling [37],
approaching the motional ground state [38]. To evaluate per-
formance under these conditions, we simulate a two-atom
array driven for t = 4T0. Figure 2(a) shows the evolution of
the Rydberg excitation, initially located at site 1, following
the RAP scheme, without decay or disorder. An ideal Rabi
scheme reproduces the same state transfers at the end of each
step. Figures 2(b)–2(d) illustrate how position disorder, decay,
and their combination affect the dynamics, while Fig. 2(e)

FIG. 2. Comparison of sensitivity to imperfections between RAP
and Rabi schemes. (a) Rydberg population evolution under the pulse
sequences of Fig. 1 and Eqs. (3) and (4), without position disorder
or decay. Evolution subject to (b) position disorder, (c) Rydberg-
state decay �, and (d) both effects. Parameters are �0/(2π ) =
{10.7, 0.34} MHz, σr = {76, 34} nm, δVr/(2π ) = {1.37, 0.02} MHz,
Vr/(2π ) = {20, 1.1} MHz, and r = {6.4, 10.4} µm for the RAP and
Rabi schemes, respectively. (e) Final Rydberg population of atom 2
at t = 4T0, extracted from panels (b)–(d). (f) Rydberg population of
atom 2 at t = 4T0 for the Rabi scheme as a function of detuning error
δ�0 and Rabi-frequency error δ�0, without disorder or decay.

presents the corresponding final Rydberg population at site 2.
Under our parameter choice, both effects comparably reduce
its value from the ideal value of unity. We emphasize that we
have assumed extreme cooling and very large atomic spacing
to mitigate position disorder; a naive Rabi implementation
would suffer much more severe degradation from position
disorder.

For RAP, the protocol speed is set by �0, which is techni-
cally limited by available laser power. Currently, 3 W laser at
the transition (5S1/2 ↔ 70P3/2) wavelength 297 nm is avail-
able, and future experiments may further enhance the Rabi
frequency using a build-up cavity. In any case, laser power is
a less fundamental limitation than the spread of the ground-
state wave function. We choose �0/(2π ) = 10.7 MHz, which
requires 2.6 mW per site for a beam waist (1/e2 radius)
of 1.5 µm. With T0 = 3 µs and β/(2π ) = 7.6 MHz, deter-
mined by the Allen-Eberly pulse shape and the chosen �0

[25,39], we find that the final Rydberg population at site 2
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is reduced only by the blackbody-radiation-limited Rydberg
lifetime [Figs. 2(b)–2(e)]. Position disorder has no noticeable
effect at a much larger atomic position spread. The value
σr = 76 nm used in our RAP simulation can be achieved by
a radial trap frequency of 91 kHz at a temperature of 20 µK,
readily accessible by a simple and efficient cooling method:

-enhanced gray molasses [18,40]. The error resulting from
adiabaticity breakdown is negligible, although there is a minor
violation in steps 3© and 6© [see Figs. 2(b)–2(d)]. Detailed
discussion about adiabaticity is provided in the Supplemental
Material [26].

In addition to position disorder and decay, we also consider
imperfections in the driving parameters, namely, deviations of
the detuning �0 by δ�0 and of the Rabi frequency �0 by δ�0.
As shown in Fig. 2(f), for the Rabi scheme, a ±5% change
in both can reduce the final Rydberg population from unity
to about 0.6 (δ�0 > 0, 0.8 for δ�0 < 0). The apparent trend
that larger �0 performs worse than its smaller counterpart is
coincidental: If the sequence included one more or one fewer
step of excitation transfer, the comparison could reverse and
the larger �0 would appear more favorable. For the RAP
scheme, we do not show a plot because it is essentially in-
sensitive to any realistic driving parameter error: Scanning
the same relative variations δ�0/�0 and δ�0/�0 changes the
final population by less than 2 × 10−4.

V. AVALANCHE EXCITATIONS: 1D CHAIN

Next, we extend the system from the two-atom array to an
N-atom one-dimensional chain. We continue using the same
parameters for the chain as for the two-atom case. We do not
consider position disorder or imperfections of driving param-
eters as they do not affect the Rydberg population evolution.
The driving of sites 1 and 2 naturally generalizes to all odd and
even sites, respectively, while all other elements of the RAP
protocol, including the Allen-Eberly pulse shapes, the cyclic
sequence structure, the overall mechanism, and parameter
choices, remain unchanged. In this case, the site-dependent
Rabi frequency takes the form

� j (t ) =
{
�1(t ), if j mod 2 = 1,

�2(t ), if j mod 2 = 0.
(8)

Because of the sharp distance dependence of the interac-
tion, the next-nearest-neighbor (NNN) coupling is 26 = 64
times weaker than the nearest-neighbor (NN) term. Numerical
checks confirm that including NNN interactions alters the
results by less than one part in 104 and can thus be neglected.

To illustrate how avalanche growth proceeds, we simulate
a five-atom chain and track how an initial seed excitation
expands step by step (Fig. 3). Unlike in the two-atom case,
here each half period leads to a state transfer. The excitation
spreads symmetrically outward, adding one atom at each end
in every step. Once an atom inside the cluster is excited, it is
no longer driven down, because having two nearest-neighbor
excitations shifts its resonance outside the RAP sweeping
range. If the odd sites were driven in the very first step, no
state transfer would occur in that step; from the second step
onward, the growth is identical to the case where even sites
are driven first. The cluster expands until it reaches the array
boundary, after which it begins to shrink. To achieve a net gain

FIG. 3. Mechanism of avalanche excitation growth. After one
driving period (t = T0), all atoms are transferred to the Rydberg state.
The detuning � is swept between �max,min = �0 ± β2T0/(8π ). The
bottom panel of plot (b) shows the Rydberg population for each site:
site 3 (green), sites 2 and 4 (red), and sites 1 and 5 (purple).

of 2S + 1, S steps are required, and the initial seed must have
at least S available sites on each side of the chain.

Having established the avalanche mechanism, we now
quantify its gain and noise performance. Figure 4 shows
avalanche excitations starting from a single seed in the mid-
dle of a nine-atom chain. At the end of two driving periods
t = 2T0, the total number of excitations (gain) reaches 8.54.
The reduction of gain from its ideal value 2S + 1 = 9 stems
almost entirely from decay: Without decay, the gain falls short
of 9 only at the 10−3 level. By comparison, when starting
with no excitation, the total number of excitations at this time
is 7 × 10−4. This background can be further suppressed by

FIG. 4. Avalanche gain. (a) Rydberg population evolution.
(b) Gain vs time: At t = 2T0, the no-decay value (blue) is short of
the ideal value 9 by 0.003, while with decay (brown) it is 8.54.
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increasing Vr . For example, when Vr = 80 MHz, the noise
signal drops to 5 × 10−6. This behavior is directly analogous
to a single-photon detector, such as a photomultiplier tube
or a single-photon avalanche diode: The system exhibits a
high-gain, avalanche response triggered by a single seed exci-
tation, while maintaining an exceptionally low dark count in
its absence. Although the simulation uses a nine-atom chain,
the result reflects the bulk behavior of longer arrays. In larger
systems, the avalanche can propagate across many more sites,
leading to correspondingly greater gain, with the ultimate
limit set by decay.

VI. GUTZWILLER MEAN-FIELD APPROACH

However, we can only numerically solve the master equa-
tion [Eq. (6)] for up to approximately ten atoms. One common
approach to this problem is to use Gutzwiller mean-field the-
ory [41], which ignores the effects of correlations and assumes
a product state: ψ = ∏

j ψ j . Here, we combine the relative
small effective Hilbert space of the Gutzwiller ansatz with
quantum Monte Carlo wave function (QMCWF) simulation
[42] to recover stochastic correlations generated by decay
events, which are otherwise omitted if using a mean-field
master equation. Within this framework, the dynamics of each
atom j is governed by an effective single-site non-Hermitian
Hamiltonian:

HMF
j (t ) = � j (t )

2
σ x

j − �̃ j (t )

2
σ z

j − i
�

2
σ+

j σ−
j (9)

with effective detuning

�̃ j (t ) = �(t ) −
∑
k∈N j

Vjk〈nk〉(t ), (10)

where 〈nk〉(t ) = 〈ψk (t )|nk|ψk (t )〉, Vjk = C6

r6
jk

, r jk is the separa-

tion between sites j and k, and N j denotes neighbors of site
j that interact with it. The instantaneous rate for a quantum
jump to occur on site j is

d p j

dt
= �〈ψ j (t )|σ+

j σ−
j |ψ j (t )〉. (11)

We first validate this mean field with QMCWF approach
by reproducing the 1D avalanche dynamics from Fig. 4,
finding agreement within 0.3% using 700 quantum trajecto-
ries. Figure 5(a) compares the three approaches at t = 2T0,
showing the site-resolved Rydberg populations under the
same conditions as Fig. 4: full master equation (Full ME),
mean field with QMCWF (MF-QMC), and mean-field master
equation (MF-ME). The mean-field master equation underes-
timates the impact of decay. It shows that earlier excitations
are more likely to have decayed, leading to the lowest Rydberg
population in the middle of the chain, but it does not capture
the correlations. In this approach, decay only slightly reduces
the average Rydberg population and hence the interaction
with its neighbors, leaving the dynamics largely unchanged
because it is robust to small imperfections. In reality, quantum
correlations mean that (1) a decay event at the edge of a cluster
can terminate excitation growth from that site and (2) a decay
event in the bulk can seed the avalanche growth of a hole
(ground-state atom) whenever only one excited neighbor is
present. In other words, holes obey the same kinetic constraint

FIG. 5. Comparison of different simulation methods: full master
equation (Full ME, blue), mean field with QMCWF (MF-QMC, sky
blue), and mean-field master equation (MF-ME, orange). The blue
bars in panels (a) and (b) show the same result as t = 2T0 in Fig. 4.
Panel (b) shows the Rydberg population pattern after S = 3 steps
(top) and after S = 4 steps (bottom), illustrating two representative
examples of the spatially oscillatory profile.

as excitations, so the dynamics involves the correlated growth
of both. For example, a decay at site 5 during step 2 would
lead to hole growth to sites 4 and 6 by the end of step 3.

Assuming small � and restricting to at most one Rydberg
decay event, we can explicitly include all possible hole-
growth trajectories. This treatment reproduces the spatially
oscillatory profiles seen in Fig. 4(b): At a fixed step, the site
populations within the excitation cluster exhibit an up-down
modulation across neighboring sites. From one step to the
next, the phase of this oscillation shifts by one site, so that
the weakest-population sites switch parity (even sites at odd
S, odd sites at even S). The same treatment further yields the
analytical prediction for the gain after S steps:

G = 2S + 1 − �T0

2

(
S2 + 2

3
S3 − 2

3
S − 1

)
, (12)

as derived in the Supplemental Material [26], which also
traces the oscillatory profiles back to hole-growth trajecto-
ries. The final gain for Fig. 4 from this equation is G =
8.57, in good agreement with the full-master-equation result.
This equation also predicts the maximum gain of G = 15.1
[Fig. 6(a)], reached at a finite step before decay reduces the ex-
citation, assuming the array is sufficiently large that boundary
effects do not constrain the dynamics. To test this prediction,
we extend the array size to 33 atoms and use MF-QMC to

FIG. 6. Gain vs step number predicted by Eq. (12) (blue) and
obtained from MF-QMC simulations (orange, averaged over 500
quantum trajectories). (b) Site-resolved population dynamics corre-
sponding to the orange points in panel (a).
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FIG. 7. Avalanche excitation in a 2D square lattice. (a) Atoms
are located at the centers of plaquettes instead of at the vertices.
Sites driven during the first (second) half-cycle are drawn in purple
(brown). The site numbered “0” is the location of the initial seed.
Other numbers denote the step number during which that atom is
excited. The sites labeled as “3/7” are excited in step 3, de-excited
in step 5, and re-excited in step 7. (b) Gain vs time for 1D [taken
from Fig. 4(b)] and 2D (MF-QMC simulations, averaged over 100
quantum trajectories). (c) Stacked images of Rydberg population
evolution up to seven steps for one trajectory that does not encounter
any decay event.

obtain gain versus step number S (Fig. 6). Initially, the gain
follows Eq. (12) closely. For larger S, however, the analyt-
ical expression underestimates the gain, because it neglects
multiple decay events. In particular, a second decay event at
the boundary of a hole can terminate its avalanche growth
(see the Supplemental Material [26] for further discussion of
dynamics associated with multiple decay events).

VII. AVALANCHE EXCITATIONS: 2D SQUARE LATTICE

Motivated by experimental feasibility, we next consider
a two dimensional (2D) square lattice. A 2D geometry is
advantageous because (1) it is more practical to scale up atom
numbers compared to 1D chains, (2) the initial sensing signal
has a larger receiving area, (3) the avalanche gain per unit time
is greater, and (4) Rydberg decay is less detrimental, leading
to a higher maximum gain. In our 2D simulations, each atom
interacts with its eight nearest and next-nearest neighbors.
We apply driving lasers in alternating checkerboard patterns
[Fig. 7(a)], analogous to the even-odd site driving in 1D. The
parameters follow the same ramping curves [Eqs. (3) and (4)],
but with a shifted center detuning of the ramp: �0 = Vr +
Vr/(

√
2)6 = 22.5 MHz, chosen as a middle-ground value to

balance the different possible NNN interaction shifts. If the
initial seed is not driven in the first step, the excitation spreads
to its four nearest neighbors. If instead the seed is driven in the
first step, no population transfer occurs in that step; from the
second step onward, the growth is identical to the case where
the seed is not driven first, just as in the 1D dynamics.

As shown in Figs. 7(a) and 7(b), the gain per step in 2D is
at least twice as large as in 1D. Moreover, the 2D geometry
is more resilient to decay. In 1D, an excitation adjacent to a

hole has only one neighboring excitation. This one neighbor
provides the interaction shift that moves the transition into
the RAP sweeping range, enabling de-excitation and hole
growth. In 2D, however, an excitation adjacent to a hole may
have multiple excited neighbors, whose combined interaction
shifts move the transition outside the RAP sweeping range,
thereby suppressing avalanche hole growth. Consequently, at
the end of four steps, the gain with decay reaches 99.5% of
the corresponding no-decay gain, as compared to 95% for
1D. More accurately, this high resilience is not only due to
suppressed hole growth: Frozen sites can become flippable
through decay. This process enhances gain and further inhibits
hole expansion. From a many-body physics perspective, these
dynamics may offer insights into driven, dissipative systems.
We briefly discuss this in the Supplemental Material [26] and
leave a full exploration to future work.

Setting aside decay, the coherent dynamics alone ex-
hibits richer spatial-temporal patterns in 2D. The cluster
growth along the main axes (the vertical and horizontal line
“432101234”) is compact, filling all sites along the line. Along
other directions, sites get excited and de-excited multiple
times because the neighboring sites are not all filled. If the ar-
ray is big enough so that the excitation patterns do not change
due to boundary effects, all the sites labeled “5”, “6”, and
“7” will be de-excited and re-excited in the following steps.
Within the seven steps evolved here, only the sites labeled
“3/7” undergo excitation-de-excitation cycles. The complete
Rydberg population evolution pattern presented in Fig. 7(a)
is verified by evolving a single decay-free quantum trajectory
[Fig. 7(c)]. If the goal is to excite every site, one may consider
ditching our generic pulse sequence that naturally extends
from the 1D geometry. Careful engineered sequences, such
as step-specific ramping curves, could further enhance gain
while also suppressing correlated hole growth and excitation-
de-excitation cycles.

VIII. DISCUSSION

In conclusion, we have demonstrated robust Rydberg an-
tiblockade in neutral-atom arrays. By sweeping through the
interaction-shifted resonance, our approach circumvents the
sensitivity to position disorder and laser parameter variations
that hinder antiblockade-based protocols. Numerical simu-
lations confirm that excitation transfer remains unaffected
under realistic experimental imperfections, with performance
ultimately limited only by Rydberg decay. Our simulations
adopt a blackbody-radiation-limited Rydberg decay at room
temperature, which can be readily suppressed using cryogenic
environments now available in state-of-the-art atom-array
platforms [43,44]. We compare our RAP scheme with a
resonant Rabi protocol and find similar timescales after pre-
liminary optimization, resulting in comparable Rydberg decay
for both. The timescale of RAP is constrained by available
laser power, while that of Rabi is constrained by position
disorder. Importantly, the Rabi scheme suffers substantial
degradation from position disorder even when cooled close
to the quantum limit, whereas RAP is immune to these im-
perfections at temperatures achievable through simple cooling
techniques.
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As an application, we demonstrate avalanche excitation
growth as a high-gain, low-dark-count amplification mech-
anism for sensing. In 2D geometries, the excitations grow
more efficiently, enhancing amplification. Quantum-trajectory
analysis reveals rich correlated excitation and hole dynam-
ics, highlighting the complex driven-dissipative behavior of
this kinetically constrained system. Future work will explore
emergent functionalities of such nonequilibrium dynamics
and the opportunities offered by other lattice geometries,
particularly frustrated ones. More broadly, RAP-enabled an-
tiblockade is a general framework that can be applied beyond
avalanche excitation. Adiabatic protocols have been pro-
posed to accumulate dynamical phases for two-qubit gates
while navigating complex level structure at small interatomic
spacings [45]. It may be possible to accumulate geomet-
ric phases by echoing two identical RAP pulses near the

interaction-shifted resonance [46], thereby creating entan-
gling gates that are robust to position disorder.
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