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Multipartite entangled states involving non-locality are one of the most fascinating characteris-
tics of quantum mechanics. In this work, we propose a thermal-dephasing-tolerant generation of
mesoscopic entangled states with Rydberg dressed atoms. We encode logical state on dressed states
rather than Rydberg states. Such treatment can increase the lifetime of multipartite entanglement
coherence to around 3 times compared to the Rydberg-state-coding one at the same system size,
and therefore induce solid fidelities of mesoscopic superposition states generation. The current work
theoretically verifies the advantages of using Rydberg dressed states in many-body quantum entan-
glement, which is helpful for large-scale quantum computation and many-body Rydberg quantum
simulation.

I. INTRODUCTION

Rydberg atoms exhibit very strong van der Waals in-
teractions [1], which can be flexibly modulated by vary-
ing the interatomic distances and therefore show great
potential in the quantum simulations of many-body sys-
tems [2–5]. Many applications based on Rydberg atoms
rely on the ability to coherently manipulate atoms on
time scales below the radiation lifetime of the excited
state. Interestingly, it has been found [6–8] that weakly
admixing excited Rydberg states with laser light can ex-
tend this time scale limitation. This proposal can also
be utilized to produce a novel type of long-range in-
teractions between Rydberg-dressed ground state atoms
[9, 10], which provides a tool to enhance coherence of
many-body systems from inelastic collisions and sponta-
neous emission, such as the production of exotic quantum
phases [7, 9, 11], spin squeezing [8, 12], quantum compu-
tation [13, 14], and entanglement generation [15–19].

Multipartite entanglement lies at the heart of many-
body quantum simulation. Among diverse types of en-
tangled states, the Greenberger-Horne-Zeilinger (GHZ)
states [20] (or called two-component atomic cat states
[21, 22]), have attracted a lot of research interest [23–25]
because of their characteristics of the maximum entangle-
ment. Recently, two experimental works [26, 27] simul-
taneously report the generation of 20-qubit GHZ states
with similar fidelity F ∼ 0.55 on the Rydberg atoms plat-
form and the superconducting qubits platform, respec-
tively. One of the major obstacles to achieving higher
fidelity for generating multipartite entanglement [26], as
well as other extensive quantum simulation and quantum
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computation based on Rydberg atoms [28–36], is ther-
mal dephasing. Due to the finite temperature of neutral
atoms, the Doppler shift occurs on each site of the Ry-
dberg atom arrays [26, 37]. Additionally, the thermal
noise causes fluctuations of atomic distance (for exam-
ple, δR/R ∼ 6% [28]), i.e., disturbing the desired elec-
tric dipole-dipole interaction (EDDI) strength. Above
two disturbances together constitute the thermal dephas-
ing mechanisms, which have hindered the high-precision
completion of many quantum works [26, 28, 38] with Ryd-
berg atoms. Especially when multiple Rydberg atoms are
excited to Rydberg states, the thermal dephasing, quan-
tified by the lifetime of coherence, T2, becomes shorter
with the increase in the number of atoms N (specifically,
T2 ∼0.6 µs forN = 20 [26]). Therefore, Rydberg dressing
is a promising candidate to solve these problems caused
by thermal dephasing.

In this work, we propose to generate mesoscopic super-
position states through Rydberg dressing induced block-
ade. We dress the Rydberg atoms probability Pr = 25%,
leading to coherence lifetimes T2 ={11.0, 8.2, 7.2, 6.2,
5.7, 5.1} µs for {4, 6, 8, 10, 12, 14}-atom GHZ states,
around 3 times of T2 in the work [26], at the same sys-
tem size. For larger scale systems, the dressed lifetime
T2 decreases with the system size N as 1/

√
N , which

is the same as the scaling rule in the work without Ry-
dberg dressing [26]. The fidelities are {97.2%, 95.1%,
91.1%, 84.6%} for {4, 6, 8, 10}-atom GHZ states when
considering the thermal dephasing. Based on the above
fidelities data, we give a prediction fidelity of 80% for
the 20-atom GHZ state. The balance between dress-
ing low-percentage Rydberg states and shortening the
evolution time in large-scale neutral atoms systems in
the present work may provide a reference for quantum
computation and quantum simulation based on multiple
dressed atoms. The Rydberg-dressing method for many-
body entanglement generation is scalable and dephasing-
tolerant, which will contribute to realizing near-term
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FIG. 1. (a) Envisioned experimental setup. All atoms fixed
on the one-dimensional array are driven by Rydberg dressed
lasers (780 and 480 nms) and Raman (microwave) drivings
with the same detunings and Rabi frequencies. Two address-
ing lasers (not shown) are added on the two edge atoms to
differentiate microwave detunings from other atomic ones. (b)
Energy levels and couplings of each atom. (c) Performance
of the entanglement generation versus dressed percentage Pr.
This performance index combines the impact of the lifetime,
dressed interaction, and dressed interaction bandwidth (See
the text for details).

quantum simulation and quantum computation with Ry-
dberg atom arrays, such as entanglement-enhanced sens-
ing [39], quantum metrology [40], and quantum error cor-
rection [41] based on GHZ states.

The article is organized as follows. In Sec. II, we
give the physical model for the generation of multipartite
entanglements with the Rydberg dressing. In Sec. III,
we discuss the main causes of the thermal dephasing in
Rydberg atoms. Scaling of fidelities and T2 are placed in
Secs. IV and V, respectively. The conclusion is given in
Sec. VI.

II. PHYSICAL MODEL

Consider a one-dimensional array with an even number
N of neutral 87Rb atoms, trapped in the optical tweez-
ers, as shown in Fig. 1. For all the atoms, we encode
two ground states |0⟩ = |5S1/2, F = 1,mF = 1⟩ and
|1⟩ = |5S1/2, F = 2,mF = 2⟩ and one excited Ryd-
berg state |r⟩ = |70S, J = 1/2,mJ = −1/2⟩ [26, 42].
The coupling between |1⟩ and |r⟩ is driven by a two-
photon transition with effective coupling strength Ω and
detuning ∆. Additionally, the microwave-frequency fields
with strength Ωmw(t) and detuning δnmw(t) are added
for driving the rotations between the ground states |0⟩
and |1⟩. We choose the nearest-neighbor EDDI energy,

V/(2π) = 21 MHz, i.e., equal adjacent atomic intervals
of 5.87 µm and C6 = 858 GHz µm6 ·h. The Hamiltonian
here is given by (ℏ = 1 and n, i, j ≤ N)

H = HRDB +Hmw, (1a)

HRDB =

N∑
n=1

Ω

2
σn
x,r1 +∆σn

rr +
∑
i<j

V

|i− j|6
σi
rrσ

j
rr, (1b)

Hmw =

N∑
n=1

[Ωmw(t)σ
n
x,0d + [U1 − δnmw(t)]σ

n
00, (1c)

with σn
αα = |α⟩n⟨α|, σn

x,αβ = |α⟩n⟨β| + |β⟩n⟨α|
(α = r, 0; β = 1, d), where |d⟩ is the dressed state,
given by |d⟩ = −sign(∆) sin(θ/2)|1⟩ + cos(θ/2)|r⟩ with

sin θ = Ω/
√
Ω2 +∆2 and cos θ = −sign(∆)∆/

√
Ω2 +∆2.

Therefore, the percentage Pr of Rydberg states in the
dressed states is cos2(θ/2). Note the driving between |0⟩
coupling |r⟩ is also a two-photon transition. For each
pair of adjacent atoms, after abandoning decoupled anti-
symmetric state (|1r⟩ − |r1⟩)/

√
2, the Hamiltonian can

be reduced to

H
(2)
RDB =

 0 Ω√
2

0
Ω√
2

∆ Ω√
2

0 Ω√
2

2∆ + V

 , (2)

in basis {|11⟩, (|1r⟩ + |r1⟩)/
√
2, |rr⟩}. Equation 2 is

insightful in that it allows us to understand the energy
scales directly.
The performance of the entanglement generation is

quantified as per. = J · T2 · bwJ , shown in Fig. 1(c)
with free units, where J and bwJ are the dressed en-
ergy and dressed energy bandwidth, respectively. The
dressed energy, arising from the Stark shifts caused
by the reciprocity among the EDDI and dressed lasers
drivings, is given by J = |2U1 − U2|, with U1 =

(∆ − sign(∆)
√
Ω2 +∆2)/2 and U2 = −sign(∆) ·

min |eig(H(2)
RDB)| representing single- and double-atom

Stark shifts on the dressed states, respectively. When the
Rydberg blockade effect is strong enough (V ≫ {Ω,∆}),
one can calculate that U2 = (∆− sign(∆)

√
2Ω2 +∆2)/2,

which is coincide with the results in [9, 10, 17]. For illu-
mination, we plot the dressed energy J versus detuning
∆ and EDDI strength V in Fig. 2.
As exhibited in Fig. 2, the stick-shaped area around

the green dashed line processes higher dressed energy
J . This area demonstrates an interesting physical phe-
nomenon, called Rydberg anti-blockade [43–48]. In prin-
ciple, in all the regions of Fig. 2, the dressed energy J
on the two-atom dressed states |dd⟩i(i+1) blockade the
associated transitions from the ground state to |dd⟩i(i+1)

(adjusting J ≫ Ωmw, dropping (t) hereafter). That is an-
other phenomenon with rich physical connotations, called
Rydberg dressed blockade (RDB) [8–10, 17–19], which
acts like the Rydberg blockade, however with a differ-
ence that the transitions to adjacent atoms in the dressed
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FIG. 2. (Color online) Dressed energy J versus detuning ∆
and EDDI strength V . The effective coupling strength Ω is
fixed at 2π × 8 MHz. The area where the percentage of Ry-
dberg states Pr is less than 25%, is marked below the red
dotted line. The stick-shaped area represents the Rydberg
anti-blockade with weak regimes (not satisfying ∆ ≫ Ω). The
selected point (V,∆)/(2π) = (21,−4.5) MHz is marked by a
cross.

state |dd⟩i(i+1) rather than the two-atom Rydberg states
|rr⟩i(i+1) are forbidden.
To shorten the evolution time of the dynamics induced

by Hmw, we prefer a larger dressed energy J for RDB.
On the other hand, to reduce the thermal dephasing of
atoms, the composition of Rydberg states Pr should be
small (resisting atomic Doppler shifts). Additionally, the
dressed energy J needs to be stable within a certain
fluctuation range of V (resisting atomic position float-
ing). Ergo, we choose (V,∆)/(2π) = (21,−4.5) MHz
with Pr = 25%.

Up to now, the light shift (caused by the dressed
laser) for each atom can be canceled by the U1|0⟩n⟨0|
term of the Hamiltonian of microwave-frequency fields,
Hmw. Then we use Hmw to flexibly manipulate the
dynamics of multiple atoms in subspace S1 ={|0⟩, |d⟩}
(equal to an N -qubit quantum system). Moreover, due
to the RDB effect, the subspace S2 = {|dd⟩i(i+1)} are
forbidden. The calculation space is further locked into
S3 = ∁S1

S2. Therefore we successfully reduce the cal-
culation dimension of the N -qubit quantum system from

2N to
∑N/2

m=0 C
m
N+1−m (see Appendix A for details), anal-

ogous to the multiple-qubit work by Omran et al. [26].
Remarkably, such a reduction of the dimension of the
system subspace induces a non-local effect to generate
entanglement [17, 26]. Since the dynamics of the full
Hilbert space and the reduced space are not completely
equivalent, we use the projection ratio PN = TrS2

ρf of
the N -atom reduced subspace relative to the correspond-
ing full Hilbert space as a benchmark for the divergence
between them. For the systems with N = 4, 6, 8, 10, 12,
we obtain PN = 0.98, 0.95, 0.95, 0.93, 0.90.
Further, by appropriately adjusting the addressing

Number of atoms Time (µs) Ideal fidelity

4 2.1 0.99
6 3.1 0.99
8 4.2 0.99
10 5.3 0.99
12 5.9 0.99
14 7.6 0.99
16 8.3 0.99

TABLE I. Ideal fidelities and preparation times optimized by
the GRAPE. The ideal fidelity is calculated in the effective
subspace S3 (no {|dd⟩i(i+1)} subspace).

drivings applied on edge atoms, we can make their mi-
crowave detunings (δemw) different from other atomic
ones (δnemw), i.e., δ1mw = δNmw = δemw ̸= δpmw = δnemw

(p = 2, 3, ..., N − 1). When δemw is closed to δnemw but
differs certain values, the initial state |0000 · · · ⟩ will be
driven to the GHZ state |GHZN ⟩ = (|d0d0 · · · d0⟩ +

|0d0d · · · 0d⟩)/
√
2 by adiabatically increasing detuning

(−δnmw) from negative large values to positive large val-
ues (see Appendix B for deviations). Such an adia-
batic method has been proved in the work of Ref. [26],
and they optimize their pulses through a remote dressed
chopped-random basis algorithm [49, 50]. Here we utilize
another effective optimal control method, gradient ascent
pulse engineering (GRAPE) [51] (recently proved to be a
precise algorithm in the experiment [52–55]), to shorten
the evolution time of the above adiabatic process for the
multipartite GHZ states generation. The optimization
results are exhibited in Table I. Note that the maximum
absolute value of Ωmw does not exceed 2π× 0.14 MHz to
ensure the stability of the RDB dynamics (J ≫ Ωmw).
Detailed driving pulses for {4, 6, 8, 10}-atom systems
can be seen in Appendix C.

III. THERMAL DEPHASING

We next consider a very critical experimental imperfec-
tion, the thermal dephasing noise, in the numerical sim-
ulation. The finite temperature of atoms induces their
nonzero spread velocity and position uncertainty. Such
that the thermal dephasing mechanism is determined by
these two factors.
(i) The position uncertainty can be modeled by the

Gaussian distribution with the probability density func-

tion being N (xn, σ
2) = e−(x−xn)

2/(2σ2)/(
√
2πσ), where

xn the ideal position of the nth atom and σ2 the variance.
The adjacent distance of the atoms is R = N (xi, σ

2) −
N (xi+1, σ

2) = N (R0, 2σ
2) with R0 = xi − xi+1 =

5.87 µm. Specifically, the standard deviation σ of Gaus-
sian distribution for an atom in a finite temperature ∼10
µK is around 0.1 µm [26, 56]. As V = C6/R

6, a spread
in interaction strength can be calculated by the posi-
tion distribution and further simulated with the original
Hamiltonian in Eq. (1).
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(ii) The spread velocity causes fluctuating Doppler
shifts. According to concrete reports [37, 57, 58], the
Doppler shift leads to a random detuning δD on each
atom-array site, viz., δD ∈ N (0, σ2

D), simulated as an
error term HD = δD|r⟩⟨r| added to the original Hamil-
tonian in Eq. (1). The value of σD is given by σD =
keff∆v with keff = |k|1⟩↔|e⟩ + k|e⟩↔|r⟩| the effective
wave vector of two-photon transition |1⟩ ↔ |r⟩ and

∆v =
√
kBT/m the one-dimensional root-mean-square

(rms) velocity spread of atoms. Bringing in the values of
Boltzmann constant kB , atomic temperature T = 10 µK
[26], and atomic mass m = 87× 1.66× 10−27 kg, we can

give the rms velocity spread ∆v =
√
kBT/m = 0.031

m/s. On the other hand, one can drive |1⟩ ↔ |e⟩
(|e⟩ ↔ |r⟩) by a 780 nm (480 nm) laser with |k|1⟩↔|e⟩| =
2π/780 nm−1 (|k|e⟩↔|r⟩| = 2π/480 nm−1). These two
lasers can be focused on the atom array by opposite
directions [37] to minimize the Doppler shifts, result-
ing in keff = 2π/480 nm−1 − 2π/780 nm−1 and further
σD/(2π) = 24.77 kHz. Since the energy of ground states
|0⟩ and |1⟩ is closed, the Doppler shifts are almost the
same for |1⟩ ↔ |r⟩ and |0⟩ ↔ |r⟩. Therefore the error
term HD = δD|r⟩⟨r| can well describe the Doppler shifts
effect in the present atomic systems.

IV. SCALING OF FIDELITIES

Considering the above two negative factors, the sim-
ulation results for GHZ states preparation in {4, 6, 8,
10}-atom systems are shown in Fig. 3. The full Hamil-
tonian in Eq. (1) is utilized to calculate the fidelities
for {4, 6, 8, 10}-atom systems. The thermal dephas-
ing (including the position uncertainty and the Doppler
shifts) is considered during the numerical simulation by
repeatedly calculating fidelities based on different values
of R and δD (obeying the normal distribution), which in-
duces the error bars (standard deviation) in Fig. 3. For
each simulated final density matrix ρf , we deduce fidelity
F = ⟨GHZN |ρf |GHZN ⟩ = 1

2 (pAN
+ pĀN

+ cN + c∗N ) [26],
where pAN

(pĀN
) is population on |AN ⟩ = |d0d0 · · · d0⟩

(|ĀN ⟩ = |0d0d · · · 0d⟩) and cN = ⟨ĀN |ρf |AN ⟩ describes
the coincidence of off-diagonal terms. The fidelity of the
4-atom GHZ state is higher than 97%. Even in the 10-
atom system, the fidelity is still close to 85%. Addition-
ally, according to the prediction line in Fig. 3, the fidelity
of 20-atom will be around 80%.

V. SCALING OF T2

To further benchmark the dephasing effect of present
dressed-atom systems, we assume the initial state is
|GHZN ⟩ and turn off all the driving lases for a spe-
cific time τ and calculate the corresponding density ma-
trix ρ′(τ). By counting 2|⟨ĀN |ρ′(τ)|AN ⟩| as the coher-
ence and defining the coherence lifetime T2 satisfying
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FIG. 3. Fidelities of GHZ states in the systems at different
scales. The colors of dots scale the corresponding preparation
time for GHZ states. The green dashed line exhibits the fit-
ting results [based on ln(F − 1/2) ∝ −

√
N ] induced from the

fidelities for {4, 6, 8, 10, 12}-atom systems. This line gives
a prediction of the fidelities for larger N ≥ 14 and also more
difficult to compute systems, marked by a gray area.
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FIG. 4. Coherence lifetime (T2) versus system size N . The
circles show the T2 data inferred by Gaussian fittings of the co-
herence damping for systems with different sizes and the blue
dashed line gives a predicted trend (T2 ∝ 1/

√
N) for larger

systems (N ≥ 16). As an example, the inset exhibits the co-
herence damping of an 8-atom system with a green dashed
line obeying Gaussian fitting. Similar to Fig. 3, the dots and
error bars are mean values and stand deviations of coherence.

2|⟨ĀN |ρ′(T2)|AN ⟩| = e−1, we show T2 versus system size
N in Fig. 4. These T2 data are around 3 times of the
observed data in the previous work [26] without dressing
atoms, at the same system size.

The above results come from the current cooling lim-
ited temperature T = 10 µK of cold atoms [4, 26]. In the
future, with the development of experimental techniques,
the atoms may be cooled to lower temperatures. We here
give an estimate of fidelity F versus atomic temperature
T to show the prospect of our scheme, with the simula-
tion results of {4, 6, 8, 10}-atom systems shown in Fig.
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FIG. 5. Fidelities of GHZ states versus atomic temperature.
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fidelity of {4, 6, 8, 10, 12}-atom GHZ states, respectively.
The dash lines correspondingly show the fitting results based
on ln(F − 1/2) ∝ −

√
T for different scales systems.

5. The relationship between fidelity F and decoherence
time T2 is ln(F−1/2) ∝ −1/T2. The coherence T2 results
from to thermal motion described by the Boltzmann dis-
tribution and therefore satisfies T2 ∝ 1/

√
T . The final

relationship between fidelity F and atomic temperature
T is ln(F − 1/2) ∝ −

√
T , which coincides well with the

simulation results in Fig. 5, and also gives prediction
that the fidelities of {4, 6, 8, 10, 12}-atom GHZ states
can reach above 90% when the atomic temperature is
lower than 10 µK.

It is worth noting that the Rydberg state percentage
Pr of the dressed state is 25%. According to the lifetime
of 70S Rydberg state of 146 µs [37, 59], the lifetime of
the dressed state could extend to 573 µs, long enough
to ignore the depopulation effect factor as the prepara-
tion times of GHZ states around 10 µs. Additionally, we
only consider the near-neighbor and next-neighbor inter-
actions.

VI. CONCLUSION

We have explored the thermal-dephasing-tolerant gen-
eration of GHZ states in dressed-atom systems. The
thermal dephasing is suppressed here to 1/3 of the orig-
inal performance in multi-body entangled systems [26],
leading to solid fidelities of multi-body GHZ states. As
the dephasing factor becomes an important obstacle to
large-scale quantum computation and quantum simula-
tion based on neutral atoms, the present work may be
referable to building dephasing-tolerant quantum tasks
in large-scale systems. Combining the Rydberg dressed
state method with GPAPE optimal control techniques
also provides an enlightening new perspective for robust
handling of many-body Rydberg quantum simulations
and quantum computation.
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FIG. 6. Calculation dimension versus the number of atoms N
(a) with RDB and (b) without RDB effects. The inset shows
the case of logarithmic coordinates when N ∈ [14, 30].
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APPENDIX A: Calculation dimension reduction
through the Rydberg dressed blockade

In the main text, we use Hmw to manipulate the dy-
namics of multiple atoms in subspace S1 ={|0⟩, |d⟩}.
Further, the subspace S2 = {|dd⟩i(i+1)} are forbid-
den because of the Rydberg dressed blockade (RDB)
effect. Therefore, the calculation space is locked to
S3 = ∁S1

S2, with the calculation dimension reduced from

2N to
∑N/2

m=0 C
m
N+1−m (see Fig. 6).

APPENDIX B: Adiabatic passage for the GHZ
states generation

In the subspace S2 restricted by the RDB, there
are at most N/2 atoms in dressed states, when
the detuning −δnmw be large negative values (com-
pare to Ωmw), the system ground state is clearly
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FIG. 7. (Color online) Energy gaps versus the microwave detuning −δnmw for the system size (a) N = 4, (b) N = 6, (c)
N = 8, and (d) N = 10. We choose Ωmw/(2π) = 0.2 MHz and (δemw − δne

mw)/(2π) = δd/(2π) = 0.5 MHz. Formats |◦⟩ and |•⟩
represent |0⟩ and |d⟩ for visual intuition, respectively. Some unimportant eigenstates are plotted as gray. This graph refers to
the presentation form of Fig. 1(b) in Ref. [26], with data differences.

|0000 · · · ⟩. While −δnmw be large positive values, the
system ground state becomes degenerate with N/2 + 1
states with N/2 dressed-state excitation, for examples,
ground states {|d00d⟩, |0d0d⟩, |d0d0⟩} when N = 4 and
{|d0d00d⟩, |d00d0d⟩, |0d0d0d⟩, |d0d0d0⟩} when N = 6.
Further, by differing the detuning−δnmw between the edge
atoms and other atoms, one can separate such degenerate
ground states with energy δd/(2π) = (δemw−δnemw)/(2π) =
0.5 MHz. Subsequently, the ground state when −δnmw

be large positive values becomes only the GHZ state
|GHZN ⟩. That is why we can adiabatically change the de-
tuning −δnmw from large negative values to large positive
values to prepare the GHZ states from the initial state
|0000 · · · ⟩. For visualization, we have drawn the diagram
of adiabatic passages for systems with different sizes in
Fig. 7. Such an adiabatic method has been proved in the
work of Ref. [26].

APPENDIX C: GRAPE-optimized pulses for the
GHZ states generation

The optimized method we used is call gradient as-
cent pulse engineering (GRAPE) [51]. We preset the
control Hamiltonians as Hh = |0⟩h⟨0| + |0⟩N+1−h⟨0|
(h = 1, 2, ..., N/2). The corresponding control pulses are
set as fh = δhmw. The detailed derivation can be found in
Ref. [51], and here we only give the specific optimization
steps:
(1) Guess initial microwave pulses Ωmw = 0.14 MHz,

fh̸=1 = (10Ωmw ·t/tf −5Ωmw), and f1 = fh̸=1−1.25Ωmw,
where t is the evolution time and tf is the final evolution
time depended on the system size N .
(2) Calculate the evolution operator U(t).
(3) Change new control pulses as f ′

h = fh −
iϵh·∆t·Tr

{
[Hk, U(t)ρ0U(t)†] · U(t)U(tf )

†ρfU(tf )U(t)†
}
,

with ρf the desire state, i.e., the GHZ state. Here
ϵh = Ωmw/2 and ∆t = tf/200 are the correction strength
and the time derivative, respectively.
(4) Go to step (2) until the fidelity Tr[U(t)ρ0U(t)†ρf ]

reaches a certain requirement.
The Optimization results are shown in Table I in the
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main text. Note that the maximum absolute value of
Ωmw does not exceed 2π × 0.14 MHz to ensure the sta-
bility of the RDB dynamics (J ≫ Ωmw).
The optimized pulses in the time domain are shown

in Fig. 8. Please note that the pulses look complicated
because we place all the pulses into one subfigure. In fact,
each atom has only two microwave pulses Ωmw and δnmw.
All of the addressing pulses in Fig. 8 are well-realized
experimentally [26].

As the system size N increases, small oscillations grad-
ually appear in microwave pulses (see Fig. 8). To char-
acterize these small amplitude oscillations, we plot the
pulses in the frequency domain in Fig. 9. We define
frequency broadening as the full width at 1/5 maximum
(similar to the full width at half maximum) to define the
frequency width. Such widths are plotted in Fig. 9(h),
which gradually increases as the system size N increases.
This reflects, to some extent, the difficulty of implement-
ing such pulses experimentally because high irregular fre-
quency microwaves usually have rising and falling edges
problems. In any case, widths around 2 MHz frequency
are entirely achievable using current experimental tech-
niques [26].

APPENDIX D: Selection of the preparation time of
the GHZ states

Specifically, we note that the preparation time tf of the
GHZ states linearly increases with system size (see Fig.

10). This is primarily due to the fact that the GRAPE
method constantly corrects pulses to achieve higher fi-
delity during optimization. As the system size increases
and the degree of freedom of the system becomes larger,
it becomes more difficult to find a set of non-adiabatic
pulses that achieve the fidelity threshold (0.99 in this
work). Therefore, we appropriately increase the evolu-
tion time as the size of the system increases. A rough
rule is that tf = N/2 µs.

APPENDIX E: Parameter choice of the simulation
for Fig. 5 in the main text

We have shown Fig. 5 in the main text to demon-
strate the relationship between fidelities of GHZ states F
and atomic temperature T . The selection of parameters
for each temperature is different to ensure high fidelity
F . Specifically, we choose {V,∆, |Ωmw|max}/(2π) =
{20, 7.8, 0.1}, {18, 5.5, 0.1}, {19, 5.5, 0.1}, {20, 5.5, 0.1},
and {20, 5.5, 0.1} MHz for T = 0, 2, 4, 6, and 8 µK,
respectively.
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and A. Browaeys, Coherent dipole–dipole coupling be-
tween two single Rydberg atoms at an electrically-tuned
Förster resonance, Nat. Phys. 10, 914 (2014).

[29] I. S. Madjarov, J. P. Covey, A. L. Shaw, J. Choi, A. Kale,
A. Cooper, H. Pichler, V. Schkolnik, J. R. Williams, and
M. Endres, High-fidelity entanglement and detection of
alkaline-earth Rydberg atoms, Nat. Phys. 16, 857 (2020).

[30] Y.-H. Kang, Y.-H. Chen, Z.-C. Shi, B.-H. Huang, J. Song,
and Y. Xia, Nonadiabatic holonomic quantum computa-
tion using Rydberg blockade, Phys. Rev. A 97, 042336
(2018).

[31] Y. Wang, C.-S. Hu, Z.-C. Shi, B.-H. Huang, J. Song,
and Y. Xia, Accelerated and noise-resistant protocol of
dissipation-based Knill–Laflamme–Milburn state gener-
ation with Lyapunov control, Ann. Phys. (Berlin) 531,
1900006 (2019).

[32] S.-L. Su, F.-Q. Guo, L. Tian, X.-Y. Zhu, L.-L. Yan, E.-
J. Liang, and M. Feng, Nondestructive Rydberg parity
meter and its applications, Phys. Rev. A 101, 012347
(2020).

[33] R.-H. Zheng, Y.-H. Kang, D. Ran, Z.-C. Shi, and Y. Xia,
Deterministic interconversions between the Greenberger-
Horne-Zeilinger states and the W states by invariant-
based pulse design, Phys. Rev. A 101, 012345 (2020).

[34] Y.-H. Kang, Z.-C. Shi, J. Song, and Y. Xia, Her-
alded atomic nonadiabatic holonomic quantum compu-
tation with Rydberg blockade, Phys. Rev. A 102, 022617
(2020).

[35] S.-L. Su and W. Li, Dipole-dipole-interaction–driven an-
tiblockade of two Rydberg atoms, Phys. Rev. A 104,
033716 (2021).

[36] S. Liu, J.-H. Shen, R.-H. Zheng, Y.-H. Kang, Z.-C. Shi,
J. Song, and Y. Xia, Optimized nonadiabatic holonomic
quantum computation based on Förster resonance in Ry-
dberg atoms, Frontiers of Physics 17, 21502 (2022).

[37] H. Levine, A. Keesling, A. Omran, H. Bernien,
S. Schwartz, A. S. Zibrov, M. Endres, M. Greiner,
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